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Abstract

Abstract

To cope with changing environments, bacteria need to monitor thoroughly a plethora of different
parameters. This includes external factors such as osmotic pressure, pH, temperature, irradiation, or
nutrient availability but also internal factors such as energy state. Depending on the species, each
parameter has a window, in which optimal growth occurs. Non-optimal conditions are generally
referred to as stress and may result in either limited growth, dormancy, or dead of the bacterium.
Although they can be very diverse, most stresses cause damage to macromolecules such as proteins,
lipids (membranes), or nucleic acids. To limit the adverse effects of stress conditions, an unfavorable
condition is sensed and an appropriate response is mounted. For many stressful conditions, a specific
response occurs. Examples include (i) responses to reactive oxygen and nitrogen species, which result
in the production of detoxifying enzymes (e.g. catalases, peroxidases, superoxide dismutases), (ii) the
SOS response, mounted as reaction to DNA damage (e.g. after irradiation), which results in production
of DNA repair enzymes (e.g. recombinases, excision repair endonucleases, ligases, DNA polymerases),
and (iii) the heat shock response which produces e.g. chaperones to enhance protein stability and
proteases to degrade misfolded proteins. Besides such specific responses, some bacteria also can
mount a general stress response (GSR). GSR systems have been found in phylogenetically distinct
bacteria, and likewise, the regulators of GSR systems are not related. Instead, common to GSR is cross
protection. This term describes the fact that a GSR is mounted in response to a variety of stresses and
results in the production of different factors and in physiological adaptations alleviating negative
effects of a range of stresses. Hence, induction of the GSR by one stress condition renders the
bacterium more tolerant against completely unrelated stresses as well.
In α-proteobacteria, the GSR core regulators are the alternative σ factor σEcfG, its cognate anti-σ factor
NepR, and the anti-σ factor antagonist PhyR. A variety of sensors, often sensory histidine kinases, are
responsible for detection of different types of stresses, which ultimately lead to (direct or indirect)
PhyR phosphorylation. This causes a conformational switch of PhyR, exposing its σ factor-like domain,
which has a higher affinity for NepR than the actual σ factor σEcfG. Hence, phosphorylated PhyR titrates
NepR away from σEcfG, which was previously bound and thus rendered inactive by NepR. Thereby freed
σEcfG redirects transcription to stress response genes.
A subclass of α-proteobacteria, generally referred to as rhizobia, are capable of establishing an
endosymbiosis with legume plants. Thereby, bacteria enter plant roots after specific chemical cross
talk and end up in plant cells of genuine plant organs called root nodules. There, they fix atmospheric
dinitrogen to ammonia, which is exchanged with the plant for reduced carbon sources and other
nutrients. When either ecfG or phyR is deleted, the soybean (Glycine max) symbiont Bradyrhizobium
diazoefficiens fails to establish a wild type-like symbiosis. To study the role of the GSR in the B.
diazoefficiens–soybean symbiosis, we first developed a set of novel genetic tools for this bacterium.
These include (i) fluorescent and enzymatic tags, stably integrated into the chromosome for in planta
observations of the bacteria, (ii) a streamlined system for targeted gene deletion and (iii) constructs
allowing controlled inducible gene expression. With the help of these novel tools, we show that the
GSR of B. diazoefficiens is mounted against a variety of stresses (salts, hyperosmosis, elevated
temperature, alkaline pH). Furthermore, the GSR is also induced during early time point of symbiosis,
when bacteria are trapped in curled root hairs and form microcolonies before they enter the root via
the so-called infection threads (ITs). However, the GSR is neither active in rhizosphere-colonizing
bacteria nor in nitrogen-fixing endosymbionts (bacteroids). Likewise, we found that the aberrant
symbiosis of GSR mutants is due to their ineffective IT formation ability.
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The genome of B. diazoefficiens encodes a set of 11 sensory histidine kinases (HhkA through HhkK)
which all comprise a characteristic HRxxN amino acid sequence motif and are candidates for activation
of the GSR in stressed free-living cells and root hair-entrapped bacteria. Because single deletion
mutants lacking individual hhk genes showed a wild type-like phenotype when inoculated on soybean
plants, we suspected functional redundancy and started to generate multiple deletion mutants. When
the symbiotic phenotype of septuple and decuple mutants was determined, we found an increasing
delay in nodulation with increasing number of hhk kinase gene deletions. Furthermore, some of the
multiple mutants lost the ability to mount the GSR in response to selected stresses encountered in
free-living bacteria. This further supports a partial redundancy in function between different Hhk
kinases in sensing the same stress.
Finally, we investigated the σEcfG regulon to find gene (products) needed for proper IT formation. We
deleted a series of candidate genes and found that deletion or misregulation of two σEcfG-controlled
genes involved in trehalose biosynthesis, otsA and otsB, phenocopied ΔphyR and ΔecfG mutants. OtsA
is a trehalose-6-phosphate synthase using glucose-6-phosphate and UDP-glucose as substrates while
OtsB is a trehalose-6-phosphate phosphatase. Besides otsA and otsB, B. diazoefficiens encodes two
alternative trehalose biosynthesis pathways. However, mutants with all respective genes deleted were
not disturbed with respect to trehalose accumulation in free-living cells and symbiotic performance.
On the other hand, overexpression of Escherichia coli treF, coding for a cytoplasmic trehalase, in a B.
diazoefficiens wild-type background resulted in a similar phenotype as deletion of otsA and/or otsB.
Furthermore, complementation assays with otsA and otsB controlled by different promoters indicated
that fine-tuned spatio-temporal expression of these genes mediated by σEcfG-dependent regulation is
crucial for functional symbiosis.
Overall, this thesis documents that the B. diazoefficiens ΔecfG mutant phenotype in symbiosis with
soybean is due to the lack of otsA and otsB expression. This pathway represents the major source of
trehalose in B. diazoefficiens. Trehalose is needed during IT formation but its synthesis is detrimental
for nitrogen fixation in bacteroids. Likewise, the natural σEcfG-dependent regulation of otsA and otsB
ensures just this correct spatio-temporal expression.
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Résumé
Afin de faire face à des changements de leur environnement, les bactéries doivent soigneusement
contrôler une pléiade de paramètres. Ces derniers comprennent par exemple la pression osmotique,
le pH, les radiations, ou encore la disponibilité en nutriments, mais aussi des facteurs internes tels que
le statut énergétique. Selon l’espèce considérée, chacun de ces paramètres varie dans une gamme qui
assure une croissance optimale. A l’inverse, des conditions non-optimales sont considérées comme
des stress qui peuvent provoquer une croissance limitée, une entrée en dormance ou encore la mort
des bactéries. Bien que variés, la plupart des stress entraînent des dommages au niveau des
macromolécules telles que les protéines, les lipides (membranaires), ou les acides nucléiques. Pour
pallier ces effets induits par des stress, une condition non-favorable doit être perçue afin de mettre en
place une réponse appropriée. Pour chacune des nombreuses conditions de stress, il existe un système
de réponse spécifique, par exemple (i) lors des réponses aux espèces activées de l’oxygène et de l’azote
qui impliquent la production d’enzymes de détoxification (e.g. catalases, peroxidases, superoxide
dismutases), (ii) lors de la réponse SOS, suite aux dommages à l’ADN, qui impliquent la production
d’enzymes de réparation de l’ADN (e.g. recombinases, endonucléases de réparation par excision de
bases, ligases, ADN polymérases), et (iii) lors de la réponse au choc thermique qui entraine la
production de chaperonnes pour la stabilisation des protéines et de protéases pour la dégradation des
protéines mal repliées. En complément à de telles réponses spécifiques, certaines bactéries ont la
faculté de mettre en place une réponse générale au stress (GSR). Ces systèmes GSR sont présents chez
des bactéries distantes d’un point de vue phylogénétique mais sont régulés par différents acteurs. A
l’inverse, la protection croisée constitue le point commun entre ces différents GSR. Le concept de
protection croisée illustre le fait que le GSR peut être induit par divers stress, induisant en aval la
production de facteurs variés et permettant une adaptation physiologique atténuant les effets négatifs
de plusieurs stress. En d’autres termes, l’induction du GSR par un stress donné entraîne chez la bactérie
une résilience accrue aussi à d’autres stress que celui inducteur.
Chez les α-protéobactéries, les régulateurs centraux du GSR sont le facteur alternatif σ, σEcfG, son
facteur anti-σ, NepR, et l’antagoniste du facteur anti-σ PhyR. Des senseurs variés, le plus souvent des
récepteurs de type histidine kinase, sont responsables de la perception des différents types de stress,
suivié de la phosphorylation de PhyR, s’effectuant de façon directe ou non. Une fois phosphorylée,
PhyR subit un changement de conformation, exposant ainsi son domaine de type σ factor, caractérisé
par une affinité supérieure à celle de σEcfG pour NepR. Ainsi, la forme PhyR phosphorylée entre en
compétition avec σEcfG pour la liaison à NepR, libérant ainsi σEcfG, dont la liaison à NepR le rendait inactif.
Finalement, la forme libre de σEcfG stimule la transcription de gènes de réponse aux stress.
Chez les α-protéobactéries, des bactéries communément appelées rhizobia peuvent établir une
endosymbiose avec les plantes de la famille des légumineuses. Ainsi, ces bactéries pénètrent les
racines de l’hôte à la suite d’une signalisation réciproque et spécifique et sont ensuite présentes sous
une forme intracellulaire au sein d’organes spécialisés appelés les nodosités racinaires. À ce niveau,
les bactéries réduiront l’azote atmosphérique en ammonium au bénéfice de l’hôte végétal et en
échange de sources de carbone réduit et d’autres nutriments. Lorsque ecfG ou phyR sont délétés, le
symbiote du soja, Bradyrhizobium diazoefficiens, est incapable d’établir une symbiose comme une
bactérie sauvage. Afin d’étudier le rôle du GSR au cours de la symbiose B. diazoefficiens – soja, nous
avons tout d’abord développé une série d’outils nouveaux pour cette bactérie. Ces derniers incluent
(i) des fusions enzymatiques et fluorescentes, intégrées de façon stable dans le chromosome,
permettant l’observation in planta de la bactérie, (ii) un système optimisé et simplifié pour la délétion
ciblée de gènes, et (iii) des systèmes permettant l’induction contrôlée de l’expression génique. En
3
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utilisant ces outils, nous avons montré que le GSR de B. diazoefficiens est induit en réponse à une
variété de stress (stress salin, hyperosmotique, thermique et alcalin). En outre, le GSR est également
induit au cours des étapes précoces de la symbiose, notamment lorsque les bactéries sont internalisées
sous la forme de micro-colonies par le recourbement des poils racinaires, avant qu’elles ne pénètrent
la racine sous la forme de cordons d’infection. Cependant, le GSR n’est ni activé chez les bactéries
colonisant la rhizosphère ni dans celles fixent d’azote (bactéroides). Finalement, nous avons montré
que la déficience symbiotique pour des mutants du GSR peut s’expliquer par leur capacité réduite à
former des cordons d’infection.
Le génome de B. diazoefficiens permet de prédire un jeu de 11 récepteurs de type histidine kinase (de
HhkA à HhkK) qui contiennent tous le motif caractéristique constitué des acides aminés HRxxN. Ces
dernières représentent autant de protéines candidates pour l’activation du GSR dans des conditions
de stress en vie libre ou lors de l’internalisation dans les poils racinaires. Puisque les simples mutants
dépourvus d’un seul gène hhk sont caractérisés par un phénotype symbiotique identique aux individus
sauvages, nous avons émis l’hypothèse d'une redondance fonctionnelle et ainsi généré des
combinaisons multiples de mutants hkk. Au cours de l’analyse des septuple et décuple mutants
pendant la symbiose, nous avons montré un retard de nodulation qui augmente avec le nombre de
délétions hhk. Par ailleurs, certains des mutants multiples hhk ont perdu la capacité d’induire le GSR
en réponse à un stress donné en conditions de vie libre. Collectivement, ces données confortent donc
l’idée qu’une redondance fonctionnelle partielle existe entre les différents récepteurs de types
histidine kinase en réponse à un même stress.
Finalement, nous avons étudié le régulon contrôlé par σEcfG afin d’identifier les (produits de) gènes
nécessaires à la formation des cordons d’infection. Nous avons délété une série de gènes candidats et
montré que la délétion ou la dérégulation des gènes otsA et otsB, tous deux contrôlés par σEcfG et
impliqués dans la biosynthèse du tréhalose, provoquent des phénotypes identiques à ceux observés
pour les mutants phyR et ecfG. OtsA est une trehalose-6-phosphate synthase qui utilise le glucose-6phosphate et l’UDP-glucose comme substrats. OtsB, quant à elle, est une trehalose-6-phosphate
phosphatase. Outre la voie OtsA-OtsB, il existe aussi deux autres voies alternatives de biosynthèse du
tréhalose chez B. diazoefficiens. Cependant, les mutants de l’ensemble des gènes impliqués dans ces
deux voies alternatives ne sont pas plus perturbés pour l’accumulation du tréhalose dans les cellules
en vie libre que pour leur performance symbiotique. Par ailleurs, la surexpression chez un fond sauvage
de B. diazoefficiens d’une trehalase cytoplasmique issue d’Escherichia coli, treF, entraîne des
phénotypes similaires que ceux provoqués par les délétions d’otsA et/ou otsB. En outre, les tests de
complémentation par otsA et otsB sous contrôle de différents promoteurs indiquent qu’un contrôle
spatio-temporel particulièrement fin de leur expression par les régulations dépendantes du facteur
σEcfG est crucial pour une symbiose fonctionnelle.
Dans l’ensemble, cette thèse démontre que le phénotype symbiotique observé chez le mutant ΔecfG
est dû à l’absence d’expression d’otsA et otsB. Cette voie de biosynthèse représente la source
prépondérante de tréhalose chez B. diazoefficiens. Au cours de la symbiose, le tréhalose est nécessaire
au cours de la formation des cordons d’infection mais n’en demeure pas moins néfaste pour la fixation
de l’azote par les bactéroides, l’expression correcte d’otsA et otsB au niveau spatio-temporel étant
garantie par les régulations dépendantes du facteur σEcf
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1.1 The rhizobia - legume symbiosis
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Root nodule symbioses

1

Plant – cyanobacteria symbioses

Plants are determined photoautotrophic organisms because they are able to fix atmospheric CO 2 and
use it as a sole carbon source for both energy storage and biomass production. As sessile organisms,
plants are dependent on all other nutrients, such as phosphorus, nitrogen, sulfur, and various trace
elements, which must be available in the soil within close proximity to the roots. The macronutrients
phosphorus and nitrogen needed to sustain plant growth. For enhanced uptake of phosphorus, various
micronutrients, and to some extent also nitrogen from organic and inorganic sources, plants have
evolved a mutualistic symbiosis with root-associated fungi (mycorrhiza) (1-4). The symbiosis with
arbuscular mycorrhiza (AM) is ancient and emerged in the Devonian period more than 400 million
years ago when plants had not yet evolved roots and were of bryophyte-like character (5). In contrast
to phosphorus, nitrogen per se is abundant as earth' atmosphere consist of about 78% N 2 . However,
this atmospheric nitrogen is not readily available for many organisms, including plants. Various
prokaryotes, referred to as diazotrophs, are able to reduce this atmospheric dinitrogen to bioavailable
ammonia with nitrogenase enzymes. Some land plants are capable to undergo symbiosis with selected
diazotrophs to sustain their need for nitrogen. Symbiosis between plants and diazotrophs has evolved
at least ten times and can be traced back to six independent predisposition events (6). Of these six
predispositions, five led to plant - cyanobacteria symbiosis. The sixth predisposition event led to
evolution of various root nodule symbiosis (7). The microsymbiont in these root nodules are either
actinomycetes (actinorhizal symbiosis with plants belonging to Cucurbitales, Fagales, and Rosales) or
rhizobia (symbiosis with plants from Fagales) (Fig. 1.1).

Figure 1.1: Evolution of arbuscular mycorrhiza (AM) symbiosis and nitrogen-fixing bacteria-plant interactions. First land
plants acquired the possibility to form AM symbiosis (orange arrow) and all descendants retain this ability (black branches)
with some secondary losses (red arrows for secondary losses) occurring (e.g. Arabidopsis and other Brassicaceae). Grey
branches indicate inability to form AM symbiosis. Six independent predisposition events (purple branches) occurred that
might result in symbiosis with diazotrophs, which has occurred at least ten times (green arrows; labelled 1-10). Five of the
predisposition events led to plant-cyanobacterial symbiosis (shaded in blue) whereas the sixth led to both rhizobial (7, 8)
and actinorhizal (8-10) root nodule symbiosis (shaded in red). Figure from (6).
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Root nodule symbiosis is thought to have evolved only 65 million years ago (8) from the much more
ancient AM symbiosis. Both, root nodule symbiosis and the AM symbiosis share a common signaling
pathway for recognition of compatible symbionts (Fig. 1.2).

Figure 1.2: The common symbiosis-signaling pathway in arbuscular mycorrhiza (AM) and root nodule symbiosis. Shown
are examples of rhizobial (left signal input) and AM (right signal input) symbiosis. Although much less understood, it is
clear, that actinorhizal symbiosis follows this general scheme as well (9, 10). Symbiont-derived signaling molecules (Nod
factors from rhizobia and Myc factors from AM fungi) are recognized by LysM-type receptors (e.g. Nod factor receptor
(NFR) 1 and 5) forming a complex with the symbiosis receptor-like kinase (SYMRK). SYMRK interacts with 3‑hydroxy3‑methylglutaryl-CoA reductase (HMGR) which leads to the production of the secondary messenger, likely mevalonate
(11). Eventually this leads to nuclear calcium spiking. Cyclic nucleotide–gated channels a, b, and c (CNGCa,b, and c) lead
to calcium influx from the nuclear envelope lumen (that is connected to the ER and represents a large reservoir of Ca2+
ions) into the nucleoplasm (12), whereas the SERCA-type ATPase MCA8 pumps Ca2+ back into the nuclear envelope lumen.
CASTOR and POLLUX are potassium transporters involved in counterbalancing the charge of the nuclear membrane.
Calcium spiking activates the calcium- and calmodulin (CaM)-dependent serine/threonine protein kinase (CCaMK) to
interact with CYCLOPS which in turn activates several transcription factors, which to some extend are also involved in both
root nodule and AM symbiosis (13, 14). Currently, it is unknown how a plant distinguishes between root nodule formation
and AM symbiosis. Protein nomenclature derived from Lotus japonicus, except for CNGC15 which is from Medicago
truncatula as the ortholog of L. japonicus is not yet characterized. Figure adapted from (15).

Root nodule development
The symbiosis between rhizobia (belonging to α- or β-proteobacteria [16]) and legume plants (family
of Fabaceae, formerly known as Leguminosae) is the best studied of these symbiotic interactions.
Although there exist a variety of different modes of infection and nodule morphologies (for reviews
see [17-21]) among legumes, the most common and best-studied mechanisms are root invasion
through root hairs via infection threads (ITs) or by "crack entry". Eventually, two nodule types are
formed (simplified): (i) determinate nodules lacking a persistent meristem. Accordingly, growth stops
at some point and spherical nodules are formed, and (ii) indeterminate nodules with a persistent
7
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meristem resulting in indefinite growth, branching or lobe formation of nodules which are elongated
or irregularly shaped. The host plant and not the microsymbiont determines the mode of infection and
nodule morphology (22, 23).
Crack entry occurs in legume plants belonging to the Dalbergioid cluster such as peanut (Arachis
hypogaea) (24-26) and Aeschynomene spp. (27-29). Following this entry mode, rhizobia invade the
roots intercellularly through cracks (wounds) in the epidermis that occur at sites of lateral root
emergence. Bacteria then migrate between plant cells and infect cortical cells, causing a
hypersensitivity like response. Early infected cells collapse and release bacteria which have multiplied
intracellularly. Finally, bacteria infect plant cells which will not collapse and function as a nodule
primordium. It is unknown what triggers some plant cells to lyse but not others. Infected plant cells
divide with the inhabiting bacteria and eventually form a nodule (30).
In contrast, nodulation of most legume crops occurs via ITs. This mechanism has been well studied in
several model systems: examples for indeterminate nodules include IRLC legumes (for 'inverted repeat
lacking clade' because they lack an approximately 25 kb inverted repeat within the chloroplast genome
[31]) such as barrel medic (Medicago truncatula), alfalfa (Medicago sativa), peas (Pisum sativum), and
white clover (Trifolium repens) (32-35), whereas legumes forming determinate nodules belong to
tribes of Lotae and Phaseolae of the Robinioid and Phaseoloid clades, respectively, represented by the
models birdsfoot trefoil (Lotus japonicus), common bean (Phaseolus vulgaris), soybean (Glycine max),
cowpea (Vigna unguiculata), and siratro (Macroptilium atropurpureum) (36-42).
Soil-inhabiting rhizobia sense flavonoids produced by the plant (for review, see [43]). Compatible
flavonoids lead to the production of Nod factors, which are lipochito-oligosaccharides (β-1,4-linked Nacetyl-D-glucosamine [GlcNac], typically 4-6 residues, with a fatty acid residue attached to the nonreducing end and various decorations, such as acetylation, methylation, sulphurylation, fucosylation
etc.; for reviews, see [44-46]). Notably, Nod factors are structurally very similar to the AM Myc factor
(47, 48). Nod factors are sensed by the plant (Fig. 1.2) and ultimately induce reprogramming of plant
cells at two different sites. First, Nod factor signaling leads to the induction of anticlinal and periclinal
cell division in the root cortex. These spots of mitotic activity form the nodule primordium which
develops before bacteria actually reach it. This is a major difference to crack-entry legumes (e.g.
Aeschynomene afraspera) where Nod factor signaling does not induce cortical cell division and nodule
primordia are formed only when bacteria colonize plant cells (30). In IRLC-type indeterminate nodules,
the primordium is formed in the inner cortex whereas in hosts forming determinate nodules, the
primordium is formed in the outer cortex. Second, Nod factor signaling results in rearrangement of the
cytoskeleton in root hairs causing these cells to deform, branch, or bend their tip. The latter process
leads to the formation of so-called 'shepard's crooks', i.e. root hairs with curled tips. Notably,
'shepard's crooks' are most obvious in temperate legumes such as IRLC legumes and L. japonicus but
less so in tropical legumes such as soybean where very young root hairs exposed to Nod factor curl
just after emergence from the epidermal root-hair cell (Fig. 1.3A and B). Bacteria attached to root hairs
or root epidermis may become entrapped by curled root hairs to eventually form a microcolony in a
so-called infection pocket. From there, local plant cell wall degradation enables bacteria to enter the
root hair inside a plant-derived IT. There are contradictory reports whether bacterial or plant-derived
(or both) cell wall-degrading enzymes (e.g. cellulases and pectin lyases) are involved in this step (4954). Only a limited zone just behind the root hair tip is susceptible to invasion (37, 55). A microcolony
is derived from one or very few bacterial founder cells, and ITs are a major bottleneck for bacteria
during infection of plant tissue. Consequently, a clonal population of bacteria inhabits most nodules.
Yet, ITs with mixed populations of different strains seem to occur at a low frequency (32, 56). ITs of
temperate legumes and tropical legumes differ in their morphology. In temperate legumes, infected
root hairs are more developed and therefore ITs longer.
8
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B

20 μm
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Figure 1.3: Infection process via infection threads (ITs). A. Infection threads of GFP- and DsRED-tagged Sinorhizobium
meliloti on alfalfa, displaying long, non-branching and relatively thick ITs (32). B. Thin, early branching ITs induced by
mCherry-tagged Bradyrhizobium diazoefficiens on soybean (B. Müller unpublished data). C. Schematic overview of nodule
development on IRLC legumes forming indeterminate nodules (left) and robinioid/phaseoloid hosts forming determinate
nodules (right). Both developmental processes start with plant-derived flavonoids which are sensed by compatible
rhizobia via their NodD protein(s) that activate nod gene expression resulting in Nod factor production. Secreted Nod
factors elicit nodule ontogenesis programs on roots. Nod factors provoke root hair curling and thereby entrapping of
bacteria within the curled root hairs where they form a microcolony. From this microcolony, rhizobia penetrate the root
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hair cell wall and enter the IT. First signs of Nod factor signaling also include the distant induction of a nodule primordium
in the inner (indeterminate nodules) or outer (determinate nodules) cortex (red ovals; step 1). ITs guide rhizobia to the
nodule primordium (step 2) and eventually deliver bacteria into plant cells (step 3). Within plant cells, rhizobia divide (step
4) until the plant cell is densely filled and rhizobia differentiate into nitrogen-fixing bacteroids. Indeterminate nodules have
a persistent meristem and do not stop growing (hence indeterminate). During nodule growth, persistent ITs deliver
rhizobia to newly formed nodule cells. The ongoing growth of indeterminate nodule results in the zonation of the nodule.
At the tip, the meristematic zone gives rise to new cells. Below, ITs deliver bacteria to new nodule cells in the invasion
zone. In the interzone, the bacteria colonize the plant cells and start differentiating into bacteroids. Mature bacteroids
start fixing nitrogen in the N-fixing zone and, once exhausted, are degraded in the senescence zone. Determinate nodules
lose their meristem early during development and arrest growth resulting in spherical nodules with no zonation (step 5).
Modified from (58).

Usually they have a wider diameter and can accommodate several bacteria side by side, and they only
start branching upon reaching the cortex (32-34, 57) (Fig. 1.3A). In contrast, tropical legumes such as
soybean are invaded via ITs in very young, short root hairs. Their ITs are narrower forcing bacteria to
line up in single cell lines. Also, these ITs start to branch from the very beginning of infection within
the root hair and it is common to find more than one IT within the same root hair (36, 39) (Fig. 1.3B).
During early infection, plants mount a transient defense response including production of reactive
oxygen species (ROS) (59-65). Thus, the initial plant response resembles that found in plant-pathogen
interactions. Currently, it is not fully understood how plants discriminate between symbionts and
pathogens or, alternatively expressed, how rhizobia suppress the plant defense reactions. It is known
that, apart from symbiotic signaling, Nod factors also have a suppressive effect on plant immunity (66),
and there might also be host-symbiont system-specific mechanisms involved. For example, in
Sinorhizobium meliloti (the model symbiont for M. truncatula and alfalfa), immunosuppressive
functions are attributed to lipopolysaccharide (LPS) structures (67, 68). In fact, LPS also plays a role
during the development of ITs induced by Rhizobium etli (the symbiont of common bean) and
Bradyrhizobium diazoefficiens (the symbiont of soybean), as for both species LPS mutants have been
isolated that cause abortive ITs on the respective hosts (69, 70). Other important glycan structures
involved in rhizobia-legume symbioses are exopolysaccharides (EPS). S. meliloti can produce two types
of EPS, namely EPS I (succinoglycan) and EPS II. Mutants in succinoglycan production have long been
known to fail IT formation and/or elongation (71-74), and they caused an enhanced plant defense
response, pointing to a potential role for succinoglycan as immunosuppressive agent (75, 76). EPS also
seem crucial for invasion by other model rhizobia during formation of indeterminate nodules of
respective hosts (77, 78) and for IT formation in the Mesorhizobium loti-Lotus symbiosis, which results
in indeterminate nodules (79). However, a conserved role for EPS as senso stricto immunosuppressors
in rhizobia-legume symbioses is questionable because EPS are not needed for nodule formation in
several other legume-rhizobia systems (80-82). Recently, it was shown that structurally correct EPS of
M. loti are needed for recognition of the symbiont rather than suppressing a plant immune response
(83). Likewise, mutants completely lacking EPS formed functional nodules whereas incorrectly
decorated EPS caused IT abortion (79, 84-86). Interestingly, ITs and subsequently formed nodules can
be hijacked by a large variety of non-rhizobia (87, 88), and it will be interesting to study whether EPS
and/or other polysaccharides play a role in these interactions. Another possibility to downregulate the
plant immune system are microbial protein effectors. In many plant–pathogen interactions, the
bacterial pathogen injects effectors via type III (T3SS) or type IV (T4SS) secretion systems into the plant
cell to downregulate immune responses that are elicited by microbe-associated molecular patterns
(MAMPs) such as flagellin subunits or EF-Tu (89-92). Given the phylogenetic proximity between
rhizobia and some plant pathogens (93, 94) and the fact that plant pathogens can evolve to noduleforming symbionts under lab conditions (95-99), the wide occurrence of T3SS in rhizobia should not
come as a surprise. For example, T3SS have been found in B. diazoefficiens (100), B. japonicum (101),
and B. elkanii (102), M. loti (though other Mesorhizobium spp. commonly harbor T4SS rather than
T3SS) (103), Rhizobium etli (104), and Sinorhizobium fredii NGR234 (105), S. fredii HH103 (106), and S.
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fredii USDA257 (107), but also the β-rhizobium Cupriavidus taiwanensis (108). Rhizobial T3SS often are
flavonoid induced by the same regulatory protein (NodD) that is also involved in expression of genes
for Nod factor synthesis, since the gene for the T3SS key-regulator TtsI is transcriptionally controlled
by NodD (100, 105, 109). Moreover, several studies showed rhizobial T3SS effectors to suppress plant
immunity similarly to some T3SS effectors from plant pathogens (110-112). However, T3SS are not
necessarily beneficial for rhizobia–legume interactions. In some cases, T3SS-delivered effectors can
stimulate nodulation on one plant host even in absence of Nod factors (113) whereas in an other T3SS
effectors cause effector-triggered immunity similar to Avirulence (Avr)–Resistance (R) gene
interactions in plant–pathogen interactions (114). Also, many rhizobia do not encode T3SS (but may
possess a T4SS with unknown function in symbiosis), such as some photosynthetic Bradyrhizobia (115),
Sinorhizobium medicae and S. meliloti, Rhizobium leguminosarum bv. viciae and bv. trifolii,
Azorhizobium caulinodans, Methylobacterium nodulans, or the β-rhizobium Paraburkholderia
phymatum. Taken together, neither Nod factors, EPS, nor secreted effectors alone are responsible for
suppression of a plant immune response. Likely, it results from combined effects involving the
described factors (and possibly yet unknown players), and it is host-symbiont system specific.
Within ITs, bacteria are embedded in EPS (41, 116) but only little information is available about
metabolic activities of invading rhizobia and potential stresses imposed on them. As the IT is an
invagination of the plant cell wall, it is a plant-derived structure. In fact, ITs precede invading bacteria,
forming an uninfected pre-infection thread (57, 117). Other identified components of ITs are plantderived, hydroxyproline-rich proteins named extensins, which are densely decorated with
arabinogalactan moieties. While other extensins are ubiquitous glycoproteins associated with plant
cell walls (118-120), extensins present in ITs and nodules are legume specific (121). Extensins are
tyrosine cross-linked by ROS to solidify and strengthen cell walls. In ITs, ROS are generated (59, 122),
and it is proposed that ITs change with age from a semifluid to solid state (123). The driving force for
bacteria in ITs to reach the root cortex is thought to originate from cell division and possibly also from
gliding motility. Both cell division and gliding occurs within 30-60 μm from the IT tip. Likely, extensin
solidification in older (proximal) portions of IT ensures directionality towards root cortex (32, 57, 117,
124, 125). It is currently unknown how ITs pass through intercellular spaces, yet they finally reach the
preformed nodule primordium.
In indeterminate nodules, the nodule meristem in the inner cortex produces cells that have lost mitotic
activity. As these cells accumulate, the nodule starts growing outwards the root. Inwards growing ITs
passing the mitotically active cells start to deliver rhizobia into the vacuolated cells, that have stopped
dividing. As the nodule meristem is continuing to produce new cells, persistent ITs will infect these
cells. Therefore, emerging indeterminate nodules consist of zones of different developmental stages.
At the tip, the nodule meristem is located (meristematic zone) and beneath, ITs infect newly formed
plant cells (infection zone). Bacteria divide in infected cells, begin to develop into nitrogen-fixing
bacteroids (early symbiotic zone), and start fixing atmospheric nitrogen once fully differentiated (N 2 fixing zone). Finally, with increasing age, bacteroids sensece and are degraded by the host to recycle
nutrients for its own demand (senescence zone) (126).
In contrast, in determinate nodules branching ITs grow into the nodule primordium, consisting of small,
non-vacuolated cells with dense cytoplasm. ITs are absent in surrounding vacuolated cells. ITs deliver
bacteria to some, but not all plant cells, which still exhibit mitotic activity. Subsequently, bacteria
spread within dividing cells and will densely colonize plant cells once they stopped mitosis. Accordingly,
determinate nodules stop growing and lack different developmental zones which are characteristic for
indeterminate nodules, except for nodule senescence which starts at the nodule center. Lupinoid
nodules show features of both indeterminate nodules (persistent meristem) and determinate nodules
(nodule primordium originates from the outer cortex, no developmental zonation), and the entire
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inner fixation zone derives from a single infected meristematic cell (127). Fig. 1.3C summarizes the
developmental stages of nodule ontogenesis (for more details, see [128-131]).
Notably, the process of bacterial release from ITs and host-plant cell infection is not well understood.
On the bacterial side, several mutants were described which specifically fail to be released from ITs
(Bar- phenotype for bacterial release) but still initiate and elongate ITs, which clearly differentiates
them from EPS mutants (see above). S. meliloti hemA mutants (defective in the synthesis of δaminolevulinic acid and therefore heme auxotrophs) provoked small, whitish nodules on alfalfa that
contained thick, swollen ITs with unreleased bacteria. The blockage in bacterial release from ITs cannot
be attributed directly to auxotrophy since the same study described leucine and adenosine
auxotrophic mutants, which, although having a Fix- phenotype, colonized plant cells normally (132). A
B. japonicum mutant with a similar Bar- phenotype on soybean was described, not genetically defined
defined in more details (133). A BLAST search using the originally cloned sequence as query, indicates
that one of the genes encodes for a c-type cytochrome biogenesis protein CcmI. Similarly, M. loti
transposon mutants with the same phenotype on Lotus pendiculatus have been isolated. Though
complementation with fragments from a genomic library was possible, the complementing fragment
was not further characterized (134).
Mutants defective in bacterial release from ITs are also known on the plant side. RNAi-mediated
downregulation of M. truncatula DMI2 (encoding the homolog of L. japonicus SYMRK; see Fig. 1.2)
caused a Bar- phenotype, pointing to a role for Nod factors in bacterial release from ITs (135). Likewise,
the uncharacterized NIP protein and the transcription factor HAP2-1 of M. truncatula are involved in
bacterial release from ITs (136, 137). Although details of the complex process of bacterial release from
ITs and subsequent cellular uptake are emerging, no general model is currently available to describe
this process at the molecular level. New insights may arise from an ongoing experiment, in which a
plant pathogen was evolved to a true nodule-inhabiting endosymbiont (96). Notably, the Barphenotype of the mutants described above is reminiscent of the Parasponia spp.–rhizobium symbiosis.
Parasponia spp. belong to the Cannabaceae family of plants and are to date the only non-leguminous
plants able to form root nodule symbiosis with rhizobia. There, bacterial symbionts are harbored in
enlarged ITs (called fixation threads) rather than intracellularly within host plant cells. This may
represent an evolutionary ancient state that further evolved in legumes to intracellularly hosting of
rhizobia (138). Thus molecular characterization of the Parasponia spp. symbiosis may also contribute
to better a understanding of the transition from IT-inhabiting rhizobia to nitrogen-fixing bacteroids.
Legume plant cells infected by rhizobia increase in volume. Cell enlargement is accompanied by
genome endoreduplication, and it is suspected that increased copy numbers of chromosomes leads to
enhanced metabolic activity and more efficient hosting of bacteroids. Indeterminate nodules of the
diploid plant M. truncatula are composed of large, infected cells and smaller, uninfected ones. Infected
cells can reach up to 64C (C equals haploid number of chromosomes) in the nitrogen fixation zone
(139). Likewise, endoreduplication is observed in determinate nodules of L. japonicus and Lupinus
albus with up to 32C (140). As uninfected cells undergo no or only much reduced endoreduplication, a
link may exist between bacteria endocytosis and plant cell endoreduplication. However, it is not known
whether bacteria are only delivered to endoreduplicating cells or whether bacterial colonization
triggers endoreduplication (141).
When bacteria have entered plant cells they develop into nitrogen-fixing bacteroids. Bacteroid
development can lead to altered morphology and size of the bacteroids, which is dependent on the
host plant, but not the bacterial symbiont. Generally, hosts with determinate nodules (e.g. soybean,
Lotus spp., siratro, cowpeas, common bean) harbor bacteroids which shape remains largely unchanged
compared to free-living bacteria (U-morphotype; Fig. 1.4A). IRLC legumes (provide a few representative
examples) and some Aeschynomene spp. contain enlarged and elongated bacteroids (E-morphotype;
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Fig. 1.4B) which sometimes branch ore are irregularly shaped. Many legumes of the Dalbergioid cluster
(e.g. peanut, Aeschynomene spp.) cause bacteroids to become enlarged and spherical (S-morphotype;
Fig. 1.4C). The evolutionary ancestor of nodulation is thought to have harbored U-morphotype
bacteroids and that swollen bacteroids have evolved at least five times independently (142).

Figure 1.4: Scanning electron microscopy images of mature bacteroids displaying different morphotypes. U-morphotype
bacteroids in soybean nodules are morphologically indistinguishable from free-living bacteria (A). IRLC legumes such as
fava bean harbor E-morphotype bacteroids which are enlarged and may branch (B). Bacteroids of peanut are spherical (Smorphotype) and enlarged. Scale bars: 1 μm (A, B) or 2 μm (C), adapted from (128, 143, 144).

Rhizobia capable of nodulating different host plants will adopt the bacteroid morphotype of the
respective host. This is most prominent for Bradyrhizobium as bacteria of this genus tend to have a
wide host range. Bradyrhizobium sp. 32H1, capable of nodulating cowpea and peanut forms Umorphotype and S-morphotype bacteroids, respectively (144). Bradyrhizobium sp. ORS285 is able to
form proficient nodules on a variety of Aeschynomene spp. Depending on the species, the cells of this
species resulted in elongated (e.g. in Aeschynomene afraspera nodules) or spherical (e.g. in
Aeschynomene indica nodules) bacteroids (30). B. diazoefficiens USDA 110 can develop all three
bacteroid morphotypes. On soybean, siratro, and Vigna spp. B. diazoefficiens USDA 110 forms Umorphotype bacteroids, E-morphotype bacteroids on A. afraspera, and U-morphotype bacteroids on
peanuts (56). Enlargement of E- and S-morphotypes bacteroids is accompanied by bacterial
endoreduplication. It can lead to 24C in Medicago spp.-inhabiting E-morphotype S. meliloti bacteroids
(145). Similarly, Bradyrhizobium sp. ORS285 bacteroids reach 7C in nodules of A. afraspera (Emorphotype) and 16C in A. indica (S-morphotype) (146). Notably, the differentiation is terminal for
both E- and S-morphotype bacteroids, i.e. these bacteroids cannot revert back to 1C free-living bacteria
as it is the case for U-morphotype bacteroids (145, 147). This raises the questions about the role of
terminal differentiation for E- and S-morphotype bacteroids because it is obviously not an absolute
requirement for symbiosis yet a disadvantage for the microsymbionts. In fact, only bacteria within
persistent ITs and yet viable, undifferentiated bacteroids are released to the soil from nodules of IRLC
legumes whereas in principle all undifferentiated U-morphotype bacteroids can propagate again when
released from determinate nodules (148). Currently, it is not clear how terminally differentiated
bacteroids released from nodules of legumes belonging to the Dalbergioid cluster recolonize the soil.
Some authors argue that swollen bacteroids result in benefits for the host in terms of nitrogen fixation
capacity (149), possibly because terminally differentiated bacteroids do not need to sequester
resources (e.g. poly-hydroxybutyrate [PHB]) for survival, redifferentiation, or reproduction (150). Since
the population within nodules originates from a few founder cells (see above), the large subpopulation
that terminally differentiates would sacrifice themselves to maximize host benefits and their yet
undifferentiated kins. This model is compatible with the finding that host plants impose sanctions to
yet undifferentiated bacteria present in nodules occupied by inefficient non-fixing bacteroids (151).
The mechanism of endoreduplication is not fully understood. The trigger for bacterial
endoreduplication are plant-derived nodule-specific cysteine rich (NCR) peptides. They were detected
first in M. truncatula nodules which express about 600 different variants of these peptides. They
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consist of 60-90 amino acids of rather heterogenous sequences except for a signal peptide, a conserved
motif consisting of four or six cysteines, and some similarity to plant defensins (152, 153). NCR peptides
are abundant in hosts harboring swollen bacteroids, although they evolved independently between
different clades (at least in the studied cases Dalbergioid and IRLC) but absent in legumes with Umorphotype bacteroids (145, 147). They are exclusively expressed in bacteroid-containing nodule cells
and eventually targeted to the bacterial cytoplasm (154). A recent study associated the NCR expression
pattern with the simultaneous endoreduplication occurring in the host, thereby linking host and
symbiont endoreduplication (155). On the way to their final destination in the bacterial cytoplasm,
NCR peptides are targeted to symbiosomes (bacteroids enclosed by the plant-derived peribacteroid
membrane). Plant mutants with defects in the nodule-specific secretory pathway will form ineffective
symbiosis (154, 156, 157). Sinorhizobium strains naturally expressing a M16A family HrrP
metallopeptidase which cleaves NCR peptides form accession-specific, ineffective symbiosis with M.
truncatula. Accession specificity is likely due to differential sensitivity of accession-specific NCR
peptides towards the peptidase. Strains expressing the HrrP peptidase show increased fitness (in terms
of viability), indicating interference with NCR-mediated terminal differentiation (158). In S. meliloti,
NCR peptide uptake is dependent on BacA, an inner membrane-spanning ABC transporter (159, 160).
S. meliloti mutants lacking bacA form ineffective symbiosis, because they are rapidly killed after release
from ITs and initial colonization of host-plant cells (161, 162). BclA (for BacA-like) fulfills a similar role
in the Bradyrhizobium spp.–Aeschynomene spp. symbiosis, independently whether E- or S-morphotype
bacteroids are formed (146). A role for BacA in endoreduplication has recently been questioned. Many
NCR peptides exhibit antimicrobial activity and are supposed to act on the bacterial membrane (163,
164). BacA-mediated import therefore protects bacteria from the antimicrobial activity, either by
sequestering the peptides inside the cytoplasm or by enabling degradation of them. Mutants in bacA
are more susceptible to NCR peptides and only survive within host plant cells, when plants lack the
nodule specific secretion pathways. However, exposure of free-living ΔbacA mutants to sublethal
doses of NCR peptides still promoted endoreduplication (165). Given the diversity of NCR peptides, it
is not surprising that they differ in both antimicrobial activity and host targets. Some NCR peptides act
selectively on different rhizobial strains and may promote nodule colonization by some strains versus
others (166, 167). Other NCR peptides even are specifically needed for survival of bacteria in host cells
(164). Therefore the role of BacA (BclA) is likely dependent on the qualitative and quantitative
composition of host-specific cocktails of NCR peptides. Undisputedly, NCR peptides are responsible for
endoreduplication and interfere with the bacterial cell cycle (163). Recently, intracellular targets of
some NCR peptides have been identified. One of these was FtsZ (the structural component of the Zring involved in cell division), which is in agreement with cell cycle interference. However, also other
NCR targets like ribosomes and the GroEL chaperonin family were found, whose significance in the
symbiotic context is less obvious (168).
The nodule organ provides a low-oxygen environment suited for nitrogenase activity
The nitrogenase harbors several iron-sulfur clusters as do proteins involved in biosynthesis of them
and ferredoxins involved in the transfer of electrons (e-) to nitrogenase. One feature of iron-sulfur
clusters is their ability to operate with low potential energy electrons (> -600 mV) as needed for
reduction of dinitrogen. Another trait of iron-sulfur clusters is their susceptibility to molecular oxygen
(reviewed in [169]). Fixation of dinitrogen is an energy intensive process, independent whether
performed chemically (170) or biologically (eq. 1.1).
N 2 + 8 e- + 16 ATP + 8 H+ → 2 NH 3 + H 2 + 16 ADP + 16 P i

eq. 1.1

Energy in biological systems is gained in highest quantities by respiratory chains and energy
conservation is highest when the final electron acceptor of the chain is molecular oxygen (e.g. [171]).
To circumvent this apparent paradox, where oxygen is needed to gain energy for nitrogen fixation and
nitrogenase is sensitive to the presence of oxygen, the nodule environment displays unique features
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forcing drastic changes in both host and symbiont. The nodule organ itself provides a microoxic
environment. The nodule cortex (outside the infected inner zone of a nodule) provides an oxygen
diffusion barrier (ODB) after which the amount of free oxygen within the nodule drastically drops (Fig.
1.5). Within the infected zone, around 11 nM of free oxygen are present (172).

Figure 1.5: Dissolved oxygen concentration throughout a pea nodule. A drastic drop in free oxygen concentration is
observed after a cell layer in the inner nodule cortex, which thus is named oxygen diffusion barrier (ODB). Reprinted from
(173).

The number of cells making this barrier in the cortex is dependent on the surrounding free oxygen
concentration (174). Although this ODB is the main player in keeping low oxygen concentration within
the nodule, also other, short-term adaptations of unknown mechanisms play a role for responding to
changes in external oxygen concentrations within minutes (175). A third mechanism to lower free
oxygen are leghemoglobins. These plant-derived proteins are similar to myoglobins and are present in
both cytoplasm and within the peribacteroid space of infected plant cells. Within the peribacteroid
space estimated leghemoglobin concentrations range between 200 and 500 μM and around three
times more in the cytoplasm, giving sufficient buffering capacity for free oxygen (176). Leghemoglobin
is needed for functional symbiosis. If leghemoglobin production of L. japonicus plants was silenced by
RNAi no nitrogenase activity was measured in nodules. Also free oxygen concentration was slightly
higher within these RNAi mutant nodules compared to wild-type nodules, in particular in the outer cell
layers of the nodule. Although there was an increased amount of free oxygen available for respiration,
the ratio of ATP/ADP dropped compared to wild-type plant nodules (177). Several reports indicated
that leghemoglobins are not only, or at least not mainly, needed for keeping low free oxygen
concentrations (which is mediated by the ODB) but rather enhancing oxygen diffusion within host plant
cells to the bacteroids, which is limited because of the ODB. In this function, leghemoglobins are similar
to myoglobins in animals, but because of the ODB their affinity for oxygen is approximately one order
of magnitude higher (178). Several reports highlight the fact, that nitrogen fixation is limited by oxygen
and the primary site of respiration in nodules are the bacteroids and not the plant cells (179-183).
15

Chapter 1 - General introduction

When nitrogen fixation in isolated bacteroids was assayed under microoxic conditions, addition of
oxygenated leghemoglobin was more efficient in increasing respiration and nitrogenase activity than
increasing pO 2 (184, 185). To solve the oxygen paradox, rhizobia possess also alternative terminal
oxidases with very high affinity for O 2 . This enables aerobic respiration in the severely oxygen limited
nodule environment (186-188).

Metabolism in bacteroids
Free-living rhizobia in the soil are likely exposed to constantly changing nutrient sources and hence,
they constantly need to readapt their metabolism. In contrast, the plant rhizosphere provides some
constant nutrient sources in the form of root exudates. There is an apparent lack of knowledge about
nutrient supply to rhizobia during the infection process. In contrast, metabolism of nitrogen fixing
bacteroids is much better investigated and understood. As bacteroids are enclosed within a
symbiosome membrane, they are completely dependent on nutrients supplied by the plant. In contrast
to the soil inhabiting rhizobia, bacteroids are supplied with a constant and steady nutrient mix.
Although some efforts were done in respect to bacteroid supply with minerals (for reviews see [189,
190]), most is known about supply with reduced carbon sources. As photoautotrophic organisms,
plants have almost unlimited (at least carbon is the least limiting factor in plant nutrition) access to
carbon and can provide reduced carbon sources to fuel the cost intensive nitrogen fixation. Sucrose is
the main sugar used for carbon distribution in plants (reviewed in [191]), so it is not surprising that
reduced carbon sources for bacteroids are sucrose derived (192). In the infected zone, sucrose is
cleaved by (bifunctional) sucrose synthases in both infected cells and uninfected cell (193, 194). This
sucrose synthase activity is essential for functional symbiosis (195). Hexoses are then metabolized to
phosphoenolpyruvate and malate by phosphoenolpyruvate carboxylases (needing activity of carbonic
anhydrases for carboxylation) and malate dehydrogenases, which are upregulated in nodules. Malate
is fed to bacteroids (196-204). Although a dicarboxylic acid transporter in the symbiosome membrane
has only very recently been characterized in L. japonicus (205), it has long been known that
symbiosome membranes do exhibit dicarboxylate transport activity (202, 206, 207). On the bacterial
site, malate is imported via the DctA transporter. Mutants in dctA invade nodules and form bacteroids,
but are unable to fix nitrogen. This indicates that during earlier symbiotic stages other nutrients are
(also) used but in bacteroids dicarboxylic acids are an essential carbon source (208-213). Malate (and
succinate) are intermediates of the tricarboxylic acid cycle (TCA; Krebs cycle). It is believed, that energy
and reducing power in bacteroids are derived from running TCA cycles. Another important, though
complex metabolic aspect of bacteroids is amino acid metabolism, for a comprehensive review see
(214).
Rhizobial adaptation to the nodule environment
The switch from free-living bacteria to nitrogen-fixing bacteroids involves massive changes in
environmental conditions and accordingly metabolic adaptations. Bacteria need to thoroughly
integrate all of these changes to become successful nitrogen-fixing symbionts. An important part of
these changes is due to redirection of transcription to genes not (necessarily) involved in free-living
growth but indispensable or at least beneficial for bacteroids (e.g. nif genes, fix genes for the
alternative terminal oxidase, or dctA). Several studies showed the massive transcriptional
reprogramming of bacteroids compared to free-living bacteria on a global scale (215-221). Overall,
many of these transcriptional changes can be attributed to a limited number of master regulators.
Interestingly, most of these regulators sense oxygen concentration, and low oxygen, as present in
nodules, turns out to be the main inducing factor for bacteroid specific genes (e.g. 34% of the bacteroid
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specific upregulated genes compared to aerobic grown cells were also induced in microaerobic
conditions in B. diazoefficiens [217]). Rhizobia and also other diazotrophs make use of a limited number
of oxygen- or redox-state sensing systems. However, between different organisms, the exact role with
respect to gene regulation and cross-talk between the master regulators may vary drastically.
In many rhizobia, the primary sensing of low O 2 and subsequent cascade activation depends on the
FixL-FixJ two component system. FixL is a sensory histidine kinase. In its N-terminal part, a sensing PAS
domain with a bound heme is present. The N-terminal part is including a histidine kinase (222). The
PAS domain bound heme cofactor contains a Fe2+ ion that binds O 2 . Binding of O 2 causes the Fe2+ ion
out the heme tetrapyrrole plane, which in turn causes a conformational change of the whole protein,
inhibiting autokinase function of the C-terminus and phosphorylation of FixJ (223-225). FixJ is the
cognate response regulator of FixL and consists of an N-terminal receiver domain and a C-terminal
DNA binding domain. Phosphorylation of an aspartic acid residue on the receiver domain causes a
conformational switch, needed for FixJ to function as a transcriptional activator (226-228). The exact
mechanism, how FixJ functions as a transcriptional activator is unknown. However, phosphorylation
induced dimerization via the receiver domain is needed for DNA binding (229). There is limited
consensus sequences in FixJ-controlled promoters (TAAG around position -63, which not necessarily is
present and C(C/G)NAAT(T/A)T around position -33 [230]).
Another group of key regulators in rhizobial adaptation to microaerobiosis are FixK/FnrN proteins.
These regulators belong to the Crp-Fnr family (named after the two seminal members) of
transcriptional regulators. Crp-Fnr family members can be subgrouped in up to 11 clusters, and
FixK/FnrN proteins cluster largely together and are closely related to β- and γ-proteobacterial Fnr-type
proteins (231, 232). In E. coli, Fnr (for fumarate and nitrate reduction negative) controls expression of
anaerobic respiratory systems in an oxygen-responsive manner (233-236). In its N-terminus, four
conserved cysteine residues complex a 4Fe4S cluster, which promotes dimerization of Fnr and thereby
enhances affinity of C-terminal DNA binding (237-239). Upon oxygen exposure, the cubic 4Fe4S cluster
is oxidized and decays into a planar 2Fe2S cluster, releasing 2Fe and 2S ions and rendering Fnr inactive
(240, 241). Some rhizobial FixK/FnrN proteins do contain similar cysteine motifs and are likely follow a
similar mechanism. Some of these were also able to functionally complement an E. coli fnr mutant (e.g.
B. diazoefficiens FixK 1 (242), R. leguminosarum bv. viciae FnrN [243, 244]). Other rhizobial FixK
proteins, however, lack these cysteines and likely do not contain iron-sulfur clusters. This type of FixK
proteins includes crucial master regulators such as B. diazoefficiens FixK 2 (245), FixKs of S. meliloti (246)
and A. caulinodans (247). These FixK proteins are rather regulated on a transcriptional level (see
example below). The mechanism of Crp-Fnr family dependent transcription is well understood. They
bind promoter upstream short palindromic sequences ('boxes', usually one or two) and interact
directly with the RNA-polymerase holoenzyme. Given the crucial role of FixK/FnrN in rhizobial
adaptation to microaerobic and anaerobic conditions, the conserved FixK-binding boxes (TTGA---GATCAA) were termed 'anaeroboxes' (230, 248).
The third master regulator involved in nitrogen fixation is NifA. Although NifA has many targets (249251), its key feature is nif gene activation. NifA belongs to bacterial enhancer binding proteins (bEBPs).
This class of transcriptional enhancers is associated with a special class of alternative σ-factors (σ54).
This σ-factor differs drastically from the housekeeping σ-factor and all other alternative σ-factors. Most
importantly, they lack the ability to induce DNA melting at the promoter region as σ70-like factors do
to initiate transcription. Instead, they rely on bEBPs, which bind to upstream activator sequences (UAS)
and the RNA polymerase-σ54 holoenzyme and induce DNA melting by ATP hydrolysis (for details see
below). NifA proteins of rhizobia are directly sensitive to oxygen (252-255).
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Diazotrophs equipped with these master regulators have evolved numerous circuits for
symbiotic/microaerobic gene expression. The depth in detailes we know about organism specific
regulations varies drastically. For some species, key interactions are experimentally proven, whereas
regulation models for others are based merely on hypotheses and analogies. Also, gene iterations such
as in Rhizobium spp. increase complexity and may differ from strain to strain (for reviews, see [230,
256]). In the following, exemplary the (simplified) case of B. diazoefficiens will be discussed, where our
view on the regulatory mode is more complete.
B. diazoefficiens contains two separated pathways responding to low-oxygen concentrations (Fig. 1.6).

Figure 1.6: Simplified regulation of nitrogenase and associated genes regulation in Bradyrhizobium diazoefficiens. Green
arrows indicate activating protein interactions, black arrows indicate transcriptional induction, red T-lines indicate
inhibitions. Dashed arrows indicate production of proteins. See text for further details.

NifA is present, independently of the oxygen status (but inactivated by oxygen), as a low constitutive
expression is ensured by RegR (a transcription factor belonging to the FixJ family) and its cognate
kinase RegS. The RegR-dependent promoter is overlapping a second NifA-σ54-dependent promoter, so
that upon microaerobiosis (<0.5% O 2 ) (257) NifA induces its own transcription, resulting in an
approximately five-fold upregulation (258-264). The gene encoding NifA is present in an operon with
fixR (located upstream of nifA), but a function could not yet be assigned to FixR (265, 266). The second
cascade is dependent on the FixLJ two-component system, which responds to oxygen treshaold levels
around 2% (257). FixJ ensures transcription of fixK 2 . As a transcriptional activator, FixK 2 induces
transcription of a plethora of genes, some directly related to nitrogenase functioning (267, 268).
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1.2 Gene regulation in response to changing conditions
Transcriptional activators
The above-mentioned (rhizobia specific) adaptations to the low-oxygen nodule environment are by far
not the only changing environments bacteria may be exposed to. Nutrient availability, abiotic stresses,
or biotic interactions, to only name a few, constantly challenge bacteria. Hence, instead of a steady
state, bacteria need to persistently monitor and adapt to both internal and external stimuli. As broad
the spectrum of potential changes a bacterium may face, as broad are the mechanisms to adapt to
them. Many of these adaptations involve differential gene expression, which may be influenced at
different levels. It is not the scope of this introduction to cover all potential mechanisms, such as
antisense RNAs, repressor-operator systems, riboswitches, antitermination, epigenetic mechanisms,
direct DNA sequence alterations, DNA topology (degree of supercoiling), or transcript attenuation (to
only name a few) since a plethora of reviews already cover these mechanisms (e.g. [269-277]). Many
of these mechanisms are based on direct sensing of an effector by the regulatory element, which
causes the transcription alteration effect. Often, only one or few genes are affected by these changes.
Contrary to these mechanisms, bacteria also regulate whole 'gene sets' (regulons) in response to
environmental changes. Often, this alternative gene expression involves complex regulatory circuits,
which sense and integrate stimuli (e.g. differential gene expression in rhizobia in response to
microaerobic environments, see above) and finally cause redirection of the RNA polymerase from
housekeeping genes to new promoters. The bacterial RNA polymerase consist of five subunits, two α
subunits, β, β', and ω. A sixth subunit, σ, is transiently present and mediates promoter recognition. It
allows transcription initiation by melting DNA ('open complex formation') at the promoter region (278282). A subset of the genome that is indispensable for life for each bacterium must be transcribed
continously usually are referred to as housekeeping genes. These genes (generally) have a conserved
promoter sequence, which is recognized by the housekeeping σ factor (RpoD, σ70). On these
promoters, the RNA polymerase-σ70 holoenzyme is sufficient to initiate transcription. The σ70 protein
consists of four domains (σ1.1, σ2, σ3, and σ4) (283). Promoter sequence recognition is mediated by
domains σ2 and σ4, whereas σ3 has stabilizing effects. Domain σ1.1 acts to prevent free σ70 from
binding DNA when not associated with RNA polymerase (284). The E. coli housekeeping promoter is
composed of a -35 box (TTGACA) which is recognized by σ4, the -10 box (TATAAT), recognized by σ2
and the extended -10 box (TG-N-TATAAT), where σ3 binds. Open complex formation is mediated by σ2
at the -10 box, where the second and last nucleotide are flipped out to melt the double strand
(TATAAT) (285-287). The C-terminal domains of the α subunits (αCTDs) are connected to the Nterminal domain (αNTD) via a flexible linker. αCTDs may also bind DNA and recognize AT-rich UP
elements, upstream of the -35 position (288-291) (Fig. 1.7).

Figure 1.7: Transcription initiation at a housekeeping promoter of Escherichia coli. The RNA polymerase-σ70 holoenzyme
has bound to conserved DNA motifs of a promoter via C-terminal domains of the two α subunits (αCTDS at UP element)
and the σ factor. σ4 bound at -35 box, σ3 at the extended -10 region and σ2 mediated open complex formation for
transcript initiation at the -10 box. Modified from (276, 292).
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This RNA polymerase intrinsic transcript activation strongly depends on the degree of conservation of
the DNA motifs. Both, nucleotide substitutions as well as changes to the spacing between each of the
promoter elements have drastic effects on transcription (293). The degree of promoter degeneration
may affect either RNA polymerase recruitment and/or efficiency of open complex formation. The
general idea about transcriptional activators (TAs) is, to overcome the limitations for transcript
initiation caused by degenerated promoters. By modulating the activity (transcriptional or at the
protein level) of TAs, the RNA polymerase can be context dependent redirected to such degenerated
promoters, allowing alternative gene expression. Roughly, TAs can act in two modes. The first mode is
solely DNA dependent. By binding to the DNA, TAs bend promoter sequences to allow better binding
of σ factors to promoters. For example nonoptimal spacing between the -35 and -10 boxes can be
overcome by such activators (294-296). The second possibility is binding of TAs to DNA (at its
recognition sites) and to the RNA polymerase holoenzyme. Best studied TAs with this mechanism are
Crp and Fnr family members. Upon activation, these TAs undergo dimerization. Crp (cyclic-AMP
receptor protein) modulates its activity by binding cAMP and has been detected as a TA first when
studying the lacZYA operon in E. coli. There, Crp dimers bind to a 22 bp region approximately 50-70 bp
upstream of the transcription start site. The Crp dimer thereby interacts with one of the αCTDs. This
interaction does not lead to any conformational changes of either protein complex, implying that Crp
acts simply by recruiting ('pulling and attaching') the RNA polymerase holoenzyme to the unfavorable
promoter. This mechanism of transcriptional activation of Crp (and Fnr [297]) has been named class I
(298-305). However, it was found, that this mechanism holds not true for other promoters, which
nevertheless are dependent on the same Crp TA and cAMP (306). In this mechanism (class II), the
binding site for Crp is overlapping with the -35 box and Crp displaces the αCTDs from the UP element
to bind further upstream. The TA interacts with one αCTDs, one αNTD. Whilst the interaction between
Crp and αCTD is still beneficial for RNA polymerase recruitment, it is not needed for transcriptional
activation. Instead, the crucial mechanism in class II activation is promotion of open complex
formation, which needs the Crp-αNTD interaction. Mutations in Crp may cause interactions with σ4,
which has similar activation potential as the αNTD interaction (307-315). Although physiologically not
relevant for Crp, this type of interaction is the main driving force for transcriptional activation of Fnr,
which else works similar as Crp (316-318). Some promoters contain a second Crp (or Fnr) binding site,
so that two dimers may bind. In the case of Crp, the binding and interaction with the RNA polymerase
often has co-activating effects. The exact nature of the interaction between the two dimers and the
RNA polymerase may take place only via αCTR or via αCTR only of one Crp dimer and the other Crp
dimer interacting with RNA polymerase as in class II activation (319-325). Interestingly, despite a
sequence similarity to Crp, Fnr, when occupying both of tandem binding sites causes repression rather
than enhanced transcription (326-328).

Alternative σ factors
Another, more radical possibility to redirect RNA polymerase to yet untranscribed promoters is
exchanging the σ factor itself. In bacteria, there are usually a few (e.g. E. coli has a total of seven σ
factors, including the housekeeping one) to over hundred (329) of these alternative σ factors present.
The most unusual (in terms of functioning) class of alternative σ factors are σ54 (RpoN) family members.
The domain architecture of these σ factors differs drastically from the σ70 proteins. Consequently, the
promoter recognition site differs from σ70, as σ54 recognizes a -24 and a -12 box rather than the -35
and -10 boxes. The conserved promoter region follows the motif YTGGCACGRNNNTTGCW, with the 24 (GG) and -12 (TGC) boxes underlined. The -12 box is crucial, as there open complex formation takes
place but also the spacing between the -24 and -12 boxes is important for binding (330-335). There is
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a crucial difference between the RNA polymerase-σ70 holoenzyme and its σ54 counterpart (only
differing in the bound σ factor). The RNA polymerase-σ54 holoenzyme is unable to promote open
complex formation. The RNA polymerase-σ54 holoenzyme is dependent on transcriptional activators,
which mediate DNA melting. Proteins (bEBPs, see also above) binding upstream activator sequences
('enhancers') will interact with the N-terminus of σ54, which binds the -12 box and promote open
complex formation (336-340). Open complex formation is mediated by ATP hydrolysis of the central
domain of bEBPs. Although monomeric bEBPs can bind ATP, their hydrolyzing activity is dependent on
oligomerization (341, 342). Nucleotide sequences, bound by bEBPs are located up to several hundred
base pairs upstream of the actual promoter (-24 and -12 boxes). Therefore, often DNA binding
proteins, such as the integration host factor (IHF) are needed to bring bEBPs in close proximity to the
promoter bound RNA polymerase-σ54 holoenzyme (Fig. 1.8). These small DNA interacting proteins
bend DNA and the actual binding sequence of e.g. IHF must be spaced accordingly to the UAS and the
promoter, such that interaction and open complex formation is possible (343-348).

Figure 1.8: Transcription activation by RNA polymerase-σ54 holoenzyme. The RNA polymerase bound σ54 recognizes -24
(GG) and -12 (TGC) boxes of the promoter. Since σ54 is unable to promote open complex formation itself, it is dependent
on interaction with bacterial enhancer binding proteins (bEBPs). These bEBPs bind upstream activator sequences (UAS) as
oligomers and mediate DNA melting at the -12 box via ATP hydrolysis. Since UAS are located upstream of the actual
promoter sequence, interaction between bEBPs oligomer and σ54 is dependent on DNA bending proteins (e.g. IHF), which
bring the UAS in close proximity to the promoter. Modified from (292).

Aside the unique σ54 factor, there are other alternative σ factors, which resemble more the
housekeeping σ70 factor in structure and function. They all are based on the common σ domains but
are characterized by at least the lack of the σ1.1 domain. They all recognize -35 and -10 boxes, although
the recognition sequences may differ completely from the preferred binding site of the housekeeping
σ factor. Accordingly, the presence of σ2 and σ4 domains are conserved among all σ70 family members.
Based on their domain architecture and promoter recognition sequence they are classified into three
groups (groups 2-4, group 1 being the housekeeping σ70 factor).
Group 2 σ factors are characterized by the absence of the σ1.1 domain but otherwise closely resemble
the housekeeping σ70 factor, including the promoter recognition sequence (e.g. (349-351) and
reviewed in [352, 353]). Group 2 σ factors are found in diverse phyla of bacteria, such as cyanobacteria
(reviewed in [354, 355]), spirochaetes (356), chlorobi and chlorflexi (357), β-, γ-, and δ-proteobacteria,
but are absent from other proteobacteria (358). In bacteroidetes, the housekeeping σ factor strongly
clusters with γ-proteobacterial group 2 σ factors and also lacks the σ1.1 domain (359). Best studied is
RpoS function and regulation in E. coli. RpoS is a master regulator for stationary phase related gene
expression and controls the general stress response (GSR). RpoS (directly or indirectly) controls around
500 genes positively and around 100 negatively (360). RpoS is activated upon a variety of signals such
as reduced growth rate, various stresses (C, P, N, Mg, and general energy status of the cell), high and
low temperature, high and low pH, DNA damage, high osmolarity, oxidative stress, and others.
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Regulation of RpoS is complex and involves its transcription, stability of the rpoS mRNA, resolution of
inhibitory mRNA hairpins by small non-coding RNAs, proteolytic degradation of RpoS, and competition
for the RNA polymerase with σ70, all which themselves are stimulated by the different stresses
mentioned above (reviewed in [361-364]).
Group 3 σ factors also consist of domains σ2-4 but differ in their promoter recognition sequence. They
are involved in regulation of diverse functions, including flagella biosynthesis (365, 366) and
sporulation in firmicutes (reviewed in [367]) and streptomycetes (368, 369). In E. coli, the second group
3 σ factor is a key regulator of transcriptional heat shock response called RpoH (370-372). Global
analysis found 66 transcriptional units expressed in dependence of RpoH (42 with an RpoH promoter
consensus sequence) encoding a total of 127 genes (373). In α-proteobacteria, RpoH homologs are
also involved in response to oxidative stress and virulence (374). In rhizobia, multiple RpoH homologs
may be present. In R. etli, RpoH1 is involved in heat shock responses, whereas RpoH2 is involved in
adaptation to osmotic stress but both take part in response to oxidative stress. Whilst RpoH2 is not
needed for symbiosis, a rpoH1 mutant displayed decreased symbiotic nitrogen-fixation, which was
aggravated, when also RpoH2 was missing, indicating a partial redundancy of the two RpoH homologs
in symbiosis (375). In S. meliloti, also two RpoH homologs are present but only RpoH1 takes part in
heat shock responses and controls positive expression of approximately 300 genes. By contrast
stationary phase gene regulation that is partially dependent on RpoH is more attributed to RpoH2 than
RpoH1. However, the overall stationary phase expressed genes under control of either RpoH σ factors
is only about 80 genes (376). Similar to R. etli, RpoH1 of S. meliloti is not only the major heat shock
response σ factor, but also needed for nitrogen fixation in symbiosis (Nod+, Fix- phenotype of an
according mutant), whereas deletion of rpoH2 does not affect symbiosis. However, a double mutant
in rpoH1/rpoH2 was unable to provoke nodules, indicating synergistic effects of RpoH1 and RpoH2
during early steps of symbiosis (377, 378). A part of the Fix- phenotype of the rpoH1 mutant later could
be attributed to a protein putatively involved in iron-sulfur metabolism (379). B. diazoefficiens contains
three rpoH copies. One of these is essential (rpoH2), whereas mutations of either rpoH1 or rpoH3 does
not affect free-living phenotypes or symbiosis. Nevertheless, all three B. diazoefficiens might share
some functional overlap as indicated by heterologous complementation of an E. coli rpoH mutant. All
heterologously expressed RpoH homologs were able to transcribe E. coli groEL promoter but differed
in their affinity for other E. coli RpoH dependent promoters. Similar data was obtained by in vitro
transcription assays, using either E. coli or B. diazoefficiens DNA templates (380-382). In Bacillus subtilis
and other low-GC gram positive bacteria, the GSR is mediated by a group 3 σ factor (σB) (383, 384). The
σB regulon of B. subtilis is composed of approximately 150 genes (385). Similar to RpoS in E. coli, σB of
B. subtilis is triggered by a multitude of stresses, including environmental stimuli (heat, cold, low pH,
organic solvents, osmotic stress, Mn2+, nitric oxide, blue light or some antibiotics) and internal energy
status (low ATP, caused by carbon starvation, phosphorus starvation, or low oxygen levels). Under nonstressing conditions, σB is bound by its anti-σ factor RsbW, thereby inhibited from interacting with RNA
polymerase core enzymes. RsbW also acts as a kinase for RsbV, which is phosphorylated under
unstressed conditions. Upon stress exposure, RsbV is dephosphorylated by two phosphatases. One,
RsbU is triggered by environmental stresses, the other, RsbP is triggered by low internal ATP levels and
nitric oxide. A third pathway mediates σB activation upon exposure to low temperature and is
independent of RsbV but the exact mechanism is unknown, yet (reviewed in (386).
Members of the fourth group of σ factors are also known as extracytoplasmic function (ECF) σ factors,
because the first characterized group 4 σ factor (σE of Streptomyces coelicolor) and homologs thereof
were involved in response to exogenous stimuli and thought to regulate extracytoplasmic functions of
the cell (387). ECF σ factors consist only of σ2 and σ4 domains and are a surprisingly diverse group of
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σ factors. In fact, the phylogenetical distance between different ECF σ factors is larger, than between
ECF σ factors and the the other three groups of σ factors (Fig. 1.9).

Figure 1.9: Phylogeny of σ70-family proteins in Escherichia coli (green; all six shown), Bacillus subtilis (red), Caulobacter
crescentus (representative α-proteobacterium; blue) and Mycobacterium tuberculosis. Group 3 σ factors cluster according
to their function. Note the distance of the ECF σ factor family from the rest of the σ factors and within the ECF σ factors
themselves. Tree is based on the conserved domains σ2 and σ4, only. Except for E. coli, where all six σ70 are shown, only
σ factors discussed in the text are indicated. Modified from (388).

They can be clustered into 43 main groups and 24 minor groups, yet there are still ECF σ factors that
can not be assigned to one of these groups and stand isolated (389). As diverse their sequences are,
as divers are the functions, ECF σ factors regulate. Examples (not exhaustive) include response to
envelope stress, mediated e.g. by E. coli RpoE (390), transcription of ferric iron uptake system by E. coli
FecI (391), protein secretion in S. coelicolor (392), cobalt and nickel resistance in Cupriavidus
metallidurans (393), thiosulfate oxidation in Starkeya novella (394), regulation of virulence genes and
even ribosomal synthesis in M. tuberculosis (395, 396). Control of ECF σ factors is often mediated by
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an exogenous input and then amplified by the (active) ECF σ factor promoting its own transcription.
Activity is often controlled by cognate anti-σ factors (Fig. 1.10). These anti-σ factors bind the σ factor
under unstressed conditions and inducing signal(s) mediate the release of the σ factor from its anti-σ
factor. The anti-σ factors can be either soluble or membrane bound and release mechanism depends
on the actual σ factor - anti-σ factor pair, but is somewhat conserved within different groups of ECF σ
factors. RpoE of E. coli is released from its anti-σ factor RseA, when RseA is cleaved by proteases (397).
Another example of proteolytic cleavage is degradation of the anti-σ factor RsiV of B. subtilis. RsiV is
degraded when it binds lysozyme and thereby, σV is freed (398, 399). Anti-σ factors may be subject to
conformational changes upon signal input. Redox sensing in S. coelicolor causes the formation of
disulfide bridges in the soluble anti-σ factor RsrA, which releases σR (400).

Figure 1.10: Examples of σ factor activation. The mechanism of α-proteobacterial general stress response activation has
been omitted, since described in more detail in the respective Chapter. Anti-σ factors are shown in blue, cognate σ factors
in green. Two component systems are displayed in red. Uninducing conditions are indicated with minus (-), inducing
conditions with plus (+). CM: cytoplasmic membrane; OM: outer membrane; OMP: outer membrane protein; P ecf : ECF σ
factor dependent promoter (also indicated by -35 and -10 boxes); His: sensory histidine kinase. See text for details.
Modified from (401).

Cysteine mediated redox-sensing has also been proposed in B. diazoefficiens for the membrane
anchored anti-σ factor OsrA to release the σ factor EcfF, which mediates ROS tolerance (402). Similar,
in C. metallidurans binding of copper and nickel ions to the periplasmic sensing protein CnrX causes a
conformational change of the cytoplasmic domain in the transmembrane anti-σ factor CnrY, which
releases the σ factor CnrH (403, 404). Many substrate uptake regulating σ factors belong to the FecIlike groups. In E. coli, FecI mediates ferric citrate uptake but in bacteroidetes, FecI is involved in sugar
uptake. Nevertheless, activation of FecI follows the same mechanism. FecI is bound by its membrane
anchored anti-σ factor FecR. The periplasmic part of the FecR anti-σ factors interacts with outer
membrane proteins (OMPs). OMPs are involved regulating the activity of FecR, dependent on binding
of substrates such as ferric citrate or polysaccharides (391, 405-410). Besides interaction with cognate
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anti-σ factors, ECF σ factors may be regulated by a C-terminal extension, which acts as a sensor. Both
CorE and CorE2 from Myxococcus xanthus have a short C-terminal extension, rich in cysteines, which
bind copper (only divalent) or zinc and cadmium, respectively. Binding of compatible metal ions likely
causes a conformational switch, activating the σ factor (411-413). Transcriptional control of ECF σ
factors has also been shown, where two-component systems regulate transcription of the ECF σ gene
upon sensing of stimuli (e.g. hrpL of Pseudomonas syringae) (414-416). Given the variability of ECF σ
factors, it is likely, that in future more activating mechanisms will be discovered.

The general stress response in α-proteobacteria
In β-, γ-, and δ-proteobacteria (e.g. E. coli), the GSR is RpoS (group 2 σ factor) dependent, in firmicutes
(e.g. B. subtilis) σB (group 3 σ factor). The general theme of the GSR is cross-protection. These
responses are triggered by a multitude of stresses and signals, which result all in the activation of the
same alternative σ factor. Subsequent redirection of the RNA polymerase to genes of the alterative σ
factors regulon create a response that protects the cell against many different stresses. For example,
the RpoS regulon of E. coli contains genes for a catalase (protection against hydrogen peroxide/ROS),
trehalose biosynthesis genes (mainly against osmotic stress) and dps, encoding for a DNA
binding/protecting protein (involved in protection against acidity and osmotic stress) (360, 417).
Hence, activation of RpoS by one signal (e.g. phosphorus starvation) will render the cell more resistant
against completely unrelated stresses (e.g. ROS).
In contrast to E. coli and B. subtilis, the GSR in α-proteobacteria is dependent on a group 4 (ECF) σ
factor (σEcfG, RpoE, SigT). The system has been discovered in the phyllosphere (the aboveground parts
of plants, mostly leaves) inhabiting bacterium Methylobacterium extorquens (418, 419). The system is
based on σEcfG, which under uninducing conditions is sequestered by its cognate anti-σ factor NepR.
The third component is the anti-σ factor antagonist (anti-anti-σ factor) PhyR. The PhyR protein consists
of two parts, a C-terminal receiver domain and a N-terminal σ factor-like domain (consisting of a
truncated σ2 and a partially degenerated σ4 [420]). In unstressed conditions, the two domains interact
together and PhyR is inactive. Upon stress exposure, the C-terminal receiver domain is phosphorylated
at a conserved aspartate, which causes a conformational change, exposing the σ factor-like domain.
Since the anti-σ factor NepR has a higher affinity for the σ factor-like domain of PhyR than for the
actual σ factor σEcfG, phosphorylated PhyR titrates NepR away from σEcfG (Fig. 1.11),

Figure 1.11: Cristal structure of Caulobacter crescentus PhyR (left) and N-terminal σ factor-like domain of PhyR interacting
with the anti-σ factor NepR from Sphingomonas melonis (right). C-terminal receiver domain (REC) of PhyR is colored in
green, the truncated σ2 domain in light blue and the degenerated σ4 domain in dark blue. NepR is colored in orange.
Modified from (421).
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which is free to interact with the RNA polymerase core enzyme. Because of the similarity of the PhyR
N-terminus to σEcfG, this partner switch mechanism has been termed σ factor mimicry (420, 422, 423).
The genomic locus encoding for the GSR core components σEcfG-NepR-PhyR is semi-conserved. Usually,
nepR forms an operon with ecfG and phyR is found in another transcriptional unit, often transcribed in
opposite direction to nepR-ecfG. Both, nepR-ecfG and phyR are transcribed in a σEcfG-dependent
manner, though further promoters involved in phyR transcription exist for Sphingomonas melonis and
Bartonella quintana (424, 425).
Besides the core components, the GSR locus often contains a histidine kinase. These histidine kinases
exclusively belong to either the HisKA_2 or HWE (HRxxN kinases) family. They differ from the canonical
histidine kinases (HisKA) in a E-x-x-H-R-x-x-N motif (instead H-E/D-x-x-x-P) in the histidine kinase
domain (specifically H-box) and a E-x-x-x-N-x-x-x-H/Y (HisKA_2) or H-E-x-x-x-N-x-x-x-Y/H (HWE) motif
(instead N/E-x-x-x-N) in the ATPase domain (specifically N-box) (426, 427). In S. meliloti and C.
crescentus, this GSR locus kinase exerts positive signals towards σEcfG by phosphorylating PhyR. Whilst
the S. meliloti RsiC kinase is bifunctional and acts as a PhyR kinase/phosphatase dependent on stress
condition, the C. crescentus PhyK kinase seems to be a pure kinase (428, 429). However, an additional
HRxxN kinase (LovK) has both kinase and phosphatase activity (430). Interestingly, some GSR locus
kinases have degenerated H- or N-box motifs, supposedly disabling their kinase function. In Brucella
abortus (degenerated H-box motif), S. melonis (truncated N-box motif), and Rhodopseudomonas
palustris (degenerated N-box motif) these kinases are essential, as they cannot be mutated in a wildtype background. Therefore, these kinases are thought to act rather as PhyR phosphatases, preventing
lethal over-activation of the GSR. This is supported by the fact, that both degenerated GSR locus
kinases of S. melonis and B. abortus can be deleted in a GSR mutant background (e.g. phyR mutant).
Furthermore, the GSR locus kinase PhyP of S. melonis is able to disrupt the Pi-PhyR/NepR complex in
vitro. (424, 431-433).
The role of HWE and HisKA_2 histidine kinases in phosphorylating PhyR is nevertheless supported by
the fact that these families are highly enriched in α-proteobacteria and all α-proteobacteria encoding
for PhyR, also contain at least one HWE or HisKA_2 histidine kinase (426, 434). Besides RsiC, another
HRxxN kinase is involved in PhyR phosphorylation in S. meliloti, and similar two HRxxN kinases in
Erythrobacter litoralis, and one in B. abortus are also supposed PhyR kinases (428, 432, 435). In S.
melonis, seven HRxxN kinases all phosphorylate PhyR in vitro, exert positive signals towards σEcfG in
vivo, and sense distinct stresses (although one stress may exert signaling from different kinases and
several kinases may also sense more than one stress) (436, 437). Whereas some species like B. abortus
orchestrate their GSR with a limited amount of key players (one of each, PhyR kinase, PhyR
phosphatase, PhyR, NepR, σEcfG) (432) others have iterated at least parts of the GSR regulating cascade
(aside potential multiple HRxxN kinases). R. etli, C. crescentus and S. melonis have a second copy of
σEcfG. In the latter two cases, one of the copies is the major player in the GSR and controls expression
of the second copy, which has a smaller regulon and is thought to act in fine-tuning the response.
Notably, the second copy of R. etli has a more autonomous role compared to the two other species
and acts to diversifying the response towards protective genes for specific stresses (424, 438, 439). S.
meliloti has iterated all three, PhyR, NepR and σEcfG. Interestingly, both copies of NepR and PhyR are
involved in regulation of the major σEcfG, which regulates expression of the minor σEcfG2 (440, 441).
Of potentially unprecedented complexity is GSR regulation in M. extorquens. Not only may up to 18
HRxxN kinases be involved in PhyR phosphorylation, but also there are two major and additionally four
minor σEcfG copies. The NepR/PhyR system regulates only two thereof (the major σEcfG1 and the minor
σEcfG5) and only the minor σEcfG3 is positively regulated by stress in a PhyR dependent manner but not
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on a transcriptional level, but rather by its protein level. The different ecfG copies are not associated
with the nepR-phyR locus but scattered over the genome. However, all σEcfG copies contain N-terminal
extensions, resembling NepR, indicating ancient fusion events (or potentially one fusion event with
subsequent iterations thereof). The role of these extensions in activation of the σ factors however, is
unclear. There are also two additional copies of NepR-like proteins, which however bind both to PhyR
but to none of the σEcfG copies (442). Another layer of complexity in GSR regulation was found in S.
melonis and (expectedly?) M. extorquens. A single-domain response regulator (SdrG) is involved in
activation of the GSR in these two species. SdrG consists only of one receiver domain, which strongly
resembles the receiver domain of PhyR. In S. melonis, it was shown that SdrG is also phosphorylated
by HRxxN kinases and some kinases seem to need the presence of SdrG to activate PhyR, whereas
others do not. The mechanism, how phosphorylated SdrG is involved in GSR activation remains
enigmatic (436, 443, 444). Fig. 1.12 displays a generalized model of GSR regulation in α-proteobacteria.

Figure 1.12: Generalized model of GSR regulation in α-proteobacteria. Stress is sensed by one or several HRxxN motif
kinases (HWE or HisKA_2 family) and triggers phosphorylation of the response regulator PhyR. PhyR consists of two
domains, the C-terminal receiver domain (REC), which is phosphorylated and the N-terminal σ factor-like domain.
Phosphorylation of the PhyR receiver domain triggers a conformational change, exposing the σ factor-like domain. The
anti-σ factor NepR, which sequesters σEcfG under unstressed conditions, then releases σEcfG and binds to the σ factor-like
domain of PhyR. σEcfG is free to interact with the RNA polymerase core enzyme and redirect transcription towards stress
response genes. Negative control of σEcfG is ensured by a phosphatase or a bifunctional kinase/phosphatase, which
dephosphorylates PhyR and prevents lethal over activation of the GSR. PhyR kinases and phosphatases may also be
involved in phosphorylation/dephosphorylation of the single domain response regulator SdrG. This protein consists only
of one receiver domain, which resembles the receiver domain of PhyR and is involved in activating the GSR in an unknown
manner. There are many variations of this general scheme, including iterations of one or several core components (i.e.
PhyR, NepR, σEcfG). See text for examples.
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Aims of this work
This work focused on the rhizobial symbiont of soybean, B. diazoefficiens. Previously, it was shown
that the GSR of B. diazoefficiens is not only involved in response to heat shock and desiccation in freeliving bacteria, but also needed for symbiotic interactions with soybean and mung bean host plants.
Mutants in either phyR or ecfG had a delayed onset of nitrogen fixation and provoked lateral root
outgrowths from nodules. The regulons of σEcfG and PhyR, determined with free-living stressed
bacteria, contained approximately 150 genes and largely overlapped. However, the shared regulon
was largely enriched in genes of unknown functions (445). This work describes the symbiotic stage, in
which the GSR was activated and needed (Chapter 5) and it also describes the σEcfG-controlled genes,
which are responsible for the peculiar phenotype of GSR mutants (Chapter 6). We also attempted to
find GSR-activating conditions and potential PhyR upstream signaling components (Chapter 7). Up to
now, many genetic tools commonly available for other systems were missing for B. diazoefficiens (e.g.
fluorescent and enzymatic tags, systems for fast and efficient genetic manipulations, inducible systems
for controlled gene expression), partially caused by its notorious trend to lose plasmids in absence of
selective pressure (e.g. during symbiosis). Accordingly, the first part of this thesis is focused on tool
development for B. diazoefficiens, to lay ground for the subsequent investigations on the role of the
GSR in symbiosis. The development of tagged strains (Chapter 2) is a crucial prerequisite for the
phenotypic characterization of mutants in planta. For facilitated mutagenesis, a novel gene-deletion
strategy was developed (Chapter 3). Finally, we constructed a set of inducible systems for controlled
gene expression under different conditions, including symbiotic interactions (Chapter 4). These
technologies allow novel, reliable, and easy-to-use strategies for functional genome analysis in B.
diazoefficiens and other bacteria. Strategies to exploit big data mechanistically, handle genetic
redundancy, and otherwise complex traits and phenotypes are especially valuable for B. diazoefficiens,
which is challenging to handle.
Summarized, goals of this work were:
Development of fluorescent and enzymatic tags for B. diazoefficiens
Novel technologies for fast and easy gene deletions
Strategies for manipulating controlled gene expression
Identifying the affected step in symbiosis of a ΔecfG mutant
Identifying the crucial GSR-inducing stage during symbiotic establishment
Identifying those genes among the 150 genes of the σEcfG regulon, whose downregulation can
explain the symbiotic phenotype of the ΔecfG mutant
 Determining the crucial but double-edged role of trehalose in symbiosis
 Identifying and mutagenesis of putative GSR activating sensory histidine kinases
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2.1 Abstract
Bradyrhizobium diazoefficiens can fix dinitrogen when living as endosymbiont in root nodules of
soybean and some other legumes. Formation of a functional symbiosis relies on a defined
developmental program mediated by controlled gene expression in both symbiotic partners. In
contrast to other well studied Rhizobium-legume model systems which have been thoroughly
examined by means of genetically tagged strains, analysis of B. diazoefficiens host infection has been
impaired due to the lack of suitable tagging systems. Here we describe the construction of B.
diazoefficiens strains constitutively expressing single-copy genes for fluorescent proteins (eBFP2,
mTurquoise2, GFP+, sYFP2, mCherry, HcRed) and enzymes (GusA, LacZ). For stable inheritance, the
constructs were recombined into the chromosome. Effectiveness and versatility of the tagged strains
was demonstrated in plant infection assays: (i) The infection process was followed from root hair
attachment to colonization of nodule cells with epifluorescent microscopy. (ii) Monitoring mixed
infections with two strains producing different fluorescent proteins allowed rapid analysis of nodule
occupancy and revealed that the majority of nodules contained clonal populations. (iii) Microscopic
analysis of nodules induced by fluorescent strains provided evidence for host-dependent control of B.
diazoefficiens bacteroid morphology in nodules of Aeschynomene afraspera and Arachis hypogaea
(peanut) as deduced from their altered morphology compared with bacteroids in soybean nodules.
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2.2 Introduction
Formation of the intimate symbiosis between rhizobia and their legume host plants follows a complex,
strictly controlled developmental program which eventually leads to the massive colonization of
specialized plant organs, root nodules, by nitrogen-fixing endosymbionts (for reviews, see (446, 447).
A number of model systems have been studied intensively in the past at the cellular, biochemical, and
molecular genetic levels of both symbiotic partners. The analysis of infection and colonization
processes was greatly stimulated by the use of light microscopy in combination with genetically tagged
rhizobial strains that express fluorescent or enzymatic proteins (32, 448). While such tagged rhizobial
strains are well established for model systems like Sinorhizobium spp. ̶ Medicago spp. or
Mesorhizobium spp. ̶ Lotus spp. and others (449) similar tools are largely lacking for the soybean
symbiont Bradyrhizobium diazoefficiens despite the agricultural significance of and scientific interest
in the latter system. In previous investigations with the B. diazoefficiens-soybean symbiosis staining
techniques and electron microscopy were used to visualize the endosymbionts at different stages of
the infection process (36, 39). Lack of endogenous plasmids in B. diazoefficiens and the rapid loss even
of broad-host range plasmids in the absence of selective pressure (449, 450) have hampered the
development of versatile plasmid-based tagging tools that are widely used in other systems.
Chromosomal integration of respective marker genes offers an alternative for stable genetic tagging.
In fact, transposons have been used to integrate genes for fluorescent proteins in different
Alphaproteobacteria including strains of Bradyrhizobium (451-453). However, this strategy yielded
random chromosomal insertions which often had undesired secondary effects depending on the
location of the inserted transposon. To circumvent this limitation, Tn7-based marker-delivery systems
were developed which enabled site-specific insertion of markers at a single attTn7 site present in
different Gram-negative bacteria (454, 455). However, since this system turned out to work
inefficiently in B. diazoefficiens (own unpublished results) we have designed an integrative vector
serving as a basis for stable tagging of B. diazoefficiens with either one of six fluorescent or two
enzymatic proteins. The respective non-replicative plasmids were introduced by conjugation into B.
diazoefficiens and chromosomally integrated via homologous recombination in a symbiotically
dispensable region. Appropriate transcription of the single-copy marker genes was ensured by the use
of strong constitutive promoters. Here, we describe the construction of this novel genetic toolset for
B. diazoefficiens and demonstrate its utility for the cellular analysis of developmental steps during
formation of the symbiotic interaction between B. diazoefficiens and host plants. In another
application we used differently tagged strains for mixed infection assays and assessed nodule
occupancy based on the distinct fluorescent properties of the inoculated strains.

2.3 Results and Discussion
Chromosomal integration of single-copy genes encoding fluorescent or enzymatic proteins in B.
diazoefficiens
We constructed 13 derivatives of B. diazoefficiens strain 110spc4, which constitutively express
fluorescent (11) or enzymatic (2) protein tags from single copy genes integrated in the chromosome.
Chromosomal integration was crucial because of the notorious tendency of B. diazoefficiens to loose
plasmids in the absence of antibiotic selection, e.g., in root nodules. All constructs were
chromosomally integrated at the same symbiotically dispensable region (Fig. S2.1) downstream of
gene scoI (456), and two different, constitutive promoters (Paph originating from the kanamycin
resistance gene aphII of Tn5 and PtuF of the gene for elongation factor Tu of Methylobacterium
extorquens AM1) were tested for driving transcription of four of the seven genes encoding fluorescent
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proteins. Because all genes were present in single copy only, the rather strong Paph and PtuF
promoters were chosen to ensure appropriate fluorescence intensities. Comparison of fluorescence
intensity derived from mCherry expressed from Paph or PtuF revealed no significant differences
between the two promoters (data not shown). Different fluorophores, however, exhibited different
fluorescence intensities in B. diazoefficiens (Fig. 2.1A). Because fluorescence of B. diazoefficiens strain
GFP-1 was rather weak, the codon composition of the respective GFP+ gene was optimized according
to the codon frequency of B. diazoefficiens (457, 458). The resulting synthetic bjGFP gene (see Fig. S2.2
for nucleotide sequence) was placed under the control of Paph and integrated into the chromosome
to yield strain bjGFP-1. Cells of this strain exhibited a drastically increased fluorescence compared to
strain GFP-1 (data not shown).
Based on fluorescence intensity, photo-bleaching susceptibility and plant tissue autofluorescence, we
found strains expressing mCherry (mChe-1, mChe-4), sYFP2 (sYFP2-1, sYFP-4) or bjGFP (bjGFP-1) the
most useful. However, for visualization of B. diazoefficiens cells in plant tissue which contains plastids
exhibiting red autofluorescence (e.g., stem nodules of Aeschynomene afraspera), the use of blue
(eBFP2-1, eBFP2-4) or cyan (mTq2-1, mTq2-4) tagged bacteria may be superior.
To characterize the excitation and emission spectra of the constructed B. diazoefficiens strains, spectra
of respective cell suspensions were recorded (Fig. 2.1B). The excitation and emission maxima were as
follows (in nm): 385/450 (strain eBFP2-1), 456/474 (mTq2-1), 497/509 (bjGFP-1), 505/540 (sYFP2-1),
590/606 (mChe-1), and 591/635 (HcRed-1). When signal intensities of the emission maxima were
normalized to the number of cells present in the suspensions the following order in fluorescence
intensity was found: sYFP2-1 > mTq2-1 > eBFP2-1 > bjGFP-1 > mChe-1 > HcRed-1 (Fig. 2.1A).

Figure 2.1. Fluorescence of free-living B. diazoefficiens cells harboring chromosomally integrated genes that encode
different fluorescent proteins. A, Fluorescence of cell sediments irradiated with a 365 nm light source (above), and
maximal fluorescence intensity of cell suspension (arbitrary units) deduced from the emission spectra shown in panel B
and normalized to the cfu counts of the respective cell suspension (below). B, Excitation (dotted lines) and emission
spectra (solid lines) of the indicated strains (OD 600 =0.75 for all strains except sYFP2-1 where the respective value was
0.15). Relative fluorescent intensities are shown with the maximum of each individual spectrum defined as 100%.

Notably, the excitation spectrum of mTq2-1 cells exhibited two local maxima (435 and 456 nm) as
described also for the purified protein (459). Unlike the purified protein, however, excitation
absorption of mTq2-1-tagged cells was more pronounced at 456 nm than at 435 nm in B. diazoefficiens.
Similarly, HcRed-1 cells had two emission peaks with the more pronounced one at 635 nm blue-shifted
by 5 nm as compared with the purified HcRed protein (460) and a minor one around 618 nm, which
was specified as maximum for HcRed in another study (461). Minor differences between the in vitro
and in vivo spectral properties of fluorescent proteins are not uncommon and likely due to different
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physical-chemical conditions prevailing in solution and in cells (462). For example, the presence of
pigments or other chromophores in particular cells may affect the spectral features of fluorescent
proteins.

Visualization of early infection stages
Tagged B. diazoefficiens strains were used to visualize root-hair attachment and early stages of
soybean infection. Strains mChe-1 (or mChe-4 in some experiments), bjGFP-1 and GusA-1 were
inoculated on soybean seedlings which were then incubated for 4 days before epidermal cell layers
were peeled off and inspected by epifluorescence microscopy or stained with X-gluc (5-Bromo-4chloro-3-indolyl-β-D-glucuronic acid). Individual fluorescent bacteria were readily detectable, mostly
being attached in a polar manner (Fig. 2.2A). Colonization of roots was not uniform but most
pronounced in zones with dense root hairs, whereas only a few bacteria were attached on epidermal
cells (not shown).
Soybean seedlings are infected by B. diazoefficiens via thin infection threads emerging from microcolonies entrapped between short deformed root hairs and epidermal cells (36, 39). With the help of
tagged strains, bacteria-containing infection threads could be observed in great detail. Soon after
penetration of the root hair, infection threads began to branch leading to several threads within a
single root hair cell (Fig. 2.2B). Given the thin nature of soybean infection threads invading bacteria
were lined up in a file of individual cells (Fig. 2.2C).

Figure 2.2: Visualization of early stages during soybean
infection by tagged B. diazoefficiens strains. Soybean
seedlings were inoculated with B. diazoefficiens strains
mChe-1 (red), bjGFP-1 (green) or GusA-1 and observed by
fluorescence (A-E) or DIC microscopy (F) at 4 dpi. A, Polar
attachment of mChe-1 cells (white arrow heads) to root hair
cells. Thin infection threads containing mCherry- (B) or GFPtagged bacteria (C) (exemplary bacterial cells marked with
white arrow heads in both panels) tend to branch very early
on during formation leading to a network. After coinoculation of strains mChe-1 and bjGFP-1 (1:1 ratio; D, E)
individual root hair cells were infected either by only one
strain (D) or simultaneously by both strains via infections
threads emerging from a mixed micro-colony (E). F,
Visualization of emerging nodule primordia (small,
anticlinal dividing plant cells) and associated infection
threads by X-gluc staining of GusA-tagged bacteria (dark
grey).
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Infection threads in adjacent root hair cells were mostly populated with only one type of bacterium
when GFP- and mCherry-tagged strains were inoculated simultaneously (Fig. 2.2D). However, in rare
cases when entrapped micro-colonies consisted of mixed populations we also observed root hairs with
multiple infection threads harboring either strain (Fig. 2.2E). Notably, we never detected individual
infection threads harboring more than one strain. This is different from what has been described for
Medicago sativa and vetch where different bacterial strains of S. meliloti and Rhizobium
leguminosarum bv. viciae, respectively, co-existed in a single infection thread, which may be related
to the thicker nature of infection threads in those hosts (32, 33, 449). While infection threads of M.
sativa ramify only after reaching the cortical cell layers, soybean root hair cells frequently showed
multiple infection threads which may have originated from early branching or multiple, independently
formed threads. The latter situation may explain the formation of mixed infected nodules described
below.
An application of GusA-tagged bacteria is illustrated in Fig. 2.2F showing an overview of a longitudinal
section that was cut from a soybean root 4 days after inoculation with B. diazoefficiens strain GusA-1.
Localization of emerging nodule primordia which are characterized by small, anticlinal dividing cells is
facilitated by the dark precipitated product resulting from X-gluc hydrolysis by the GusA-tagged
bacteria present in infection threads.

Use of tagged strains to study nodule occupancy
We have used B. diazoefficiens strains mChe-4 and sYFP2-4 in mixed-infection experiments to study
colonization of soybean, cowpea, mung bean, and siratro nodules. These strains, which express the
respective fluorescent proteins from the Ptuf promoter, were readily detected in infected host cells
(Fig. 2.3). This documents that the PtuF promoter is equally well suited as the Paph promoter to

Figure 2.3: Nodule colonization patterns observed after
mixed infection of soybean seedlings with fluorescently or
enzymatically tagged B. diazoefficiens strains. Micrographs AD show overlays of mCherry- and YFP-derived fluorescence
from strains mChe-4 (red) and sYFP-4 (green). Nodules are
colonized either by one strain (A; example sYFP2-4-colonized
nodule) or by two (B, C, D). The latter type of nodules
comprises “fused nodules” seemingly resulting from the
fusion of two adjacent emerging nodules and retain
uninfected cells (ui) between zones infected by either of both
strains (B), and truly mixed infected nodules where no
uninfected cells were present between zones populated by
the two strains (C). In rare cases, individual host cells
simultaneously harbored both strains (D; arrowheads).
Panels E and F show sections through fused and clonal
nodules, respectively, formed upon mixed infections with
enzymatically tagged strains GusA-1 (blue) and LacZYA-1
(turquoise) and subsequent staining.
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drive transcription of the genes encoding fluorescent tags. Based on epifluorescence microscopy, four
different colonization patterns could be distinguished. The vast majority of all inspected nodules were
colonized by only one of the two strains supporting the idea that rhizobial populations in legume
nodules are largely clonal (463, 464) (Fig. 2.3A; see also Fig. 2.4). In some of the analyzed nodules,
however, both strains were present. The two populations were either separated by uninfected cells
suggesting that these nodules originated from two independent but spatially close infection events
(“fused nodules”; Fig. 2.3B) or present in immediately adjacent host cells (“mixed nodules”; Fig. 2.3C).
Mixed nodules might be the result of simultaneous entry of both strains present in branched infection
threads in individual root hair cells (cf. Fig. 2.2E). At a very low frequency individual host cells harboring
both symbionts were detected in a few nodules (arrowheads in Fig. 2.3D). Based on the results
described above we assume that the different symbionts entered these host cells via distinct infection
threads.
Enzymatically tagged strains GusA-1 and LacZYA-1 turned out to be very useful for obtaining a rapid
overview of nodule occupancy (Fig. 2.3E and F). In a mixed infection experiment with these strains,
nodules populated by one or both strains were readily distinguished by simultaneous staining with Xgluc and Green-β-D-gal (1-Methyl-3-indolyl-β-D-galactopyranoside).
We also performed quantitative mixed infection tests with different hosts including three soybean
varieties (green butterbean, Williams 82, black jet) and three additional legume species Vigna radiata
(mungbean), Vigna unguiculata (cowpea) and Macroptilium atropurpureum (siratro). For inoculation,
1:1 or 10:1 mixtures of B. diazoefficiens strains expressing mCherry or sYFP2 containing a constant total
number of 103 cells (Fig. 2.4A, B) or 1:1 mixtures containing 102, 104, 106, 108, or 1010 total cells (Fig.
2.4C) were used. As described above for soybean cv. green butterbean, the great majority of the
nodules were colonized by only one strain regardless of the host plant, and only few fused or mixed
nodules were detected (Fig. 2.4A). The ratio of mChe-4- to sYFP2-4-only populated nodules reflected
the ratio of the strains in the inoculum, i.e., about 1:1 and 10:1 in the experiments shown in Fig. 2.4A
and 2.4B. Increasing cell numbers in 1:1 inoculum mixtures revealed no differences with regard to the
macroscopic plant phenotype and total number of nodules, regardless of the inoculum size (data not
shown). Moreover, the ratio between different nodules types was roughly stable when 102, 104, 106,
or 108 cells were inoculated per plant (Fig. 2.4C). Only when as many as 1010 bacteria were applied per
seedling, a slight increase of fused nodules was observed, yet even under these high-density
inoculation conditions >50% of all nodules were populated with only one strain.
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Figure 2.4: Use of fluorescently tagged B. diazoefficiens strains to
study nodule occupancy in dependence of host and inoculum
composition. Strains mChe-4 and sYFP2-4 were mixed 1:1 (A) or
10:1 (B) at a constant total cell number of 103 or 1:1 with the
specified, increasing total cell numbers (C), and inoculated on the
indicated legumes (A, B) or soybean cv. green butterbean (C). From
each infection experiment, 10 spherical, well separated nodules of
each of two plants were harvested and nodule occupancy was
analyzed by fluorescent microscopy. Shown are percentages of
nodules colonized by only one strain or both strains in “fused” or
“mixed” nodules. For further details, see text and Fig. 2.3.

Fluorescently tagged rhizobia have been used previously to study formation and colonization of mixed
infected nodules. Examples include the Sinorhizobium meliloti ̶ Medicago sativa or Bradyrhizobium sp.
ORS285 ̶ Aschynomene spp. symbioses which differ in the mode of host entry (infection threaddependent vs. crack entry) and the type of nodules (indeterminate vs. determinate) (30, 32). To our
knowledge this is the first study where fluorescently tagged B. diazoefficiens strains were used to
follow early infection stages and colonization of soybeans and related legumes which all are infected
via threads to develop determinate nodules. A notable result of the mixed infection experiments was
our observation that the majority of nodules contain clonal populations even when a very dense
inoculum was applied. This finding combined with the high spatial density of primary infection sites
and emerging nodule primordia (Fig. 2.2F) suggests that a large proportion of primary infection events
are abortive, which is in agreement with similar observations made previously by (37).

B. diazoefficiens bacteroid morphology is host-dependent
For indeterminate symbioses it is well established that bacteroid differentiation, including
morphological alterations, is dependent on the host plant (142, 145, 465). It was previously shown for
the photosynthetic Bradyrhizobium sp. ORS285 that bacteroids of determinate Aeschynomene legume
nodules may either be rod shaped (though enlarged) in A. afraspera but spherical in A. indica (30). The
most prominent host of B. diazoefficiens is soybean which belongs to the Millettioid clade of legumes
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and forms determinate nodules containing rod-shaped bacteroids that are morphologically very
similar to free-living cells. In addition to soybean, B. diazoefficiens is able to induce determinate
nodules on several other host plants including V. radiata, V. unguiculata, M. artropurpureum, A.
afraspera, and Arachis hypogaea (peanut) (466-468). Yet, little is known about the morphology of B.
diazoefficiens bacteroids in the latter two species which belong to the Dalbergioid clade of legumes.
We used mCherry-tagged B. diazoefficiens in combination with confocal fluorescence microscopy to
compare the morphology of bacteroids present in nodules of soybean, A. afraspera and peanut (Fig.
2.5). While bacteroids in soybean nodules were small and rod-shaped like free-living cells (Fig. 2.5A),
we found that bacteroids in nodules of peanut and A. afraspera underwent morphological changes.
While bacteroids in A. afraspera nodules retained a rod-like morphology most of them were enlarged
to varying extents (Fig. 2.5B). Most strikingly, the development of bacteroids in peanut nodules was
accompanied by massive swelling resulting in large spherical bacterial cells (Fig. 2.5C) like it has been
described for “cowpea rhizobia” when present in peanut nodules (25, 144). Thus, the concept of hostcontrolled bacteroid morphology also applies to B. diazoefficiens. It remains to be determined whether
or not the increased bacteroid size in A. afraspera and peanut nodules is accompanied by additional
alterations such as decreased cell viability or elevated DNA content that are both characteristic for
bacteroids in indeterminate nodules.

Figure 2.5: Host-dependent morphology and size of B. diazoefficiens bacteroids. Confocal micrographs of mCherry-tagged
B. diazoefficiens mChe-1 bacteroids present in infected cells of soybean (A), Aeschynomene afraspera (B), or peanut root
nodules (C). Bacteroids are rod shaped in soybean, enlarged to various extent and hence irregularly shaped in A. afraspera,
or very large and spherical in peanut. To highlight the difference in size distinct bacteroids are labeled with white
arrowheads in panels A and B.

Conclusions
The plasmids and strains described in this work represent long desired additions to the molecular
toolbox of B. diazoefficiens, the symbiont of the agriculturally important host soybean. For reasons
described in the introduction, all marker genes were stably integrated in the chromosome at a uniform
locus without discernable phenotypic consequences other than the tag and the tetracycline resistance
associated with it. Although expression was driven from a marker gene in single copy, strong
transcription and translation was achieved in B. diazoefficiens. Cells tagged with fluorescent or
enzymatic marker genes under the control of the Paph or Ptuf promoter were readily detected at all
stages of symbiosis with different hosts documenting the effectiveness of the constructed strains.
The constructs made in this study allowed for the first time to visualize autofluorescent B.
diazoefficiens cells in soybean infection threads, which is particularly challenging given the thin, short
and early branching nature of soybean infection threads compared to other rhizobial systems.
Moreover, the genetically tagged strains enabled rapid analysis of nodule occupancy and provided
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evidence for host-dependent control of B. diazoefficiens bacteroid morphology. These promising
results suggest that the tools developed in this study may become particularly useful for the
characterization of symbiotically impaired mutants at the level of host infection, colonization, and
competitiveness.
Beyond tagging of B. diazoefficiens as described here, the plasmids developed herein may also prove
useful for other bacteria after replacing the respective B. diazoefficiens DNA region with a suitable DNA
fragment from the organism of interest. To do so, the dedicated flanking restriction sites can be used
to excise the B. diazoefficiens DNA and introduce an appropriate piece of DNA (see Fig. S2.3). In fact,
this strategy has been successfully used for chromosomal insertion of pRJPtuF-mCherry derivatives in
three other alphaproteobacterial species, i.e., Rhodopseudomonas palustris TIE-1, M. extorquens AM1,
and Sphingomonas melonis Fr1 (unpublished) indicating that the genetic tools described offer
applications beyond the use in B. diazoefficiens.

2.4 Materials and Methods
Bacterial strains, plasmids, media, and growth conditions
Bacterial strains and plasmids used in this study are listed in Table 2.1. Escherichia coli strains were
routinely grown in LB medium (469) at 37 °C. Antibiotics were used at the following concentrations
(µg/ml): ampicillin (200), gentamicin (10), tetracycline (10). B. diazoefficiens strains were grown at 30
°C in PSY medium supplemented with 0.1% L(+)-arabinose (268) and appropriate antibiotics (µg/ml):
spectinomycin (100), tetracycline (50 in agar, 25 in liquid cultures), chloramphenicol (20; for
counterselection of E. coli). Fluorescent cells used for recording excitation and emission spectra were
grown in MOPS-buffered minimal medium (470).
Table 2.1: Strains and plasmids used in this study
Strain or plasmid
Relevant phenotype and genotype
Escherichia coli
DH5α
supE44 ΔlacU169 (φ80 lacZΔM15) hsdR17 recA1 gyrA96 thi-1 relA2
S17-1 λpir
Smr Spr hsdR (RP4-2 kan::Tn7 tet::Mu; chromosomally integrated)
Bradyrhizobium
diazoefficiens
110spc4
Spr wild type (USDA 110 derivative)
eBFP2-1
Spr Tcr 110spc4 with chromosomal integration of pRJPaph-eBFP2
mTq2-1
Spr Tcr 110spc4 with chromosomal integration of pRJPaph-mTq2
GFP-1
Spr Tcr 110spc4 with chromosomal integration of pRJPaph-GFP
bjGFP-1
Spr Tcr 110spc4 with chromosomal integration of pRJPaph-bjGFP
sYFP2-1
Spr Tcr 110spc4 with chromosomal integration of pRJPaph-sYFP2
mChe-1
Spr Tcr 110spc4 with chromosomal integration of pRJPaph-mChe
HcRed-1
Spr Tcr 110spc4 with chromosomal integration of pRJPaph-HcRed
eBFP2-4
Spr Tcr 110spc4 with chromosomal integration of pRJPtuF-eBFP2
mTq2-4
Spr Tcr 110spc4 with chromosomal integration of pRJPtuF-mTq2
sYFP2-4
Spr Tcr 110spc4 with chromosomal integration of pRJPtuF-sYFP2
mChe-4
Spr Tcr 110spc4 with chromosomal integration of pRJPtuF-mChe
GusA-1
Spr Tcr 110spc4 with chromosomal integration of pRJPaph-gusA
LacZYA-1
Spr Tcr 110spc4 with chromosomal integration of pRJPaph-lacZYA
Plasmids
pBluescript SK(+)
Apr cloning vector

Reference or source
BRL, Gaithersburg, USA
(471)
(472)
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
Stratagene, La Jolla, CA,
USA
Promega, Madison, WI,
USA

pGEM-T Easy

Apr PCR cloning vector

pRJ2575

Tcr Kmr scoI deletion construct

(456)

pMG103-npt2-GFPBisAH-DG1

Kmr

(473)

source of Paph-GFP+
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pMRE-105-mCherry
pBluescriptmChe_2
pTE100_HcRed

Apr Gmr RP4-oriT R6K-ori mini-Tn5(PtuF-mCherry, aacC1) tnp
Apr (pBluescript SK(+)) mCherry opposite orientation as Plac

(452)
This work

Tcr source of HcRed

pBAD-eBFP2
mTurquoise2-pBAD

Apr source of eBFP2
Apr source of mTurquoise2

pCAM140
pME3535
pLM-sYFP2
pGEM-PtuF-eBFP2
pGEM-PtuF-mTq2
pGEM-PtuF- sYFP2
pGEM-PtuFmTq2_a1
pGEM-gusAmTq2
pGEMgusAmTq2_a1
pME3535_a2

Apr Smr, ; mTn5SSgusA40 (promoterless gusA) in pUT/mini-Tn5
Apr pNM480 derivative, lacZYA genes for transcriptional fusions
Kmr source of sYFP2
Apr (pGEM-T Easy) PtuF-eBFP2
Apr (pGEM-T Easy) PtuF-mTurquoise2
Apr (pGEM-T Easy) PtuF-sYFP2
Apr (pGEM-PtuF-mTq2) deleted RES downstream mTurquoise2

R. Weishaupt, T.J. Erb,
unpublished
(474)
M. Davidson,
unpublished, Addgene
# 54844
(475)
(476)
(424)
This work
This work
This work
This work

Apr (pGEM-PtuF-mTq2_a1) gusA-mTurquoise2 operon
Apr (pGEM-gusAmTq2), replaced HindIII site with AatII site

This work
This work

Apr (pME3535) PstI site replaced by a SpeI site, StuI site replaced by
This work
a PstI site
pRJPaph-gfp
Tcr (pRJ2575) Paph-gfp+ for integration downstream of scoI
This work
pRJPaph-gfp_a1
Tcr (pRJPaph-gfp) replaced PstI site with AatII and KpnI sites
This work
pRJPaph-eBFP2
Tcr (pRJPaph-gfp_a1) Paph-eBFP2 for integration downstream of
This work
scoI
pRJPaph-mTq2
Tcr (pRJPaph-gfp_a1) Paph-mTurquoise2 for integration downstream This work
of scoI
pRJPaph-bjGFP
Tcr (pRJPaph-gfp_a1) Paph-bjGFP for integration downstream of scoI This work
pRJPaph-sYFP2
Tcr (pRJPaph-gfp_a1) Paph-sYFP2 for integration downstream of scoI This work
pRJPaph-mChe
Tcr (pRJPaph-gfp_a1) Paph-mCherry for integration downstream of
This work
scoI
pRJPaph-HcRed
Tcr (pRJPaph-gfp) Paph-HcRed for integration downstream of scoI
This work
pRJPtuF-eBFP2
Tcr (pRJPaph-gfp_a1) PtuF-eBFP2 for integration downstream of scoI This work
pRJPtuF-mTq2
Tcr (pRJPaph-gfp_a1) PtuF-mTurquoise2 for integration downstream This work
of scoI
pRJPtuF-sYFP2
Tcr (pRJPaph-gfp_a1) PtuF-sYFP2 for integration downstream of scoI
This work
pRJPtuF-mChe
Tcr (pRJPaph-gfp_a1) PtuF-mCherry for integration downstream of
This work
scoI
pRJPaph-gusA
Tcr (pRJPaph-gfp_a1) Paph-gusA for integration downstream of scoI
This work
pRJPaph-lacZYA
Tcr (pRJPaph-gfp) Paph-lacZYA for integration downstream of scoI
This work
Abbreviations: Ap: ampicillin; Sm: streptomycin; Sp: spectinomycin; Tc: tetracycline; r: resistance

Construction of tagged B. diazoefficiens strains
All B. diazoefficiens strains harboring genetically encoded fluorescent tags were constructed according
to a uniform strategy, which is described in detail only for strain GFP-1. For further details about
construction of analogous strains, see Supplemental Material. Plasmid pRJ2575 was digested with
EcoRI and PstI releasing a linear DNA fragment which consists of the conjugative vector pSUP202pol4
(477) plus 807 bp B. diazoefficiens DNA originating from the region downstream of the scoI (blr1131)
gene (456). This construct was ligated with a 1104 bp EcoRI-PstI fragment isolated from plasmid
pMG103-npt2-GFP-BisAH-DG1 (473) which contains a transcriptional fusion of the promoter of the
aphII kanamycin resistance gene (Paph) to the GFP+ gene (478, 479). The resulting plasmid pRJPaphgfp was transformed into E. coli strain S17-1 λpir from where it was transferred to B. diazoefficiens by
biparental conjugation. Upon selection for tetracycline resistance, clones were obtained which
harbored the entire plasmid integrated in the B. diazoefficiens chromosome by homologous
recombination downstream of scoI. Correct integration at the locus was verified by PCR amplification
of DNA regions spanning the recombination site using primers listed in Table S2.1.
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For generation of all other fluorescently tagged B. diazoefficiens strains listed in Table 2.1, the
respective plasmids were constructed analogously to pRJPaph-gfp (for details, see Supplemental
Material and Fig. S2.3) and integrated into the B. diazoefficiens chromosome downstream of scoI. In
addition to Paph, we also used the promoter associated with the thermo-unstable (Tu) translation
elongation factor gene of Methylobacterium extorquens AM1 (PtuF) to drive transcription of selected
fluorescent protein-encoding genes (452). The respective constructs PtuF-eBFP2, PtuF-mTurquoise2,
PtuF-YFP2, and PtuF-mCherry (Supplemental Material) were chromosomally integrated downstream
of scoI as described above for the Paph-driven constructs.
Finally, we also constructed two enzymatically tagged B. diazoefficiens strains (LacZYA-1 and GusA-1)
containing constitutively expressed lacZYA and gusA genes. They were obtained by integration via
homologous recombination of plasmids pRJPaph-lacZYA and pRJPaph-gusA (Supplemental Material),
respectively, into the chromosome of B. diazoefficiens wild type downstream of scoI.

Excitation and emission spectra of tagged B. diazoefficiens cells
Fluorescent spectra of cell suspensions were recorded with a Cary Eclipse spectrofluorimeter (Agilent
Technologies, Santa Clara, CA, USA). All measurements were done using the following settings: 5 nm
excitation and emission slits, 30 nm/min scan rate, and 1000 V PMT voltage. Fluorescently tagged
bacteria were cultivated in minimal medium harvested by centrifugation at early stationary phase,
washed twice in PBS and adjusted to OD 600 =0.75, except for strain sYFP2-1 which was adjusted to
OD 600 =0.15 because of its high fluorescence. While recording spectra, wavelengths of excitation and
emission were offset from the optimal values in order to minimize interference with scattered
excitation light. Specifically, spectra were recorded at the following wavelengths (excitation/emission
in nm): 385/450 (strain eBFP2-1), 435/490 (mTq2-1), 480/520 (bjGFP-1), 505/540 (sYFP2-1), 540/625
(mChe-1), 550/635 (HcRed-1). Spectra represent means of 3 recordings (HcRed-1 emission: 5). Spectra
were normalized to the respective maximal excitation and emission. To quantify the maximal
fluorescent intensity, all strains were excited at their respective maxima, and point measurements at
optimal emission wavelengths were recorded. Fluorescent intensity then was normalized to cfu in the
measured culture.

Plant inoculation tests
Seeds of soybean (Glycine max (L.) Merr.) cv. Williams 82 (kindly provided by D.-N. Rodriguez, CIFA,
Las Torres-Tomejil, Seville, Spain), cv. black jet and cv. green butterbean, mung bean (Vigna radiata
(L.) R. Wilczek), cowpea (Vigna unguiculata (L.) Walp.) cv. Iron & Clay (Johnny's Selected Seeds, Albion,
ME, USA), siratro (Macroptilium atropurpureum (DC.) Urb.) (kindly provided by W. D. Broughton,
University of Geneva, Switzerland), and peanut (Arachis hypogaea L.; TRS Wholesale Co. Ltd. Southall,
Middlesex, UK) were surface sterilized by immersing in 100% ethanol for 5 min and 35% H 2 O 2 for 15
min. After intensive washing with sterile water, plant tests were performed as described previously
(480). Seeds of A. afraspera J. Léonard (kindly provided by E. Giraud, Laboratoire des Symbioses
Tropicales et Méditerranéennes (LSTM), Montpellier, France) were surface sterilized in concentrated
sulfuric acid for 45 min, washed, soaked for 24 h in sterile water and processed subsequently as
described above, except that plants were grown under waterlogged conditions. To obtain stem
nodules, a previously described procedure was applied (467).
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Sample preparation and fluorescent microscopy
Nodules were routinely harvested 21 days post inoculation (dpi), except for siratro (28 dpi) and
peanuts (35 dpi), fixed in 4% formalin in phosphate-buffered saline (1.9 mM NaH 2 PO 4 , 8.1 mM
Na 2 HPO 4 , 140 mM NaCl) at 4 °C overnight, washed twice in PBS supplemented with 50 mM NH 4 Cl,
dehydrated in 20% (w/v) sucrose in PBS at 4°C for 24 h, briefly rinsed in 80% ethanol and embedded
in TissueTek® O.C.T.™ Compound (Sakura Finetek Europe B.V., Alphen aan den Rjin, The Netherlands)
before shock freezing in liquid nitrogen. Semi-thin sections of 10 µm were prepared by using a
Microtome Cryostat HM525 (MICROM International GmbH, Walldorf, Germany) and mounted on glass
slides. Slides were washed in PBS, air dried and mounted in 50% glycerol before microscopic
examination. To acquire high-quality micrographs, sections were mounted with the antifade mounting
resin citifluor AF1 (Citifluor Ltd., London, UK). Epifluorescence microscopy was performed using Zeiss
filter sets: 13 (GFP/sYFP2), 15 or 43 (mCherry). At least 3 non-consecutive sections per nodule were
examined to evaluate the bacterial colonization.
For observation of root hair attachment and infection threads, roots were harvested 4 dpi, rinsed in
water to remove vermiculite particles and washed as described elsewhere (481). Epidermal cell layers
were peeled off the roots using a blunt razor blade and mounted on glass slides in 50% glycerol.
High-resolution images of bacteroids were recorded using confocal microscopy. For soybean and
peanut bacteroids, a Leica SP2-FCS point laser scanning confocal microscope (Leica microsystems AG,
Heerbrugg, CH) was used. mCherry was excited with a HeNe laser at 594 nm. Fluorescence emission
was recorded between 600 and 648 nm. For enhanced contrast, plant tissue autofluorescence was
excited at 514 nm with an argon laser and emission was recorded between 520 and 560 nm. Bacteroids
in A. afraspera nodules were imaged using a Visitron spinning disc confocal system (Visitron Systems
GmbH, Puchheim, Germany) on a Zeiss 200m microscope. Bacteroids, expressing mCherry were
excited at 561 nm and emission recorded with an ET 605/52m filter (Chroma Technology, Bellows Falls,
VT, USA). Autofluorescence of plant tissue was excited at 488 nm and recorded with an ET 525/50m
filter.

Staining for GusA and LacZ activity
For observations of early infection stages, roots of B. diazoefficiens GusA-1-inoculated soybean plants
were harvested 4 dpi and washed as described above. GusA activity in bacteria present in infection
threads was visualized according to a modified staining protocol described previously (475). In short,
roots were placed in staining solution (19.5 mM NaH 2 PO 4 , 30.5 mM Na 2 HPO 4 , 1mM EDTA, 1mM
K 3 [Fe(CN) 6 ], 0.1% Triton X-100, 0.1% sarkosyl) and 200 µg/ml X-gluc, vacuum-treated for 20 min and
incubated 12 h at 37°C. Subsequently, roots were cleared with chloral hydrate (482), sliced
longitudinally and observed by differential interference contrast (DIC) light microscopy.
For simultaneous detection of GusA and LacZ activity in mixed infected soybean nodules, these were
harvested 23 dpi, detached from roots, washed in PBS amended with 0.02 % Silvet L-77, cut in half,
washed again briefly in PBS, and placed in the staining solution described above. X-gluc and Green-βD-gal (both purchased from Biosynth, Staad, Switzerland) were added to a concentration of 100 µg/ml
each, and nodules were vacuum-treated for 30 min followed by incubation at 28 °C for 4 h before they
were observed under a stereo microscope. Endogenous plant-derived β-galactosidase activity was
detected only after prolonged incubation, i.e., it did not interfere with LacZ-derived activity, and there
was no need for its inhibition by preceding glutaraldehyde fixation.
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2.6 Supplemental Material
Construction of tagged B. diazoefficiens strains
While construction of B. diazoefficiens strain GFP-1 is described in detail in the main body of this paper,
cloning steps leading to the construction of all other tagged B. diazoefficiens strains are summarized
here.
Using a (PstI)-AatII/KpnI adapter, the PstI site downstream of GFP+ on pRJPaph-gfp was replaced by
AatII and KpnI resulting in pRJPaph-gfp_a1 (Fig. S2). The GFP+ gene in this plasmid was removed by
BglII/KpnI digestion and replaced by compatible fragments comprising eBFP2, mTq2, or sYFP2 isolated
from pGEM-PtuF-eBFP2, pGEM-PtuF-mTq2, and pGEM-PtuF-sYFP2, respectively (see Table S1). These
plasmids were constructed by amplifying the promoter Ptuf from pMRE-105-mCherry and fusing it by
overlap PCR to the genes of the respective fluorescent proteins. Source plasmids for the respective
fluorescent proteins were pBAD-eBFP2 (a gift from Robert Campbell; Addgene plasmid # 14891),
mTurquoise2-pBAD (a gift from Michael Davidson; Addgene plasmid # 54844) and pLM-sYFP2.
Likewise, plasmid pRJPaph-HcRed was constructed by inserting HcRed as XbaI/PstI fragment (excised
from the pTE100_HcRed methylobrick vector (452) containing HcRed (483); unpublished; kindly
provided by R. Weishaupt and T. J. Erb, ETH Zürich, Switzerland) into SpeI/PstI-digested pRJPaph-gfp.
To bring mCherry under the control of Paph, the gene was isolated as a HindIII fragment from pMRE105-mCherry, cloned into pBluescript SK(+) to yield pBluescript-mChe_2 from where it was again
released by SpeI/KpnI digestion and inserted into pRJPaph-gfp_a1.
Codon usage analysis of the GFP+ gene using JCat (458) and the B. diazoefficiens codon usage revealed
a poor CAI value of 0.12. Accordingly, a GFP+ variant (bjGFP) which is codon-optimized for expression
in B. diazoefficiens was chemically synthesized (Eurofins Genomics, Ebersberg, Germany) and
eventually brought under Paph control on plasmid pRJPaph-bjGFP. An alignment of the original GFP+
nucleotide sequence with that of the codon-optimized bjGFP gene is shown in Fig. S2.2.
For construction of integrative plasmids expressing eBFP2¸ mTurquoise2, sYFP2, or mCherry from the
Methylobacterium extorquens promoter PtuF, the respective promoter fusions were excised as EcoRIKpnI fragments from plasmids pGEM-PtuF-eBFP2, pGEM-PtuF-mTq2, pGEM-PtuF-sYFP2 and pMRE105mChe and ligated with EcoRI-KpnI-digested pRJPaph-gfp_a1 to yield plasmids pRJPtuF-eBFP2,
pRJPtuF-mTq2, pRJPtuF-sYFP2, and pRJPtuF-mChe.
For construction of B. diazoefficiens strain lacZYA-1, the pME3535_a2 derivative of pME3535 was
generated by replacing the PstI site and the StuI site with SpeI and PstI, respectively. Subsequently the
promoter-less lacZYA-operon was excised from pME3535_a2 as a PstI-SpeI fragment and used to
replace the gfp+ gene in pRJPaph-gfp. The resulting plasmid pRJPaph-lacZYA was integrated in the B.
diazoefficiens chromosome downstream of scoI via homologous recombination.
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For construction of B. diazoefficiens strain gusA-1, pGEM-PtuF-mTq2_a1 was created by AatII/KpnI
digestion of pGEM-PtuF-mTq2, blunting and religation. The promoter-less gusA gene was excised from
pCAM140 as an EcoRI-HindIII fragment and inserted into pGEM-PtuF-mTq2_a1 to create pGEMgusAmTq2. In this plasmid, the HindIII site was replaced by an AatII site (pGEM-gusAmTq2_a1) and
used as a source of gusA. The fragment was released by EcoRI-AatII digest and, after further
modifications of the ends, used to replace the gfp+ gene in plasmid pRJPaph-gfp_a1. The resulting
plasmid pRJPaph-gusA was integrated in the B. diazoefficiens chromosome downstream of scoI via
homologous recombination.

Table S2.1: Oligonucleotides used in this study
Oligonucleotide
Sequence
(PstI)- AatII/KpnI
AGGTACCGACGTCTTGCA

PtuF_fwd_NotI

GACGGCGGCCGCCTAGATGCATGCTCGAGC

Use
Replacement of PstI restriction enzyme
site in pRJPaph-gfp with AatII and KpnI
sites to construct pRJPaph-gfp_a1
Replacement of HindIII restriction
enzyme site in pGEM-gusAmTq2 with an
AatII site to construct pGEMgusAmTq2_a1, self-annealing
Replacement of PstI restriction enzyme
site in pME3535 with an SpeI site to
construct pME3535_a2, self-annealing
Replacement of StuI restriction enzyme
site in pME3535 with an PstI site to
construct pME3535_a2
Primer for amplification of tuF promoter

PtuF_rev

CTCGCCCTTGCTCACCAT

Primer for amplification of tuF promoter

XFPs_for

ATGGTGAGCAAGGGCGAG

XFPs_rev_KpnI

CAGGGTACCTTACTTGTACAGCTCGTC

xxFP-1

GGACGAGCTGTACAAGTAAG

gfp+-3

AACTGCTGCTGGGATTACAC

bjGFP-1

ATGGTCCTGCTGGAGTTC

mChe-1

CATGGACGAGCTGTACAAG

HcRed-1

GAGTACTTCGAGCTGTACG

lacA-1

TAAACGACCGGGATAAGCAC

gusA-3

AGCAGGGAGGCAAACAATG

gfp+-4

AGATATTCCGGGCGGATTTC

Primer for amplification of eBFP2,
mTurquoise2 and sYFP2
Primer for amplification of eBFP2,
mTurquoise2 and sYFP2
Forward primer for verification of correct
integration of eBFP2, mTurquoise2 and
sYFP2 in the chromosome
Forward primer for verification of correct
integration of GFP+ into chromosome
Forward primer for verification of correct
integration of bjGFP in the chromosome
Forward primer for verification of correct
integration of mCherry in the
chromosome
Forward primer for verification of correct
integration of HcRed in the chromosome
Forward primer for verification of correct
integration of lacZYA in the chromosome
Forward primer for verification of correct
integration of gusA in the chromosome
Reverse primer for verification of correct
integration of plasmids into scoI
downstream region in chromosome,
binds to chromosomal region

AGACGTCGGTACCTTGCA
(HindIII)-AatII

AGCTGACGTC

(PstI)-SpeI

CACTAGTGTGCA

(StuI)-PstI

GAACTGCAGAAG
CTTCTGCAGTTC
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Figure S2.1: Symbiotic properties of B. diazoefficiens strains 110spc4 (wild type), GFP-1 and GusA-1. Soybean cv. Williams
82 seedlings were inoculated with strain 110spc4 (n = 6) or GFP-1 (n = 5) and nodule number (A), nodule dry weight (B),
and nitrogenase activity (C) were determined 21 dpi. (D) To assess competitiveness of strain GusA-1 against the wild type,
both strains were mixed at the indicated ratios and 1 ml aliquots of the mixture (2*101 ̶ 2*102 cells in total) were used to
infect seedlings of soybean cv. green butterbean. For each inoculation ratio, nodules from two plants were detached from
roots 20 dpi, cut in half, and nodule occupancy was analyzed by GusA staining as described in Materials and Methods.
Numbers above columns indicate to the number of analyzed nodules. The fact that nodule occupancy largely reflected the
ratio of both strains in the inoculum indicates that chromosomal insertion of tagging constructs does not affect
competitiveness of tagged strains. Note that the data for the 50:50-mixed infection was generated in an independent
experiment which was carried out separately from the others.
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Figure S2.2: Nucleotide sequence alignment of the original GFP+ gene (top line) and the codon optimized bjGFP gene
(second line) with exchanged nucleotides highlighted in red. The (identical) amino acid sequence deduced from both genes
is indicated below the alignment.
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Figure S2.3: Map of plasmid pRJPaph-gfp_a1 derived from pRJPaph-gfp by replacing a PstI site downstream of GFP+ with
AatII and KpnI served as scaffold for most of the analogous plasmids expressing alternative fluorescent proteins or the
enzymatic marker GusA. Highlighted are the promoter Paph (blue), the GFP+ (green) and a 807 bp B. diazoefficiens DNA
fragment originating from the downstream region of scoI (red; corresponding to B. diazoefficiens USDA110 genome
position 1,245,228 to 1,246,034) which was used for chromosomal integration of pRJPaph-gfp_a1 and all derivatives via
homologous recombination. Relevant restriction sites are indicated.
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3.1 Abstract
Analysis of bacterial gene function commonly relies on gene disruption or replacement followed by
phenotypic characterization of resulting mutant strains. Deletion or replacement of targeted regions
is commonly achieved via two homologous recombination (HR) events between the bacterial genome
and a non-replicating plasmid carrying DNA fragments flanking the region to be deleted.
Counterselection of clones that have integrated the entire plasmid in their genome via a single HR is
crucial in this procedure. Various genetic tools and well established protocols are available for this type
of mutagenesis in model bacteria, however, these methods are not always efficiently applicable in less
established systems. Here we describe the construction and application of versatile plasmid vectors,
pREDSIX and pTETSIX, for marker replacement and markerless mutagenesis, respectively. Apart from
an array of restriction sites optimized for cloning GC-rich DNA fragments, the vector backbone contains
a constitutively expressed gene for mCherry enabling rapid identification of clones originating from
single or double HR events by fluorescence-assisted cell sorting (FACS). In parallel, we constructed a
series of plasmids from which gene cassettes providing resistance against gentamicin, kanamycin,
hygromycin B, streptomycin/spectinomycin, or tetracycline are excised for use with pREDSIX-based
marker replacement mutagenesis. In proof-of-concept mutagenesis experiments, we demonstrate the
potential of the developed tools for gene deletion mutagenesis in the nitrogen-fixing soybean
symbiont Bradyrhizobium diazoefficiens (formerly Bradyrhizobium japonicum) and three additional
Alphaproteobacteria.
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3.2 Introduction
Many functional studies of biological phenomena rely on the isolation of mutants and the availability
of respective genetic tools. Preferably, mutants are constructed in a targeted manner, which
traditionally involves homologous recombination. Targeted gene replacement mutagenesis is widely
used in bacteria and archaea to delete and replace defined genomic regions by a selectable marker,
most frequently an antibiotic resistance gene. Commonly this is achieved by cloning a selectable
marker between two DNA fragments flanking the region to be deleted in a suitable plasmid vector that
has a restricted host range or is conditionally replicating. The resulting plasmid is introduced into the
target organism by transformation, electroporation or conjugation where integration into the host
genome via recombination is enforced because (i) selective pressure for the marker is applied, and (ii)
the plasmid is unable to replicate. However, successful gene replacement and concomitant loss of the
vector backbone is only achieved if two homologous recombination events occur, one via each of the
two flanking regions. For phenotypic differentiation of clones, which have integrated in their genome
the entire plasmid via one homologous recombination event from those which have undergone true
marker exchange via two recombinations, a screenable or counterselectable marker on the vector
backbone is used. In the former case, candidate clones may be screened for absence of an antibiotic
resistance which is encoded on the vector backbone whereas in the latter situation clones with the
vector present in the genome are counterselected through production of a toxic metabolite by a
vector-encoded enzyme. An example is the sacB-based counterselection system which relies on the
SacB-catalyzed conversion of sucrose to levan which is toxic for many Gram-negative bacteria (484).
Though this system has been widely used in a variety of bacterial species, it is prone to yield significant
numbers of false-positive, sucrose-resistant clones in some hosts (485-489). This prompted the
development of alternative systems which, however, may have other limitations, such as species
specificity or dependency on additional functions which must be provided in trans (e.g., I-SceI- or
cre/loxP-based systems) (490-497).
In the past, the method of choice for targeted mutagenesis in the nitrogen-fixing soybean root nodule
symbiont Bradyrhizobium diazoefficiens (formerly B. japonicum) was based on the mobilizable, narrow
host-range vector pSUP202 and derivatives thereof (477, 498, 499). The vector-encoded tetracycline
(Tc) resistance routinely served to discriminate true marker exchange mutants (Tcs) from clones
harboring the entire plasmid integrated in their genome (Tcr). Because this screening procedure is
rather tedious and the sacB-based system was not reliable when applied to B. diazoefficiens (data not
shown) we started out to develop alternative vectors which substantially facilitate mutagenesis of B.
diazoefficiens and are applicable also with other Alphaproteobacteria. The novel mobilizable, highcopy vectors pREDSIX (for red easily discriminates single crossover) and pTETSIX (tetracycline
resistance-encoding derivative of pREDSIX) comprise a constitutively expressed gene encoding
mCherry. Clones containing the vector backbone appear red fluorescent under appropriate excitation
and thus are readily detected. In addition, the vectors offer multiple cloning sites (MCS) comprising
restriction sites that are optimized for direct cloning of multiple, GC-rich DNA fragments characteristic
for B. diazoefficiens and related Alphaproteobacteria. Furthermore, we constructed a series of
plasmids containing antibiotic resistance gene cassettes flanked by suitable restriction sites for facile
insertion into pREDSIX derivatives. The potential of the novel tools is documented by several proof-ofprinciple mutagenesis experiments with B. diazoefficiens and other Alphaproteobacteria, including the
generation of a markerless in-frame deletion mutant isolated by fluorescence-assisted cell sorting
(FACS).
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3.3 Materials and Methods
Bacterial strains and cultivation
All strains and plasmids used in this study are listed in Table 3.1. E. coli strains grew in LB medium (469)
at 37°C with antibiotics added at the following final concentrations (µg/ml): ampicillin 200 in solid and
100 in liquid media, gentamicin 10, hygromycin B 200, kanamycin 30, streptomycin 50 and tetracycline
10. We cultivated B. diazoefficiens strains at 30°C in PSY medium (268) supplemented with 0.1% L(+)arabinose and antibiotics at the following concentrations (µg/ml): chloramphenicol 20 (for
counterselection of E. coli), hygromycin B 200, kanamycin 100, spectinomycin 100 and tetracycline 50
(solid media) and 25 (liquid media). Rhodopseudomonas palustris strains grew at 30°C in modified
YPMS medium (431) (same trace elements as in PSY medium) containing gentamicin where
appropriate (800 µg/ml for initial selection and 400 µg/ml for routine cultures). We cultivated
Sphingomonas melonis strains at 28°C in Nutrient Broth pH 6.9 without NaCl (product no. 17181-500G;
Sigma-Aldrich, St. Louis, MO, USA) with antibiotics at the following concentrations (µg/ml): kanamycin
50, streptomycin 50. M. extorquens strains grew at 28°C in minimal medium (500) supplemented with
either methanol (123.6 mM) or succinate (30.8 mM) and antibiotics at the following concentrations
(µg/ml): spectinomycin 75, streptomycin 50.
Table 3.1: Strains and plasmids used in this study
Strain or plasmid
Relevant phenotype and genotype
Escherichia coli
DH5α
supE44 ΔlacU169 (φ80 lacZΔM15) hsdR17 recA1 gyrA96 thi-1
relA2
S17-1 λpir
Smr Spr hsdR (RP4-2 kan::Tn7 tet::Mu; chromosomal integrated)
SM10
Kmr thi-1 thr leu tonA lacY supE recA::RP4-2-tet::Mu
ER2566
fhuA2 lacZ::T7 gene1 [lon] ompT gal sulA11 R(mcr-73::miniTn10-TetS)2 [dcm] R(zgb-210::Tn10--TetS) endA1 Δ(mcrC-mrr)114::IS10
Bradyrhizobium
diazoefficiens
110spc4
Spr wild type
A9
Spr Kmr nifA::aphII same orientation
mChe-4
Spr Tcr chromosomal integration of pRJPtuF-mChe
9879
Spr Kmr nifA::aphII same orientation
9880
Spr Kmr nifA::aphII opposite orientation
9882
Spr ΔfixR
hph5-1
Spr, Tcr, Hmr
Methylobacterium
extorquens
AM1
wild type
0002
Smr Spr mxaF::aadA same orientation
0003
Smr Spr mxaF::aadA opposite orientation
Rhodopseudomonas
palustris
TIE-1
wild type
0002
Gmr rpal4480::aacC1, same orientation
0003
Gmr rpal4480::aacC1, opposite orientation
Sphingomonas melonis
Fr1
Smr wild type
0002
Smr Kmr Sphme2DRAFT_3836::aphII opposite orientation
0003
Smr Kmr Sphme2DRAFT_3836::aphII same orientation
Plasmids
pGEM-T easy
Apr cloning vector
pUCBM21

Apr cloning vector

pBR322
pSUP202pol4

Apr Tcr cloning vector
Tcr part of polylinker from pBluescript II KS(+) between EcoRI and
PstI
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Reference or source
BRL, Gaithersburg, USA
(471)
(498)
New England Biolabs
Inc., Ipswich, MA, USA
(472)
(266)
(56)
This work
This work
This work
This work
(501)
This work
This work
(502)
This work
This work
(503)
This work
This work
Promega, Madison, WI,
USA
Boehringer Mannheim,
Germany
(504)
(477)
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pRJPtuF-mChe
pBSL15Ω
pBSL86
pBSL142
pBGAA1
pRJPaph-gfp
pRJPaph-hph5
pSUPrcp

Tcr PtuF-mCherry for integration downstream of scoI
(56)
Apr Spr Smr
(505)
Apr Kmr
(506)
Apr Gmr
(507)
Hmr R6K oriV
(496)
Tcr Paph-gfp+ for integration downstream of scoI
(56)
Tcr Hmr Paph-hph5 for integration downstream of scoI
This work
Tcr (pSUP202pol4) new polylinker comprising cleavage sites for
This work
PmeI, XbaI, MunI, AvrII, NsiI, NheI, AflII, SwaI, PacI
pSUPrcs
Apr (pSUPrcp) bla and PtuF-mCherry replacing tetA(C)
This work
pREDSIX
Apr (pSUPrcs) mobilizable, high copy cloning and mutagenesis
This work
vector
pGEM-tetA(C)
Apr Tcr (pGEM-T easy) tetA(C)
This work
pRGD
Apr (pBSL15Ω) aadA replaced with polylinker
This work
pRGD-GmR
Apr Gmr (pRGD) aacC1 in polylinker
This work
pRGD-HmR
Apr Hmr (pRGDTcR) hph5 in polylinker
This work
pRGD-KmR
Apr Kmr (pRGD) aphII in polylinker
This work
pRGD-SmR
Apr Spr Smr (pRGD) aadA in polylinker
This work
pRGD-TcR
Apr Tcr (pRGD) tetA(C) in polylinker
This work
pTETSIX
Apr Tcr (pREDSIX) tetA(C) inserted in PacI site
This work
pRJ9878
Apr (pREDSIX) carrying 882 and 847 bp flanking regions of nifA
This work
pRJ9879
Apr Kmr (pRJ9878) aphII cloned between flanking regions, same
This work
orientation as nifA
pRJ9880
Apr Kmr (pRJ9878) aphII cloned between flanking regions, opposite This work
orientation as nifA
pRJ9881
Apr (pREDSIX) carrying overlap PCR joined 1802 bp fragment of
This work
fixR flanking regions
pRJ9882
Apr Tcr (pRJ9881) tetA(C) cloned adjacent to fixR flanking regions
This work
pMe_AM1-0001
Apr (pREDSIX) carrying 756 and 795 bp flanking regions of M.
This work
extorquens mxaF
pMe_AM1-0002
Apr Spr Smr (pMe_AM1-0001) aadA cloned between flanking
This work
regions, same orientation as mxaF
pMe_AM1-0003
Apr Spr Smr (pMe_AM1-0001) aadA cloned between flanking
This work
regions, opposite orientation as mxaF
pRp-TIE-1-0001
Apr (pREDSIX) carrying 935 and 850 bp flanking regions of R.
This work
palustris gene rpal4480
pRp-TIE-1-0002
Apr Gmr (pRp-TIE-1-0001) aacC1 cloned between flanking regions,
This work
same orientation as rpal4480
pRp-TIE-1-0003
Apr Gmr (pRp-TIE-1-0001) aacC1 cloned between flanking regions,
This work
opposite orientation as rpal4480
pSm_Fr1-0001
Apr (pREDSIX) carrying 750 and 784 bp flanking regions of S.
This work
melonis gene Sphme2DRAFT_3836
pSm_Fr1-0002
Apr Kmr (pSm_Fr1-0001) aphII cloned between flanking regions,
This work
opposite orientation as Sphme2DRAFT_3836
pSm_Fr1-0003
Apr Kmr (pSm_Fr1-0001) aphII cloned between flanking regions,
This work
same orientation as Sphme2DRAFT_3836
Abbreviations: Apr, Gmr, Hmr, Kmr, Smr, Spr, Tcr: ampicillin, gentamicin, hygromycin B, kanamycin, streptomycin,
spectinomycin, tetracyclin resistance, respectively

Construction of pREDSIX
Starting from pSUP202pol4, we assembled the plasmid vector pREDSIX (Fig. 1A) as follows. We
introduced a new multiple cloning site (MCS) comprising recognition sites for nine restriction
endonuclease by ligation of annealed oligonucleotides pSUP-3 and pSUP-4 (see Table S3.1 for
oligonucleotides) with the AgeI/AhdI-digested pSUP202pol4 backbone to yield pSUPrcp.
We cloned the β-lactamase gene (bla; PCR-amplified from pBR322 with primers bla-1 and bla-2) into
pGEM-T easy. Subsequently, we inserted the PtuF-mCherry-spanning EcoRI/KpnI fragment of pRJPtuFmChe upstream of the bla gene in the pGEM-T easy derivative. We excised the PtuF-mCherry-bla
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fragment from this plasmid by Eco53KI/ClaI digestion and ligated it into ClaI/MscI-linearized pSUPrcp
(purified from the dcm- E. coli strain ER2566) to yield pSUPrcs conferring ampicillin resistance.
We amplified the high-copy origin of replication from pUCBM21 by PCR using the primer pair pUCori1 and pUCori-2. We digested the PCR product with SalI and inserted it into SalI/PmeI-digested pSUPrcs.
To remove a 48 bp DNA region containing undesired restriction sites, we digested the resulting plasmid
with SpeI and SalI, treated it with nuclease S1 and religated it. Finally, we eliminated a 200 bp direct
repeat by NruI/PvuI digestion of the plasmid and reconstituting the bla gene with a 444 bp PvuI
fragment excised from the amplicon obtained by PCR amplification of the bla gene of pSUPrcs with
primers bla-3 and bla-4. The structure of the resulting pREDSIX vector is shown in Fig. 3.1A, its
nucleotide sequence is provided in Supplemental materials (Fig. S3.1), and the plasmid are publically
available from the Addgene plasmid repository. For sequencing PCR products inserted into the MCS of
pREDSIX, we designed primers red-1 and red-2. For construction of pTETSIX, we linearized pREDSIX
with PacI and released tetA(C) from pRGD-TcR by KpnI digestion followed by blunting and ligation of
both fragments (Fig. 3.1B).
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Figure 3.1: Physical map of vectors pREDSIX (A) and
pTETSIX (B) designed for marker exchange and
markerless deletion mutagenesis, respectively.
Indicated are the following relevant genetic
elements: mCherry (encoding the mCherry
fluorescent protein), PtuF (promoter of the Tu
translation
elongation
factor
gene
of
M. extorquens driving mCherry transcription), bla
(ampicillin resistance gene), tetA(C) (tetracycline
resistance gene), oriV (replication origin of
pUCBM21, pMB1 derivative), mob (mobilization
region including oriT of plasmid RP4 required for
conjugal transfer). Selected restriction site are
indicated with unique sites located in multiple
cloning sites highlighted with bold face letters.

Construction of pRGD plasmids
We constructed a series of versatile resistance gene donor plasmids (pRGDs; Table 3.1) with the
resistance gene cassettes designed for convenient insertion into pREDSIX-derived plasmids containing
DNA fragments flanking the genomic region to be deleted by allelic replacement. The backbone of all
pRGD plasmids originates from pBSL15Ω, which we digested with HindIII, ligated with annealed
oligonucleotides AB-mcs1 and AB-mcs2 followed by recircularization.
To generate the tetracycline resistance cassette, we amplified tetA(C) from pBR322 with primers tetR1 and tetR-2, and cloned it into pGEM-T easy (opposite direction to Plac) to yield pGEM-tetA(C). Upon
sequencing, we identified a C-to-T point mutation at nucleotide position 1049 of tetA(C) resulting in a
TetA(C)-T350I mutant protein, which, however, retained its function and thus was further used.
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For construction of antibiotic resistance gene donor plasmids we cut out tetA(C) (Tcr) from pGEMtetA(C) using AvrII and EcoRI, aphII (Kmr) from pBSL86 by HindIII/NheI digestion, aadA (Smr/Spr) from
pBSL15Ω with HindIII, and aacC1 (Gmr) from pBSL142 using NheI. Upon blunting all fragments with the
Klenow fragment of DNA polymerase I and ligation with the EcoRV-digested pRGD backbone we
obtained plasmids pRGD-TcR, pRGD-KmR, pRGD-SmR, and pRGD-GmR.
We isolated the hph5 hygromycin B resistance gene, from pBGAA1 using NdeI and BspHI, blunted the
fragment and cloned it downstream of the kanamycin resistance gene promoter in SpeI/PstI-digested,
blunted pRJPaph-gfp backbone yielding plasmid pRJPaph-hph5. To test the functionality of the
hygromycin resistance gene, we mated this plasmid into B. diazoefficiens. For construction of plasmid
pRGD-HmR, we amplified Paph-hph5 using primers hph5-3 and hph5-4, digested the product with SmaI
and ClaI, and cloned it into pRGD-TcR linearized with BglII (blunted) and ClaI.

Construction of marker exchange mutant strains
For deletion of nifA of B. diazoefficiens, we amplified flanking regions of nifA with primer pairs nifA-4/5 (upstream) and nifA-6/-7 (downstream). We digested the PCR products with MunI/NdeI (upstream)
or NdeI/NheI (downstream) and ligated them in tandem into MunI/NheI-digested pREDSIX yielding
pRJ9878. We linearized this plasmid with NdeI cleaving between the two flanking regions of nifA and
inserted a Kmr resistance gene cassette excised by NdeI digestion from pRGD-KmR, resulting in
plasmids pRJ9879 (aphII and [deleted] nifA in the same orientation) and pRJ9880 (opposite
orientation). We transformed the final plasmids into E. coli S17-1 λpir and conjugated the resulting
strains with B. diazoefficiens as described previously (508) except that we replaced spot mating by
filter mating. Upon Kmr selection, we inspected exconjugants for their fluorescence phenotype under
a SteREO Discovery.V8 stereo microscope equipped with a Zeiss filter set 14 (Carl Zeiss GmbH,
Oberkochen, Germany). We counted total numbers of red fluorescent and non-fluorescent colonies
and purified by restreaking 5 red fluorescent and 10 non-fluorescent colonies per mating. We checked
the presence/absence of the pREDSIX backbone in all candidates by PCR using primers sXov-1/-2. We
further verified all non-fluorescent candidates for the correct replacement of nifA with aphII by PCR
using appropriate combinations of primers Kan-2/-4 (reading out of aphII) and nifA-8/-9 (reading
towards the deleted nifA region from outside the flanking regions used for mutagenesis). In an
analogous way, we generated deletion mutants of M. extorquens, S. melonis and R. palustris. We
amplified flanking regions of ~700-1'000 bp and cloned them in tandem into the pREDSIX vector. Upon
linearizing the resulting plasmids at a unique restriction site between the flanking regions we inserted
an antibiotic resistance gene originating from plasmid pRGD-SmR (for mutagenesis of M. extorquens
gene mxaF), pRGD-KmR (S. melonis gene Sphme2DRAFT_3836) or pRGD-GmR (R. palustris gene
rpal4480). We electroporated the final plasmids pMe_Am1-0002 and pMe_Am1-0003 into M.
extorquens according to a modified protocol from Toyama et al. (509) (100 µl competent cells, 1 µg
plasmid DNA, pulsed with 2.15 kV, 200 Ω, 25 µF in 1 mm gap cuvettes, cells recovered for 5 h in NB
medium at 28°C). We transformed plasmids pRp_TIE1-0002 and pRp_TIE1-0003 into E. coli S17-1 λpir
and plasmids pSm_Fr1-0002 and pSm_Fr1-0003 into E. coli SM10. We performed matings as described
previously (510, 511), and counterselected E. coli cells with streptomycin (S. melonis) or high
gentamicin concentrations (800 μg/ml; R. palustris). We screened exconjugants for double crossover
candidates as described for B. diazoefficiens and verified their genotype by PCR.
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Construction of markerless B. diazoefficiens deletion mutants
For a markerless deletion of fixR in B. diazoefficiens, we amplified 900 bp of upstream and downstream
regions using primer pairs fixR-9/-10 and fixR-11/-12, respectively. By overlap-PCR, we joined both
flanking regions, resulting in a large fixR deletion with the initial and last three codons fused in frame
followed by the original fixR stop codon. We digested the fragment with SpeI and MunI and inserted it
into the NheI-/MunI-cleaved vector pREDSIX resulting in plasmid pRJ9881. We removed the
tetracycline resistance gene from pRGD-TcR with SpeI and inserted it into XbaI-digested pRJ9881 to
yield pRJ9882. After mating with E. coli S17-1 λpir containing pRJ9882, we selected single crossover
exconjugants of B. diazoefficiens with tetracycline. We verified correct insertion of the plasmid by PCR
(with primer pairs fixR-13/-15 and fixR-14/-16) and propagated candidate clones in four successive
liquid subcultures in the absence of tetracycline. We harvested the fourth culture, washed and
resuspended it in 0.5X Na-PBS (1.96 mM NaH 2 PO 4 , 3.04 mM Na 2 HPO 4 , 70 mM NaCl, pH 7.4) to a final
OD 600 of 0.02 (~2x107 cfu/ml). We analysed 2 ml of this suspension and sorted for non-fluorescent cells
using a BD FACS Aria IIIu (BD Biosciences, Allschwil, CH) equipped with a 561 nm laser line and a 610/20
BP emission filter and gating conditions defined with the BD FACSDiva 8.0.1 software. Subsequently,
we plated sorted cells on PSY agar plates, double checked colonies for the correct (negative)
fluorescent phenotype and performed colony PCR to verify the desired deletion.

Determination of mutant phenotypes
We determined the symbiotic phenotype of B. diazoefficiens strains 9879, 9880 and 9882 in a soybean
infection test. To this end, we surface sterilized soybean seeds (Glycine max cv. Williams 82; kindly
provided by D.-N. Rodriguez, CIFA, Las Torres-Tomejil, Seville, Spain) by immersion in 100% ethanol for
5 min followed by 35% H 2 O 2 for 15 min and exhaustive washing and performed all subsequent steps
as described (480). Likeweise we tested methylotrophic growth of M. extorquens AM1 strains 0002
and 0003 in minimal medium supplemented with succinate, methanol or methanol and 30 μM LaCl 3
as described (512, 513).

3.4 Results and Discussion
Features of the pREDSIX system
We designed the novel mutagenesis vector pREDSIX to contain several advantageous features for
efficient, streamlined assembly of PCR-amplified genomic regions enabling homologous
recombination separated by an antibiotic resistance cassette of choice, and facilitated detection of
mutants (Fig. 3.2A, B). First, the use of the oriV from pUC vectors ensures a high plasmid copy number
in E. coli, which is helpful during cloning because large amounts of plasmid DNA can be isolated from
small cultures. Second, we introduced a novel multiple cloning site, including cleavage sites for PmeI,
XbaI, MunI, AvrII, NsiI, NheI, AflII, SwaI, and PacI. We chose these restriction enzyme sites since most
of them are AT-rich and thus facilitate cloning of GC-rich DNA fragments typical for rhizobia and other
Alphaproteobacteria (e.g., M. extorquens, S. melonis). Furthermore, overhanging ends generated by
XbaI (identical to those of AvrII or NheI), MunI, NsiI, and PacI are compatible with those produced by
a number of commonly used cloning enzymes such as SpeI, EcoRI, PstI or SbfI, and PvuI, respectively.
This enables uniform, modular cloning strategies while constructing multiple analogous plasmids in
parallel and provides sufficient flexibility for cloning almost any PCR-amplified genomic fragment (Fig.
S3.2). Sites for the rare cutting enzymes PacI, SwaI, and PmeI (e.g., 3, 10 and 5 times, respectively, in
B. diazoefficiens) are flanking the MCS, and are thus likely suited to excise cloned fragments in case
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original restriction sites were lost during cloning. Finalized pREDSIX derivatives can be transferred into
target organisms by means of chemical transformation, electroporation, or alternatively by
conjugation because pREDSIX comprises the oriT of plasmid RP4 (514). Upon selection for the antibiotic
resistance encoded by the gene cloned between the genomic regions (in case of marker exchange
mutagenesis with pREDSIX derivatives; Fig. 3.2A) or for the vector-encoded resistance (tetracycline in
case of markerless mutagenesis with pTETSIX derivatives; Fig. 3.2C), clones resulting from double or
single crossover events with the incoming suicide plasmid can be differentiated by means of their
fluorescence phenotype (Fig. 3.2B, D). The vector backbone of pREDSIX contains mCherry constitutively
expressed from the M. extorquens tuF promoter which functions efficiently in a broad range of
bacterial species (452). Accordingly, clones that have undergone only one homologous recombination
have the entire plasmid inserted in the genome and therefore exhibit red fluorescence upon
appropriate excitation. By contrast, non-fluorescent clones likely originate from a recombination event
in both flanking regions resulting in chromosomal insertion of the marker and concomitant loss of the
suicide plasmid.
During markerless mutagenesis, we serially propagated fluorescent clones obtained after the mating
in liquid cultures without antibiotic selection to allow for loss of the vector backbone via a second
crossover event (Fig. 3.2C center). We enriched the resulting non-fluorescent cells by FACS and
determined the genotype (wild type or markerless mutant) of sorted clones by colony PCR. Because
FACS enables analysis of >10'000 events per second, even very rare non-fluorescent cells can be
selected in a short time. Marker exchange mutagenesis is faster than the markerless strategy, however,
it can be limited by the number of available antibiotic resistance gene cassettes (e.g., during the
construction of strains carrying multiple mutations) and intrinsic resistance of target organisms. For
example, B. diazoefficiens is naturally resistant to ampicillin, and many other environmental bacteria
are also insensitive to β-lactam antibiotics (515, 516). We have alleviated this problem by two means.
First, pREDSIX confers ampicillin resistance rather than tetracycline resistance which is encoded by the
original pSUP202 vector (498) and its derivatives (e.g., pSUP202pol1/2/4 [477, 517]). Tetracycline
resistance thus becomes available as an additional marker for mutagenesis. Second, we have
assembled on plasmid pRGD-HmR a hygromycin B resistance gene cassette (518) (PaphII-hph5) and
demonstrated its functionality in B. diazoefficiens (data not shown). Along with the other resistance
gene donor plasmids (pRGD) constructed in this work, a total of five resistance gene cassettes is now
available for marker-exchange mutagenesis, i.e., resistance to kanamycin (aphII; pRGD-KmR),
streptomycin/spectinomycin (aadA; pRGD-SmR), gentamicin (aacC1; pRGD-GmR), tetracycline
(tetA(C); pRGD-TcR), or hygromycin B (hph5; pRGD-HmR). In all pRGD plasmids we cloned resistance
genes between restrictions sites which are i) not present in pREDSIX, and ii) rare in the genome of GCrich organisms, for example B. diazoefficiens. The orientation of the restriction sites relative to the
resistance genes and the addition of unique sites enables excision of cassettes either with one enzyme
only or in an oriented manner with two different enzymes. Maps of pREDSIX and the resistance gene
donor plasmids (pRGD derivatives) can be found in Fig. 3.1 and Fig. S3.3 in the supplemental material,
respectively.
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Figure 3.2: Outline of targeted B. diazoefficiens mutagenesis with pREDSIX (A) and pTETSIX (C) derivatives, which both are
transferred to recipient cells by conjugation. For marker exchange mutagenesis (A), exconjugants are plated on agar
medium selecting for recipient clones which have acquired the resistance gene (Abr; grey arrow) that had been cloned
between the flanking regions (black and white boxes) of the targeted gene (GOI; green arrow). Clones which grow originate
from cells that have either undergone one (genomic integration of the entire suicide plasmid) or two homologous
recombination(s) (HR) (replacement of GOI by Abr). Colonies of the two classes of exconjugants differ in their red
fluorescent phenotype which is readily determined by comparative observation under white (B, top panel) and green light
(B, bottom panel). Markerless mutants (C) were constructed with pTETSIX derivatives in which the flanking regions of GOI
were cloned in tandem next to a tetracycline resistance gene (Tcr; grey arrow). By plating exconjugants on tetracyclinecontaining agar plates, only red fluorescent clones that had undergone a single HR were selected. A single colony thereof
was serially propagated in liquid cultures under non-selective conditions to allow for the second HR. When the HR occurred
via pathway 1, the wild-type genotype was restored whereas the desired markerless deletion was generated when it
followed pathway 2. To enrich for rare, non-fluorescent cells (either wild type or desired deletion mutant), fluorescenceassisted cell sorting (FACS) was used. Gating conditions were optimized using cells of non-fluorescent wild-type (P1 in
panel D) and mCherry-tagged B. diazoefficiens strain mChe-4 (P4). Sorted, non-fluorescent cells were plated on nonselective plates and resulting colonies double checked by eye for their fluorescent phenotype. Eventually, the genotype
of non-fluorescent candidate clones was verified by PCR in both mutagenesis strategies.
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Generation of B. diazoefficiens mutants using the novel genetic tools
To document the suitability of the newly developed tools for mutagenesis of B. diazoefficiens, we
constructed nifA and fixR deletion strains by marker exchange and markerless in-frame deletion
mutagenesis, respectively (see Materials and Methods) (Fig. 3.3). We chose the fixR-nifA operon as
mutagenesis target because mutants in these genes were constructed previously (266), and thus the
phenotype of the new mutants constructed in this work could be compared to that of the formerly
generated mutant strains.
While screening B. diazoefficiens exconjugants during construction of nifA mutant strains 9879 and
9880, we obtained 47% and 32%, respectively, non-fluorescent, double crossover candidate clones. In
5 red fluorescent and 10 non-fluorescent colonies of each construct (i.e., 10 red fluorescent and 20
non-fluorescent ones in total) we checked the presence/absence of the pREDSIX backbone by PCR. Ten
out of the 10 fluorescent colonies were positive for pREDSIX but none of the 20 non-fluorescent
candidates. This result indicated that no spontaneous loss of red-fluorescence occurred in single
crossover clones and our interpretation of all non-fluorescent clones was correct. When we checked
the 20 double-crossover candidates by PCR for correct exchange of nifA by aphII, we proofed 18 of
them to be correct mutants while the remaining 2 were likely spontaneous kanamycin-resistant clones
which never received the pREDSIX derivative. Notably, the frequency of spontaneous resistant clones
during marker exchange mutagenesis in B. diazoefficiens varied substantially depending on the
antibiotic applied for selection. While it was very low for tetracycline, hygromycin B, and kanamycin,
it could be as high as 50% when streptomycin or gentamicin were used for selection (data not shown).
For construction of a non-polar markerless in-frame deletion of B. diazoefficiens fixR with plasmid
pRJ9882, we selected clones that had undergone a single homologous recombination on tetracycline
plates and subsequently propagated them in serial liquid cultures lacking this antibiotic to allow for a
second homologous recombination event (Fig. 3.2C). We used FACS to enrich non-fluorescent (i.e.,
lacking mCherry) cells: both restored wild-type bacteria, and the desired deletion mutants (Fig. 3.2C,
recombination events 1 and 2, respectively). We optimized gating conditions for non-fluorescent
bacteria with negative (buffer only and untagged wild-type bacteria) and positive (mCherry-tagged B.
diazoefficiens strain mChe-4) controls (see Fig. 3.2D and Fig. S3.4) (see Materials and Methods). We
collected roughly 100'000 non-fluorescent events (corresponding to ~2.5% of all events) by FACS,
consisting of cells and abiotic particles. Plating aliquots of the sorted suspension and determination of
colony forming units revealed that only ~0.25% of non-fluorescent events represented bacterial cells.
Because of FACS's high efficiency, this was not a limiting factor. About half of the plated colonies were
non-fluorescent; the rest fluoresced and likely represented incorrectly sorted cells. We confirmed the
desired fixR deletion by PCR in 5 out of 34 candidates (15%), whereas in the remaining 29 clones (85%)
the fixR wild-type situation was restored, indicating that recombination along pathway 1 was preferred
over pathway 2 (see Fig. 3.2B).
Meanwhile, we have generated 20 additional markerless B. diazoefficiens deletion mutants using the
protocol described above (data not shown). We found that we could substantially lower the proportion
of abiotic particles simply by using sterile filtered medium for propagation. Typically, we sorted 50'000250'000 non-fluorescent events per mutagenesis, which represented a rather constant small fraction
of 0.3 to 1% of all events. As observed during deletion mutagenesis of fixR (see above), only a minor
fraction (~1%) of non-fluorescent events represented true bacteria, and about half thereof gave rise
to non-fluorescent colonies. In average, 15% of these candidates carried the correct deletion
(~0.0005% of the cells present in the last non-selective subculture; Fig. 3.2C). Taken together, we found
the FACS-assisted protocol to be novel, efficient and robust method to generate a series of
B. diazoefficiens markerless deletion mutants, including strains harboring multiple deletions.
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In order to further streamline markerless mutagenesis, we have developed vector pTETSIX (Fig. 3.1B)
which offers the same advantageous features as pREDSIX except that the tetracycline resistance gene
is located adjacent the MCS. Thus, upon assembly of the DNA fragments flanking the targeted region,
the plasmid is ready for transfer into the organism to be mutated.

Figure 3.3: Genetic maps of B. diazoefficiens nifA
marker exchange mutants (strains 9879 and 9880)
and the markerless fixR in-frame deletion mutant
(strain 9882) constructed in this work (A). In the
central part of panel A, the organization of fixRnifA operon is depicted. The upper and lower part
show the genotype of the resulting mutant strains
including the DNA regions which were cloned in
the respective pREDSIX derivatives pRJ9879,
pRJ9880, and pRJ9882. For nifA mutagenesis, a
cassette containing the aphII kanamycin resistance
gene was cloned in either orientation between the
flanking regions (grey and hatched bars). For fixR
deletion, the flanking regions (black and hatched
bars) were amplified by overlap PCR such that a
fixR in-frame deletion was generated (for details,
see Materials and Methods) Horizontal arrows
mark the start site of fixR-nifA transcripts
originating from the overlapping RegR- and NifAdependent promoters (258, 260). The genotype of
all mutants was verified by PCR amplification of
characteristic genomic fragments with the
indicated primer combinations followed by
agarose gel electrophoresis (B).

Phenotypic characterization of newly constructed B. diazoefficiens mutants
We compared the symbiotic phenotype of the newly constructed nifA deletion strains 9879 and 9880
to that of the previously isolated nifA mutant A9 (266) in a soybean infection test. All three mutants
showed the same phenotype, i.e., no nitrogenase activity and nodules with characteristic signs of
necrosis (Fig. S3.5A and B; see [266, 519]). This result demonstrated the utility of the pREDSIX-based
mutagenesis strategy for B. diazoefficiens and other Alphaproteobacteria (see below).
In the past, the B. diazoefficiens fixR-nifA operon had been studied functionally with insertion and
deletion mutants (266). Given the operon structure (Fig. 3.3A), the resistance gene cassette-based
mutations in fixR had inevitably polar effects on nifA transcription. With the construction of the
markerless fixR in-frame deletion strain 9882, for the first time a B. diazoefficiens mutant became
available which lacks a functional fixR gene, yet is very likely to retain natural levels of nifA expression
brought about by the two overlapping promoters associated with the fixR-nifA operon (258, 260). Our
finding that strain 9882 showed a symbiotic wild-type phenotype when inoculated on soybean plants
(Fig. S3.5C and D) is in agreement with our previous results and ultimately demonstrated that the
symbiotic function of NifA is independent of FixR provided its transcription is ensured. In conclusion,
we documented that pTETSIX is a valuable novel tool for markerless mutagenesis and an attractive
solution in systems where sacB-based methods are not applicable.
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pREDSIX-based marker-exchange mutagenesis in other Alphaproteobacteria
We were interested to test whether pREDSIX can be used for marker exchange mutagenesis in other
Alphaproteobacteria. Specifically, we applied it for marker replacement of (i) a plasmid-borne gene in
S. melonis Fr1 (Sphme2DRAFT_3836), (ii) a very large gene (>6kb) in R. palustris TIE-1 (rpal4480), and
(iii) the mxaF gene of M. extorquens AM1. While we obtained several hundred candidate clones with
all three bacterial species, the percentage of non-fluorescent colonies was generally lower compared
to B. diazoefficiens (S. melonis: 3.6%; R. palustris: 6.5%; M. extorquens: 8.2%). We confirmed the
correct genotype (including the orientation of the inserted antibiotic resistance cassette) by PCR in 8
of 8 and 7 of 8 candidate clones of R. palustris and M. extorquens, respectively. The respective ratio
was lower for S. melonis (14 out of 22), which could be explained by the fact that the targeted gene
was located on a plasmid that might be present in multiple copies. Finally, we confirmed the predicted
phenotype of the M. extorquens mxaF deletion mutants 0002 and 0003 by demonstrating their
inability to grow on minimal medium with methanol as sole carbon source. Supplementation of the
medium with La3+ restored growth due to alternative La3+-dependent methanol dehydrogenases
present in M. extorquens AM1 (512) (data not shown).

Conclusions
Here we present a set of valuable tools for efficient marker exchange and markerless deletion
mutagenesis in B. diazoefficiens and other Alphaproteobacteria. Discrimination of vector-containing
(cointegrant) clones originating from a single recombination event and desired mutant candidates is
based on the vector-located mCherry gene which renders cointegrant clones red fluorescent. The novel
tools are particularly attractive for bacterial species where alternative selection systems based on
conditionally lethal genes (e.g., sacB, pheS, rpsL) are not applicable or available. The mCherry-based
system is independent of specific media, exogenously added compounds or a defined host genoype,
which can be limiting factors. Our method avoids selection with conditionally lethal genes and thus is
less prone to the isolation of false positive clones originating from mutational inactivation of the lethal
gene. This may be particularly critical in situation where conditions required for lethal counterselection
may interfere with the phenotype of desired mutants (e.g., during isolation of osmosensitive mutants
with sacB-based systems; see [520]).
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3.6 Supplemental material
Table S3.1: Oligonucleotides used in this work.
Oligonucleotide
Sequence (5' -> 3')
pSUP-3
CCGGATTAATTAACATTTAAATCTTAAGGCTAGCATGCAT
CCTAGGCAATTGTCTAGAGTTTAAACAG
pSUP-4
bla-1

TGTTTAAACTCTAGACAATTGCCTAGGATGCATGCTAGCC
TTAAGATTTAAATGTTAATTAAT
GGTACCATACAATTGGAAATGTGCGCGGAACCC

bla-2

CCATCGATACAAACAAACCACCGCTGGTAG

pUCori-1

AAACCTGTCAGACCAAGTTTACTC

pUCori-2

GACGTCGACTGCCAGCTGCATTAA

bla-3

TTACCAATGCTTAATCAGTGAGG

bla-4

AAGGGCGAATTGGAAATGTG

red-1

GCCTCAGGCATTTGAGAAG

red-2

GTCTGACGCTCAGTGGAACG

AB-mcs1

AGCTTCGAACATATGGTACCATCGATGAATTCACTAGTGA
TATCTTCGAATCGATACTAGTCATATGAATTCGGTACC

AB-mcs2
tetR-1
tetR-2

AGCTGGTACCGAATTCATATGACTAGTATCGATTCGAAGA
TATCACTAGTGAATTCATCGATGGTACCATATGTTCGA
GTATCACGAGGCCCTTTC
CCTAGGTGCGCATTCACAGTTC

hph5-3

GGCCGAATCGATATACGGAATTCGAGCTCGCAC

hph5-4

AAGAATCCCGGGTGAGCACCGAACCCACCATG

nifA-4

CGTACTCAATTGGCCACTGCCAAGCTATTC

nifA-5

CGTACTCATATGCTAGCGCCAAGTGTTGAC

nifA-6

CGTACTCATATGGACGGTCCGCGTAGTTAATC

nifA-7

CGTACTGCTAGCTGAGGTTTGCCGGACCATATTC

sXov-1

GAGGCACCTATCTCAGCGATCTGTC

sXov-2

CGCGCAGCTTCACCTTGTAGATG

Kan-2

CATCGCCTTCTATCGCCTTC

Kan-4

CAATAGCAGCCAGTCCCTTC

nifA-8

GCCTCGTTGACGCTGTTAATG

nifA-9

CGTAAGTTAGCTGCCCTACG

Am1_mxaF-1

GCTTACACTAGTCCGCCGATCTGGAAGTAGC

Am1_mxaF-2

GCTTACCATATGTTCGGCCTCGCGGTATCTC

Am1_mxaF-3

GTTCACCATATGTGACGGCAGATGCGAACC
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Use
Insertion of MCS in pREDSIX; contains
sites for PacI, SwaI, AflII, NheI, NsiI,
AvrII, MunI, XbaI, PmeI (in this order)
Complement of pSUP-3
Amplification of β-lactamase from
pBR322; KpnI, MunI
Amplification of β-lactamase from
pBR322; ClaI
Amplification of oriV from pUCBM21;
PmeI half site
Amplification of oriV from pUCBM21;
SalI
Amplification of β-lactamase from
pSUPrcs
Amplification of β-lactamase from
pSUPrcs
Sequencing primer for inserts in the
pREDSIX MCS
Sequencing primer for inserts in the
pREDSIX MCS
Insertion of MCS in pRGD plasmids;
contains central EcoRV site flanked by
two sites of each BstBI, NdeI, KpnI, ClaI,
EcoRI, SpeI
Complement of AB-mcs1
Amplification of tetA(C) from pBR322
Amplification of tetA(C) from pBR322;
AvrII
Amplification of hph5 from pRJPaphhph5; ClaI, EcoRI
Amplification of hph5 from pRJPaphhph5; SmaI
Amplification of upstream region of
nifA; MunI
Amplification of upstream region of
nifA; NdeI
Amplification of downstream region of
nifA; NdeI
Amplification of downstream region of
nifA; NheI
Amplification of a 1620 bp fragment of
the pREDSIX backbone
Amplification of a 1620 bp fragment of
the pREDSIX backbone
Primer reading out of Kmr cassette
used for verification of mutants
Primer reading out of Kmr cassette
used for verification of mutants
Primer for verification of nifA
replacement
Primer for verification of nifA
replacement
Amplification of upstream region of
mxaF; SpeI
Amplification of upstream region of
mxaF; NdeI
Amplification of downstream region of
mxaF; NdeI
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Am1_mxaF-4

GGCATCGAATTCTAGCGGCCGATATCCTTGAG

Strp-3

GCCTTGATGTTACCCGAGAG

Strp-5

GCGAAGTAATCGCAACATCC

Am1_mxaF-5

TAGCCGTCGTTGCAATCGTG

Am1_mxaF-6

ATCTTCGGCTTGGCCTTCTC

Fr1_3836-1

CCATACCAATTGCTCGATCACGGTGCGTAAGG

Fr1_3836-2

GGTATCCATATGCGAACCTCCCCTCAGTCTTG

Fr1_3836-3

GCTACTCATATGGAACGTGCAAAGCGGCTAACC

Fr1_3836-4

GGATTGACTAGTGACCGATGGCTGCTTTCACTG

Fr1_3836-5

TCACCGAGCTGGTCATCAAC

Fr1_3836-6

CCGATCCGCTGTAATGTTCC

Fr1_3836-7

CTCCTCGATTGGCCGGATTC

Fr1_3836-8

CCCGGATGCTGTCCATTGTC

TIE-1_4480-1

GGTTAGGAATTCTTGCTCGTCGGACGCTTTGC

TIE-1_4480-2

GGGCTTGCTAGCTTAGGATTGTTCGCCATCTTG

TIE-1_4480-3

GGTGTTGCTAGCGCGGCAGGTAGCCATAACG

TIE-1_4480-4

GGTGTTCTGCAGTGCCGGCGCGGTCATAGG

TIE-1_4480-5

TAGCCGAAGTCGAGCATGTC

TIE-1_4480-6

GGCATAGCCGAGGTCGATTC

fixR-9

GGCACCCAATTGTTGCCCGCTGCGACACGGTGATCCG

fixR-10

TCACAGATGCTGGAGACCCACGGCCGCCTCCTC

fixR-11

GGCCGTGGGTCTCCAGCATCTGTGAAGCGG

fixR-12

CCATATACTAGTCAACTGTCTGTTTCTCTAGCCGGTCCTTG

fixR-13

GCCCTCACCGAGATGTATCTCC

fixR-14

TGATCCCGTGTGCCTGAAGC

fixR-15

AAGATGACCTTGGCCACTTCG

fixR-16

CACATTTGGATCGCCTCGTTG
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Amplification of downstream region of
mxaF; EcoRI
Primer reading out of Smr and Gmr
cassettes used for verification of
mutants
Primer reading out of Smr and Gmr
cassettes used for verification of
mutants
Primer for verification of mxaF
replacement
Primer for verification of mxaF
replacement
Amplification of upstream region of
Sphme2DRAFT_3836; MunI
Amplification of upstream region of
Sphme2DRAFT_3836; NdeI
Amplification of downstream region of
Sphme2DRAFT_3836; NdeI
Amplification of downstream region of
Sphme2DRAFT_3836; SpeI
Primer for verification of
Sphme2DRAFT_3836 replacement
Primer for verification of
Sphme2DRAFT_3836 replacement
Amplification of an internal
Sphme2DRAFT_3836 fragment
Amplification of an internal
Sphme2DRAFT_3836 fragment
Amplification of upstream region of
rpal4480, EcoRI
Amplification of upstream region of
rpal4480, NheI
Amplification of downstream region of
rpal4480, NheI
Amplification of downstream region of
rpal4480, PstI
Primer for verification of rpal4480
replacement
Primer for verification of rpal4480
replacement
Amplification of upstream region of
fixR, MunI
Amplification of upstream region of
fixR
Amplification of downstream region of
fixR
Amplification of upstream region of
fixR, SpeI
Amplification of both flanking regions
and fixR (wt) or deletion (mutant)
Amplification of both flanking regions
and fixR (wt) or deletion (mutant)
Amplification of a fixR-internal
fragment
Amplification of a fixR-internal
fragment
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>pREDSIX

CTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCG
CTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGT
ATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAA
GAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGC
GTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAG
GTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGT
GCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGG
AAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCG
CTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGG
TAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCAC
TGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTG
GCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGT
TACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGG
TGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCC
TTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTT
GGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTT
TAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGGTTTAAACTCTAGACAAT
TGCCTAGGATGCATGCTAGCCTTAAGATTTAAATGTTAATTAATCCGGTTTATTGACTAC
CGGAAGCAGTGTGACCGTGTGCTTCTCAAATGCCTGAGGCCAGTTTGCTCAGGCTCTCCC
CGTGGAGGTAATAATTGACGATATGATCCAGCCGACCAGGCTTTCCACGCCCGCGTGCCG
CTCCATGTCGTTCGCGCGGTTCTCGGAAACGCGCTGCCGCGTTTCGTGATTGTCACGCTC
AAGCCCGTAGTCCCGTTCGAGCGTCGCGCAGAGGTCAGCGAGGGCGCGGTAGGCCCGATA
CGGCTCATGGATGGTGTTTCGGGTCGGGTGAATCTTGTTGATGGCGATATGGATGTGCAG
GTTGTCGGTGTCGTGATGCACGGCACTGACGCGCTGATGCTCGGCGAAGCCAAGCCCAGC
GCAGATGCGGTCCTCAATCGCGCGCAACGTCTCCGCGTCGGGCTTCTCTCCCGCGCGGAA
GCTAACCAGCAGGTGATAGGTCTTGTCGGCCTCGGAACGGGTGTTGCCGTGCTGGGTCGC
CATCACCTCGGCCATGACAGCGGGCAGGGTGTTTGCCTCGCAGTTCGTGACGCGCACGTG
ACCCAGGCGCTCGGTCTTGCCTTGCTCGTCGGTGATGTACTTCACCAGCTCCGCGAAGTC
GCTCTTCTTGATGGAGCGCATGGGGACGTGCTTGGCAATCACGCGCACCCCCCGGCCGTT
TTAGCGGCTAAAAAAGTCATGGCTCTGCCCTCGGGCGGACCACGCCCATCATGACCTTGC
CAAGCTCGTCCTGCTTCTCTTCGATCTTCGCCAGCAGGGCGAGGATCGTGGCATCACCGA
ACCGCGCCGTGCGCGGGTCGTCGGTGAGCCAGAGTTTCAGCAGGCCGCCCAGGCGGCCCA
GGTCGCCATTGATGCGGGCCAGCTCGCGGACGTGCTCATAGTCCACGACGCCCGTGATTT
TGTAGCCCTGGCCGACGGCCAGCAGGTAGGCCGACAGGCTCATGCCGGCCGCCGCCGCCT
TTTCCTCAATCGCTCTTCGTTCGTCTGGAAGGCAGTACACCTTGATAGGTGGGCTGCCCT
TCCTGGTTGGCTTGGTTTCATCAGCCATCCGCTTGCCCTCATCTGTTACGCCGGCGGTAG
CCGGCCAGCCTCGCAGAGCAGGATTCCCGTTGAGCACCGCCAGGTGCGAATAAGGGACAG
TGAAGAAGGAACACCCGCTCGCGGGTGGGCCTACTTCACCTATCCTGCCCGGCTGACGCC
GTTGGATACACCAAGGAAAGTCTACACGAACCCTTTGGCAAAATCCTGTATATCGTGCGA
AAAAGGATGGATATACCGAAAAAATCGCTATAATGACCCCGAAGCAGGGTTATGCAGCGG
AAAAGCGCTGCTTCCCTGCTGTTTTGTGGAATATCTACCGACTGGAAACAGGCAAATGCA
GGAAATTACTGAACTGAGGGGACAGGCGAGAGACGATGCCAAAGAGCTACACCGACGAGC
TGGCCGAGTGGGTTGAATCCCGCGCGGCCAAGAAGCGCCGGCGTGATGAGGCTGCGGTTG
CGTTCCTGGCGGTGAGGGCGGATGTCGAGGCGGCGTTAGCGTCCGGCTATGCGCTCGTCA
CCATTTGGGAGCACATGCGGGAAACGGGGAAGGTCAAGTTCTCCTACGAGACGTTCCGCT
CGCACGCCAGGCGGCACATCAAGGCCAAGCCCGCCGATGTGCCCGCACCGCAGGCCAAGG
CTGCGGAACCCGCGCCGGCACCCAAGACGCCGGAGCCACGGCGGCCGAAGCAGGGGGGCA
AGGCTGAAAAGCCGGCCCCCGCTGCGGCCCCGACCGGCTTCACCTTCAACCCAACACCGG
ACAAAAAGGATCTACTGTAATGGCGAAAATTCACATGGTTTTGCAGGGCAAGGGCGGGGT
CGGCAAGTCGGCCATCGCCGCGATCATTGCGCAGTACAAGATGGACAAGGGGCAGACACC
CTTGTGCATCGACACCGACCCGGTGAACGCGACGTTCGAGGGCTACAAGGCCCTGAACGT
CCGCCGGCTGAACATCATGGCCGGCGACGAAATTAACTCGCGCAACTTCGACACCCTGGT
CGAGCTGATTGCGCCGACCAAGGATGACGTGGTGATCCTCTACGCCGGACGCATCGTGGC
CGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGG
GGAAGATCCTTGAAGCTGTCCCTGATGGTCGTCATCTACCTGCCTGGACAGCATGGCCTG
CAACGCGGGCATCCCGATGCCGCCGGAAGCGAGAAGAATCATAATGGGGAAGGCCATCCA
GCCTCGCGTCGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT
CGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTA
CCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTA
TCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCC
GCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAAT
AGTTTGCGCAACGTTGTTGCCATTGCTGCAGGCATCGTGGTGTCACGCTCGTCGTTTGGT
ATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTG
TGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCA
GTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTA
AGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGG
CGACCGAGTTGCTCTTGCCCGGCGTCAACACGGGATAATACCGCGCCACATAGCAGAACT
TTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCG
CTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTT
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ACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGA
ATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGC
ATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAA
CAAATAGGGGTTCCGCGCACATTTCCAATTCGCCCTTAGTGAAGACAAAGGTAAGCTTGC
TCGATCTCGGCGAGCGCCGCGGCGGCGCCCCGGAGGCGCAGCGGCTCTACGAGCAGGTCG
GCGAGGCCGCGTCCTGACCCCTCATTCGGCGCGATCCGCCCTGCCGGCAAACCTGCCGCT
TGATCATCGTCGCACAAGCCTCTAATCGGTCCGCGCCTTTACGCCCGGCTTATGGCCGGT
CCCGCGGTAGGATTGCACGAAGCTTAGATCTTGACTAGAAATAAGAAGGAGATATAATTA
TGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGG
TGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCC
GCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCT
TCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACC
CCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCG
TGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACG
GCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAA
TGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCG
CCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTG
AGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCA
ACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAAC
GCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGGAATTGAAGCTTA
GATCTTGA

4200
4260
4320
4380
4440
4500
4560
4620
4680
4740
4800
4860
4920
4980
5040
5100
5160
5220
5280
5340

Figure S3.1: Nucleotide sequence of vector pREDSIX. Features include oriV (position no. 6 - 990), MCS (1,003 - 1,063), Mob
region for conjugal transfer (1,165 - 3,154), bla conferring resistance to ampicillin (4,232 - 3,372), constitutive promoter
PtuF (4,353 - 4,579) expressing mCherry (4,620 - 5,327). See Fig. S3.1A for plasmid map.

Figure S3.2: Modular cloning strategy for assembly
of plasmids to be used for marker exchange
mutagenesis. Flanking regions (black and white
rectangles) of the DNA region to be deleted are PCR
amplified using primers including restriction
enzyme sites (a, c, b) which are compatible with
sites present in the multiple cloning site (MCS) of
pREDSIX (a, c) and in pRGD-AbR plasmids (b).
Restriction sites in pREDSIX and pRGD-AbR
plasmids are designed for optimal compatibility
and flexibility. PCR amplicons and pREDSIX are
digested as indicated and ligated in a single,
tripartite ligation reaction to yield the recombinant
plasmid 1 containing a pRGD-AbR-compatible
unique site (b) between the assembled flanking
regions. Upon sequence verification, plasmid 1 is
linearized at restriction site b and ligated with a
cassette (light grey box) which contains the desired
antibiotic resistance gene (Abr, dark grey arrow)
released by the same or a compatible enzyme (b)
from the respective pRGD derivative (pRGD-AbR).
Ligation results in plasmids 2 and 3 which differ in
the orientation of the resistance gene cassette
relative to the cloned flanking regions.
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Figure S3.3: Maps of the 5 resistance gene donor plasmids (pRDGs) constructed in this work. Black solid arrows denote
the bla gene (conferring ampicillin resistance) on the vector backbone and antibiotic resistance genes which are specific
for individual plasmids (pRGD-GmR: aacC1, gentamicin resistance; pRGD-KmR: aphII, kanamycin resistance; pRGD-HmR:
hph5, hygromycin resistance; pRGD-SmR: aadA, streptomycin/spectinomycin resistance; pRGD-TcR: tetA(C); tetracycline
resistance). Depending on the enzyme(s), restriction sites arranged in multiple cloning sites (open boxes) can be used
individually or in combination for excision of resistance gene cassettes which then can be inserted in pREDSIX derivatives
to be used for marker exchange mutagenesis (see Fig. S3.2).
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Figure S3.4: Gating conditions applied during FACSbased ΔfixR mutant selection. (A) Of all events, those
having side (SSC-A) and forward (FSC-A) scattering
properties
typical for bacterial cells were gated in the window P2.
(B) All events selected in P2
were analyzed for their red fluorescence, those being
clearly non-fluorescent (P3)
were sorted, and bacterial cells therein were grown to
colonies on PSY agar plates.
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Figure S3.5: Symbiotic phenotype of newly constructed B. diazoefficiens nifA (9879, 9880) and fixR (9882) mutants
evaluated 21 (nifA mutants) or 20 (fixR mutant) days after inoculation of soybean seedlings. For comparison, wild-type
B. diazoefficiens 110spc4) and the previously described nifA::aphII mutant A9 were included. (A, C) Nodule number, nodule
dry weight (mg) and specific nitrogenase activity (units min-1 nodule dry weight-1). (B, D) Sections through nodules elicited
by the indicated strains. White arrowheads in nifA mutant-induced nodules denote dark-brown zones of plant tissue
necrosis which is characteristic for these mutants. Shown are mean values and standard deviation derived from at least 9
plants per strain. The data presented in panels A, B and C, D were generated in independent experiments.
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4.1 Abstract
Tools for controlled gene expression enable the construction of conditional knockouts and depletion
studies, which is particularly useful for functional characterization of essential genes or genes encoding
toxic products. Although such systems are well established in many model organisms, their application
in other species may be difficult and for many bacteria of interest they are not readily available. To
date, no suitable system for controlled gene expression has been developed for Bradyrhizobium
diazoefficiens, the nitrogen-fixing root nodule symbiont of soybean. Here, we describe a set of
synthetic promoters which can be controlled via external addition of cumate or (anhydro)tetracycline
in combination with the respective apo-repressors CymR and TetR that are encoded on the expression
constructs. Both systems allow stringent control of expression with no or minute, inducer-independent
background activity and fast, strong (50- to 1350-fold) induction upon inducer addition. Different
variants of cumate-inducible promoters were designed enabling further fine-tuning of expression
levels according to specific needs. Furthermore, we constructed an expression cassette with cymR
transcribed from the promoter of the B. diazoefficiens nifD gene. As this promoter is induced under
microoxic conditions prevailing in root nodules, the construct enables symbiotic repression of any gene
transcribed from a CymR-controlled promoter, which can facilitate functional analysis.
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4.2 Introduction
To understand the function of a given genetic locus, its genetic manipulation is key. In bacteria, it is
common to generate loss-of-function mutants by targeted deletion of the locus of interest followed
by phenotypic mutant analysis. An alternative and complementary strategy to study the role of genes
(and products thereof) is overexpressing a given gene or operon. Overexpression is particularly helpful
if gene deletion is not possible (e.g., if the locus is essential), and it is readily achieved by cloning the
region of interest under control of a strong promoter and/or increasing its copy number. However,
overexpression can be hampered as it may cause toxic effects, which also includes the risk for
accumulation of suppressor mutants. The solution is to express the gene of interest in a conditiondependent manner with an expression level barely stressing the cell. This strategy can also be applied
in depletion studies to study the function of essential genes. Cells are pre-grown under permissive
(inducing) conditions, switched to non-permissive (repressing) conditions and phenotypically
characterized during depletion of the essential gene product.
As bacteria contain complex regulatory circuits to adjust gene expression in a condition-dependent
manner, the respective regulatory elements represent obvious choices to be adapted for controlled
gene expression. The first controllable expression system was derived from the lac operon (521) and
has since then been modified to overcome some of its limitations (522, 523). To date, its derivatives
are widely used systems for controlled gene expression. Similar systems have been developed using
the E. coli-derived arabinose- (524) and rhamnose- (525) inducible systems, aside from many others.
In fact, for many important model systems, today at least one, often many inducible systems based on
various inducers are known, allowing tight control, differential expression levels or even graded
expression (526-541). However, transfer of such systems from one species to another has been proven
difficult and many organisms still lack suitable systems for controlled gene expression. Several
limitations can challenge the transfer of such controlled systems from one species to another: (i) the
original promoter sequence is not or badly recognized by σ factors of the new host; (ii) the system is
(partially) based on a transcriptional activator, which needs to bind promoter upstream DNA and RNA
polymerase and either the xeno-activator does not recognize the RNA polymerase of the new host, or
a host endogenous activator homolog does not recognize the promoter upstream binding sequence;
(iii) codon usage of foreign transcriptional activators or repressors is not suited for the new host and
therefore weakly translated; (iv) the inducing substance is not entering the new host, either because
of membrane composition or the lack of transporters; (v) host endogenous enzymes catabolize the
inducing substance. Furthermore, bacteria under any standard growth condition should not encounter
the inducing substance/condition (e.g. a substance being found in complex media). Ideally, an
inducible system should therefore be based on: (i) repressors rather than activators, eliminating the
need for productive activator–RNA polymerase interactions; (ii) a membrane-permeable inducer that
is not degraded by the host.
The α-proteobacterium Bradyrhizobium diazoefficiens (formerly Bradyrhizobium japonicum) forms a
nitrogen-fixing symbiosis with soybean plants and other legume plants. Like other rhizobia,
B. diazoefficiens invades root tissue of compatible legume host plants, which results in root nodule
organogenesis. Within nodules, rhizobia differentiate into intracellularly hosted bacteroids, which
synthesize nitrogenase to convert atmospheric dinitrogen into bioavailable ammonia. Fixed nitrogen
is supplied to the host plant, which in turn provides bacteroids with reduced carbon sources and other
nutrients (reviewed in [15, 44, 189, 256, 446, 447]).
To date, no efficient system for controlled gene expression in B. japonicum is available. Here we
describe a set of expression cassettes consisting of inducible promoters of different strengths and
associated regulatory elements, which allow tight control of gene expression in B. diazoefficiens. The
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first set combines a series of natural and mutated B. diazoefficiens promoters with regulatory elements
of a cumate- (4-isopropylbenzoic acid) inducible system originally described in Pseudomonas putida F1
(542, 543). A similar system has been developed for sphingomonads (433), and we have further
optimized it for its use in B. diazoefficiens. A special variant thereof enables cumate-independent
downregulation of genes in microaerobic environments such as root nodules. The second toolset is
based on the Tn10-derived tetR-tetA system, which can be induced by addition of tetracycline or its
non-toxic derivative anhydrotetracycline (aTc) (544-547).

4.3. Materials and Methods
Bacterial strains and growth conditions
Strains and plasmids used in this study are listed in Table 4.1. If not stated otherwise, E. coli was grown
in LB medium (469) at 37°C. B. diazoefficiens was grown aerobically and microaerobically at 30°C in
PSY medium (472) supplemented with 0.1% L(+)-arabinose (268). For anaerobic growth, YEM medium
(548), supplemented with 10 mM KNO 3 , 200 nM CuSO 4 (549), and 0.1% D(+)-xylose (550) was used.
Table 4.1: Strains and plasmids used in this study
Strain or plasmid
Relevant phenotype and genotype
Escherichia coli
DH5α
S17-1 λpir
SM10
Bradyrhizobium
diazoefficiens
110spc4
A9
LacZYA-1
LacZYA-Q1
GusA-Q1
bjGFP-Q1
LacZYA-Q2
LacZYA-Q3
LacZYA-Q4
LacZYA-Q5
LacZYA-Q6
LacZYA-T
9967
A9-67
LacZYA-dT1.1
LacZYA-dT1.2
LacZYA-dT2.1
LacZYA-dT2.2
LacZYA-dT3.1
LacZYA-dT3.2
LacZYA-dT4.1
LacZYA-dT4.2
LacZYA-dT5.1
LacZYA-dT5.2
LacZYA-dT6.1
LacZYA-dT6.2

Reference or
source

supE44 ΔlacU169 (φ80 lacZΔM15) hsdR17 recA1 gyrA96 thi-1 relA2
Smr Spr hsdR (RP4-2 kan::Tn7 tet::Mu; chromosomally integrated)
Kmr thi-1 thr leu tonA lacY supE recA::RP4-2-tet::Mu

BRL,
Gaithersburg,
USA
(471)
(498)

Spr wild type
Spr Kmr nifA::aphII same orientation
Spr Tcr 110spc4 with chromosomal integration of pRJPaph-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJPcu1-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJPcu1-gusA
Spr Tcr 110spc4 with chromosomal integration of pRJPcu1-bjGFP
Spr Tcr 110spc4 with chromosomal integration of pRJPcu2-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJPcu3-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJPcu4-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJPcu5-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJPcu6-lacZYA
Spr Smr 110spc4 with chromosomal integration of pRJPtet-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJ9967
Spr Kmr Tcr A9 with chromosomal integration of pRJ9967
Spr Tcr 110spc4 with chromosomal integration of pRJdT1.1-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJdT1.2-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJdT2.1-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJdT2.2-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJdT3.1-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJdT3.2-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJdT4.1-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJdT4.2-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJdT5.1-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJdT5.2-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJdT6.1-lacZYA
Spr Tcr 110spc4 with chromosomal integration of pRJdT6.2-lacZYA

(472)
(266)
(56)
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

Plasmids

72

Chapter 4 - Inducible systems for controlled gene expression in Bradyrhizobium diazoefficiens

pBluescript
SK(+)
pGEM-T Easy

Apr cloning vector

pQH2
pRJPaph-gfp
pRJPaph-lacZYA
pRJPaph-gusA
pRJPaph-bjGFP
pREDSIX
pRGD-SmR
pRJPaph-hph5
pRJ3838
pBluescripttetR*
pMOB-SmR
pQH2-Prrn-mut2
pQH2-Prrn-mut8
pQH2-Prrn-mut9
pQH2-PrrngroESL2
pQH2-PrrngroESL2-mut1
pQH2-PrrngroESL2-mut2
pRJPcu1-lacZYA

Tcr pQH derivative with pBBR oriV
Tcr P aphII -gfp+ for integration downstream of scoI
Tcr P aphII -lacZYA for integration downstream of scoI
Tcr P aphII -gusA for integration downstream of scoI
Tcr P aphII -bjGFP for integration downstream of scoI
Apr mobilizable, high copy cloning and mutagenesis vector
Apr Spr Smr aadA in polylinker
Tcr Hmr P aphII -hph5 for integration downstream of scoI
Apr (pGEM-T Easy) P nifD
Apr (pBluescript SK(+)) tetR*, P tetA

Stratagene, La
Jolla, CA, USA
Promega,
Madison, WI,
USA
(433)
(56)
(56)
(56)
(56)
(265)
(265)
(265)
This work
This work

Apr Spr Smr (pREDSIX) aadA, oriT
Tcr (pQH2) Bd-P rrn-mut2 between cuO
Tcr (pQH2) Bd-P rrn-mut8 between cuO
Tcr (pQH2) Bd-P rrn-mut9 between cuO
Tcr (pQH2) Bd-P groESL2 between cuO

This work
This work
This work
This work
This work

Tcr (pQH2) Bd-P groESL2-mut1 between cuO

This work

Tcr (pQH2) Bd-P groESL2-mut2 between cuO

This work

Apr PCR cloning vector

Tcr (pRJPaph-lacZYA) P bla-mut1T -cymR*, P Q1 -lacZYA for integration downstream
This work
of scoI
pRJPcu2-lacZYA
Tcr (pRJPaph-lacZYA) P bla-mut1T -cymR*, P Q2 -lacZYA for integration downstream
This work
of scoI
pRJPcu3-lacZYA
Tcr (pRJPaph-lacZYA) P bla-mut1T -cymR*, P Q3 -lacZYA for integration downstream
This work
of scoI
pRJPcu4-lacZYA
Tcr (pRJPaph-lacZYA) P bla-mut1T -cymR*, P Q4 -lacZYA for integration downstream
This work
of scoI
pRJPcu5-lacZYA
Tcr (pRJPaph-lacZYA) P bla-mut1T -cymR*, P Q5 -lacZYA for integration downstream
This work
of scoI
pRJPcu6-lacZYA
Tcr (pRJPaph-lacZYA) P bla-mut1T -cymR*, P Q6 -lacZYA for integration downstream
This work
of scoI
pRJPcu1-gusA
Tcr (pRJPcu1-lacZYA) P bla-mut1T -cymR*, P Q1 -gusA for integration downstream of
This work
scoI
pRJPcu1-bjGFP
Tcr (pRJPcu1-lacZYA) P bla-mut1T -cymR*, P Q1 -bjGFP for integration downstream
This work
of scoI
pRJ9950
Hmr Spr Smr (pMOB-SmR) P aphII -hph5
This work
pRJ9951
Spr Smr (pRJ9950) tetR*, P tetA -hph5
This work
pRJPtet-lacZYA
Spr Smr (pRJ9951) tetR*, P tetA -lacZYA for integration downstream of scoI
This work
pRJ9954
Apr (pRJ9838) P nifD -cymR*
This work
pRJ9955
Apr (pRJ9954) P Q1 ; P nifD -cymR*
This work
pRJ9956
Tcr (pRJPaph-gfp) P Q1 , P nifD -cymR*
This work
pRJ9967
Tcr (pRJ9956) P Q1 -gusA, P nifD -cymR* for integration downstream of scoI
This work
pRJdT1.1-lacZYA Tcr (pRJPaph-lacZYA) P aphII -T bll3006 -lacZYA
This work
pRJdT1.2-lacZYA Tcr (pRJPaph-lacZYA) P aphII -T blr3005 -lacZYA
This work
pRJdT2.1-lacZYA Tcr (pRJPaph-lacZYA) P aphII -T bll5157 -lacZYA
This work
pRJdT2.2-lacZYA Tcr (pRJPaph-lacZYA) P aphII -T blr5156 -lacZYA
This work
pRJdT3.1-lacZYA Tcr (pRJPaph-lacZYA) P aphII -T bll7880 -lacZYA
This work
pRJdT3.2-lacZYA Tcr (pRJPaph-lacZYA) P aphII -T blr7879 -lacZYA
This work
pRJdT4.1-lacZYA Tcr (pRJPaph-lacZYA) P aphII -T cspA -lacZYA
This work
pRJdT4.2-lacZYA Tcr (pRJPaph-lacZYA) P aphII -T blr1444 -lacZYA
This work
pRJdT5.1-lacZYA Tcr (pRJPaph-lacZYA) P aphII -T hupA -lacZYA
This work
pRJdT5.2-lacZYA Tcr (pRJPaph-lacZYA) P aphII -T lon -lacZYA
This work
pRJdT6.1-lacZYA Tcr (pRJPaph-lacZYA) P aphII -T rpmE -lacZYA
This work
pRJdT6.2-lacZYA Tcr (pRJPaph-lacZYA) P aphII -T blr1506 -lacZYA
This work
Abbreveations: Ap: ampicillin; Hm: hygromycin B; Km: kanamycin; Sm: streptomycin; Sp: spectinomycin; Tc: tetracycline;
r: resistance, * denotes genes which were codon optimized for GC-rich organisms (see (433) for cymR* and Fig. S4.1 for
tetR*)
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Where appropriate antibiotics were added as follows (μg/ml): ampicillin (200, for agar plates; 100 for
liquid cultures), chloramphenicol (20, for counterselection of E. coli), hygromycin B (200), kanamycin
(100, for B. diazoefficiens; 30, for E. coli), spectinomycin (100), streptomycin (50), and tetracycline
(50, for B. diazoefficiens in agar plates; 25 in liquid cultures, none in anaerobic cultures; 10, E. coli).

Plasmid and strain constructions
A series of constitutive promoter variants (P rrn-mut2 ; P rrn-mut8 ; P rrn-mut9 ; P groESL2 ; P groESL2-mut1 ; P groESL2-mut2 )
was cloned between the cumate operators (cuO) present on plasmid pQH2. Forward and reverse
oligonucleotides of the respective promoters (Prrn-mut2_f/r; Prrn-mut8_f/r; Prrn-mut9_f/r;
PgroESL2_f/r; PgroESL2-mut1_f/r; PgroESL2-mut2_f/r; see Table S4.1) were annealed and ligated into
HpaI/BsrGI-digested pQH2, resulting in plasmids pQH2-Prrn-mut2, pQH2-Prrn-mut8, pQH2-Prrn-mut9,
pQH2-PgroESL2, pQH2- groESL2-mut1, and pQH2- groESL2-mut2. Plasmid pRJPaph-lacZYA was SpeI
and NcoI digested (excising the aphII promoter in front of lacZYA). Constructs containing the P bla-mut1T driven cymR* gene and individual B. diazoefficiens promoters flanked by cuO were excised with PciI
and SpeI and ligated into pRJPaph-lacZYA backbone digested with SpeI and NcoI, digested with the
same enzymes, yielding plasmids pRJPcu1-lacZYA, pRJPcu2-lacZYA, pRJPcu3-lacZYA, pRJPcu4-lacZYA,
pRJPcu5-lacZYA, and pRJPcu6-lacZYA. Derivatives of pRJPcu1-lacZYA controlling expression of gusA
(pRJPcu1-gusA) and bjGFP (pRJPcu1-bjGFP) were constructed by excising lacZYA from pRJPcu1-lacZYA
(SpeI, blunted with the Klenow fragment of E. coli DNA polymerase I, and XbaI) and replacing it with
gusA or bjGFP excised from pRJPaph-gusA or pRJPaph-bjGFP, respectively (both digested with BglII,
blunted with the Klenow fragment, and XbaI).
To construct a (anhydro)tetracycline-inducible expression system (TetIS), the original Tn10 sequence
was used, containing tetO operators which act as TetR-binding sites and overlap with P tetR1 , P tetR2 , and
P tetA (544-546). Since the original tetR sequence had a very low codon adaptation index (0.07) for B.
diazoefficiens, a partially codon optimized version (tetR*) was designed, having a codon adaptation
index of 0.89. The novel construct containing tetR* and the regulatory elements (Fig. S.4.1) was
synthesized as a linear DNA fragment (Thermo Hybaid - Biopolymers, Ulm, Germany), treated with
HindIII and SpeI and ligated into the identically digested vector pBluescript SK(+) resulting in
pBluescript-tetR*. To avoid interference with induction, we aimed to construct a vector that lacks a
tetracycline resistance gene, yet retains the ability to be transferred to B. diazoefficiens and specifcally
integrated in its chromosome similarly to the previously described tagging vectors (56). To this end,
pREDSIX was digested with BglII (excising mCherry) and in parallel aadA was released from pRGD-SmR
with SpeI and BstBI. Both fragments were blunted using the Klenow enzyme and ligated, creating
pMOB-SmR. This vector then was digested with HindIII and XbaI and an identical cut P aphII -hph5
fragment from pRJPaph-hph5 was inserted, creating pRJ9950. P aphII was excised from pRJ9950 by BstBI
and SpeI digestion and replaced with the tetracycline inducible module excised by BstBI and SpeI from
pBluescript-tetR*, creating pRJ9951. Finally, hph5 was excised (SpeI, ApaI) and replaced with the
identically cleaved lacZYA reporter fragment from pRJPaph-lacZYA, resulting in pRJPtet-lacZYA
encoding the (anhydro)tetracycline-inducible lacZYA reporter operon and conferring resistance to
spectinomycin and streptomycin.
To generate a module for downregulation of genes under microaerobic conditions (e.g., in bacteroids
present in nodules), we placed cymR* under control of the NifA-controlled nifD promoter (P nifD ) of B.
diazoefficiens, which is only transcribed under low-oxygen conditions (257, 450, 551, 552). To this end,
the promoter region of nifD, including the two upstream activator sequences (UAS) needed for NifA
binding was Taq PCR amplified from genomic DNA, using primer pair PnifD-1/-2 and cloned into pGEMT easy, generating pRJ9838. To place cymR* under control of P nifD , it was excised from pQH2 (NheI,
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blunted with the Klenow enzyme and NotI) and cloned into SwaI- and PspOMI-linearized pRJ9838,
resulting in pRJ9954. The cumate-responsive fragment P Q1 (P rrn-mut2 flanked by two cuO sites) was PCR
amplified, using primer pair Pcu1-1/-2 and pRJPcu1-gusA as template. Plasmid pRJ9955 was generated
by ligating the EcoRI-and SpeI-digested fragment into identically pretreated pRJ9954 backbone. The
P nifD -cymR*- and P Q1 -containing fragment was excised from pRJ9955 using PciI and NsiI and ligated
into NcoI- and PstI-linearized pRJPaph-gfp backbone, yielding pRJ9956. Finally, pRJ9967 was
generated, by placing gusA (excised from NotI- and EcoRI-digested pRJPcu1-gusA) under control of P Q1
in EcoRI- and NotI-digested pRJ9956.
Because it might be crucial to prevent undesired transcriptional read-through from the regulated
promoters into downstream regions we were interested to identify Rho-independent transcriptional
terminators which could be added to future variants of the expression cassettes. Potential bidirectional
terminators were identified in the B. diazoefficiens USDA110 genome using the TransTerm HP online
tool (http://transterm.cbcb.umd.edu/query.php) (553). Input parameters were: ≥95% confidence, in
head-to-tail region, stem 8≤ x ≤16, hairpin score ≤-18, tail score <-4. Candidates were double checked
using the ARNold online tool (http://rna.igmors.u-psud.fr/toolbox/arnold/index.php) (554). Six
candidate terminators were selected, predicted to act as transcriptional terminators between blr3005
and bll3006 (dT1; for double-functional terminator), blr5156 and bll5157 (dT2), blr7879 and bll7880
(dT3), blr1444 and cspA (bll1445) (dT4), lon (blr6174) and hupA (bll6175) (dT5), and blr1506 and rpmE
(bll1507) (dT6). DNA regions containing the terminators were PCR amplified from genomic DNA
(primer pairs dTx-1/-2, with x indicating the number of respective terminators; Table S4.1). As both
primers of each pair contained a BamHI site at the 5' end, PCR products were BamHI digested and
cloned into BglII cut pRJPaph-lacZYA, thereby inserting the terminators between the aphII promoter
and the lacZYA reporter genes (Fig. S4.2). From each cloning, plasmids with the terminators inserted
in either direction were isolated and designated as pRJdTx.1-lacZYA (terminator of respective bll gene)
or pRJdTx.2-lacZYA (terminator of respective blr gene) (with x indicating the number of respective
terminators).
All final plasmids were stably integrated as single copies into the scoI downstream region of
B. diazoefficiens as described previously (56). Primer gfp+-4 was used in combination with lacA-1, gusA3, or bjGFP-1, according to the respective reporter construct, to verify correct insertions.

Induction conditions and reporter activity measurements
Cultures were routinely induced with either cumate (25 μM from a 25 mM stock in ethanol) or aTc (25
nM from a 25 μM stock in ethanol) or the equivalent amount of pure ethanol for controls. For testing
optimal inducing conditions, cultures were induced with different concentrations of either inducer by
adding appropriate aliquots of 1000x stock solutions. Induction of the bjGFP reporter in single colonies
was recorded qualitatively on a SteREO Discovery.V8 stereo microscope equipped with a Zeiss filter
set 38 (BP 470/40; FT 495; BP 525/50) (Carl Zeiss GmbH, Oberkochen, Germany) with 665 ms exposure
time. For quantitative enzymatic assays, cells were harvested by centrifugation and washed twice with
a 0.9% NaCl solution. Measurements and calculations of β-galactosidase (LacZ) activity was done as
described previously (469). For assays of β-glucuronidase (GusA) activity, described protocols were
modified as follows (555-557). Briefly, 85 μl of cells (washed twice with 0.9% NaCl) were added to 915
μl of β-glucuronidase assay buffer (50 mM NaPO 4 pH7.0, 10 mM β-mercaptoethanol, 2 mM EDTA, 0.1%
sarkosyl, 0.1% Triton X–100) and lysed by addition of three drops of chloroform. The enzyme reaction
was started at 37°C by adding 200 μl of PNPG (p-nitrophenyl-β-glucuronide, 13.5 mM in water) and
stopped by adding 500 μl of 2 M NaCO 3 . Reaction mixtures were cleared by centrifugation and
absorption of supernatants was measured at 405 nM. β-Glucuronidase activities were calculated
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analogously to those of β-galactosidase (469) and expressed in Miller units (MU). For assays with
symbiotic B. diazoefficiens cells, bacteroids were isolated as described by Gubler and Hennecke (558).
One biological replicate was defined as an independent culture or as bacteroids isolated from pooled
nodules of one individual plant, and each replicate was assayed in technical duplicates.

Plant growth
Seeds of soybean (Glycine max (L.) MERR.) cv. Black jet (Johnny's Selected Seeds, Albion, ME, USA)
were surface sterilized for 5 min in 100% ethanol and 15 min in 35% H 2 O 2 , washed with sterile double
distilled H 2 O. Seeds were germinated for up to 48 h at 28°C on 0.8% water agar plates until emerging
radicles were observed. Inoculation and plant growth conditions were described previously (480).

4.4 Results
Cumate and tetracycline inducible systems are functional in B. diazoefficiens
Initial characterization of the expression constructs was done with strains LacZYA-Q1, GusA-Q1, bjGFPQ1, and LacZYA-T. When strains GusA-Q1 or LacZYA-T were grown on plates containing the
chromogenic substrates X-gluc (5-Bromo-4-chloro-3-indolyl-β-D-glucuronide) or X-gal (5-bromo-4chloro-3-indolyl-β-D-galactopyranoside) and in presence or absence of cumate or aTc, respectively,
only colonies on plates containing the inducer developed a blue color within one week of growth (data
not shown). Likewise, strain bjGFP-Q1 only exhibited green fluorescence in presence of cumate (Fig.
4.1).

Figure 4.1: Cumate-inducible expression of bjGFP in B. diazoefficiens. Strain bjGFP-Q1 was streaked on PSY agar plates
containing (top row) or lacking (bottom row) 25 μM cumate. Fluorescence was recorded after one week of growth.
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The responsiveness of the expression systems to different inducer concentrations was tested in
quantitative β-galactosidase tests with strains LacZYA-Q1 and LacZYA-T grown in liquid PSY medium
containing increasing concentrations of the inducers cumate and aTc, respectively. The cumateinducible expression system (CumIS) showed no induction with cumate concentrations below 0.1 μM,
weak induction with 1 μM and maximal induction at ≥10 μM that did not change markedly up to 50
μM (Fig. 4.2A).

Figure 4.2: Responsiveness of inducible systems to different inducer concentrations. A, β-Galactosidase activity of strain
LacZYA-Q1 in dependence of cumate concentration. B, β-Galactosidase activity of strain LacZYA-T in dependence of
anhydrotetracycline concentration. Note that data shown in panel B were generated in two different experiments:
concentrations [nM] 0, 0.05, 0.1, 0.5, 1, and 5 nM: experiment 1; 0, 3.2, 16, 80, 400, 2'000, 10'000, and 50'000 nM:
experiment 2. The data of the inducer-free control replicates from both experiments were pooled. All cultures were
induced for 6 h before measurement. Data are derived from two biological replicates, error bars indicating standard
deviation.

We found that induction with 25 μM of cumate resulted in maximal β-galactosidase activity within 5 h
upon addition to growing cultures. Little changes in enzyme activity was observed in cultures induced
with 25 μM between 5 h and 48 h post induction (Fig. S4.3A). We also tested the system under
anaerobic and microaerobic conditions and found strong induction of LacZ expression upon cumate
addition under both growth conditions (Fig. S4.3B), implying that reduced oxygen levels did not
interfere with cumate-induced gene expression.
Compared to the CumIS, the TetIS showed much higher sensitivity to its inducer (aTc). Initial
derepression of lacZ expression was achieved by addition of only 500 pM aTc and maximal induction
was reached at 16 nM, which stayed constant up to 400 nM. Surprisingly, addition of higher aTc
concentrations caused expression to decrease (Fig. 4.2B). Overall, both inducible systems showed low
to very low (TetIS: 2-4 MU, CumIS: 0.5-1.5 MU) background β-galactosidase activity in uninduced
cultures. Upon addition of the respective inducer, several hundred-fold induction was obtained with
both systems. Generally, the cumate-controlled rrn-mut2 promoter present in strain LacZYA-Q1
reached slightly higher expression levels (550-750 MU) than the tetracycline controlled tetA promoter
(400-600 MU) in LacZYA-T. Both systems responded within a relatively narrow inducer concentration
range of about one order of magnitude from maximal repression to full induction.

Cumate-controlled promoters with different expression levels
Based on microarray data of cells grown under different conditions, the rrn operon of B. diazoefficiens
is among the strongest constitutively expressed loci in this organism (217, 249, 559, 560). In previous
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work, the respective promoter (P rrn ) and various mutant derivatives were characterized. Although the
the rrn promoter comprises highly conserved –35 and –10 regions corresponding to those of σ70
consensus promoters (e.g., of E. coli σ70), it lacks an extended –10 motif (TGN) needed for recognition
by the σ3 domain of the σ70 factor (292). A mutant derivative (P rrn-mut2 ), containing the extended –10
motif caused a more than 7-fold higher in vitro transcription activity, arguably making it one of the
strongest, if not the strongest constitutive promoter transcribed by RNA polymerase of
B. diazoefficiens (293). In this work, we started out to characterize other housekeeping promoters or
mutant derivatives thereof, resulting in low or intermediate expression levels when combined with the
cumate-inducible system. In a first step, we constructed mutant derivatives of P rrn . P rrn-mut8 had a single
base pair mutation in the –35 consensus box of P rrn while in P rrn-mut9 the spacer between the –35 and
–10 boxes was shortened by one base pair. Furthermore, we used the weak constitutive promoter of
the groESL2 operon (293, 477). This promoter contains a shortened spacer of 16 bp between –35 and
–10 boxes. Its mutant derivative P groESL2-mut1 contained a single base pair insertion within the spacer
(N 17 instead of N 16 ), rendering it more similar to housekeeping promoters. Furthermore, derivative
P groESL2-mut2 contained both the N 17 spacer and an extended –10 motif (Fig. 4.3A). All promoters were
cloned between two cuO sites upstream of the lacZYA reporter operon, integrated into the
chromosome of B. diazoefficiens and their activity was determined after growth of the resulting strains
in the absence and presence of cumate. Both mutant derivatives of P rrn drastically decreased
transcription of lacZYA, resulting in less than 50 MU β-galactosidase activity under inducing conditions.
As expected, the weak groESL2 promoter resulted in similarly low β-galactosidase activity upon
induction. The increased spacer length in P groESL2-mut1 caused only a minor increase in expression
compared to its wild-type version. However, the extra addition of an extended –10 motif (P groESL2-mut2 )
resulted in a marked increase of promoter strength (approx. 175 MU) (Fig. 4.3B).
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Figure 4.3: Cumate-controlled promoter variants displaying different strengths. A, Function of the cumate-inducible
system based on CymR-mediated repression. Pbla-mut1T ensures constitutive expression of cymR* encoding the cumateresponsive repressor CymR (grey). Without cumate, CymR binds to the two cumate operators (cuO, red), flanking the
constitutive promoter P Qx . Cumate binds to CymR to release it from the cuO operators and unmask P Qx , which results in
transcription of the lacZYA operon. Below the wild-type P rrn promoter, other promoters tested in this work are displayed.
–35 and –10 boxes are highlighted by black letters. Base pair changes present in mutant promoter derivatives (relative to
the P rrn and P groESL2 wild-type promoters) are highlighted in green (supposed to increase promoter strength) or red
(supposed to decrease promoter strength). P rrn has been added for comparison reasons. B, Cumate-inducible
β-galactosidase activities of strains carrying the lacZYA reporter constructs displayed in panel A. Data are derived from
two biological replicates, 6 h after of addition of ethanol (control; left, invisible bars) or cumate (right bars). Error bars
indicate standard deviation.

Although expression levels drastically varied between the different promoters (30-500 MU), all
constructs were completely repressed to very low background levels of β-galactosidase activities when
no cumate was added to the cultures.
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Expression cassette that is autonomously repressed in bacteroids
Many symbiotic genes are only expressed when rhizobia encounter and invade host plants (e.g. nod,
fix, or nif genes). However, symbiotic upregulation does not necessarily indicate a need for symbiosis
(220, 249). On the other hand, some genes may have a role in free-living bacteria and in symbiotic
bacteroids. Mutation of such genes may lead to pleiotropic phenotypes and unhealthy free-living
bacteria (477, 561-563). To uncouple the role of genes in bacteroids from their role in free-living
bacteria and during growth on roots or during host infection, we designed a regulatory circuit which
enables repression of a promoter under the very low-oxygen conditions prevailing in nodules. To this
end, we placed the cymR* gene encoding the cumate-responsive repressor CymR under control of the
B. diazoefficiens nifD promoter (pRJ9967). This promoter is dependent on the alternative σ factor σ54
and the enhancer-binding protein NifA which is active only under microoxic conditions in free-living
cells and in bacteroids (217, 219, 249, 253, 257, 564). Notably, NifA is not active in infection threads
but becomes functional only when bacteria enter host plant cells (S. Strebel, unpublished data). Hence,
we predicted that cymR* was transcribed only under microoxic conditions but not during aerobic freeliving growth or early stages of host plant infection. Thus, CymR was absent in free-living bacteria and
transcription from cuO-flanked promoters was enabled (Fig. 4.4A). To test the system, we integrated
plasmid pRJ9967 into both wild-type B. diazoefficiens (strain 9967) and a mutant lacking NifA (strain
A9-67) and examined β-glucuronidase activity in aerobic, free-living cells and in bacteroids. Whilst no
difference between wild type and NifA mutant was observed under aerobic growth, NifA-mediated
cymR* transcription in wild-type bacteroids resulted in strong repression of gusA transcription but
much less so in bacteroids lacking NifA (Fig. 4.4B).
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Figure 4.4: CymR-based circuit to repress gene expression in microoxic conditions and bacteroids. A, Regulatory circuit
present on plasmid pRJ9967: NifA controls transcription of cymR* from P nifD in a low oxygen-dependent manner. Hence,
repression of P rrn-mut2 depends on low-oxygen conditions and gusA is transcribed only in aerobic but not microoxic
conditions. B, β-Glucuronidase activities in cells of strain 9967 (wild type background) and A9-67 (nifA mutant) grown
under free-living aerobic conditions (open bars) and in respective bacteroids (filled bars). Bacteroids were isolated from
young 14 dpi soybean nodules because at later time points, nifA mutant bacteroids are progressively degraded (265, 266,
565). Data are derived from three (free-living) or four (symbiotic) biological replicates with error bars indicating standard
deviation.

Identification of Rho-independent transcriptional terminators of B. diazoefficiens
For future improvements of the expression systems, we searched for endogenous, bidirectional, Rhoindependent B. diazoefficiens transcriptional terminators, which could be used to block transcriptional
interference between genes present on expression cassettes or interference between chromosomally
integrated cassettes and adjacent genomic regions. To test functionality of a set of in silico predicted
terminator candidates (see Materials and Methods and Fig. S4.4) were cloned between the
constitutive aphII promoter and the lacZYA reporter operon present on pRJPaph-lacZYA (Fig. S4.2). βGalactosidase activity of the resulting strains was measured and compared to the original construct
lacking a putative terminator (Fig. 4.5).
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Figure 4.5: β-Galactosidase activity of strains harboring P aphII -driven lacZYA with putative Rho-independent transcriptional
terminators inserted between P aphII and lacZYA (see also Fig. S4.2). Strain LacZYA-1 without terminator (P aphII -lacZYA) was
used as reference (white bar). β-Galactosidase activity of strains harboring individual terminators (e.g., P aphII -dT1.1-lacZYA)
are displayed with grey (strains LacZYA-dTX.1) or black (strains LacZYA-dTX.2) bars, respectively (see Table 4.1 and Fig.
S4.3). Data are derived from three biological replicates with error bars indicating standard deviation.

β-Galactosidase activity of the reference strain LacZYA-1 lacking a terminator was 239 MU. The
predicted bidirectional terminator dT1 indeed completely abolished transcription, independently of
the orientation how it was inserted (strains LacZYA-dT1.1 and LacZYA-dT1.2; 2-3 MU remaining
activity). In contrast, dT2 was functional only in the orientation found in its original genomic context
relative to blr5156 (strain LacZYA-dT2.2; 3 MU remaining activity). In the opposite orientation (like
relative to bll5157 in the genome), dT2 was not functional (strain LacZYA-dT2.1; 197 MU residual
activity). Terminator dT3 (present in strains LacZYA-dT3.1 and LacZYA-dT3.2) was functional in both
orientations, however, unlike terminator dT1, it reduced β-galactosidase activity only to 50 MU.
Although weaker than dT1, terminators dT4 and dT5 were both functional regardless of their
orientation and resulted in residual reporter gene activities of 7-22 MU of the respective strains.
Terminator dT6 was more efficient when inserted upstream of lacZYA in the same orientation as it is
present in the genome relative to rpmE (strain LacZYA-dT6.1; 20 MU) than in the opposite direction
which corresponds to that relative to blr1506 in the genome (strain LacZYA-dT6.2; 46 MU).

4.5 Discussion
So far, attempts in our laboratory to adopt an inducible gene expression system to B. diazoefficiens
were unsuccessful. Evaluated systems were based on lactose- (521), arabinose- (524), or taurine- (566)
inducible promoters, yet they all were not satisfying because they either showed no or only weak
induction or substantial activity even in absence of the inducer (H.M. Fischer, personal
communication). In this work, we developed and characterized a set of novel tools for controlled gene
expression in B. diazoefficiens, which not only will serve our own demands but also those of other
researchers in the field.
A CumIS was described previously for sphingomonads and several other α-proteobacteria (433),
however, its functionality was not satisfying in B. diazoefficiens (own unpublished data). Here, we have
combined several wild-type and mutant promoters of B. diazoefficiens housekeeping genes with
binding sites (cuO) for the CymR repressor protein and tested activity and cumate responsiveness of
82

Chapter 4 - Inducible systems for controlled gene expression in Bradyrhizobium diazoefficiens

the resulting constructs using lacZ as a reporter gene. In doing so, we came up with a series of cumateinducible promoters which all lack inducer-independent activity and result in weak, intermediate and
strong gene expression upon induction with cumate depending on the specific promoter variant. The
availability of controllable promoters, which differ in their maximal activity under induced conditions
is particularly critical because both the CumIS and TetIS (see below) showed rather steep doseresponse curves which impairs graded gene expression via the use of limited inducer concentrations.
Our work further supports the previous notion that the cis-acting regulatory elements of the CumIS
(i.e., cuO sites) act largely independent of the associated promoter (433) rendering this system ideal
for imposing negative, CymR-mediated control on a promoter of choice. Unlike in promoters regulated
by other regulatory components (567), we found that the cuO operator sites could be readily combined
with different core promoter variants without interfering with their function as negative control
regions.
In addition to the CumIS, we developed another expression system, which is based on Tn10-derived
regulatory elements, i.e., the tetA promoter (P tetA ), the TetR repressor and cognate tetO operator sites.
To ensure appropriate TetR expression levels in B. diazoefficiens, we have replaced the original tetR
gene with a codon-adapted variant (tetR*) and assembled all components on plasmid pRJPtet-lacZYA
which was chromosomally integrated and reported P tetA activity as β-galactosidase activity. We found
the TetIS equally functional in B. diazoefficiens as the CumIS. However, the TetIS responded to much
lower concentrations (1'000 fold) of its inducer aTc than the CumIS to cumate. On the other hand,
TetIS was slightly more leaky than CumIS, yet β-galactosidase background activity was as low as 2-3
MU. Promoter P tetA on which TetIS is based resulted in almost equally high maximal expression levels
as the P rrn-mut2 of the CumIS. Given the complex, partially overlapping organization of the regulatory
elements in the P tetR – P tetA promoter region (Fig. S4.1; (545, 546), we did not attempt to introduce
mutations to change expression levels of P tetA -controlled genes as we did with CumIS.
Both established expression systems are suitable for controlled gene expression and the generation of
conditional knockout mutants. Furthermore, preliminary experiments suggested that induction of one
system does not interfere with control of the other (data not shown). This will enable us to design
additional expression cassettes for simultaneous, specific expression control of two (sets of) genes via
CumIS and TetIS. Switching between media containing one, both or none of the inducer(s) would result
in expression of either, both or none of the genes, respectively. For example, such a system could be
used to study essential genes and potentially non-functional variants thereof.
Finally, we also generated a system that enables inducer-independent shut-down of gene expression
in bacteroids while expression is retained in aerobic, free-living cells, and in bacteria at early stages of
the host-plant infection process. This system may prove valuable to disentangle the role of genes,
involved in (distinct?) processes during free-living growth and in bacteroids. To further improve and
facilitate the use of CumIS and TetIS it is planned to streamline the expression vectors to facilitate
cloning, rendering chromosomal integration more flexible and to avoid transcriptional interference via
the addition of transcription terminators.
This work also shed additional light on the structure and function of housekeeping promoters and Rhoindependent transcriptional terminators of B. diazoefficiens. Our study revealed that consequences of
promoter mutations (both base pair substitutions or alteration of the spacer length between –35 and
–10 boxes) are hard to predict. In agreement with the previous study by Beck and coworkers (293), our
study underlines the important contribution of the extended –10 motif (TGN) to promoter strength in
B. diazoefficiens. It is known from work in E. coli that the extended –10 motif stabilizes the interaction
of RNA polymerase holoenzyme containing σ70 with promoters (568). This is of particular significance
at promoters where the –35 box is degenerated (287). As the study by Beck et al. (293) also implied,
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our results showed that the strength of B. diazoefficiens promoters with well conserved –35 and –10
boxes can be further enhanced by adaptation of extended –10 regions to the TGN consensus motif.
At this point, it is difficult to draw general conclusions or make predictions about the effectiveness of
transcription terminators. For example, terminator dT2 was functional in only one direction (dT2.2)
but not when present in opposite orientation (dT2.1). The rather short T-stretch after the stem-loop
present in dT2.1 can probably not alone explain the lack of termination activity because terminator
dT3.2 has a comparable short T-stretch, yet it showed substantial termination activity.
In conclusion, our work documents that analysis of transcriptional control elements including
regulators, promoters and terminators can be exploited for developing valuable genetic tools to
advance future studies of the B. diazoefficiens–legume symbiosis and related aspects.

4.6 Supplemental material
Table S4.1: Primers and oligos used in this study
Oligonucleotide
Sequence (5'-3')
Prrn-mut2_f
GTACGTTGACAGCCCGGAAGGTGGGTGCTATAACCCC
Prrn-mut2_r
GGGGTTATAGCACCCACCTTCCGGGCTGTCAAC
Prrn-mut8_f
GTACGTTGTCAGCCCGGAAGGTGGGGCCTATAACCCC
Prrn-mut8_r
GGGGTTATAGGCCCCACCTTCCGGGCTGACAAC
Prrn-mut9_f
GTACGTTGACAGCCCGGAAGGTGGGCCTATAACCCC
Prrn-mut9_r
GGGGTTATAGGCCCACCTTCCGGGCTGTCAAC
PgroESL2_f
GTACCTTGTTTGCCGACCAAGCCGGCTTATTTTCGG
PgroESL2_r
CCGAAAATAAGCCGGCTTGGTCGGCAAACAAG
PgroESL2-mut1_f
GTACCTTGTTTGCCGAGCCAAGCCGGCTTATTTTCGG
PgroESL2-mut1_r
CCGAAAATAAGCCGGCTTGGCTCGGCAAACAAG
PgroESL2-mut2_f
GTACCTTGTTTGCCGAGCCAAGCCGTGCTATTTTCGG
PgroESL2-mut2_r
CCGAAAATAGCACGGCTTGGCTCGGCAAACAAG
PnifD-1
CCTAGGGCCTTGTTCCATTTCGAACACC
PnifD-2
ATTTAAATGGCTTCTTGATCCAAGACTTTG
Pcu1-1
GGTCCGGAATTCTAGTATC
Pcu1-2
CCTACTAGTTGTACCGGAACAAACAG
dT1-1
TGGGATCCGCCGAGACAGTCTGAGCG
dT1-2
TAGGATCCCTCGACGGCCGCGTAAGG
dT2-1
TGGGATCCCATCACCGTCCGCAACTG
dT2-2
TGGGATCCCGCGGAACCGACTTTGGC
dT3-1
CGGGATCCATCCTCCATTTCTGAGGC
dT3-2
TGGGATCCCTGAAGGCCAAGTTCGGAC
dT4-1
TGGGATCCGACCGCCCCGTTCATCGAAC
dT4-2
TTGGATCCGACGGAGCTTCGGCTCGC
dT5-1
TGGGATCCTGAACCCCTCCGTTTCAGC
dT5-2
TGGGATCCGGTCAAGGCTGCCAAGGAC
dT6-1
TTGGATCCTCGCGACTTCGTCGCGCCC
dT6-2
TGGGATCCTCAAGAAGGATTGATCCGGC
gfp+-4
AGATATTCCGGGCGGATTTC
lacA-1
TAAACGACCGGGATAAGCAC
gusA-3
AGCAGGGAGGCAAACAATG
bjGFP-1
ATGGTCCTGCTGGAGTTC
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tgtaataagcttttcgaaTCACGAGCCCGATTCGCACTTCAGCTGCTTTTCCAGGCCGCA
TTAAGACCCACTTTCACATTTAAGTTGTTTTTCTAATCCGCA
GATGATCAGTTCCAGGCCGAACAGGAAGGCCGGCTCGGCGCCCTGATGGTCGAACAGTTC
TATGATCAATTCAAGGCCGAATAAGAAGGCTGGCTCTGCACCTTGGTGATCAAATAATTC
GATCGCCTGGCGCAGCAGCGGCGGCATCGAGTCCGTGGTCGGGGTCTCGCGCTCCTCCTT
GATAGCTTGTCGTAATAATGGCGGCATACTATCAGTAGTAGGTGTTTCCCTTTCTTCTTT
CGCCACCTGATGTTCCTGGTCCTCCAGCACGCAGCCCAGCGTGAAGTGGCCGACGGCCGA
AGCGACTTGATGCTCTTGATCTTCCAATACGCAACCTAAAGTAAAATGCCCCACAGCGCT
CAGGGCATAGAGGGCGTTCTCGAGCGAGAAGCCCTGCTGGCACAGGAACGCGAGCTGGTT
GAGTGCATATAATGCATTCTCTAGTGAAAAACCTTGTTGGCATAAAAAGGCTAATTGATT
CTCGAGGGTCTCGTACTGCTTCTCCGTCGGGCGCGTGCCGAGGTGGACCTTCGCGCCATC
TTCGAGAGTTTCATACTGTTTTTCTGTAGGCCGTGTACCTAAATGTACTTTTGCTCCATC
GCGGTGCGACAGCAGCGCGCAGCGGAACGACTTGGCGTTGTTGCGGAGGAAGTCCTGCCA
GCGATGACTTAGTAAAGCACATCTAAAACTTTTAGCGTTATTACGTAAAAAATCTTGCCA
CGACTCGCCCTCCAGCGGGCAGAAGTGGGTGTGATGGCGATCGAGCATCTCGATCGCCAG
GCTTTCCCCTTCTAAAGGGCAAAAGTGAGTATGGTGCCTATCTAACATCTCAATGGCTAA
GGCGTCCAGCAGGGCGCGCTTGTTCTTGACGTGCCAGTACAGGGTCGGCTGCTCGACGCC
GGCGTCGAGCAAAGCCCGCTTATTTTTTACATGCCAATACAATGTAGGCTGCTCTACACC
GAGCTTCTGCGCGAGCTTGCGGGTCGTGAGGCCCTCGATGCCGACCTCGTTCAGGAGTTC
TAGCTTCTGGGCGAGTTTACGGGTTGTTAAACCTTCGATTCCGACCTCATTAAGCAGCTC
GAGCGCCGAGTTGATCACCTTCGACTTGTCGAGGCGCGACATcattaattcctaattttt
TAATGCGCTGTTAATCACTTTACTTTTATCTAATCTAGACAT
***
gTTGACActctatcattgatagagtTATTTTA ccactccctatcagtgat agagaa aac
tagtgaaggc
Figure S4.1: Synthesized linear DNA fragment containing the partially codon-adapted tetR variant tetR* gene (light grey)
and regulatory elements of the tetracycline inducible system. The original tetR sequence of Tn10 is shown in blue-grey,
aligned to tetR* with altered nucleotide positions are highlighted in red on the original tetR gene. Note that tetR and tetR*
genes are shown as complementary sequence, so that P tetA at the end of the sequence reads from left to right. The ATG
start codon of tetR and tetR* is emphasized by purple asterisks. Both tetO operators are highlighted in grey. –35 (TTGACA)
and –10 (TATTTTA) boxes of P tetA are shown in enlarged bold capital letters. The –35 (TGGTAA) and –10 (TAGAGT) boxes
of P tetR1 are underlined while those of P tetR2 (–35: TTCTCT; –10: TAAAATA) are boxed. Note that both tetR promoters
contain an extended –10 motif (TGN). Restriction enzyme sites used for cloning (HindIII, SpeI) are underlined with wavy
lines. Original sequence and annotation of regulatory elements derived from (544-547).
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Figure S4.2: Construction of plasmids for verification of terminator functionality. Terminators (red) were amplified as
described in Materials and Methods, creating fragments with BamHI ends. These fragments were cloned into the indicated
BglII site, separating the constitutive aphII promoter (P aphII , green) from the lacZYA reporter operon (turquoise). The final
plasmids pRJdTx.y-lacZYA (x=1-6, y=1,2) were integrated via homologous recombination into the B. diazoefficiens. HR:
homologous region, downstream of scoI (white), tetA(C): tertracycline resistance (black).

Figure S4.3: Characterization of the cumate-inducible system using B. diazoefficiens strain LacZYA-Q1. A, kinetics of
induction with different cumate concentrations (open circles (○) 25 μM, filled circles (●) 10 μM, open squares (□) 1 μM,
filled squares (■) 0 μM). Note that the data for time point 48 h originates from an independent experiment. B, induction
of LacZ expression in anaerobic (black) and microaerobic (grey) cultures 6 h after exposure to the indicated concentrations
of cumate. Shown is the data from two biological replicates error bars indicating standard deviation.
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Figure S4.4: Genetic context of in silico-predicted Rho-independent bidirectional transcriptional terminators of B.
diazoefficiens. Adjacent genes along with their annotation are indicated by red and green arrows. Nucleotide sequences
of putative terminators located in intergenic regions are displayed. Note that they do not represent complete intergenic
regions. Base pairs of GC-rich inverted repeats which may form stem-loop structures are indicated in red, and 3'-adjacent
T-rich regions in blue. Designations of terminator inserted in different genetic constructs generated in this work are
indicated above or below the sequence (see Table 4.1 and Fig. 4.5). The dashed lines with terminal vertical bars give the
direction of either promoter (blue T-rich sequence at the end).
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5.1 Abstract
Phylogenetically diverse bacteria respond to various stress conditions by mounting a general stress
response (GSR) which results in the induction of protecting or damage repair functions. In
α-proteobacteria, the GSR is induced by a regulatory cascade consisting of the extracytoplasmic
function (ECF) σ factor σEcfG, its anti-σ factor NepR and the anti-anti-σ factor PhyR. We have reported
previously that σEcfG and PhyR of Bradyrhizobium diazoefficiens, the nitrogen-fixing root nodule
symbiont of soybean and related legumes, are required for efficient symbiosis, however, the precise
role of the GSR remained undefined. Here, we analyze the symbiotic defects of a B. diazoefficiens
mutant lacking σEcfG by comparing distinct infection stages of enzymatically or fluorescently tagged
wild-type and mutant bacteria. While root colonization and root hair curling were indistinguishable,
the mutant was not competitive, showed delayed development of emerging nodules and only few
infection threads. Consequently, many of the mutant-induced nodules were aborted, empty or
partially colonized. Congruent with these results, we found that σEcfG was active in bacteria present in
root-hair-entrapped micro-colonies and infection threads, but not in root-associated bacteria and
nitrogen-fixing bacteroids. We conclude that GSR-controlled functions are crucial for synchronization
of infection thread formation, colonization and nodule development.
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5.2 Introduction
To cope with stressful environmental conditions, bacteria have evolved genetic circuits which trigger
specific or rather unspecific, global cellular responses to different types of stress. The later process,
termed general stress response (GSR), is based on alternative σ factors which enable transcription of
genes belonging to stress-inducible regulons (569). Regulation of the GSR in α-proteobacteria is
mediated by a unique regulatory cascade whose core elements are the extracytoplasmic function (ECF)
sigma factor σEcfG, the cognate anti-sigma factor NepR, and the NepR antagonist PhyR (421, 426). The
three proteins act together in a partner-switching mechanism based on σ factor mimicry. It is triggered
by stress-induced phosphorylation of the C-terminal receiver domain of PhyR and concomitant
exposure of its N-terminal sigma factor-like domain, which has a higher affinity for NepR than σEcfG.
Consequently, σEcfG is released from the NepR-σEcfG complex and redirects RNA polymerase to
transcribe stress response genes (420, 422, 423).
A subgroup of α-proteobacteria, symbiotic rhizobia, can fix atmospheric dinitrogen and provide it to
their legume host plant in exchange for reduced carbon sources and other nutrients (189, 190). The
process takes place in specialized organs, termed root nodules, which host diazotrophic rhizobia as
endosymbionts. Establishment of this mutualistic endosymbiosis involves a molecular cross-talk
between both partners. Specifically, rhizobia respond to flavonoids secreted from hosts by the
synthesis of species-specific lipo-chitooligosaccharides (15, 44, 446). These so-called Nod factors cause
deformation and curling of root hairs, and they stimulate division of cortical root cells. Rhizobia
entrapped within curled root hairs form micro-colonies from which they initiate invasion of plant roots
via infection threads (ITs). Within the preformed nodule primordium (NP) in the root cortex, bacteria
are released from ITs into individual plant cells, which they will densely colonize to eventually
differentiate into nitrogen-fixing bacteroids. The transition from free-living soil bacteria to symbiotic
bacteroids exposes rhizobia to changing environmental conditions including nutritional, osmotic and
pH alterations which they have to cope with. Moreover, during early stages of infection, host plants
transiently induce defense-like responses against rhizobia such as the production of reactive oxygen
species (ROS) or nitric oxid (NO) (59, 63, 570) and synthesis of pathogen-related (PR) proteins (61, 571,
572).
The stressful conditions to which rhizobia are exposed during early infection may suggest a role of the
GSR at this stage, however, studies addressing this point are restricted to only a few selected species.
In Rhizobium etli, two homologs of σEcfG are present, the chromosomally encoded σEcfG1 (RpoE4) and
the plasmid-borne σEcfG2 (PF00052). While σEcfG1 contributes to tolerance against osmotic stress and
heat shock (by regulating the gene for another σ factor, rpoH 2 ), σEcfG2 controls genes whose products
protect from oxidative stress (e.g., katG encoding catalase). R. etli double mutants lacking both σEcfG
factors are particularly sensitive to stress (438, 573). Similarly, Sinorhizobium meliloti also possesses
two σEcfG orthologs (RpoE2 and RpoE5 with the former regulating transcription of the latter), but only
RpoE2 was characterized functionally, and reports about its role in stress tolerance are controversial
(441, 574-577). Most notably, none of the studied σEcfG mutants of R. etli and S. meliloti differed from
the respective wild type with respect to their symbiotic properties.
The soybean symbiont Bradyrhizobium diazoefficiens (formerly known as B. japonicum) encodes a
single ortholog of σEcfG which belongs to a family of 17 different ECF σ factors found in this bacterium,
and regulates the GSR in concert with the cognate PhyR and NepR proteins (402, 445, 578). Besides
conferring tolerance against heat shock and desiccation, we found that σEcfG is crucial for the symbiotic
interaction between B. diazoefficiens and its host plants. Soybean and mungbean plants inoculated
with ΔecfG or ΔphyR mutant bacteria showed delayed nitrogen fixation and outgrowth of lateral roots
from aberrant nodule-like structures. To generate deeper insights into the perculiar phenotype, we set
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out to conduct a detailed cellular analysis of the symbiotic defects of a B. diazoefficiens ΔecfG mutant.
Taking advantage of previously described tagging tools for B. diazoefficiens (56), we followed the fate
of mutant bacteria from a very early, root-attached state to mature bacteroids in fully developed
nodules. Microscopy-based analysis of early infection stages and emerging nodules (ENs) combined
with a reporter construct monitoring σEcfG activity revealed that a functional GSR is required early
during the symbiotic interaction between B. diazoefficiens and host plants, but not in nitrogen-fixing
bacteroids.

5.3 Results
The ΔecfG mutant efficiently colonizes soybean roots.
As growth in the rhizosphere markedly differs from growth of pure cultures in liquid media, we first
determined, whether survival and proliferation of the GSR-deficient ΔecfG mutant strain was affected
on soybean roots. B. diazoefficiens wild-type and ΔecfG mutant bacteria were inoculated on soybean
seedlings and incubated for four days under routine plant growth conditions. Roots were washed and
colony forming units (cfu) in wash fractions were determined. The mutant strain not only survived on
plant roots but it also multiplied efficiently and reached similar cell numbers compared to wild-type
bacteria in mono-association (Fig. 5.1A). However, when the ΔecfG mutant was co-inoculated with the
wild type, the latter strain outcompeted the mutant. Though comparable numbers of both strains were
inoculated, wild-type bacteria dominated in the wash fractions indicating that they were more
competitive in rhizosphere colonization than the mutant (Fig. 5.1B).
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Figure 5.1: Root colonization of B. diazoefficiens wildtype and ΔecfG mutant bacteria (strain 8404). Both
strains were inoculated A, separately or B, together on
two days-old soybean seedlings which were further
incubated for four days under plant growth conditions.
At 4 dpi, roots were harvested, associated bacteria were
washed off and colony forming units (cfu) were
determined as described in materials and methods.
Shown are mean values with standard deviations of four
technical replicates (inocula) and six (A) or eight (B)
biological replicates (wash fractions). C, GusA tagged
ΔecfG mutant cells (04-GusA-1) (white arrow heads)
polarly attached to a soybean root hair cell as also
observed with wild-type cells (not shown).

First physical contacts between Bradyrhizobium cells and host plants occur via polar attachment of
bacteria to roots, particularly root hairs (579, 580). We inoculated tagged derivatives of either wild
type or ΔecfG mutant on soybean roots and inspected epidermal cell layers, including root hairs, for
polarly attached bacteria. We found that the mutant is able to attach to root hairs in a polar manner
indistinguishable from wild-type cells (Fig. 5.1C; data for wild-type cells not shown).

Nod-factor signaling is functional in the ΔecfG mutant.
Key steps at the onset of the rhizobia-legume symbiosis are production and secretion of Nod factors
by the symbiont and its perception by host plants (15, 44). We investigated whether Nod factor
signaling is still functional in the symbiotically affected ΔecfG mutant. A typical sign of Nod factor
signaling is root hair curling, which is easily observed by light microscopy (581). We inoculated soybean
seedlings with either wild-type or ΔecfG mutant bacteria, stained for curled root hairs and observed
epidermal cell layers under the microscope. Both strains caused short, emerging root hairs to curl,
which it is typical for soybean (36) and occurred at comparable frequency and kinetics (Fig. 5.2A and
B). To further show functional Nod factor production by the mutant, we co-inoculated an mCherry93
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tagged ΔecfG mutant derivative together with an sYFP2-tagged nodA mutant, which is unable to
synthesize functional Nod factor, and hence cannot nodulate host plants (582). When occupancy of
nodules was determined, we found that most of the nodules were colonized by the nodA strain (Fig.
5.2C), indicating that the Nod factor-deficient mutant was rescued by functional Nod factors produced
by the ΔecfG mutant.

Figure 5.2: Nod factor signaling by wild-type and
ΔecfG mutant B. diazoefficiens cells. Wild-type and
ΔecfG bacteria were inoculated on two days-old
soybean seedlings. Roots were stained with
methylene blue 48 hpi and inspected under the
microscope for curled root hairs as a direct sign of Nod
factor signaling. Both, A, the wild type and B, the
ΔecfG mutant (strain 8404) caused root hairs curling.
C, Tagged derivatives of the ΔecfG mutant (04-mChe4) and ΔnodA mutant (nodA2-sYFP2-4) were
inoculated at a 1:1 ratio and a total cell number of 103
bacteria per plant. When analyzed by fluorescent
microscopy 21 dpi, most nodules were colonized by
the ΔnodA mutant strain, and few nodules contained
only one of the mutants, both strains (mixed) or no
visible bacteria (empty). The data is based on the
analysis of ten nodules taken from each of two plants.

The ΔecfG mutant lacks competitiveness during nodulation.
Intrigued by the fact that the ΔecfG mutant was less efficient in nodule colonization when coinoculated with the nodA mutant strain, we also performed competition assays by co-inoculation of
the ΔecfG mutant with the wild type or a nifH mutant strain, which is unable to fix nitrogen, and thus
shows a late symbiotic defect (499). In a first round, we co-inoculated the ΔecfG mutant and either
competitor in a 1:1 and 10:1 ratio. We found that all analyzed nodules were inhabited only by the
competitor but never with the ΔecfG mutant. Therefore, we increased the ratio of ΔecfG mutant to
wild-type bacteria in subsequent experiments. Even at a 10,000-fold excess of the mutant in the
inoculum, all nodules were exclusively occupied by wild-type bacteria (data not shown).

Nodule development is arrested in ΔecfG mutant-inoculated plants.
Besides root hair curling, Nod factor signaling also triggers mitotic activity in the root cortex to form
NP (447, 581). When mitotic activity is continuing, these primordia develop into ENs. We applied
haematoxylin staining to roots inoculated with either wild-type or ΔecfG mutant bacteria, which
specifically marks mitotic plant cells (i.e., root tips and young nodule structures) (581, 583). We
counted the occurrence of young developing primordia consisting of only few dividing cells and of ENs
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which protruded from the root (Fig. 5.3A) at different time points after inoculation (Fig. 5.3B). Fortyeight hours post-inoculation (hpi), the first NPs were detected on wild type-inoculated seedlings and
their number steadily increased to reach a maximum at 96 hpi. In contrast, first NPs were detected
only at 72 hpi on ΔecfG mutant-inoculated plants, and their number remained smaller than on wild
type-inoculated plants throughout the entire observation period. From 96 hpi on, NPs on wild-type
inoculated plants started to develop into ENs, and the number of NPs did not further increase, as new
ones were no longer formed. Though the ΔecfG mutant provoked a substantial number of NPs, their
further development into ENs was strongly attenuated resulting in only few of them detected at 144
hpi.

Figure 5.3: Development of nodule primordia and emerging nodules on soybean seedlings infected with either wild-type
or ΔecfG mutant (strain 8404) B. diazoefficiens. Eighteen to twenty roots per strain and time point were harvested and
stained for mitotic plant cells with haematoxylin. A, The stain caused mitotic cells to become dark black. Small dark spots
of dividing cells in the outer cortex were classified as nodule primordia (NPs) or emerging nodules (ENs) when bumps
became visible on the roots. B, Number of NPs and ENs counted on one half-side of the main root of each plant. The ΔecfG
mutant produced less NPs than the wild type, and almost all of these NPs failed to develop into ENs whereas the wild type
induced increasing numbers of ENs from 72 to 120 hpi. Error bars represent standard deviation.

Formation of infection threads induced by the ΔecfG mutant is impaired.
To compare the efficiency of IT formation by the wild type and the ΔecfG mutant, we inoculated GusAexpressing derivatives of these strains on soybean seedlings and enumerated ITs at three different
time points (Fig. 5.4A). In wild type-inoculated plantlets, ITs were observed not later than 5 dpi (days
post-inoculation). Their number increased until 8 dpi and remained at this level 11 dpi. Notably, at the
latter time point, wild type-inoculated plants had already developed small nodules. In contrast, the
ΔecfG mutant barely induced ITs until 8 dpi and only few by 11 dpi, and in agreement with the results
described above (Fig. 5.3B), no nodules had developed at this stage (data not shown). ITs induced by
the wild type were often associated with mitotically active plant cells forming a NP (Fig. 5.4B).
Consistent with the results of the haematoxylin staining (Fig. 5.3A), NPs were also detected on ΔecfG
mutant-inoculated plants when we enumerated ITs using GusA staining. However, nearby curled root
hairs were mostly devoid of ITs and thus also of bacteria (Fig. 5.4C).
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Figure 5.4: Infection threat (IT) development on
soybean seedlings observed by X-gluc staining of
GusA-tagged derivatives of wild-type (strain GusA-1)
and ΔecfG mutant (04-GusA-1) bacteria. A, Number
of ITs present on one side of the main root. Five
individual plants were inspected per strain and time
point and standard deviation is indicated. Wild-type
bacteria induced many visible ITs as early as 5 dpi
whereas only very few ITs were observed on ΔecfG
mutant-inoculated seedlings even 11 dpi. B, ITs in
wild type-inoculated plant starting out from a root
hair (RH) and progressing into epidermal root cells.
Frequently, IT development was associated with
anticlinal division of nearby cells leading to the
formation of a nodule primordium (NP). C, ΔecfG
mutant-inoculated seedlings developed NPs similarly
as the wild type (cf. Fig. 5.3) but nearby RHs
remained largely uninfected.

Colonization of ENs by wild type and ΔecfG mutant bacteria was further analyzed using mCherrytagged strains. Given the delayed nodule formation by the ΔecfG mutant (see above; [445]), ENs
induced by the wild type and ΔecfG mutant were compared 8 and 15-19 dpi, respectively. Most wild
type-induced ENs showed many dispersed, ramified ITs populated with fluorescent bacteria all over
the inner nodule tissue (Fig. 5.5A, F). Accordingly, colonized plant cells in mature nodules were evenly
distributed and interspersed with few uninfected cells (Fig. 5.5B). When found at all, ITs in ENs induced
by the ΔecfG mutant were much less abundant. They were restricted to islands of non-vacuolated cells
(characterized by enhanced blue autofluorescence), which were separated by large areas of
vacuolated cells that never were associated with ITs (Fig. 5.5C; see also (129). Consequently, mature
ΔecfG mutant-elicited nodules showed a patchy colonization with islands of densely populated plant
cells, separated by areas of uninfected cells (Fig. 5.5D). The vast majority of mutant-elicited ENs lacked
both ITs and bacteria, and they consisted of empty, vacuolated plant cells (Fig. 5.5E, F).
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Figure 5.5: Impaired infection of soybean roots by ΔecfG mutant bacteria. Emerging soybean nodules (ENs) elicited by
mCherry-tagged derivatives of B. diazoefficiens wild type (strain mChe-1) or ΔecfG mutant (04-mChe-1) were analyzed by
fluorescence microscopy at comparable infection stages, i.e. 8 dpi (mChe-1) and 15, 17, and 19 dpi (04-mChe-1). A and C,
infection threads (ITs) in ENs visualized by infecting, red fluorescent mChe-1 and 04-mChe-1 bacteria, respectively. In a
minor fraction of ENs elicited by the ΔecfG mutant, few ITs were present in regions of non-vacuolated plant cells (nVC)
showing pronounced blue autofluorescence separated by regions of vacuolated cells (VC). B and D, 28-dpi nodules
colonized by wild-type and ΔecfG mutant bacteria showed homogenous and patchy distribution of infected plant cells,
respectively. E, most mutant-induced ENs lacked ITs and thus bacteria, and plant cells contained large vacuoles. F, ratio
between IT-containing and IT-lacking ENs detected on soybean plants infected with wild-type (8 dpi) and ΔecfG mutant
(15, 17, and 19 dpi) bacteria. The data is based on the analysis of 22 wild-type and 92 mutant nodules.
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The GSR is activated during early infection stages of nodulation.
We monitored σEcfG activity at different stages of the symbiotic interaction from root-attached bacteria
to fully developed bacteroids in mature nodules using as a reporter a transcriptional fusion of the σEcfGdependent bll6649 gene to sYFP2 (Fig. S5.1). At very early stages when bacteria were present in the
rhizosphere or attached to root hairs, no sYFP2 signal was detected, indicating that σEcfG is not active
in these bacteria (Fig. 5.6A, Fig. S5.2A). In contrast, bacterial cells entrapped as micro-colonies in curled
root hairs and in emerging ITs showed pronounced yellow fluorescence revealing that σEcfG was
activated between attachment and micro-colony formation (Fig. 5.6B, Fig. S5.2B1-B3). The sYFP2 signal
persisted in bacteria present in ITs present in young nodules (Fig. S5.2B4-B6, and Fig. S5.2D1, D2 for
ΔecfG mutant control) but disappeared in bacteroids of mature nodules (Fig. 5.6C, Fig. S5.2C, and Fig.
S5.2E1, E2 for ΔecfG mutant control).
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Figure 5.6: Visualization of σEcfG activity at different stages during symbiosis in B. diazoefficiens cells tagged with a
constitutive mCherry and a σEcfG-controlled sYFP2 gene (strain 9953). Top three rows show inverted gray value images
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recorded in red, yellow, and cyan channels, respectively. The fourth row shows false-colored composites of the three
images above them. The bottom row displays plots of 16 bit gray values scanned along the thin white lines indicated in
the composite images (ends marked by asterisks) with red, blue and olive lines displaying gray values observed in the red,
cyan and yellow channel, respectively. A, root-attached bacteria (5 dpi) lacked σEcfG activity as red fluorescent cells (e.g.,
four cells captured by the scan along the white line and labeled by 1, 2 (two cells), and 3) displayed no signals in the yellow
channel. B, bacteria in micro-colonies and infection threads (ITs) in root hairs (5 dpi) showed σEcfG activity as deduced from
their sYFP2 fluorescence. The scan along the line which crosses two ITs inside the root hair (1, 2) documents co-occurrence
of red and yellow fluorescence. C, absence of sYFP2 signals and thus σEcfG activity in mature bacteroids (19 dpi). A scan
across an infected plant cell documented strong red fluorescence of cytoplasmic bacteroids (2, 4) and low red signal
intensity across plant cell walls (1, 5) and the (non-infected) nucleus (3). Cell walls showed local maxima in the yellow and
cyan channel due to autofluorescence of lignified structures. Cytoplasmic regions of maximal red fluorescence did not
show yellow fluorescence higher than background, which indicates that σEcfG is not active in bacteroids. Further images
can be found in Fig. S5.2.

The ΔecfG mutant phenotype is similar on various infection thread-dependent hosts but not on the
crack-entry host Aeschynomene afraspera.
We have previously shown that the phenotype of the ΔecfG mutant is consistent on two different
soybean cultivars (Williams 82, Green Butterbean) and also on mung bean (445). We expanded the
phenotypic analysis to include four additional soybean cultivars (Black Jet, Envy, Tohya, and Viking
2265), and two additional hosts of B. diazoefficiens, i.e., siratro and cowpea. On all hosts, we observed
the characteristic ΔecfG mutant phenotype, comprising delayed nitrogen fixation accompanied by
chlorotic appearance of plant leaves, heterogeneous, small white to almost normally developed
nodules, and outgrowth of roots from some nodules (data not shown).
Our finding that the ΔecfG mutant is impaired in the induction of ITs (see above) prompted us to
determine its symbiotic phenotype on a host which is infected via cracks in the root epidermis (crack
entry). An example for this type of legumes is Aeschynomene afraspera, which is nodulated by
photosynthetic Bradyrhizobia and also B. diazoefficiens USDA 110 (30, 467). We analyzed wild typeand ΔecfG-infected A. afraspera plants 14 and 29 dpi and found that the ΔecfG mutant produces much
less but larger nodules than the wild type (Fig. S5.3A-D). Remarkably, the dry weight of mutant-induced
nodules was more than five times higher when determined 29 dpi (Fig. S5.3D). Though low,
nitrogenase activity was detected 14 dpi in young nodules of the ΔecfG mutant, and by 29 dpi it
increased to a higher level than that of wild-type nodules (Fig. S5.3E, F). Colonization of both wild typeand ΔecfG mutant-elicited A. afraspera nodules was homogenous as deduced from the uniform red
interior color caused by leghaemoglobin (Fig. S5.3G, H). This is different from soybean (and all other
IT-dependent) nodules which showed distinct colonization patterns for the wild type and the ΔecfG
mutant (Fig. S5.3I, J; see also Fig. 5.5B, D). Likewise, A. afraspera plants inoculated with the ΔecfG
mutant never formed aborted nodules or nodule-root outgrowths at any time point (data not shown).

5.4 Discussion
The symbiotic defects of B. diazoefficiens ΔecfG and ΔphyR mutants which we reported previously
(445) indicated that a functional GSR is required for proper development and function of nodules,
however, it remained undefined at which exact stage of the symbiotic interaction a functional GSR is
needed. Here, we present a characterization of the symbiotic defects of the GSR-deficient
B. diazoefficiens ΔecfG mutant.
We followed the fate of both wild-type and mutant symbionts and observed host responses from initial
interactions until fully developed nodules. The first encounter between the plant and soil-borne B.
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diazoefficiens cells takes place in the rhizosphere. Because this environment can be stressful for many
bacteria (584), it was tempting to speculate that the GSR of B. diazoefficiens was needed at this stage
and hence, a GSR-deficient mutant would be impaired in root colonization. However, our data showed
that the ΔecfG mutant colonized soybean roots as efficiently as the wild type in mono-association, and
σEcfG was not active in root hair-associated bacteria. Likewise, we observed root hair curling and
formation of numerous NPs on mutant-inoculated plants, which are both direct signs of effective Nod
factor production and signaling (581, 585, 586). Though it is possible that the decreased rate of NP
formation by the mutant was due to reduced levels of Nod factor, it is arguably not the cause for the
symbiotic defect because it was observed independently of the inoculum density (data not shown).
Moreover, the Nod– phenotype of a B. diazoefficiens nodA mutant (582) was rescued by co-inoculation
with the ΔecfG mutant. Conversely, the ΔecfG mutant was not rescued by the co-inoculated nodA
strain suggesting that the hypothetical, σEcfG-dependent factor(s) which is (are) crucial for efficient
symbiosis is (are) likely not diffusible.
The ΔecfG mutant was not competitive as inferred from the reduced root surface colonization of the
mutant when co-inoculated with the wild type (Fig. 5.1B). However, the biased root colonization in
favor of the wild type alone can probably not explain why only wild-type nodules were formed because
the same result was obtained even when the mutant was present at a 10,000-fold excess in the
inoculum.
While the number of NPs induced by the ΔecfG mutant 6 dpi was comparable to that of the wild type,
most of the mutant-evoked structures lacked nearby ITs or bacteria and did not further develop into
early nodules. This is typical for pseudoinfections which solely depend on diffusible Nod factor and
also occur during infection by wild-type rhizobia (37). Thus in contrast to rhizosphere colonization and
Nod factor production, IT formation by the ΔecfG mutant was severely impaired indicating that σEcfGcontrolled functions are crucial for this process. Notably, this is in agreement with our parallel finding
that σEcfG-activity was induced in bacterial micro-colonies entrapped in curled root hairs. On the other
hand, the absence of a sYFP2 signal in nitrogen-fixing bacteroids present in mature nodules indicated
that the GSR is no longer activated at this stage, which parallels the efficient (yet delayed) nitrogen
fixation ability of B. diazoefficiens ΔecfG mutant bacteria (445). Remarkably, a similar expression
pattern was described for RpoE2 of S. meliloti, yet this ortholog of B. diazoefficiens σEcfG was
dispensable for symbiosis (441, 587, 588).
All tested hosts that are infected via ITs displayed the characteristic ΔecfG mutant phenotype. Since
B. diazoefficiens also nodulates A. afraspera, which uses an IT-independent mode of infection ("crack
entry") (30, 467), we were interested to learn how the ΔecfG mutant performs on this host. The
phenotype markedly differed from all other hosts by the absence of aborted or aberrantly colonized
nodules. Furthermore, the onset of nitrogenase activity was not delayed when wild type- and ΔecfGinfected A. afraspera plants were compared. While the mutant induced much less, enlarged nodules
on A. afraspera, their interior was uniformly colonized and red colored by leghemoglobin. Besides the
crack-entry mode of infection, A. afraspera also differs from the other hosts by the fact that no distal
NPs are initiated before bacteria arrive at the primordium founder cells (30). Therefore, it is tempting
to speculate that aberrant ΔecfG mutant nodules on IT-dependent hosts resulted from disturbed
synchronization of NP development and bacterial delivery. As the mutant was impaired at the IT
initiation stage, invading bacteria could not reach preformed NPS or only delayed, which may result in
perturbed nodule development or reprogramming of ENs leading to root outgrowths.
The molecular determinants causing the symbiotic defects of the B. diazoefficiens ΔecfG mutant
remain enigmatic. The σEcfG regulon has been determined in transcriptome studies with free-living B.
diazoefficiens cells (445). It consists of more than 100 genes of which many are functionally undefined,
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and thus it is formally possible that the symbiotic phenotype is caused by the simultaneous
misregulation of multiple σEcfG-dependent genes. While clarification of this aspect requires more work,
it is interesting to note that the GSR is involved in interactions of numerous other α-proteobacteria
with their hosts. For example, GSR-defective mutants of the phyllosphere-colonizing bacteria
Methylobacterium extorquens and Sphingomonas melonis are either unable to colonize leaves (419)
or lack competitiveness (424). In the mammalian pathogen Brucella abortus, a functional GSR is
required not only for tolerance against acidic and oxidative stress but also for survival of the pathogen
within spleens of mice (589). Likewise, Brucella melitensis lacking the σEcfG-type σ factor RpoE1 are less
persistent both in cultured cells and mouse models (374), and in Bartonella quintana - the causative
agent of trench fever - the GSR is involved in adaptation to high hemin concentrations that prevail in
the natural louse vector of this pathogen (425).
Obviously, our findings raise questions about the nature of the signal(s) acting as GSR inducer at the
early infection stage and the involved signal transduction pathways. While it is known that the σEcfGdependent GSR is induced in free-living B. diazoefficiens cells exposed to carbon starvation (445) and
different other types of stress (osmotic, salt or pH stress; own unpublished results), we can only
speculate at this stage about potential "symbiotic stress signals". Reactive oxygen species and other
products of the plant innate immune response which is activated upon contacts with rhizobia are
candidate stimuli for triggering the bacterial GSR (for reviews see, (61-63, 572) and references therein).
It is also conceivable that maximal GSR induction is brought about by the concerted action of several
signals. Support for this view comes from the observation that in S. melonis distinct environmental
stress signals are perceived and integrated by a set of partially redundant sensory histidine kinases, to
modulate PhyR activity via phosphorylation (436). Notably, B. diazoefficiens also encodes several of
these sensory histidine kinases, which may be involved in sensing and transducing yet undefined
"symbiotic signal(s)" which trigger the GSR at the onset of host infection. Functional characterization
of this largely unexplored plant-symbiont interface represents an attractive goal for future studies.

5.5 Materials and Methods
Bacterial strains and cultivation.
All strains used in this study are listed in Table 5.1. E. coli strains were routinely grown at 37°C in LB
medium (469), if appropriate supplemented with antibiotics at the following concentrations (µg/ml):
ampicillin 200; streptomycin 50; tetracycline 10. B. diazoefficiens strains were grown at 30°C in PSY
medium supplemented with 0.1% L(+)-arabinose (268), and antibiotics were used at the following
concentrations (µg/ml): kanamycin 100, spectinomycin 100; tetracycline 50 in solid and 25 in liquid
media.
Table 5.1: Strains and plasmids used in this study
Strain or plasmid
Relevant phenotype and genotype
Escherichia coli
DH5α
S17-1 λpir
Bradyrhizobium
diazoefficiens
110spc4
8404
H1
nodA2

Reference or
source

supE44 ΔlacU169 (φ80 lacZΔM15) hsdR17 recA1 gyrA96 thi-1 relA2
Smr Spr hsdR (RP4-2 kan::Tn7 tet::Mu; chromosomally integrated)

BRL,
Gaithersburg,
USA
(471)

Spr wild type
Spr Kmr ΔecfG::aphII
Spr Kmr nifH::Tn5
Spr Kmr nodA::aphII

(472)
(445)
(499)
(582)
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mChe-1
sYFP2-4
mChe-4
GusA-1
04-mChe-1
04-mChe-4
04-GusA-1
H1-sYFP2-4
nodA2-sYFP2-4
9937
04-37
9953
04-53

Spr Tcr 110spc4 with chromosomal integration of pRJPaph-mCherry
Spr Tcr 110spc4 with chromosomal integration of pRJPtuF-sYFP2
Spr Tcr 110spc4 with chromosomal integration of pRJPtuF-mChe
Spr Tcr 110spc4 with chromosomal integration of pRJPaph-gusA
Spr Kmr Tcr ΔecfG::aphII strain 8404 with chromosomal integration of pRJPaphmCherry
Spr Kmr Tcr ΔecfG::aphII strain 8404 chromosomal integration of pRJPtuFmCherry
Spr Kmr Tcr ΔecfG::aphII strain 8404 with chromosomal integration of pRJPaphgusA
Spr Kmr Tcr nifH::Tn5 strain H1 with chromosomal integration of pRJPtuF-sYFP2
Spr Kmr Tcr ΔnodA::aphII strain nodA2 with chromosomal integration of
pRJPtuF-sYFP2
Spr Tcr 110spc4 with chromosomal integration of pRJ9937 (bll6649-lacZYA)
Spr Kmr Tcr ΔecfG::aphII strain 8404 with chromosomal integration of pRJ9937
(bll6649-lacZYA)
Spr Tcr 110spc4 with chromosomal integration of pRJ9953 (bll6649-sYFP2
P aphII -mCherry)
Spr Kmr Tcr ΔecfG::aphII strain 8404 with chromosomal integration of pRJ9953
(bll6649-sYFP2 P aphII -mCherry)

(56)
(56)
(56)
(56)
This work
This work
This work
This work
This work
This work
This work
This work
This work

Plasmids
pRJPaph-sYFP2
Tcr P aphII -sYFP2 for integration downstream of scoI
(56)
pRJPaph-mChe
Tcr P aphII -mCherry for integration downstream of scoI
(56)
pRJPtuF-sYFP2
Tcr P tuF -sYFP2 for integration downstream of scoI
(56)
pRJPtuF-mChe
Tcr P tuF -mCherry for integration downstream of scoI
(56)
pRJPaph-gusA
Tcr P aphII -gusA for integration downstream of scoI
(56)
pRJPaph-lacZYA
Tcr P aphII -lacZYA for integration downstream of scoI
(56)
pRJPaphTcr (pRJPaph-mChe) deleted 64 bp BglII fragment between P aphII and mCherry
This work
mChe_a1
pPaph-sYFP2
Tcr (pRJPaph-sYFP2) scoI downstream region deleted
This work
pPaph-lacZYA
Tcr (pRJPaph-lacZYA) scoI downstream region deleted
This work
pRJ9937
Tcr (pPaph-lacZYA) bll6649-lacZYA
This work
pRJ9952
Tcr (pRJ9937) bll6649-sYFP2
This work
pRJ9953
Tcr (pRJ9952) bll6649-sYFP2 P aphII -mCherry
This work
Abbreviations: Ap: ampicillin, Km: kanamycin, Sm: streptomycin, Sp: spectinomycin, Tc: tetracycline, r: resistance, P:
promoter

Construction of plasmids and mutants.
Tagged derivatives of B. diazoefficiens mutants strains 8404 (ΔecfG::aphII), H1 (nifH::Tn5), and nodA2
(nodA::aphII) were constructed following the same strategy described previously for wild-type
derivatives (56).
To monitor σEcfG activity, we generated reporter strains by integration of promoterless reporter genes
(lacZYA, sYFP2) downstream of the σEcfG-dependent bll6649 gene to form synthetic transcriptional
fusions. The bll6649 gene encodes a protein of unknown function comprising a PRC-barrel domain, and
in previous microarray experiments it was found to be strongly induced under GSR-activating carbon
starvation conditions (445). To create the bll6649-lacZYA transcriptional fusion, bll6649 was amplified
with primers 6649-1/-2 (see Table S5.1 for all oligos used in this study). The lacZYA-containing plasmid
pRJPaph-lacZYA was digested with NotI and PstI to release an 817 bp DNA fragment corresponding to
the scoI downstream region of B. diazoefficiens, treated with the Klenow fragment of DNA polymerase
I, and religated. In the resulting plasmid pPaph-lacZYA, P aphII was excised using EcoRI and SpeI and
replaced with the identically digested bll6649 amplicon to yield pRJ9937. This plasmid was transferred
to B. diazoefficiens wild type and ΔecfG mutant by biparental matings. The chromosomal bll6649lacZYA reporter fusion showed low β-galactosidase background activity in unstressed cells and strong,
σEcfG-dependent induction in carbon-starved cells (Fig. S1A). To monitor σEcfG activity during symbiosis
by fluorescence, the lacZYA reporter operon was replaced by sYFP2, and a constitutively expressed
(from P aphII ) mCherry gene was added to the reporter plasmid to facilitate localization of bacteria. To
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this end, pRJPaph-sYFP2 was digested with AatII and NotI, treated with the Klenow fragment of DNA
polymerase I, and religated. The sYFP2 reporter gene was excised from the resulting plasmid pPaphsYFP2 using BglII (blunted) and NdeI, and the fragment comprising sYFP2 was ligated to SpeI-(blunted)
and NdeI-digested pRJ9937 to yield pRJ9952. This plasmid was further converted to pRJ9953, which
included the constitutively expressed P aphII -mCherry cassette. To do so, a 64 bp fragment was deleted
from pRJPaph-mChe by BglII digestion and relegation to yield pRJPaph-mChe_a1. From this plasmid,
the P aphII -mCherry fragment was obtained by digestion with KpnI (blunted) and EcoRI and ligated with
NcoI- (blunted) and EcoRI-digested pRJ9952, yielding pRJ9953. Plasmid pRJ9953 was transferred into
the B. diazoefficiens wild type and 8404 ΔecfG mutant strain as plasmid pRJ9937 was. Correct
chromosomal insertion of the reporter constructs downstream of bll6649 was verified by colony PCR
using primers 6649-3 in combination with either lacZ-1 or xxFP-2. The sYFP2 reporter showed a strong
σEcfG-dependent induction upon stress as did the lacZYA reporter (Fig. S5.1B).

Analysis of root colonization and attachment to root hairs.
Strains mChe-4 and 04-mChe-4 or GusA-1 and 04-GusA-1 were inoculated on soybean seedlings and
simultaneously spotted as appropriate serial dilutions on PSY agar medium for cfu determination.
Inoculated seedlings were incubated under conditions we use for routine plant infection tests (480).
Roots were harvested 4 dpi and washed as described elsewhere (481), with the volume of the wash
solution increased to 8-10 ml per wash step. Appropriate dilutions of wash fractions were spotted on
PSY agar medium for determination of cfu counts and the total number of bacteria washed off from
whole roots was calculated. For observation of bacterial attachment to root hairs, epidermal cell layers
of inoculated roots were peeled off and mounted on glass slides in 50% (v/v) glycerol. For mixed
inoculations with wild-type (Spr) and ΔecfG mutant (Spr, Kmr) bacteria, untagged strains were used and
cfu counts of individual strains were deduced from parallel spottings on selective and non-selective
plates.

Observation of root hair curling.
To test for Nod factor activity, soybean seedlings were briefly dipped in bacterial suspensions (OD 600 =
0.1 - 0.0001) of either B. diazoefficiens wild type or ΔecfG mutant 8404. As controls, seedlings were
incubated in sterile PSY medium. Subsequently, seedlings were placed on 0.8% water agar plates and
incubated at 28°C in the dark for 48 and 72 h. Three replicates per strain, dilution and time point were
prepared. To observe curled root hairs, a staining procedure was applied based on a combination of
previously described methods (581, 590). In brief, roots were cut off from hypocotyls and placed in 1%
(v/v) Na-hypochlorite solution for 90 min. Roots were shortly washed in distilled water and stained in
0.01% (w/v) methylene blue solution for 20 min, washed in 35% (v/v) ethanol for 2 h, and destained in
70% (v/v) ethanol for 48 h. Epidermal layers were detached from roots, mounted on glass slides in 50%
glycerol, and microscopically examined using bright field illumination or phase contrast.

Mixed infections and competition experiments.
For competition experiments, mCherry-tagged ΔecfG strain 04-mChe-4 was inoculated together with
sYFP2-tagged derivatives of either B. diazoefficiens wild type (sYFP2-4), nifH::Tn5 (H1-sYFP2-4), or
nodA::aphII (nodA2-sYFP2-4). Infections, sample preparation and analysis of nodule occupancy was
done as described previously (56).
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Staining of nodule primordia and emerging nodules.
Soybean seedlings were inoculated with either wild-type or ΔecfG strains (OD 600 = 0.01), or distilled
water as negative control. Plants were grown as described (480) and harvested at different time points.
The method used for selective staining of mitotically active plant cells on roots was based on previously
described protocols (581, 583). In brief, roots were washed to remove vermiculite and cut off from
hypocotyls. Main roots were separated from lateral roots, boiled in lactophenol (20% phenol, 16%
lactic acid, 52% glycerol) for 2 min, and subsequently washed in distilled water. Roots were placed in
38 ml distilled water and 1 ml of haematoxylin stock solution (2 g in 50 ml 45% (v/v) acetic acid) and 1
ml of ferric chloride (32 mM) were added. Roots were stained for 12 h and subsequently washed in
distilled water for 2 h. Finally, roots were destained in 20 mM HCl until they became clear. All NPs and
ENs present on one half-side of each main root were counted under the stereo microscope.

Observations of infection threads.
Soybean seedlings were inoculated with B. diazoefficiens strains mChe-1, GusA-1, 04-mChe-1, or 04GusA-1 at OD 600 = 0.01. Staining and observation of ITs were done as described previously (56).

Monitoring EcfG activity.
Carbon starved and unstressed cultures of B. diazoefficiens 9937 and 04-37 were grown as described
previously (445), and β-galactosidase activity was determined as a proxy for σEcfG activity (469). To
visualize σEcfG activity by fluorescence, strains 9953 and 04-53 were constructed, each carrying a
constitutively expressed mCherry gene and sYFP2 expressed from the σEcfG-dependent promoter of
bll6649. Strains exposed to carbon starvation or not (control) were observed under a fluorescent
microscope using Zeiss filter sets 15 (BP 546/12 FT580 LP590) and 46 (BP500/20 FT 515 BP535/30).
Strains 9953 and 04-37 were inoculated on soybean seedlings and different infection and colonization
stages were observed by epifluorescence microscopy. Plant autofluorescence was observed with Zeiss
filter set 47 (BP436/20 FT 455 BP 480/40), which neither records mCherry nor sYFP2 fluorescence.
Contrast and brightness were adjusted for optimal visibility. Because of the single copy situation of the
reporter fusion and the moderate activity of σEcfG-dependent promoters, fluorescent signals were
rather low. Therefore, signal intensities were recorded along straight lines in regions of interest using
Fiji/ImageJ 1.51g software applied to non-adjusted images.

Plant growth and nodulation experiments.
Seeds of host plants (soybean (Glycine max (L.) Merr.) cv. Williams 82 (kindly provided by D.-N.
Rodriguez, CIFA, Las Torres-Tomejil, Seville, Spain), cv. Black Jet, cv. Green Butterbean, cv. Envy, cv.
TOHYA, and cv. Viking 2265, mung bean (Vigna radiata (L.) R. Wilczek), cowpea (Vigna unguiculata (L.)
Walp.) cv. Iron & Clay (all purchased from Johnny's Selected Seeds, Albion, ME, USA), and siratro
(Macroptilium atropurpureum (DC.) Urb. provided by W. D. Broughton, University of Geneva,
Switzerland) were sterilized for 5 min in 100% ethanol and 15 min in 35% H 2 O 2 , intensively washed
with sterile water and germinated for 48 h. Sterilization of Aeschynomene afraspera seeds was done
as described elsewhere (467), and plants were kept under water-logged conditions. Plant growth
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conditions and evaluation of symbiotic properties of B. diazoefficiens strains were described previously
(480).
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5.7 Supplemental material
Table S5.1: Oligonucleotides used in this study
Oligonucleotide
Sequence
xxFP-1
GGACGAGCTGTACAAGTAAG
mChe-1

CATGGACGAGCTGTACAAG

gusA-3

AGCAGGGAGGCAAACAATG

gfp+-4

AGATATTCCGGGCGGATTTC

6649-1

AGGTGGGAATTCATGCTGATGAAATCAATCGCC

6649-2

AGGAGAACTAGTTTACTCCGAGTACTTGAAC

6649-3

CGCACTCCTGATCGACTACAAG

lacZ-1

TGCCGGAAACCAGGCAAAG

xxFP-2

AGCTCCTCGCCCTTGCTCAC

106

Use
Forward primer for verification of correct
integration of sYFP2 in the chromosome
downstream of scoI
Forward primer for verification of correct
integration of mCherry in the chromosome
downstream of scoI
Forward primer for verification of correct
integration of gusA in the chromosome
downstream of scoI
Reverse primer for verification of correct
integration of plasmids into scoI
downstream region in chromosome, binds
to chromosomal region
Primer used for amplification of
homologous region to integrate reporter
genes downstream bll6649, EcoRI
Primer used for amplification of
homologous region to integrate reporter
genes downstream bll6649, SpeI
Reverse primer to verify correct integration
of reporters downstream bll6649, binds to
chromosomal region upstream of bll6649
Forward primer for verification of correct
integration of lacZYA in the chromosome
downstream bll6649
Forward primer for verification of correct
integration of sYFP2 in the chromosome
downstream bll6649

Chapter 5 - A functional general stress response of Bradyrhizobium diazoefficiens is required for early stages of host plant
infection

Figure S5.1: Induction of the σEcfG-controlled artificial bll6649-reporter operons. A, wild-type (strain 9937) and ΔecfG
mutant (04-37) derivatives both harboring a bll6649-lacZYA reporter fusion were grown under carbon starvation-stressed
or unstressed conditions followed by determination of β-galactosidase activity. Data represent three biological replicates
with standard deviation indicated. B, wild-type (strain 9953) and ΔecfG mutant (04-53) derivatives both harboring a σEcfGdependent bll6649-sYFP2 fusion and a constitutively expressed mCherry gene were visualized after growth under carbon
starvation-stressed or unstressed conditions. Images were black-white inverted, but otherwise not adjusted. The
moderate signal intensity of the sYFP2 signal is a consequence of the single copy situation of the reporter fusion integrated
in the chromosome and rather low strength of σEcfG-dependent promoters. A, B, both data sets documented stress- and
σEcfG-dependent expression of the bll6649-reporter gene fusion.
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Figure S5.2: As in Fig. 5.6 of the body text, σEcfG-activity in B. diazoefficiens cells during symbiotic engagement is shown.
Wild type (A-C) and ΔecfG mutant (D, E) bacteria were simultaneously tagged with a constitutively expressed mCherry and
a σEcfG-controlled sYFP2 gene resulting in strains 9953 and 04-53, respectively). Top three rows show inverted gray value
images recorded in red, yellow, and cyan channels, respectively. The fourth row shows false colored composite image of
the three channels. The fifth row displays 16 bit gray values recorded along the white lines indicated on the composite
images (ends indicated by asterisks) to document co-occurrence (or its absence) of red and yellow signals. A, bacteria
loosely attached to root surfaces (5 dpi) lacked an sYFP2 signal. No bacteria-associated enhanced yellow fluorescence was
detected along the line drawn from 1 to 2 and crossing several bacterial cells. B1 and B2, sYFP2 signal was most
pronounced in micro-colonies and was also detected in infection threads (ITs) within root hairs (5 dpi). Note that IT 3 on
B1 is slightly out of focus. B3, ITs within a root hair (5 dpi) showing co-occurrence of red and yellow, but not cyan signal
peaks when passing ITs (1, 3) and co-occurrence of peaks of all three signals when passing an area of strong
autofluorescence (2). B4-B6, sYFP2 signal was still detected in bacteria present in ITs of emerging nodules (ENs) (9 dpi) as
local maxima of yellow fluorescence signal corresponded to sites of local red fluorescence maxima (B4, B5: 1, 2; B6: 1, 3,
5). Note strong cyan autofluorescence of nuclei (B6; 2, 4). C, Bacteroids in mature nodules (19 dpi) lacked obvious sYFP2
signals. Maximal yellow fluorescent signals were associated with cell walls (1, 5) but no correlation existed between
colonized (strongly red fluorescent; e.g., 2, 4) and non-colonized (weakly red fluorescent; e.g., nuclei, 3) zones. D1 and D2,
the rare ITs in (ENs) induced by ΔecfG mutant bacteria showed no correlation of yellow fluorescence with red fluorescent
bacteria (D1: 1, 3; D2: 1, 2). By contrast, regions adjacent to ITs exhibited stronger yellow fluorescence than bacteria inside
ITs (D1: 2,4). E1 and E2, similar to plant cells harboring mature wild-type bacteroids (19 dpi; see Fig. 6), ΔecfG mutant
bacteroids present in nodules of a comparable developmental stage (i.e., 28 dpi) showed highest yellow fluorescence
associated with cell walls (1, 5), and nuclei (3), which did not correlate with the red fluorescence of bacteroids located in
the cytoplasm (2, 4).
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Figure S5.3: Symbiotic properties of B. diazoefficiens wild type and ΔecfG mutant inoculated on, A-H, Aeschynomene
afraspera and, I-J, Glycine max (soybean). A and B, nodule number per plant was strongly reduced on ΔecfG mutantinoculated plants at both time points (14, 29 dpi) whereas, C and D, the size of ΔecfG-induced nodules was larger, most
prominently at 29 dpi. E and F, nitrogenase activity (normalized to total nodule dry weight per plant) of wild type- and
mutant-infected plants showed inverse trends when compared 14 and 29 dpi. G, wild type-induced root nodule of A.
afraspera (29 dpi) and, I, G. max (28 dpi) with both nodule types exhibiting homogenously infected inner zones as inferred
from the homogenous distribution of leghemoglobin. H, ΔecfG mutant-induced nodule on A. afraspera 29 dpi showing a
homogenous interior pink color which is characteristic for uniform colonization. J, ΔecfG mutant-induced nodule on G.
max (28 dpi). Infected nodules showed patchy distribution of leghemoglobin reflecting inhomogeneous nodule
colonization which is characteristic for the ΔecfG mutant-elicited soybean nodules. A-F, quantitative data represent the
mean of ten biological replicates with standard deviation indicated.

113

114

Chapter 6

General stress response-controlled trehalose biosynthesis is
crucial for functional symbiosis between Bradyrhizobium
diazoefficiens and soybean

Raphael Ledermann, Barbara Müller, Jean-Malo Couzigou, Nicola Zamboni, Julia A. Vorholt, and
Hans-Martin Fischer

Department of Biology, Institute of Microbiology, ETH Zurich, 8093 Zurich, Switzerland

This chapter contains unpublished work

Author contributions:
RL, JMC, NZ, JAV, and HMF conceived the study and designed experiments. RL, BM, JMC, NZ, and
HMF executed experiments and analyzed data. RL and HMF wrote the manuscript.
115

Chapter 6 - General stress response-controlled trehalose biosynthesis is crucial for functional symbiosis between
Bradyrhizobium diazoefficiens and soybean

6.1. Abstract
Symbiosis between rhizobia and legumes involves intensive cross-talk and physiological interactions
between hosts and symbionts with distinct specific signals being exchanged at different stages of the
symbiotic interaction. When engaging in symbiosis, rhizobia are subjected to pronounced changes in
their environment. For example, they need to overcome a latent host defense response during early
infection stages. We have described previously the peculiar phenotype of mutants in the general stress
response (GSR) of Bradyrhizobium diazoefficiens in symbiosis with soybean and other legume hosts.
The phenotype includes delayed nitrogen fixation due to reduced infection thread (IT) formation and
development of aborted nodules. Furthermore, some of the nodules lose their organ identity and
develop ectopic root outgrowth. Genes of the GSR are controlled by an alternative σ factor, σEcfG,
belonging to the class of extracytoplasmic function σ factors. The regulon of σEcfG comprises more than
100 genes. Here, we report the identification of σEcfG-controlled genes, which are required and
sufficient to phenocopy the ΔecfG mutant in symbiosis. We demonstrate that the trehalose
biosynthesis genes otsA and otsB are controlled by σEcfG, and the phenotype of respective mutants is
indistinguishable from that of the GSR mutants lacking σEcfG or its co-regulator PhyR, including reduced
IT formation. Expression of otsBA from a σEcfG-independent promoter rescued the ΔecfG mutant. We
also identified a trehalose uptake system, needed for complementation of the biosynthesis mutants
by exogenous supplementation with trehalose. Metabolomic data suggest a link between trehalose
and purine biosynthesis, which may account for the developmental defects during symbiosis formation
by mutants impaired in trehalose biosynthesis. Experiments to test this hypothesis are ongoing.
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6.2. Introduction
Rhizobia are soil-inhabiting bacteria with the unique ability to form a mutualistic symbiosis with
legume plants. When rhizobia encounter roots of host plants, they sense plant-derived flavonoids and
respond by the synthesis of species-specific Nod factors (decorated lipochito-oligosaccharides) which
cause the induction of root-nodule primordia and root hair curling (44). Root hair-attached bacteria
entrapped by curled root hairs multiply and form microcolonies from which they enter the root tissue
via so-called infection threads (ITs) guiding them to the cortical nodule primordium (57, 130). Finally,
bacteria are released from ITs into plant cells, where they differentiate to bacteroids. Eventually,
bacteroids induce genes encoding nitrogenase and associated functions enabling them to reduce
atmospheric dinitrogen to ammonia, which is provided to the host plant. In return, bacteroids receive
reduced carbon sources and other nutrients from the host (15, 189, 230). In the soil, free-living rhizobia
may encounter a plethora of unfavorable conditions, such as heat or cold, starvation for various
nutrients, pH shifts, or desiccation. These stresses can result in damage of macromolecules, such as
denaturation or misfolding of proteins, membrane damage (e.g. ruptures), RNA degradation, or DNA
strand breaks. Hence, rhizobia (as many other bacteria) have evolved functions and mechanims to
cope with different types of stress and to alleviate the consequences of associated cellular damage.
These systems involve chaperones, i.e. proteins which stabilize and protect other proteins and
macromolecules (477, 562, 591-596), DNA repair systems (597), and reactive oxygen species (ROS)
detoxifying proteins such as catalases, peroxidases, peroxiredoxins, or superoxide dismutases (60, 122,
402, 575, 588, 598-600) and complex regulatory circuits to control the processes (375, 377, 378, 382,
601-603). Apart from protein-based stress tolerance mechanisms, many bacteria produce small
molecules, which protect macromolecules from damage. Commonly, these small molecules are
termed compatible solutes (because they do not interfere with the host metabolism) or chemical
chaperones, which are considered as panacea for protection of proteins and membranes from negative
effects of a wide variety of stresses, such as salt, osmotic, or desiccation stress, freezing, high
temperature and others (604-606). The general principle how compatible solutes stabilize
macromolecules is by providing a hydration shell. The compatible solute itself does not interact with
the macromolecule, likely by sterical hindrance, due to the solutes size. Compatible solutes accumulate
to high concentrations (607) and the lack of interactions with macromolecule structures favors the
formation of hydration shells between the macromolecule and the compatible solute. In contrast, e.g.
salts, which strongly interact with protein surfaces, exclude water from the macromolecule and hence
disrupt the three-dimensional structure (608-611). There is only a limited number of compatible
solutes known (612). Several rhizobia are able to take up compatible solutes, such as ectoine or glycine
betaine under stress conditions (613-615). Furthermore, in rhizobia the de novo biosynthesis of the
compatible solute trehalose is widespread (616-623). Trehalose is a non-reducing disaccharide,
composed of two α,α(1-1)-linked glucose residues. It is a ubiquitous compound found in bacteria,
archaea, fungi, plants, arthropods, and many other organisms, but not mammals. Trehalose is a
multipurpose molecule serving as carbon storage compound, signaling molecule (including some of its
biosynthetic intermediates) and counteracting effects of various stresses in its role as compatible
solute (624). Unlike non-sugar compatible solutes, trehalose also has membrane-protecting properties
(625-627) in addition to the function in protein stabilization, which it shares with other compatible
solutes (628, 629). Finally, in Mycobacterium spp. covalently linked trehalose is part of the cell wall and
required for infectivity (630-632).
To date, five different pathways for trehalose biosynthesis are known: (i) The TPS/TPP pathway uses
trehalose-6-phosphate synthase (TPS/OtsA) to condense UDP-glucose (UDP-Glc) and glucose-6phosphate (Glc6P) to trehalose-6-phosphate (T6P). Trehalose-6-phosphate phosphatase (TPP/OtsB)
catalyzes the conversion of T6P to trehalose and inorganic phosphate. (ii) The TS pathway is specified
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by trehalose synthase (TS/TreS) which catalyzes the reversible reaction from maltose (α(1-4)glucopyranosyl-glucopyranose) to trehalose (α,α(1-1)-glucopyranosyl-glucopyranose). (iii) In the
TreY/TreZ pathway, maltodextrins (chains of α(1-4)-linked glucose residues found in starch, glycogen
and malto-oligosaccharide degradation products thereof) are converted to malto-oligosaccharyltrehalose. Specifically, TreY catalyzes the conversion of the α(1-4) to an α,α(1-1) linkage at the reducing
end of the substrate oligosaccharide. Subsequently, TreZ hydrolyzes the trehalose residue from the
rest of the oligosaccharide. (iv) Trehalose phosphorylase (TreP) catalyzes the reversible reaction of
Glc6P with glucose (Glc) to trehalose in the TreP pathway. (v) Trehalose glycosyl-transferring synthase
(TreT pathway) condenses the nucleotide sugar ADP-Glc and Glc to trehalose. Unlike in the TPS/TPP
pathway, trehalose biosynthesis by TreT requires no subsequent phosphatase step because this
enzyme combines Glc rather than Glc6P with the nucleotide sugar (633). Three pathways (i, ii, iii) which
are relevant for this study are shown in more details in Fig. 6.1A.
Rhizobia encounter stressful conditions not only in the soil but while entering host plant tissue via ITs.
The encountered environment during infection is likely very different from the soil with regard to many
parameters. Moreover, host plants mount a defense-like response during initiation of symbiosis (62),
including the production ROS and nitric oxide (59, 63, 570) and synthesis of pathogen-related (PR)
proteins (61, 571, 572). In the soybean symbiont Bradyrhizobium diazoefficiens, mutants defective in
the general stress response (GSR), which is mediating tolerance to various stresses, display an aberrant
symbiotic phenotype (445). We have previously shown that initial signs of the mutant phenotype are
reduced IT formation and a delay in the emergence of nodules. In agreement with these findings, we
have shown that the GSR is specifically activated in microcolonies and ITs (Chapter 5).
The GSR in α-proteobacteria is regulated by a partner switch mechanism involving the
extracytoplasmic function (ECF) σ factor σEcfG, its cognate anti-σ factor NepR and the anti-σ factor
antagonist PhyR. NepR inactivates σEcfG under unstressed conditions by sequestration. When the GSR
is induced, PhyR is phosphorylated thereby increasing its affinity for NepR. The partner switch leads to
the release of σEcfG that will associate with RNA polymerase to transcribe more than 100 σEcfG-controlled
genes (420, 421, 423). To find the σEcfG-controlled genes, responsible for the ΔecfG mutant phenotype,
we mutated a series of genes. Whereas most of the mutants displayed a wild type-like symbiotic
phenotype, we found that the trehalose biosynthesis genes otsA and otsB which, when deleted, result
in mutants that phenocopy the ΔecfG mutant.

6.3. Material and methods
Bacterial strains and cultivation
Strains and plasmids used in this study are listed in Table 6.1. Escherichia coli was grown in LB medium
(469) at 37°C. Antibiotics were added were appropriate at the following concentrations (μg/ml):
ampicillin (agar plates 200, liquid cultures 100), kanamycin (30), streptomycin (50), and tetracycline
(10). B. diazoefficiens was routinely grown at 30°C in PSY medium (472) supplemented with 0.1% L(+)arabinose (268). Antibiotics were added were appropriate as follows (μg/ml): chloramphenicol (20, for
counterselection of E. coli), kanamycin (100), spectinomycin (100), streptomycin (50), and tetracycline
(agar plates 50, liquid cultures 25). For osmotic or salt stress conditions, 400 mM sorbitol or 30 mM
NaCl was added to PSY medium, respectively. For carbon starvation, MOPS-buffered minimal medium
(470) or V3 minimal medium (9.94 mM K 2 HPO 4 , 10.06 mM NaH 2 PO 4 , 10 mM NH 4 NO 3 , 3.25 mM
MgSO 4 , 340 μM CaCl 2 , 59 μM MnSO 4 , 49 μM H 3 BO 4 , 9 μM FeCl 3 , 9 μM FeCl 2 , 7 μM ZnSO 4 , 5 μM KI, 5
μM NaSeO 3 , 1 μM NaMoO 4 , 160 nM CuSO 4 , 105 nM CoCl 2 , 105 nM NiCl 2 ) lacking a carbon source was
used.
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Table 6.1: Strains and plasmids used in this study
Strain or plasmid
Relevant phenotype and genotype
Escherichia coli
DH5α
S17-1 λpir
Bradyrhizobium
diazoefficiens
110spc4
GusA-1
8404
9885
9884
9864
9865
9899
9900
9871
9904
9905
9906_Sm
9904-GusA-1
8404-OtsA-1
8404-OtsB-1
8404-OtsBA-1
04-OtsA-1
06S-OtsB-1
71-OtsBA-1
OtsBA-1
TreF-1
71-70
9070
71-68
9965
04-65
9904-65
9966
04-66
9904-66
Plasmids
pBluescript
SK(+)
pGEM-T Easy
pREDSIX
pRGD-KmR
pRGD-SmR
pRGD-TcR
pGEM-tetA(C)
pBSL15Ω
pRJPaph-gfp
pRJPaph-gfp_a1
pRJPaph-lacZYA
pRJPaph-gusA

Reference or
source

supE44 ΔlacU169 (φ80 lacZΔM15) hsdR17 recA1 gyrA96 thi-1 relA2
Smr Spr hsdR (RP4-2 kan::Tn7 tet::Mu; chromosomally integrated)

BRL,
Gaithersburg,
USA
(471)

Spr wild type
Spr Tcr (110spc4) P aphII -gusA, scoI ds integrated
Spr Kmr ΔecfG::aphII
Spr Kmr Δ('glgX-treZ-treY)::aphII same orientation
Spr Tcr (9885) Δ(treS'-glgB-'glgX-Δ[glgX'-treZ-treY]::aphII)::tetA(C) same
orientation
Spr Kmr (9884) Δ(bll6766-'treS-Δ[treS'-glgB-glgX-treZ-treY]::tetA(C))::aphII
same orientation
Spr Kmr (9884) Δ(bll6766-'treS-Δ[treS'-glgB-glgX-treZ-treY]::tetA(C))::aphII
opposite orientation
Spr Tcr (110spc4) Δbll0902::tetA(C) same orientation
Spr Tcr (110spc4) Δbll0902::tetA(C) opposite orientation
Spr Smr (110spc4) Δ(otsA-otsBC)::aadA same orientation
Spr Smr (110spc4) ΔotsA::aadA same orientation
Spr (110spc4) ΔotsC
Spr Smr (110spc4) ΔotsBC::aadA same orientation
Spr Smr Tcr (9904) ΔotsA::aadA P aphII -gusA, scoI ds integrated
Spr Kmr Tcr (8404) ΔecfG::aphII P aphII -otsA, scoI ds integrated
Spr Kmr Tcr (8404) ΔecfG::aphII P aphII -otsB, scoI ds integrated
Spr Kmr Tcr (8404) ΔecfG::aphII P aphII -otsBA, scoI ds integrated
Spr Smr Tcr (9904) ΔotsA::aadA P aphII -otsA, scoI ds integrated
Spr Smr Tcr (9906_Sm) ΔotsBC::aadA P aphII -otsB, scoI ds integrated
Spr Smr Tcr (9871) Δ(otsA-otsBC)::aadA P aphII -otsA, scoI ds integrated
Spr Tcr (110spc4) P aphII -otsBA, scoI ds integrated
Spr Tcr (110spc4) P aphII -treF, scoI ds integrated
Spr Smr Tcr (9871) Δ(otsA-otsBC)::aadA P otsC -otsCB-P otsA -otsA, scoI ds
integrated
Spr Tcr (110spc4) P otsC -otsCB-P otsA -otsA, scoI ds integrated
Spr Smr Tcr (9871) Δ(otsA-otsBC)::aadA P nifD -cymR* P cu1 -otsBA, scoI ds
integrated
Spr Tcr (110spc4) Sf thuR-P thuE -lacZYA, scoI ds integrated
Spr Kmr Tcr (8404) ΔecfG::aphII Sf thuR-P thuE -lacZYA, scoI ds integrated
Spr Smr Tcr (9904) ΔotsA::aadA Sf thuR-P thuE -lacZYA, scoI ds integrated
Spr Tcr (110spc4) Sm thuR-P thuE -lacZYA, scoI ds integrated
Spr Kmr Tcr (8404) ΔecfG::aphII Sm thuR-P thuE -lacZYA, scoI ds integrated
Spr Smr Tcr (9904) ΔotsA::aadA Sm thuR-P thuE -lacZYA, scoI ds integrated

(472)
(56)
(445)
This work
This work

Apr cloning vector

Stratagene, La
Jolla, CA, USA
Promega,
Madison, WI,
USA
(265)
(265)
(265)
(265)
(265)
(505)
(56)
(56)

Apr PCR cloning vector
Apr mobilizable, high-copy-no. cloning and mutagenesis vector
Apr Kmr aphII donor plasmid
Apr Spr Smr aadA donor plasmid
Apr Tcr tetA(C) donor plasmid
Apr Tcr tetA(C) donor plasmid
Apr Smr Spr aadA donor plasmid
Tcr P aphII -gfp+ for genomic integration ds of scoI
Tcr P aphII -gfp+ for genomic integration ds of scoI, exchanged PstI site ds of gfp+
with KpnI and AatII sites
Tcr P aphII -lacZYA for genomic integration ds of scoI
Tcr P aphII -gusA for genomic integration ds of scoI
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This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

(56)
(56)
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pRJ9956
pBSL15-tetA(C)
pRJ9899

Tcr P Q1 ; P nifD -cymR*
Chapter 4
Apr Tcr (pBSL15Ω) tetA(C) donor plasmid
This work
Apr Tcr (pREDSIX) bll0902 up- and downstream regions separated by tetA(C),
This work
oriented from up- to downstream
pRJ9900
Apr Tcr (pREDSIX) bll0902 up- and downstream regions separated by tetA(C),
This work
oriented from down- to upstream
pRJ9864
Apr Kmr (pREDSIX) bll6766 up- and treY downstream regions separated by
This work
aphII, oriented from up- to downstream
pRJ9865
Apr Kmr (pREDSIX) bll6766 up- and treY downstream regions separated by
This work
aphII, oriented from down- to upstream
pRJ9885
Apr Kmr (pRJ9864) glgX internal fragment and treY downstream regions
This work
separated by aphII, oriented from up- to downstream
pRJ9884
Apr Tcr (pRJ9864) treS internal fragment and treY downstream regions
This work
separated by tetA(C), oriented from up- to downstream
pRJ9871
Apr Smr Spr (pREDSIX) otsC up- and otsA downstream regions separated by
This work
aadA, oriented from up- to downstream
pRJ9903
Apr (pGEM-T Easy) 'bll0324-otsB-otsA
This work
pRJ9904
Apr Smr Spr (pREDSIX) otsA up- and otsA downstream regions separated by
This work
aadA, oriented from up- to downstream
pRJ9906
Apr Tcr (pREDSIX) otsC up- and otsB downstream regions separated by tetA(C),
This work
oriented from up- to downstream
pRJ9906_Sm
Apr Smr Spr (pRJ9906) otsC up- and otsB downstream regions separated by
This work
aadA, oriented from up- to downstream
pRJ9905
Apr Tcr (pREDSIX) otsC up- and downstream regions flanked by tetA(C)
This work
pRJPaph-otsA
Tcr (pRJPaph-gfp) P aphII -otsA for genomic integration ds of scoI
This work
pRJPaph-otsB
Tcr (pRJPaph-gfp) P aphII -otsB for genomic integration ds of scoI
This work
pRJPaph-otsBA
Tcr (pRJPaph-otsB) P aphII -otsBA for genomic integration ds of scoI
This work
pRJPaph-treF
Tcr (pRJPaph-gfp) P aphII -treF for genomic integration ds of scoI
This work
pRJ9066
Apr (pBluescript SK(+)) otsA
This work
pRJ9067
Apr (pBluescript SK(+)) otsCB
This work
pRJ9069
Apr (pRJ9067) otsCB-otsA
This work
pRJ9070
Tcr (pRJPaph-gfp_a1) otsCB-otsA
This work
pRJ9968
Tcr (pRJ9956) P nifD -cymR* P cu1 -otsBA
This work
pRJ9965
Tcr (pRJPaph-lacZYA) Sf thuR-P thuE -lacZYA
This work
pRJ9966
Tcr (pRJPaph-lacZYA) Sm thuR-P thuE -lacZYA
This work
Abbreviations: Ap: ampicillin; Km: kanamycin; Sm: streptomycin; Sp: spectinomycin; Tc: tetracycline; r: resistance; P:
promoter with subscript indicating the associated gene in wild type situation or artificial designation in synthetic
constructs (then not italic); ds: downstream; Sf: Sinorhizobium fredii NGR234; Sm: Sinorhizobium meliloti 1021, both
denoting the bacterial species from which the genetic locus originates; strain or plasmid names indicated in brackets
after antibiotic resistances refer to progenitor strains or plasmids. Same and opposite orientation of antibiotic resistance
genes refers to the orientation of the deleted gene.

Plasmid and strain construction
For deletion mutant generation, the pREDSIX system was used as described previously (265). In short,
flanking regions (650-900 bp up- and downstream DNA of the region to be deleted) were PCR amplified
(see Table S6.1 for primers and oligonucleotides used in this study) and cloned into pREDSIX in tandem,
generating a new unique site between the two flanking regions. These plasmids were linearized at the
unique site between the two flanking regions and an antibiotic resistance cassette from pRGDderivatives was inserted. Final plasmids were conjugated into B. diazoefficiens recipient strains by
biparental matings. Clones which underwent double crossovers were selected by their fluorescent
phenotype and double checked by PCR using primers binding on the antibiotic resistance cassette
(reading outwards) in combination with primers binding to the genomic region outside the flanking
regions used for homologous recombination and reading into deleted region. For markerless deletions,
a similar method was used and isolation and verification was done as described (265). For deletion of
bll0902, flanking regions were amplified using primer pairs 0902-1/-2 and 0902-3/-4. Flanking regions
were cloned in pREDSIX using NsiI and MunI sites and generating a unique SpeI site. Tetracycline
resistance cassette from pRGD-TcR was released by SpeI digest and cloned between the two flanking
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regions, yielding plasmids pRJ9899 and pRJ9900. Correct mutants were verified by PCR using primers
tetA(C)-1 or tetA(C)-2 in combination with 0902-5 or 0902-6. For mutagenesis of the treZY region
(bll6766-treS-glgB-glgX-treZ-treY), plasmids pRJ9864 and pRJ9865 were constructed. The bll6766
upstream region (tre_-1/-2) and the treY downstream region (tre_-3/-4) were amplified and cloned in
pREDSIX using PacI in combination with either SpeI (for the tre_-3/-4 amplified region) or NheI (for
pREDSIX). The unique site KpnI in the resulting plasmid was used to insert a KpnI released kanamycin
resistance cassette from pRGD-KmR. Because direct deletion of the entire bll6766-treS-glgB-glgX-treZtreY region (14'174 bp) was not successful it was deleted sequentially. First, we constructed plasmid
pRJ9885 by excising the bll6766 upstream region in pRJ9864 (NdeI and PacI) and replacing it with a
glgX internal fragment amplified with the primer pair tre_-12/-13. The resulting plasmid was used to
delete the 3' end of glgX and treZY generating strain 9885. Correct deletion was verified by PCR using
primer pairs tre_-17/Kan-4 and Kan-2/tre_-10. Second, plasmid pRJ9884 was constructed by releasing
the bll6766 upstream region and aphII from pRJ9864 (PacI and SpeI) and inserting a PCR-amplified treS
internal fragment (primer pair tre_-14/-15). The unique SpeI site was used for insertion of a SpeIreleased tetA(C) cassette from pRGD-TcR. Only plasmid pRJ9884, having tetA(C) oriented the same
direction as bll6766 and treS was retained and further used. Using this plasmid, strain 9885 was further
mutated by deleting the 3' end of treS, glgB, the remaining 5' end of glgX and the aphII kanamycin
resistance gene, generating strain 9884. Correct deletion was verified by PCR using primer pairs tre_18/tetA(C)-1 and tetA(C)-2/tre_-10. Finally, strain 9884 was used to delete the remaining part (bll6766
and the 5' end of treS and the tetA(C) encoded tetracycline resistance) of the treZY region, using
plasmids pRJ9864 and pRJ9865. Correct deletions were verified, using combinations of primers Kan-4
or Kan-2 with tre_-10 or tre_-9. For deletion of the otsA-otsBC region, plasmid pRJ9871 was
constructed by PCR amplification of the otsA downstream (otsAB-1/-2) and otsC upstream regions
(otsAB-3/-4) and cloning them into pREDSIX using PacI and SpeI (on the otsAB-3/-4 amplified fragment)
and inserting an aadA streptomycin resistance released with KpnI from pRGD-SmR into the unique
KpnI site. Only one direction (from up- to downstream) could be isolated. Correct deletion was verified
by PCR using primer pairs otsAB-5/Strp-5 and Strp-3/otsAB-6. For detailed functional analysis of the
ots region, individual genes were deleted. For deletion of otsA, a 2 kb fragment containing the 5' end
of otsA, otsB, and the 3' end of otsC was PCR amplified using primers otsAB-7 and otsAB-8 and cloned
into pGEM-T easy, generating plasmid pRJ9903. From this plasmid, the otsA upstream region was
released using SpeI and the endogenous NsiI site located in the otsB-otsA intergenic region. The NsiI
site was blunted using the Klenow fragment of E. coli DNA polymerase I. From pRJ9871, the otsC
upstream region was released using XbaI and EcoRI (Klenow blunted) and replaced by the otsA
upstream fragment, generating pRJ9904. Correct deletion of otsA was verified by PCR using primer
pairs otsAB-5/Strp-5 and Strp-3/otsA-1. For deletion of the otsBC operon, we re-amplified the otsC
upstream region, since we suspected the initial fragment used in pRJ9871 will delete a putative
promoter of the upstream-located blr0325 gene. Hence, we used primer otsAB-9 and otsAB-4 to
amplify a region including the putative blr0325 promoter and cut the PCR amplified fragment NsiI and
EcoRI. The otsB downstream fragment was excised from pRJ9903 using NheI and NsiI and the two
flanking regions were cloned into NheI- and MunI-digested pREDSIX. First, a tetracycline resistance
cassette (released with PstI from pBSL15-tetA(C) was inserted into the unique NsiI site, yielding plasmid
pRJ9906. Later we replaced the tetracycline resistance with a streptomycin resistance (all by KpnI
digests), generating plasmid pRJ9906_Sm to enable genetic complementation of the resulting
B. diazoefficiens mutant with tetracycline resistance-specifying vector. Correct mutation was verified
by PCR using primer pairs otsB-1/Strp-5 and Strp-3/otsAB-6. For markerless deletion of otsC, the otsC
downstream region was amplified using primers 0324-1/-2 and the upstream region was amplified
with primers 0324-3/-4. Notably, the first and last three coding triplets and the endogenous otsC stop
codon were retained in the amplicons to end up with a markerless in-frame deletion. The two
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fragments were fused by a MunI site (generating two artificial in-frame codons (for Gln and Leu)
between the first and last three codons of otsC) and ends for cloning were prepared by PstI and SpeI
digest and ligated into XbaI and NsiI prepared pREDSIX backbone. A pRGD-TcR-derived (SpeI)
tetracycline resistance cassette was cloned into the NheI site aside the two flanking regions to generate
pRJ9905. Correct structure was verified by PCR using primer pairs 0324-5/-6 (amplifying flanking
regions and the desired deletion or otsC in case of the wild type) and 0324-7/-8 (amplifying an otsCinternal fragment expected to be deleted in the mutant).
For construction of the P aphII -driven otsA and/or otsB complementation constructs, otsA was amplified
using primers otsA-2/-3, cut with PstI and SpeI and cloned into identically digested pRJPaph-gfp,
generating pRJPaph-otsA. For pRJPaph-otsB, otsB was excised from pRJ9903 (PstI and NotI/Klenow
blunted) and ligated with pRJPaph-gfp (PstI and SpeI/Klenow blunted). Since downstream of otsA a
hairpin structure was found, we suspected that it could act as transcriptional terminator and decided
to generate an artificial P aphII -otsB-otsA operon for simultaneous constitutive expression of both genes.
To do so, we released otsA and the homologous region for scoI downstream integration (56) from
pRJPaph-otsA (XbaI and BglII/Klenow blunted) and inserted the fragment downstream of otsB in
pRJPaph-otsB (XbaI and PstI/Klenow blunted), resulting in pRJPaph-otsBA. Similarly, for expression of
the E. coli treF gene, encoding a cytoplasmic trehalase, we amplified treF from genomic E. coli DNA
using primers treF-1/-2. Notably, treF-1 included a 5' extension representing a ribosomal binding site
for B. diazoefficiens. The fragment was cut with SpeI and PstI and ligated into identically pretreated
pRJPaph-gfp, generating pRJPaph-treF. To generate a plasmid harboring otsCB and otsA controlled by
their endogenous promoter(s), we amplified otsA using primers otsA_fw and otsA_rv_KpnI_MunI and
otsCB using primers otsB_fw_BglII and otsB_rv. We digested the otsA-containing fragment with KpnI
and PstI and the otsCB-containing fragment with PstI and BglII. Both fragments were cloned into
pBluescript SK(+), digested either with KpnI and PstI or PstI and BamHI, respectively, generating
plasmids pRJ9066 and pRJ9067, respectively. The otsA-containing fragment was released from
pRJ9066 and cloned downstream of otsB in pRJ9067 using PstI and KpnI sites, generating plasmid
pRJ9069. The entire ots region was released from this plasmid using the flanking EcoRI and KpnI sites
and used to replace P aphII -gfp+ in the identically digested plasmid pRJPaph-gfp_a1, resulting in
pRJ9070. Plasmid pRJ9968, carrying otsBA downstream of P rrn-mut2 including two cuO cumate operator
sites and cymR* downstream of P nifD was generated by ligating the PstI and BglII released otsBA
fragment from pRJPaph-otsBA into identically pretreated pRJ9956. For construction of a
transcriptional trehalose bioreporter, we amplified fragments containing thuR and a portion of the
thuR-thuE intergenic region (ending upstream of the thuE ribosomal binding site) from genomic DNA
of Sinorhizobium fredii NGR234 and Sinorhizobium meliloti 1021 (lab internal stocks), using primer pairs
Sf_thuR-1/-2 and Sm_thuR-1/-2, respectively. We cut both fragments MunI and SpeI and ligated them
into EcoRI- and SpeI-pretreated pRJPaph-lacZYA, resulting in plasmids pRJ9965 and pRJ9966,
respectively. All complementation/expression plasmids were stably integrated into the chromosome
of recipient strains at the locus downstream of scoI (56). Correct insertion was verified by PCR, using
primer gfp+-4 in combination with one of the primers lacA-1, gusA-3, treF-3, otsA-4, or otsB-2,
depending on the specific construct.

RNA work and (q)RT-PCR
RNA was extracted from 12-20 ml of bacterial culture (OD 600 =0.3-0.6). Cells were harvested by adding
10% (v/v) stop solution and subsequent centrifugation (5'000 x g, 10 min, 4°C). Pellets were
resuspended in 600 μl TRI reagent® (Zymo Research Corp., Irvine, CA, USA) and 300 μl of 0.1 mm
Zirconia beads (Biospec Products, Inc., Bartlesville, OK, USA) were added. Cells were lysed by 3x 30 s
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vigorous shaking using a CapMix™ apparatus (3M ESPE, Rüschlikon, Switzerland). Beads were removed
by centrifugation (15'000 x g, 1 min, 4°C) and RNA was extracted from supernatant using the Directzol™ RNA MiniPrep kit (Zymo Research Corp., Irvine, CA, USA) according to manufacturer's
recommendations. After extraction in 85 μl water, 1 μl of RNasin® Plus RNase inhibitor (Promega AG,
Dübendorf, Switzerland) was added. Genomic DNA was removed using the RapidOut DNA removal Kit
(ThermoFisher Scientific, Reinach, Switzerland) according to manufacturer's protocol. Synthesis of
cDNA was performed using the Omniscript® Reverse Transcription kit (Qiagen AG, Hombrechtikon,
Switzerland) and random hexameric primers (ThermoFisher Scientific, Reinach, Switzerland) following
the manufacturer's instructions. cDNA was used for PCR analysis of the otsCB-otsA transcriptional
organization using primer pairs RT-1/-3, RT-1/-4, and RT-5/-7. For qRT-PCR, 10 μl FastStart Universal
SYBR Green Master (Rox) (Roche Diagnostics AG, Rotkreuz, Switzerland), 7.4 μl water, 0.3 μl of each
primer (10 μM stock) and 2 μl template (5-100 ng/μl) were mixed and reactions were run in duplicates
on a Corbett Rotorgene real-time PCR instrument (ThermoFisher Scientific, Reinach, Switzerland).
Reaction conditions were as follows: 95°C for 660 s, 40x (94°C for 15 s, 60°C for 60 s). Primers for otsA
were q7_rt-otsA-1 and q8_rt-otsA-2 and for otsB q15_otsB-13 and q16_otsB-14. For normalization,
sigA was used, amplified by primers sigA-10869F and sigA-1155R (293, 634). Normalization and
evaluation was done using LinregPCR (12.8) software (635, 636) as described before (637). For mapping
of otsA transcription start sites by 5' RACE, the 5'/3' RACE kit, 2nd generation (Roche Diagnostics AG,
Rotkreuz, Switzerland) was used following manufacturer's recommendations. Reaction products were
cloned into pGEM-T Easy and sent for sequencing. In total, 19 wild type-derived and 28 ΔecfG mutantderived clones were analyzed.

Metabolomics
Different strains of B. diazoefficiens were grown to exponential phase in PSY medium. Cells were
harvested by centrifugation (5'000 x g, 10 min, 20°C), washed in V3 minimal medium without carbon
source and inoculated in either PSY medium or V3 minimal medium without a carbon source and
cultivated at 30°C overnight. Harvesting and metabolite extraction was done according to a modified
version of previously described protocols (638-640). Briefly, 2 ml of culture was harvested in pre-chilled
tubes by fast centrifugation (20'817 x g, 30 s, 0°C) and pellets were immediately frozen in liquid
nitrogen. Cell pellets were stored at -80°C until extraction. For extraction, 150 μl of -20°C 60% (v/v)
methanol in water was added per OD 600 unit. Samples were resuspended by vortexing and incubated
for 20 min at -20°C with three applications of vigorous vortexing. Samples were centrifuged (16'100 x
g, 5 min, 0°C) and supernatants transferred to new, pre-chilled tubes and stored at -80°C until analysis.
Mass spectrometric measurement of metabolites was done as described previously (641).

Plant tests
Soybean seeds (Glycine max (L.) MERR.) cv. Green Butterbeans (Johnny's Selected Seeds, Albion, ME,
USA) were sterilized and germinated as described previously (56). Inoculation, plant growth conditions
and nitrogenase assay have been described (480). When exogenous sugars were added, the 100 ml
volume of Jensen medium normally added before autoclaving the jars was reduced to 80 ml of
accordingly more concentrated medium. 20 ml of sterile 0.5 M sugar solutions were added to the jars
just before planting the seedlings. Enumeration of rhizosphere colonizing bacteria and counting of
infection threads was done as described previously ([56], Chapter 5).
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β-Galactosidase assays
For β-galactosidase assays, cells were washed twice with a 0.9% NaCl solution. Determination of βgalactosidase activity including calculations of Miller Units (MU) was done as described (469).

6.4. Results
σEcfG controls the major trehalose biosynthesis pathway in B. diazoefficiens
Genomic information suggests that B. diazoefficiens has three different pathways for trehalose
biosynthesis (559) (Fig. 6.1A). Genes encoding for OtsA (bll0322) and OtsB (bll0323) are located
adjacent to bll0324, which encodes a putative sugar transporter. Genes for TreY (blr6771) and TreZ
(blr6770) are found in a large cluster also comprising genes for an α-amylase (blr6766) and glycogen
branching (glgB, blr6768) and debranching (glgX, blr6769) enzymes. Notably, in the same cluster, treS
(blr6767) is present. An ortholog of treS encoding another putative TS is found elsewhere on the
chromosome (bll0902). While the product of bll0902 shares 42% identity and 59% similarity with the
N-terminal part of Bll6767, it lacks a C-terminal domain of approximately 500 amino acids that is
present in Bll6767. Notably, the biochemically characterized TreS protein of Mycobacterium
smegmatis (642) also lacks the C-terminal portion present in B. diazoefficiens TreS. The M. smegmatis
TreS protein shows 59% identity (72% similarity) with the N-terminal domain of Bll6767 and 40%
identity (58% similarity) with Bll0902. In a previous study, it was described that a B. diazoefficiens
ΔotsA, ΔtreY double mutant caused formation of immature, non-functional nodules on soybean (643).
In the same work it was suggested that TreS (Bll6767) is involved in trehalose degradation (via maltose)
rather than synthesis. Since our previous transcriptome data revealed that otsA was among the σEcfGand PhyR-regulated genes (445), we wondered whether the symbiotic phenotype of a ΔecfG mutant is
related to perturbed trehalose metabolism. Hence, we constructed mutants in the three trehalose
biosynthesis pathways (Fig. 6.1B-D). In parallel, we also generated a B. diazoefficiens strain, which
constitutively expressed the cytoplasmic TreF trehalase of E. coli.
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Figure 6.1: Trehalose metabolism and respective genetic loci in B. diazoefficiens. A, Three different pathways of trehalose
synthesis in B. diazoefficiens. Enzymes encoded in the B. diazoefficiens genome are highlighted in dark grey. The trehalose
degrading activity of cytoplasmic TreF trehalase of Escherichia coli (light grey) is added because this enzyme was expressed
in the recombinant B. diazoefficiens strain TreF-1 generated in this work. B-D, Genomic organization of genes involved in
the three trehalose biosynthesis pathways and genotype of selected mutants relevant to this study. Mutant strain
numbers are indicated below inserted cassettes encoding resistance to kanamycin (aphII), streptomycin/spectinomycin
(aadA), or tetracycline (tetA(C)). See text for further details.

Since trehalose is a known osmoprotectant and osmosensitivity of a B. diazoefficiens ΔotsA mutant
was described previously (643), we tested growth of our mutant strains on PSY agar containing 400
mM sorbitol. Mutant strains ΔecfG (8404), Δ(otsA-otsBC) (9871), ΔotsA (9904), ΔotsBC (9906_Sm) and
the treF-expressing strain (TreF-1) showed impaired growth under hyperosmotic conditions (Fig. 6.2).
By contrast, all strains mutated in the treZY cluster (9864, 9885), the Δbll0902 mutant (9899) and the
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mutant lacking otsC (9905) barely differed from the wild type. Notably, the phenotype of mutant pairs
9865/9864 and 9900/9899 (Table 6.1), which carry the inserted antibiotic resistance cassette in
opposite orientation, were identical (data not shown). Intrigued by the similarity between the ΔecfG
mutant and mutants in otsA and/or otsB, we attempted to complement the ΔecfG mutant with otsA,
otsB, or both genes, expressed from the constitutive aphII promoter. We found that neither otsA nor
otsB alone could complement the ΔecfG mutant, but complementation was successful with the
respective ΔotsA and ΔotsBC mutants. By contrast, the P aphII -otsBA construct restored wild-type
growth of both the ΔecfG and the Δ(otsA-otsBC) mutant. When the same P aphII -otsBA construct was
present in the wild type, no increased osmotolerance was observed (Fig. 6.2).

Figure 6.2: Osmosensitivity of mutant B. diazoefficiens strains affected in the GSR or trehalose biosynthesis. Cells of
OD 600 =0.01 were streaked on PSY plates containing a gradient of sorbitol (0-700 mM). Strain designation and relevant
genotype: 110spc4: wild type, 8404: ΔecfG, 9885: Δ('glgX-treZ-treY), 9864: Δ(bll6766-treS-glgB-glgX-treZ-treY), 9899:
Δbll0902, 9871: Δ(otsA-otsBC), 9905: ΔotsC, TreF-1: (P aphII -treF), 9904: ΔotsA, 04-OtsA-1: (ΔotsA P aphII -otsA), 9906_Sm:
ΔotsBC, 06S-OtsB-1: (ΔotsBC P aphII -otsB), 71-otsBA-1: (Δ(otsA-otsBC) P aphII -otsBA), 8404-OtsA-1: (ΔecfG P aphII -otsA), 8404OtsB-1: (ΔecfG P aphII -otsB), 8404-OtsBA-1: (ΔecfG P aphII -otsBA), OtsBA-1: (P aphII -otsBA). On control plates lacking sorbitol,
all strains grew homogenously along the entire length of the streaks (data not shown).

We assayed the trehalose content of different strains under unstressed or GSR-inducing stressed
conditions. Under unstressed conditions, the strain constitutively expressing otsAB (OtsAB-1) showed
a slightly elevated trehalose content compared to the wild type. However, after exposure to GSRinducing conditions (carbon starvation), wild-type bacteria and mutants either in the treS-treZY cluster
or in bll0902 showed drastically increased trehalose content. In the Δbll0902 mutant 9899, the
trehalose content was higher than in the wild type and comparable to that of strain OtsBA-1. Notably,
the latter strain showed only a slightly elevated trehalose content under unstressed conditions. By
contrast, no increased trehalose content was detected in the ΔecfG, Δ(otsA-otsBC), ΔotsA, and ΔotsBC
mutants when grown under stressed conditions. Likewise, strain TreF-1, which expressed the
recombinant trehalase from E. coli, showed no increased trehalose content (Fig. 6.3).
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Figure 6.3: Trehalose content of stressed and unstressed B. diazoefficiens wild-type and mutant cells. Cells were either
grown in PSY medium (unstressed, white bars) or carbon starved in V3 minimal medium lacking a carbon source (stressed,
black bars). Trehalose content was assayed by semi-quantitative mass spectrometry (Y-axis indicating ion counts as semiquantitative representation of trehalose content). The inset shows a magnification of the data obtained with unstressed
cells. Strain designation and relevant genotype: 110spc4: wild type, 8404: ΔecfG, 9871: Δ(otsA-otsBC), 9904: ΔotsA,
9906_Sm: ΔotsBC, 9885: Δ('glgX-treZ-treY), 9864: Δ(bll6766-treS-glgB-glgX-treZ-treY), 9899: Δbll0902, OtsBA-1: (P aphII otsBA in wild-type background), TreF-1: (P aphII - Ec treF in wild-type background). Data are derived from six biological
replicates of each treatment (except stressed strain 9871 where n=5) with error bars indicating standard deviation.

The GSR controls the major trehalose biosynthesis pathway in B. diazoefficiens
To further document the σEcfG control of the major trehalose biosynthesis pathway (TPP/TPS) in
B. diazoefficiens, we analyzed the transcriptional organization of the otsA-otsB-otsC region (Fig. 6.4A).
In a current annotation (559), otsA is separated by 211 bp from otsB whereas the intergenic region
between otsB and otsC comprises only 3 bp. A putative σEcfG consensus promoter sequence (GGAACN 17 -GTT) was predicted upstream of the translation start codon of both otsA and otsC at a distance of
13 bp and 33 bp, respectively, (445). Using the ARNold online tool (554), no Rho-independent
terminators were predicted in the otsA-otsB intergenic region. We generated cDNA from wild-type and
ΔecfG mutant cells stressed with NaCl (a GSR-inducing stress) and used it for low-resolution semiquantitative transcript analysis by PCR with different primer pairs (Fig. 6.4B). We could amplify a
fragment with primer pair RT-7/RT-5, containing the end of otsC and the start of otsB confirming
cotranscription of these genes. Notably, cDNA of stressed wild-type cells resulted in higher yields of
the amplicon compared with equal amounts of cDNA prepared from unstressed cells. No amplification
product was obtained using cDNA from ΔecfG mutant bacteria. By contrast, no product of the otsAotsB intergenic region could be amplified with primer pair RT-4/RT-1 from any cDNA origin indicating
that otsA and otsB are transcribed separately. Interestingly, when we used a primer pair (RT-3/RT-1)
directed to the 5' end of otsA and a site located upstream of the predicted σEcfG consensus promoter
in the otsA-otsB intergenic region, a product was obtained from both, wild-type- and ΔecfG mutantderived cDNA indicating at least one other σEcfG-independent promoter for otsA.
We used qRT-PCR to determine transcript levels of otsA and otsB in stressed (carbon starved) and
unstressed wild-type and ΔecfG mutant cells (Fig. 6.4A, C, D). We found upregulation of both otsA and
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otsB under stressed conditions in the wild type but not the ΔecfG mutant. We were unable to obtain a
specific product of otsB from ΔecfG mutant cDNA. Under unstressed conditions, otsA-transcript levels
were equal between wild type and ΔecfG mutant but under stressed conditions, the wild type had
about four times higher transcript levels. The σEcfG-independent background level of otsA expression
combined with results of the RT-PCR experiments (above) suggest the existence of an additional σEcfGindependent promoter for otsA.

Figure 6.4: Transcriptional organization and control of the otsA-otsBC genomic region. A, Organization of the genomic
region. The intergenic regions upstream of otsC and otsA are shown as nucleotide sequence. –35 (GGAAC) and –10 (GTT)
boxes of putative σEcfG consensus promoters (P σEcfG ) are shown in red. Start codons are underlined with a solid line and
the otsB stop codon is underlined with a dashed line. For otsA, the annotated start codon (ATG) and an alternative start
codon (GTG) predicted in this work and located 18 nucleotides further downstream are indicated. Putative transcription
start sites of otsA are marked with an asterisk above the respective nucleotide. Start sites found in both wild type and
ΔecfG mutant are shown in grey, start sites found only in wild type in red and those only found in the ΔecfG mutant in
blue. The two most abundant start sites detected in wild-type and the ΔecfG mutant cells are bold and enlarged. See text
for further details. Primers used for RT-PCR experiments are indicated with short horizontal arrows above genes (RT-1, -3,
-4, -5, and -7). Nucleotides of the otsB-otsA intergenic region indicated in lower case letters refer to the binding site of
primer RT-3. Scheme is not drawn to scale. B, RT-PCR results using cDNA from indicated strains and conditions (u:
unstressed, s: stressed with 30 mM NaCl, a GSR-inducing stress). Primer pairs and expected product size are indicated. C,
qRT-PCR results to show σEcfG-dependent upregulation of otsA (black bars) and otsB (white bars) upon stress exposure.
n.a.: no amplification product. D, Ratio of otsA transcripts detected in wild-type and ΔecfG mutant cells under unstressed
or stressed conditions. Data are derived from two technical replicates with error bars indicating standard deviation. The
analogous data set for otsB is missing because no otsB cDNA was obtained when RNA of the ΔecfG mutant served as
starting material. Data generated by B. Müller.
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Hence, we used 5'-RACE to determine transcription start sites of otsA. Among 47 analyzed sequences,
we found eight different transcriptional start sites (+1) more than two times (Fig. 6.4A). The +1 position
of the most abundant transcript matched perfectly with the predicted σEcfG consensus promoter
sequence and the transcript was not detected in the ΔecfG mutant. In the ΔecfG mutant, the +1
position of the most abundant transcript was found 2 bp further upstream. Two additional putative
start points were present between the –35 and –10 boxes of the σEcfG promoter, and the third one in
this region was detected in the wild type. Two additional putative +1 signals were found further
upstream exclusively in the wild type and another one present in both strains corresponded to the A
of the annotated otsA start codon located (Fig. 6.4A). It is unclear whether the multiple additional start
sites are genuine or degradation/processing products of longer transcripts. The qRT-PCR data suggest
that otsBC is transcribed exclusively from a σEcfG promoter. Transcription of otsA is upregulated in a
σEcfG-dependent manner upon stress exposure. However, additional +1 sites upstream of otsA suggest
the presence of at least one, possibly several additional promoters. The most abundant and σEcfGdependent +1 site was found only 3 bp upstream of the otsA ATG start codon. This indicated that otsA
likely is misannotated and the true start codon could be a GTG found 18 bp further downstream. In
fact, sequence comparison of B. diazoefficiens USDA110 OtsA with other Bradyrhizobiaceae OtsA
proteins revealed that in 40 out of the 50 most similar proteins significant homology only started at
amino acid eight being compatible with the proposed alternative GTG start codon.

Bll0324 (OtsC) likely is a trehalose importer
Since OtsC is annotated as a putative sugar transporter belonging to the MFS (major facilitator
superfamily) of transporters and its gene is co-transcribed with otsB, we suspected a role of OtsC in
trehalose import. We tested whether it is possible to correct increased osmosensitivity of mutants in
the TPS/TPP pathway by exogenous addition of trehalose. We included the ΔecfG mutant, as otsC is
controlled by σEcfG. Exogenous trehalose (5 mM) restored osmotolerance of the ΔotsA mutant to almost
wild-type levels, but not that of the Δ(otsA-otsBC) or the ΔecfG mutant (Fig. 6.5). Hence, we concluded
that OtsC mediates uptake of exogenous trehalose.

Figure 6.5: Restoration of osmotolerance by exogenous addition of 5 mM trehalose is OtsC-dependent. Cells of OD 600 =0.01
were streaked on PSY plates with a gradient of sorbitol (0-700 mM), in presence and absence of exogenous trehalose.
Strain and genotype designations: 110spc4: wild type, 8404: ΔecfG, 9904: ΔotsA, 9906_Sm: ΔotsBC, 9871: Δ(otsA-otsBC),
TreF-1: (P aphII - Ec treF in wild-type background). On control plates lacking sorbitol, all strains grew homogenously along the
entire length of the streaks (data not shown).
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OtsAB-dependent trehalose biosynthesis is needed for symbiosis
We determined the symbiotic phenotype of the mutant strains affected in the three trehalose
biosynthesis pathways in a infection experiment with soybean plants. The phenotype of the mutants
lacking parts of the treZY genomic region (strains 9885, 9884, 9865, and 9864) or mutants lacking
bll0902 (9899 and 9900) did not differ the from wild type (Fig. S6.1). By contrast, mutants in either
otsA and/or otsB, but not otsC, displayed a phenotype strikingly resembling that of the ΔecfG mutant.
These mutants provoked small, whitish, aborted nodules, root-outgrowths from nodules, and a
delayed onset of nitrogenase activity (Figs. 6.6A-E and S6.2).

Figure 6.6: Mutants in the TPS/TPP pathway phenocopy the ΔecfG mutant in symbiosis. A-D, Quantitative data showing
means of nodule number per plant (A), average dry weight per nodule per plant (B), nitrogenase activity, normalized to
total nodule dry weight per plant (C), and nitrogenase activity per whole plant (D). Top row shows data from plants
harvested 20 dpi, bottom row from 28 dpi. Data derived from 10 biological replicates. Note that data of 20 dpi and 28 dpi
are not derived from the same individual plants. Error bars indicate standard deviation. E, Representative nodule
phenotype of whole nodules (left panels) and exemplary cross sections (right panels). Nodules shown were harvested 28
dpi. For younger nodules (21 dpi) analyzed in an independent experiment, see Fig. S6.2. Magnification is the same for all
corresponding images. F, Root colonization of wild type (110spc4) or ΔotsA (9904) mutant. Plants were harvested 5 dpi.
G, Infection thread formation by wild type- (GusA-1) or ΔotsA (9904-GusA-1) mutant-inoculated plants. Data displayed in
F and G derived from five biological replicates with error bars indicating standard deviation. Data shown in F and G were
generated by B. Müller.

To further characterize the TPS/TPP mutants, we tagged the ΔotsA strain with a constitutively
expressed gusA gene (strain 9904-GusA-1). Using this strain, we counted ITs provoked by the mutant
at different time points. Similar to the ΔecfG mutant (Chapter 5), the ΔotsA mutant induced only a very
limited number of ITs compared to the wild type. We also tested root colonization and found that,
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similar to the ΔecfG mutant, the ΔotsA mutant is not affected in root colonization. In conclusion, we
demonstrated that the TPS/TPP pathway, but not the other two trehalose biosynthesis pathways (Fig.
6.1), are needed for efficient symbiosis, and that mutants in the TPS/TPP pathway phenocopy the
ΔecfG mutant from early to late symbiotic stages (Fig. 6.6F, G).

Complementation by constitutive otsAB expression corrects the aborted nodule phenotype of the
ΔecfG mutant but leads to reduced nitrogenase activity in mature nodules
Since we could complement the increased osmosensitivity of the ΔecfG mutant with constitutively
expressed otsBA, we were interested to determine the symbiotic phenotype of the complemented
mutant. When analyzed 21 dpi, nodules of the ΔotsA mutant harboring P aphII -otsA (04-OtsA-1) or
mutants Δ(otsA-otsBC) and ΔecfG harboring P aphII -otsBA (strain 71-OtsBA-1 and 8404-OtsBA-1,
respectively) had a normal round-shaped morphology. However, the interior of all nodules lacked the
characteristic red color of wild-type nodules, indicating reduced leghemoglobin content. Likewise,
plants inoculated with the respective strains showed only very reduced nitrogenase activity (Fig. 6.7A1D1, E). Constitutive expression of otsA in the ΔecfG mutant background (8404-OtsA-1) did not rescue
the aborted nodule phenotype. Neither did constitutive expression of otsB, but compatible with our
findings that otsA had a low, σEcfG-independent expression, symbiosis induced by this strain
(8404-OtsB-1) developed faster than the ΔecfG mutant (8404) did (Fig. 6.7A2-D2, F). Interestingly,
complementation of the ΔotsBC (9906_Sm) mutant with P aphII -otsB (06S-OtsB-1) not only rescued the
aborted nodule phenotype, but also resulted in red nodules and wild type-like nitrogenase activity (Fig.
6.7A2-D2, F).
We suspected that the reduced nitrogenase activity of the complemented ΔecfG mutant (8404-OtsBA1) was not due to a partial complementation but rather to nonphysiological constitutive expression of
otsBA from the P aphII promoter. In fact, the same phenotype was observed when the Δ(otsA-otsBC)
mutant was complemented with the P aphII -otsBA (strain 71-OtsBA-1) or by complementation of the
ΔotsA mutant with P aphII -otsA (strain 04-OtsA-1) (Fig. 6.7A1-D1, E). We rationalized that biosynthesis
of trehalose (via the TPS/TPP pathway) is needed for early symbiotic stages but is detrimental to
nitrogen fixation in bacteroids. To test this hypothesis, we inoculated strain OtsBA-1 which
constitutively expresses otsBA in a wild-type background on soybean plants and found the same
phenotype as described above for the complemented mutant strains (04-OtsA-1, 71-OtsBA-1, 8404OtsBA-1) (Fig. 6.8A1-D1). Nodules had a normal morphology but their interior was pale indicating
reduced leghemoglobin (Fig. 6.8E) and nitrogenase activity was drastically reduced (Fig. 6.8C1, D1). We
also reintroduced the wild-type otsA-otsBC region (with endogenous promoters) into the Δ(otsAotsBC) mutant (resulting in strain 71-90) and generated an otsA-otsBC merodiploid strain by
introducing the same construct into the wild type (strain 9070). The Δ(otsA-otsBC) mutant was fully
complemented by ectopic otsA-otsBC expression from wild-type promoters. Likewise, the merodiploid
strain 9070 containing two copies of otsA and otsCB under control of the endogenous promoter(s) had
a wild-type phenotype (Fig. 6.8A2-D2, F).
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Figure 6.7: Symbiotic properties on soybean plants of constitutively complemented ΔecfG, ΔotsA Δ(otsA-otsBC) and otsBC
mutants (21 dpi). A1-D2, Quantitative data showing mean numbers of nodules per plant (A), average dry weight per nodule
per plant (B), nitrogenase activity, normalized to total nodule dry weight per plant (C), and nitrogenase activity per plant
(D). Data was derived from 10 biological replicates except for the wild type 1 (110spc4) and 9871 (n=9) and 71-OtsBA-1,
(n=8). Error bars indicate standard deviation. The relevant genotype of strains is indicated above each panel with red +
signs referring to mutations present in the background strain and blue + signs to referring to additionally introduced
gene(s) under control of P aphII . Data shown in panels containing 1 in the designation (A1, B1, ...) are derived from an
independent experiment than those with 2 (A2, B2, ...). E and F, Exemplary whole (top row) and cross-sectioned (bottom
row) nodules derived from experiment 1 (E) or 2 (F). Magnification is the same for all corresponding images. The wild-type
control of the experiment shown in panels designated with 1 is from the same experiment as the one shown in Fig. S6.2
(wild type in panels designated with number 3), which has been split. Likewise, wild-type control in panels designated with
2 is from the same experiment, other parts are shown in Fig. 6.8 (panels designated with number 1), and hence it is
duplicated. Likewise are images of wild-type nodules shown in Panels E and F.
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Figure 6.8: Symbiotic properties on soybean plants of merodiploid strains constitutively expressing otsBA or regulated
expression via the endogenous promoters (21 dpi). A1-D2, Quantitative data. Average nodule number per plant (A),
average dry weight per nodule (B), nitrogenase activity, normalized to total nodule dry weight per plant (C), and
nitrogenase activity per plant (D). Data derived from 10 biological replicates, except for OtsBA-1 (n=9). Error bars indicate
standard deviation. Panels indicated with number 1 are derived from a different experiment than those indicated with 2.
E and F, Exemplary whole nodules (top row) or nodule cross-sections (bottom row) of nodules derived from experiment 1
(E) or 2 (F). Magnification is the same for every picture in either top row or bottom row, respectively. Genotypes of strains
are: 110spc4: wild type, OtsBA-1: P aphII -otsBA in wild-type background, 9070: wild type with ectopically introduced wildtype otsA-otsBC region, including endogenous promoters (merodiploid), 9871: Δ(otsA-otsBC), 71-70: Δ(otsA-otsBC) with
ectopically reintroduced wild-type otsA-otsBC region, including endogenous promoters. Note that other results from a
comprehensive experiment, which included experiment 1 documented here, are shown in Fig. 6.7 (panels designated with
number 2), hence the wild-type control is duplicated. Data shown in panels designated with number 2 and panel F were
generated by B. Müller.
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We further elaborated the role of correct spatio-temporal trehalose biosynthesis via the TPS/TPP
pathway by placing otsBA under control of the newly developed system for bacteroid-specific gene
repression (Chapter 4). We used this construct to complement the Δ(otsA-otsBC) mutant (strain 7168). In contrast to the P aphII controlled expression of otsBA (strain 71-OtsBA-1), this construct not only
rescued the aborted nodule phenotype of the mutant, but also restored nitrogenase activity and
resulted in nodules with intense red interior (Fig. 6.9).

Figure 6.9: Symbiotic phenotype on soybean plants of the Δ(otsA-otsBC) mutant complemented with different constructs
(21 dpi). A, Average nodule number per plant. B, Nitrogenase activity per plant. Technical problems precluded
determination of nodule dry weight in this experiment. Therefore, dry weight per nodule and nitrogenase activity per
nodule dry weight could not be calculated. All data derived from 10 biological replicates with error bars indicating standard
deviation. C, Exemplary images of whole (top row) or cross-sectioned (bottom row) nodules. Magnification is the same for
every picture in either top row or bottom row, respectively. The relevant genotype of each strain is indicated above nodule
images. Note that P cu1 (P rrn-mut2 , see Chapter 4 for details) in its de-repressed state is about twice as strong as P aphII .

Trehalose is needed intracellularly in bacteria for symbiosis
Given that the exogenous addition of trehalose rescued osmotolerance of the ΔotsA mutant under
free-living conditions, we wondered whether this also applies to symbiosis. Initial tests (not shown)
indicated that this was indeed the case. Since trehalose is not only a compatible solute for
microorganisms but also has a role in plant signaling (mostly in its precursor form T6P which acts as a
repressor of the metabolic master regulator SnRK1 [sucrose non-fermenting related kinase 1];
reviewed in [644-648]), we wondered whether the trehalose effect in symbiosis is due to stress
protection in the symbiont or restoration of a (hypothetical) signaling of the symbiont to the plant.
Therefore, we included in the experiment the Δ(otsA-otsBC) mutant which could not be complemented
by exogenous trehalose under free-living conditions (Fig. 6.5) and the strain TreF-1 expressing the
E. coli trehalase treF. Without addition of trehalose, the treF-expressing strain displayed the same
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phenotype as mutants in the TPS/TPP pathway, indicating that it is indeed the lack of intracellular
trehalose but not the lack of OtsA and OtsB, which was responsible for the symbiotic deficiency.
Exogenous addition of trehalose only rescued the ΔotsA mutant but neither the Δ(otsA-otsBC) mutant
nor the treF expressing strain (Fig. 6.10).

Figure 6.10: Effect of exogenous trehalose addition to soybean plants inoculated with different mutant strains lacking
trehalose (21 dpi). A-D, Quantitative data with showing means of nodule number per plant (A), average dry weight per
nodule per plant (B), nitrogenase activity, normalized to total nodule dry weight per plant (C), and nitrogenase activity per
whole plant (D). Data are derived from 8 (9904 normal), 9 (110spc4 trehalose, 9871 both conditions, TreF-1 normal), or 10
(110spc4 normal, 9904 trehalose, TreF-1 trehalose) biological replicates. Error bars indicate standard deviation. E and F,
Exemplary whole nodules (top row) or nodule cross-sections (bottom row). Magnification is the same for every picture in
either top row or bottom row, respectively. E shows nodules from normal growth conditions, F shows nodules of plants
grown in presence of exogenous trehalose added to a final concentration of 100 mM in the 100 ml of nutrient solution
added before planting the seedlings. Note that data shown here are part of a bigger experiment, with additional results
shown in Fig. S6.3 and the data for wild type (normal condition and trehalose) and 9904 (normal condition and trehalose)
are provided in both figures.

Notably, only trehalose, but not sucrose (another non-reducing disaccharide) or Glc (the monomeric
building block of trehalose) were able to restore the symbiotic proficiency of the ΔotsA mutant (Fig.
S6.3).
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Construction of a trehalose bioreporter
To detect trehalose in vivo, and ultimately monitor trehalose content during symbiotic engagement,
we started to develop a trehalose bioreporter for B. diazoefficiens. In S. meliloti, transcription of the
thuE gene is strongly induced upon trehalose exposure, but not when maltose or sucrose were present
(649). Based on genome-wide information of transcription start sites in S. meliloti (650), we found a
putative housekeeping consensus promoter sequence upstream of thuE, which agreed well with the
mapped +1 site (5'-TTGACAGCAGATTGGCCTTCTGACAGCTT-3', –35, extended –10, and –10 boxes
underlined; see Fig. S6.4). Upstream of thuE, a gene named thuR is present in opposite direction. The
thuR gene product is a 338 amino acid protein with a LacI family helix-turn-helix (HTH) motif in its Nterminus. Genomic context and the putative DNA binding domain suggest a role of ThuR in regulation
of thuE in a trehalose-dependent manner. A very similar thuR-thuE-containing locus is also present in
the Sinorhizobium fredii NGR234 genome. When aligned, the thuR-thuE intergenic regions of both
Sinorhizobium strains displayed high conservation around the putative promoter sequence and
downstream of the mapped thuE +1 site of S. meliloti, which might act as a binding site for ThuR. We
amplified the thuR genes including the thuR-thuE intergenic region and putative ThuR-binding site of
both Sinorhizobium species, cloned it in front of the lacZYA reporter operon, and stably integrated the
constructs into wild-type, ΔecfG and ΔotsA mutant B. diazoefficiens and monitored β-galactosidase
activity in cells grown under stressed (carbon starvation) and unstressed conditions. The construct
based on thuR-thuE components of S. meliloti yielded low, only weakly stress-responsive activity. By
contrast, the construct based on S. fredii promoted strong, stress-induced lacZ expression in the wild
type but not in the mutant backgrounds (Fig. S6.4). We believe this expression pattern was due to
increased trehalose content in stressed cells. If correct, this system will be further developed to
eventually monitor trehalose content in B. diazoefficiens cells at different stages of their symbiotic
interaction with host plants.

Trehalose may be linked to synthesis of purine derivatives
Since our data made a direct signaling role of trehalose itself unlikely, we attempted to get insight into
putative metabolic 'trehalose downstream effects'. To find such an effect (if present), we applied
comparative metabolomics to a set of trehalose biosynthesis mutants and the wild type. We used cells
exposed to carbon starvation and compared pool sizes of approx. 28'000 ions with different m/z ratio
(considered different metabolites). Of all the analyzed metabolites, a few were consistently and
exclusively less abundant in mutants displaying the ΔecfG-like phenotype (8404, 9871, 9904, 9906_Sm,
TreF-1). The less abundant metabolites could be grouped into two classes. First, trehalose and
(potentially related) oligosaccharides (trisaccharides and tetrasaccharides), and second, purine
metabolism intermediates and modified purine (nucleotide) phosphates.

137

Chapter 6 - General stress response-controlled trehalose biosynthesis is crucial for functional symbiosis between
Bradyrhizobium diazoefficiens and soybean

Figure 6.11: Metabolites differing in pool sizes when B. diazoefficiens wild-type cells are compared to cells of mutant
strains with reduced trehalose content upon stress exposure. Cells were stressed overnight in V3 minimal medium lacking
a carbon source before MS analysis of extracts was performed. Displayed are only those metabolites which (i) showed
different pool sizes compared to wild-type cells, and (ii) were less abundant in strains which, at the same time, had reduced
trehalose content (not shown, see Fig. 6.3). Data are derived from six biological replicates except for 9904 (n=5). Note that
oligosaccharides may be any combination of unmodified hexoses as they do not differ in mass. Strain designation and
relevant genotype: 110spc4: wild type, 8404: ΔecfG, 9871: Δ(otsA-otsBC), 9904: ΔotsA, 9906_Sm: ΔotsBC, 9885: Δ('glgXtreZ-treY), 9864: Δ(bll6766-treS-glgB-glgX-treZ-treY), 9899: Δbll0902, OtsBA-1: (P aphII -otsBA in wild-type background),
TreF-1: (P aphII -treF in wild-type background).

6.5. Discussion
In this study, we showed that trehalose biosynthesis (controlled by the GSR) via the T6P pathway is
crucial for functional symbiosis between B. diazoefficiens and soybean. This pathway is found in many
organisms, including other plant-associated microbes (633, 651).
Since T6P is an important plant-signaling molecule (644, 645, 647, 648) and trehalose pool sizes may
have direct implications on T6P concentrations (652), it is of no surprise that in various plant
pathogenic microorganisms trehalose biosynthesis plays a crucial role during host interactions. The
causative agent of citrus canker, Xanthomonas citri ssp. Citri, uses trehalose to remodel the host plant
metabolism (653). In Pseudomonas aeruginosa PA14, trehalose synthesized via TS and TreY/TreZ
pathways is needed for pathogenicity on Arabidopsis. Interestingly, pathogenicity of the P. aeruginosa
ΔtreYΔtreS double mutant was rescued not only by exogenous trehalose or co-inoculation with wildtype bacteria, but also by application of exogenous inorganic nitrogen sources. Furthermore, the
bacterial mutant phenotype was also rescued by plant mutants affected in cell wall-related xyloglucan
biosynthesis, indicating a role for trehalose other than stress protection (654). Interestingly, another
study found that exogenous trehalose alters nitrogen metabolism, cell wall synthesis, and plant
defense response in Arabidopsis (655). A special case is Ralstonia solanacearum, which uses OtsA as
an effector protein secreted by a type-three secretion system to promote T6P synthesis in plant cells
and hence remodel the plant metabolism (656). Trehalose is also known to play a role in microbe-plant
symbioses. Accumulation of trehalose was observed in the ectomycorrhizal fungus Amanita muscaria
Hartig net (657) and in arbuscular mycorrhiza-infected roots (658).
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It is well established that trehalose and enzymes for trehalose metabolism are present in soybean
nodules (638, 659-661). Trehalose content seems to be nodule-age dependent with a peak during
senescence of nodules (662). It was speculated that trehalose may play a role as a signaling molecule
or factor for host-symbiont specificity determinant in plant-microbe symbiosis (651, 663, 664).
Trehalose accumulation in legume nodules depends on both, host plant and microsymbiont, with
determinate nodules and bradyrhizobia generally accumulating highest trehalose levels (665, 666).
However, mutants in either trehalose biosynthesis or trehalose catabolism were found to be
symbiotically proficient (although with reduced competitiveness in some cases) in S. meliloti (574, 667,
668), Rhizobium leguminosarum bv. trifolii (616), or Rhizobium etli (621). In contrast, B. diazoefficiens
needs trehalose for proper symbiosis with soybean ([643], this study). Here, we showed that trehalose
biosynthesis in B. diazoefficiens is mainly based on the TPS/TPP pathway which is regulated by the GSR.
This pathway is involved in symbiosis and its genetic deletion or misregulation mimics the ΔecfG
mutant phenotype in symbiosis ([445], Chapter 5). It was previously shown that trehalose accumulates
during early symbiotic steps (before nodules are present) and is synthesized by bacteria (669).
Although trehalose also accumulates in nodules, we showed that the TPS/TPP pathway is needed
during early steps for IT initiation. This was in perfect agreement with our previous observation that
σEcfG is active in microcolonies and ITs but not in nitrogen-fixing bacteroids (Chapter 5). In fact, late
symbiotic expression of otsA and otsB was detrimental for symbiotic nitrogen fixation. In a previous
study, Streeter and Gomez showed that the TPS/TPP pathway is most active in free-living cells but
barely operating in bacteroids (619). Similarly, proteomics data revealed that T6P phosphatase of
Sinorhizobium medicae is most abundant in the infection zone and less so in nitrogen-fixing bacteroids
(670).
The underlying basis for reduced nitrogenase activity of bacteroids with deregulated TPS/TPP pathway
is unclear. We hypothesize that constitutive expression of otsA and otsB either caused depletion of
UDP-Glc and/or Glc6P, which is needed for biosynthesis of other glyco-structures, or the extensive
misdirection of (activated) sugars to trehalose caused an energy deficiency, which may interfere with
the energy-demanding nitrogenase reaction. Likewise, the role of the other trehalose biosynthesis
pathways present in B. diazoefficiens remains enigmatic, since none of the mutants was affected
neither under free-living osmotic stress condition nor in symbiosis. Finally, the molecular role of
trehalose in IT formation is unclear. We demonstrated that exogenous trehalose can complement a
ΔotsA mutant in symbiosis but not strains unable to take up trehalose. In the course of these
experiments, we identified OtsC (Bll0234) as a trehalose uptake system in B. diazoefficiens. The OtsC
protein belongs to the major facilitator superfamily (MFS) of transporters. To our knowledge, this is
the first report of an MFS-type trehalose uptake system in bacteria, which so far has been described
in insects as a high-capacity trehalose importer (671). In bacteria, different other trehalose import
systems are known. E. coli uses the phosphotransferase (PTS) system to import and simultaneously
phosphorylate trehalose (672), in M. tuberculosis, an ABC transporter is used for trehalose uptake
(673), while S. meliloti, Agrobacterium tumefaciens, and probably many other Rhizobiales use the
thuEFGKAB gene products to import trehalose via its 3-keto form (674). In B. diazoefficiens, OtsC is
probably the only trehalose importer. It was dispensable for both, growth in hyperosmotic medium
and symbiosis, as long as endogenous trehalose biosynthesis was possible. Mutants lacking
endogenous trehalose biosynthesis could only be rescued with exogenous trehalose when otsC was
present. Taking into account the phenotype of the trehalose degrading strain (TreF-1), we propose
that trehalose is needed intracellularly in B. diazoefficiens cells and has no direct effects on the host
plant. This suggests a role for trehalose in stress protection in microcolonies and ITs, although the
precise nature of the stress type in this microenvironment is not known. Formally, trehalose may still
act as a signaling molecule assuming that it is delivered intracellularly in bacteria into these closed
structures (microcolonies, ITs) and released subsequently, if exogenous trehalose cannot access these
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structures. This is especially intriguing since exogenous trehalose was shown to influence plant cell
wall biosynthesis (654, 655) and the first step of IT formation involves cell wall degradation to allow
entry of rhizobia (50, 51, 53). Trehalose was also shown to elicit plant defense responses, including
ROS production (655, 675). ROS are speculated to be needed during IT growth for extensin
polymerization, which is hypothesized to be a stabilizing and IT elongation-driving mechanism (121,
125). In fact, ROS and nitric oxide production are needed for proper development of symbiosis (63,
676).
Formation of lateral root outgrowths from nodules induced by mutants in GSR or TPS/TPP pathway is
particularly intriguing (445). This phenomenon was also observed in the symbiosis of S. meliloti with
Medicago truncatula NOOT mutants (677, 678). This failure to maintain nodule organ identity (679)
implies the absence of a (hypothetical) signal during the infection process. Whether this signal is
trehalose (or a metabolic precursor) needs to be elucidated. The fact that it is needed intracellularly,
however, is not in favor of trehalose being the signal.
To explore the metabolite profile and find potential differences between trehalose-producing and
trehalose-lacking strains we applied metabolomics. Two classes of metabolites were found less
abundant in trehalose-lacking strains. First, tri- and tetrasaccharides were less abundant, but the exact
nature of this species is unknown. It is possible that trehalose was further converted to higher
oligosaccharides. In fact, for several rhizobia, stress-induced production of non-conventionally-linked
oligosaccharides was described and in some of them trehalosyl-residues were present (617, 680-682).
To date, however, neither the function(s) of these oligosaccharides nor genes involved in their
biosynthesis are known. The second class of conspicuous metabolites derived from the metabolome
analysis were molecules related to purine metabolism or decorated purine derivatives. At this stage,
it cannot be excluded that misinterpreted m/z ratios compromised our evaluation of the MS data. For
example, thioxanthine appeared in the list of downregulated metabolites, however, this molecule has
never been described in nature but is used as a cytotoxic anti-cancer and cytostatic anti-parasitic drug
(683, 684). Nonetheless, the bias to decreased pools of purine derivatives may indicate a putative link
between trehalose and purines. Whilst N6-(1,2-dicarboxyethyl)-AMP (adenylosuccinate) is an
intermediate of adenine biosynthesis, the other two compounds (6-thioxanthine 5'-monophosphate
and 7-methylguanosine 5'-diphophosphate) are decorated purine derivatives. Highly decorated purine
(and pyrimidine) derivatives occur in tRNAs. These modifications are involved in control of translation
accuracy and in stress responses of yeast (685-687). Notably, degradation of modified tRNAs can result
in production of the plant hormone trans-zeatin, a cytokinin (688). In the Nod factor-independent
symbiosis between photosynthetic bradyrhizobia and Aeschynomene spp., tRNA-derived trans-zeatin
from bacteria plays a role in establishment of the symbiosis (689). A link between trehalose
metabolism and purines is particularly intriguing because purine auxotrophic mutants in other
rhizobial systems showed a similar symbiotic phenotype as the GSR and trehalose mutants described
in this work. In the R. etli - common bean symbiosis, bacterial purine auxotrophs were affected in IT
development and produced lateral root outgrowths from nodules (69, 690-693). Similarly, purine
auxotrophic mutants of R. leguminosarum bv. viciae, and S. fredii HH303 or HH103 provoked small,
aborted nodules on their hosts pea and soybean, respectively (694-696). Likewise, purine auxotrophic
Mesorhizobium loti strains failed to initiate ITs and provoked small, uninfected nodules on Lotus
japonicus (697). The failure to infect its host siratro was also reported for purine auxotrophs of S. fredii
NGR234 (698, 699). Whilst all these mutants were affected in production of AICAR (5-aminoimidazole4-carboxamide ribonucleotide), a central precursor in purine biosynthesis, a Rhizobium tropici mutant
in guaB, defective in XMP (xanthosine monophosphate, a precursor of guanine biosynthesis)
biosynthesis was similarly affected in early symbiosis with common bean, but not with Leucaena
leucocephala. Neither was a S. meliloti guaB mutant compromised in symbiosis with alfalfa (700, 701).
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In conclusion, the link between trehalose biosynthesis and purine metabolism remains enigmatic.
Whilst both GSR and trehalose biosynthesis were not needed for functional symbiosis in many other
systems, purine auxotrophs of numerous other rhizobia displayed a phenotype strikingly resembling
the one of trehalose-deficient B. diazoefficiens strains. Hence, this link is an attractive subject for
follow-up studies. Further work is required to get mechanistic understanding of the symbiotic need of
trehalose, be it protection from stress, plant signaling, or via a link to purine biosynthesis.

6.6. Supplemental material
Table S6.1: Primers and oligos used in this study
Oligonucleotide
Sequence (5'-3')
Kan-2
CATCGCCTTCTATCGCCTTC
Kan-4
CAATAGCAGCCAGTCCCTTC
Strp-3
GCCTTGATGTTACCCGAGAG
Strp-5
GCGAAGTAATCGCAACATCC
tetA(C)-1
GTGCCGAGGATGACGATGAG
tetA(C)-2
CGCCCTATACCTTGTCTGCC
0902-1
GATCGGCATGCATCAGCTC
0902-2
AGTGAACTAGTCCGTCGTCCTGGCGAAAG
0902-3
GGAATACTAGTGAGCCCGGGACCCATAGC
0902-4
GGTTCTCAATTGCGCGGTAACGGTTTCGTAGG
0902-5
AAGGCGCTGCCGAAAGGC
0902-6
AAGAAGCGCCCGGATGCAC
tre_-1
GGTTAATTAAGGGATCGCCTCGAC
tre_-2
CGGTACCTATAGAAAGCCGCTTGTG
tre_-3
TGGTACCCACGACTTGCACCTTGAC
tre_-4
GACTAGTTTCCAAGGCGTGGGAG
tre_-12
GCTCCGTTAATTAAGAAGCGCGACGACGTCCC
tre_-13
GGTTCTCATATGTGCCTTCGCCGCTCCAGTAG
tre_-10
ATCGGCGGCGAGACATTCTTC
tre_-17
GGCCAGCTCTATGGCTATCG
tre_-14
GGTCCCTTAATTAACTGGTGGTGCCGGTCAAC
tre_-15
GGTGAAACTAGTAGGTAGGGCGACTGCTCC
tre_-18
CCTATGTCCGGCAGTACCAC
tre_-9
ATTTCAGCGCCGCCATGTC
otsAB-1
GCTTAATTAACGGCGCCTGAGAGG
otsAB-2
AGGTACCAGCTCGCTCTGATCTTCC
otsAB-3
AGGTACCGTCCGTTTCCGAAGG
otsAB-4
GACTAGTCGGCTTCGGAAGAGG
otsAB-5
TCGCAGATTGGCGACATAG
otsAB-6
AAGGCCACCGACGAGATTTCC
otsAB-7
AGCTAGCAGACGCTCGCCGTTGAGG
otsAB-8
GACTAGTACGCGGTCGGCAC
otsA-1
CAGCGAGACGTTTCCTTTGG
otsAB-9
GTTCCAATGCATAGCAGGAACGGCCTCCAAC
otsB-1
GCTGATGCGGTTGACGAG
0324-1
GGTTAACTAGTCAGGCATGATCGCGAACAC
0324-2
GAAAGCCAATTGTTTATGGAGTAGACTATGAAATCGG
0324-3
GGTTTGCAATTGACCGATCATCGGGGTGCGGCATTC
0324-4
ACAGAACTGCAGCCGAAAGCACCCGCCTCCG
0324-5
TCGGCGCATCGAAGTGACC
0324-6
TCGGCCAAGACCCTGTCATCC
0324-7
CACGCTTGTGCGTGATCC
0324-8
GCGCTGAAGCAAAGTCCC
otsA-2
GGGCTAACTAGTAAACGGGGTGGAATGAACAG
otsA-3
TGGAACCTGCAGTTGACGATCTCTTCCTTCCCC
treF-1
ACTAGTAAGAAGGAGATATAATTATGCTCAATCAGAAAATTCAAAACCC
treF-2
CTGCAGCAGCAGGAAGTTAGCGGCTG
otsA_fw
GATCCGAGGTGAAACAAAGG
otsA_rv_KpnI_MunI
GGCAGAGGTACCAATTGAAGATCAGAGCGAGCTTCAC
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otsB_fw_BglII
otsB_rv
Sf_thuR-1
Sf_thuR-2
Sm_thuR-1
Sm_thuR-2
gfp+-4
lacA-1
gusA-3
treF-3
otsA-4
otsB-2
RT-1
RT-3
RT-4
RT-5
RT-7
sigA-10869F
sigA-1155R
q7_rt-otsA-1
q8_rt-otsA-2
q15_otsB-13
q16_otsB-14

GCAAGTAGATCTTCGGCTTCGGAAGAG
ATGCATCGCTGCACGCTAGG
AATGCAATTGGTCAGGAGCGCGGTTCG
GCCACTAGTTCCAAATCCCCCACCG
GGGCCAATTGATGGTCAAGCTTCAGGCG
GCCACTAGTTCCAAAATTCCCCCCGGTTCC
AGATATTCCGGGCGGATTTC
TAAACGACCGGGATAAGCAC
AGCAGGGAGGCAAACAATG
GGTGTGGTACGCCGTTTAATTG
AACCTCGTCGCAAAGGAGTATG
TGCTCGAGGACAAGGGCTATTC
CAGATCCAGCGTCGCAATCG
GATGAACGCCAGTTAAACGG
TTCGATGCGCCGAGCGATGT
GCGAAGATCAAGTCGATGTC
GAACGCAAATCGCTCGAAC
GAGATCATCGTCGAGGTGAAG
GCGCTTGTTGATGTCGTAGA
CACCCGAATGTTCCACAACG
GGGACGACCTGTGAACTTAG
ACGAACTTTCCGGGCAGCAC
TTCGCTCGCGCTGCACTATC

Figure S6.1: Symbiotic properties of trehalose biosynthesis mutants lacking either bll0902 (9899, 9900) or different parts
of the treZY genomic region (9885, 9884, 9864, 9865, see Table 6.1 for detailed genotype) (21 dpi). A-D, Quantitative data,
showing means of nodule number per plant (A), average dry weight per nodule per plant (B), nitrogenase activity,
normalized to total nodule dry weight per plant (C), and nitrogenase activity per whole plant (D). Data is derived from 10
biological replicates, except for the wild type (110spc4; n=9). Error bars indicate standard deviation. E, Representative
nodule phenotypes of either whole nodules (top row) or exemplary cross sections (bottom row). Magnification is constant
for all pictures in either the top or the bottom row, but different between the rows.
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Figure S6.2: Symbiotic properties of trehalose biosynthesis mutants, affected in the TPS/TPP pathway (9871: Δ(otsAotsBC), 9904: ΔotsA, 9905: ΔotsC, 9906_Sm: ΔotsBC) (21 dpi). A-D, Quantitative data, showing means of nodule number
per plant (A1-3), average dry weight per nodule per plant (B1-3), nitrogenase activity, normalized to total nodule dry
weight per plant (C1-3), and nitrogenase activity per whole plant (D1-3). Data is derived from 10 (110spc4 (1), 9871,
9906_Sm) or 9 (110spc4 (2 and 3), 9904, 9905) biological replicates. Error bars indicate standard deviation. E,
Representative nodule phenotypes, of either whole nodules (top row) or exemplary cross sections (bottom row).
Magnification is constant for all pictures in either the top or the bottom row, but different between the rows. Note that
data were generated in three different experiments denoted 1, 2, and 3. Therefore, respective wild-type (110spc4) nodules
are shown three times together with mutants analyzed in the same experiment. Also note that wild-type data presented
in panels designated with number 3 originate from the same experiment as that is shown in Fig. 6.7 in panels designated
with number 1.

143

Chapter 6 - General stress response-controlled trehalose biosynthesis is crucial for functional symbiosis between
Bradyrhizobium diazoefficiens and soybean

Figure S6.3: Effect of exogenous sugar (trehalose, sucrose, or glucose) addition to soybean plants inoculated with a ΔotsA
mutant strain, (21 dpi). A-D, Quantitative data, showing means of nodule number per plant (A), average dry weight per
nodule per plant (B), nitrogenase activity, normalized to total nodule dry weight per plant (C), and nitrogenase activity per
whole plant (D). Data derived from 8 (9904 normal), 9 (110spc4 trehalose and sucrose, 9904 glucose), or 10 (110spc4
normal and glucose, 9904 trehalose and sucrose) biological replicates. Error bars indicate standard deviation. E-H,
Exemplary whole nodules (1st and 3rd image from top) or nodule cross-sections (2nd and 4th image from top). Magnification
is constant for all pictures in either the top or the bottom row, but different between the rows.Shown are nodules derived
from plants grown under normal growth conditions (E), in the presence of trehalose (F), sucrose (G), or glucose (H). All
sugars were added to a final concentration of 100 mM in the nutrient solution (100 ml) before planting the seedlings. Note
that all data shown here originate from the same experiment, part of the data are presented in Fig. 6.10 with the data for
the wild type (normal condition and trehalose) and strain 9904 (normal condition and trehalose) provided in both figures.
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Figure S6.4: Functional characterization of transcriptional trehalose bioreporter constructs. A, Schematic organization of
reporter constructs based on the S. meliloti 1021 or S. fredii NGR234 thuR-thuE region. A part of the thuR-thuE intergenic
region is displayed with highlighted boxes of a putative consensus promoter depending on the housekeeping σ factor and
the putative ThuR binding site. The +1 position indicates the mapped transcription start site of thuE in S. meliloti (650). B,
β-Galactosidase activity of strains harboring either lacZYA controlled by the S. fredii thuR-thuE region (derived from
plasmid pRJ9965, left) or the one of S. meliloti (derived from plasmid pRJ9966, right). Strains were cultivated in either PSY
(unstressed) or stressed overnight in V3 minimal medium lacking a carbon source (stressed). Different mutant
backgrounds were tested in addition to the wild-type background to analyze dependence of lacZ expression on trehalose
biosynthesis (ΔecfG mutant, and ΔotsA mutant). Strain names are indicated below bars. Data derived from two biological
replicates, error bars indicate standard deviation.
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Additional mutants with a wild-type phenotype in symbiosis
In the course of this study we also deleted the gene directly upstream of the ots gene region (blr0325),
the gene directly upstream of the tre gene region (blr6772), a σEcfG-controlled gene encoding a putative
glycosyl transferase (bll2752), and the σEcfG-controlled putative operon containing osmC (bll6260bll6263). Plasmids for gene deletions were constructed similarly as described for other plasmids in
materials and methods. Table S6.2 summarizes cloning strategies, primers, and lists the resulting
mutant strains.

Table S6.2: Summarized strategies to construct additional deletion mutants which all showed a wild-type phenotype in
symbiosis (see Fig. S6.5)
Plasmid
pREDPrimers flanking region Primers flanking
AntiResulting mutant strain
SIX
11
region 21
biotic
resistance2
pRJ9866
PacI,
tre_-7
tre_-5
aphII
9866
NheI
(GCTTAATTAACCCGCGC (AGGTACCGCGAACCC (NdeI)
Spr Kmr Δblr6772::aphII same
AGTCG)
GGAATCTC)
orientation3
tre_-8
tre_-6
(AGGTACCCACTCGGGC
(GACTAGTAGCTCGCC
AGATTG)
AAGGTG)
pRJ9867
PacI,
tre_-7
tre_-5
aphII
9867
NheI
(GCTTAATTAACCCGCGC (AGGTACCGCGAACCC (NdeI)
Spr Kmr Δblr6772::aphII
AGTCG)
GGAATCTC)
opposite orientation3
tre_-8
tre_-6
(AGGTACCCACTCGGGC
(GACTAGTAGCTCGCC
AGATTG)
AAGGTG)
pRJ9872
PacI,
osmC-1
osmC-3
aacC1
98724
NheI
(GCTTAATTAACGAGCG
(AGGTACCGACCGCCT
(KpnI)
Spr Gmr Δ(bll6260-bll6261ACGGAGAC)
GTCACCATTC)
osmC)::aacC1 opposite
osmC-2
osmC-4
orientation3
(AGGTACCGACGAGGAA (GACTAGTGCTGCCCG
TGCAAATG)
ACATGCTG)
pRJ9873
PacI,
osmC-1
osmC-3
aacC1
98734
NheI
(GCTTAATTAACGAGCG
(AGGTACCGACCGCCT
(KpnI)
Spr Gmr Δ(bll6260-bll6261ACGGAGAC)
GTCACCATTC)
osmC)::aacC1 same
osmC-2
osmC-4
orientation3
(AGGTACCGACGAGGAA (GACTAGTGCTGCCCG
TGCAAATG)
ACATGCTG)
pRJ9876
AflII
2752-1
2752-3
aphII
9876
MunI
(CATACGCTTAAGGGCG
(CATGATACTAGTTCCC (SpeI)
Spr Kmr Δbll2752::aphII
CCGACGCGATTCTC)
GCACTTGCGAAGTTCC
opposite orientation3
2752-2
TC)
(CATACGACTAGTGCCGC 2752-4
(GACACTGAATTCGCG
TGCCAGTCGAAGTG)
CCATGTAGGGACTGA
C)
pRJ9877
AflII
2752-1
2752-3
aphII
9877
MunI
(CATACGCTTAAGGGCG
(CATGATACTAGTTCCC (SpeI)
Spr Kmr Δbll2752::aphII same
CCGACGCGATTCTC)
GCACTTGCGAAGTTCC
orientation3
2752-2
TC)
(CATACGACTAGTGCCGC 2752-4
TGCCAGTCGAAGTG)
(GACACTGAATTCGCG
CCATGTAGGGACTGA
C)
pRJ9901
NheI
0325-1
0325-3
aphII
9901
MunI
(CAATAGGCTAGCGCTC
(CCTTATCATATGGAG
(NdeI)
Spr Kmr Δblr0325::aphII same
GCGCCGATGAGATAAG) CGAGCGCTGATCCAG
orientation3
0325-2
G)
0325-4
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(GGTTTGCATATGCTGGA
ACCGGCGCTTGCC)
pRJ9902

NheI
MunI

0325-1
(CAATAGGCTAGCGCTC
GCGCCGATGAGATAAG)
0325-2
(GGTTTGCATATGCTGGA
ACCGGCGCTTGCC)

(CCTAATCAATTGGGA
GATCGGTCGCCAGGT
G)
0325-3
(CCTTATCATATGGAG
CGAGCGCTGATCCAG
G)
0325-4
(CCTAATCAATTGGGA
GATCGGTCGCCAGGT
G)

aphII
(NdeI)

9901
Spr Kmr Δblr0325::aphII
opposite orientation3

Sequence given in 5'-3' direction
All antibiotic resistance cassettes were excised from pRGD derivatives (265)
3 Same and opposite orientation indicate orientation of the antibiotic resistance gene relative to the (deleted) original
gene
4 Gentamicin was added at final concentrations of 150 μg/ml for initial selection and 100 μg/ml for routine growth
1
2

When we analyzed the phenotype of the constructed mutant strains 21 dpi on soybean plants, we did
not find any difference compared to the wild-type control (Fig. S6.5).
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Figure S6.5: Symbiotic properties of additional deletion mutants (21 dpi). A-D, Quantitative data, showing means of nodule
number per plant (A1-3), average dry weight per nodule per plant (B1-3), nitrogenase activity, normalized to total nodule
dry weight per plant (C1-3) and nitrogenase activity per whole plant (D1-3). Data is derived from 10 biological replicates,
except for strain 9877 and 110spc4 in row 3 (both n=9). Error bars indicate standard deviation. Note that data presented
here in panels designated with numbers 1 and 3 were generated in the same experiments as those shown in panels
designated with number 1 and 2 in Fig. S6.2. Identical respective wild-type controls shown in both figures.
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7.1. Abstract
Bacteria encounter myriads of different stresses in many different environments. For example, freeliving bacteria may be exposed to changing physico-chemical conditions (e.g. temperature, osmotic
pressure, pH), and host-associated bacteria may experience host defense reactions. Hence, bacteria
have developed multiple systems to monitor and respond to stressful conditions. Many specific stress
responses exist, protecting the bacteria from a defined stress. Some bacteria also evolved a general
stress response (GSR) which is characterized by the sensing of and protection from a variety of
unrelated stress conditions. In α-proteobacteria, the GSR is dependent on an extracytoplasmic
function σ factor (σEcfG). This σ factor is bound by its cognate anti-σ factor NepR in unstressed
conditions. Stresses lead to the phosphorylation of yet another component of the signaling cascade,
the anti-σ factor antagonist PhyR. Upon phosphorylation of its receiver domain, a conformational
change occurs, exposing a σ factor-like domain resembling σEcfG. NepR has a higher affinity for this σ
factor-like domain than for σEcfG itself and hence binds to phopshorylated PhyR, thereby releasing σEcfG.
Different stresses lead to PhyR phosphorylation. In the GSR model organism Sphingomonas melonis,
various sensing kinases, all belonging to the HWE superfamily sense different stresses. Here, we
investigated the role of HWE superfamily kinases and other signaling compounds in the rhizobial
soybean symbiont Bradyrhizobium diazoefficiens. We previously showed that correct regulation of the
GSR is crucial for functional symbiosis. To identify kinases involved in GSR activation during symbiotic
establishment, we studied 11 potential GSR-activating kinases by individual deletion of the respective
genes. None of the mutants strains showed a symbiotic phenotype resembling that of ecfG or phyR
mutants. We hypothesized that the kinases are functionally redundant, and initiated the generation of
a mutant lacking all 11 kinases. Plant infection ests with mutants lacking 7 or 10 kinases showed a delay
in nodulation, and some of the mutants lacked responsiveness towards selected free-living stresses.
We conclude that HWE kinases of B. diazoefficiens are involved in GSR regulation and have at least
partially overlapping functions.
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7.2. Introduction
Bacteria, particularly those thrieving in soil, can be exposed to physiologically suboptimal or even
hostile environments and drastic physico-chemical changes (e.g. temperature, osmotic pressure, redox
state, pH). They furthermore frequently encounter other microorganism and phages, competing for
nutrients, producing antimicrobial compounds or actively preying on bacteria. Other bacteria may live
in close proximity with hosts, e.g. as pathogens and hence are being exposed to various defense
responses. It is of little surprise that bacteria have evolved a plethora of ways to monitor and respond
to changes in their environment. Many specific responses to different stresses are known. Famous
examples include the heat and cold shock responses, the SOS response to DNA damage, envelope
stress response, responses to reactive oxygen (ROS) and nitrogen species, or responses to oxygen
depletion. These specific stress responses are triggered by a defined stress condition, and the output
of the response (e.g. transcriptional reprogramming) is biased towards alleviation of respective stress
consequences. For example, heat shock responses produce chaperones for protein stability, the SOS
response produces DNA repair enzymes (e.g. DNA polymerases, excision repair enzymes, and
recombinases), or ROS responses result in production of detoxifying enzymes (e.g. peroxidases,
catalases, superoxide dismutases) (569).
In addition to specific stress reactions, Gram-negative α-, β- and γ-proteobacteria and in the Grampositive Firmicutes can mount a so called general stress responses (GSR). As the name implies, GSR can
be triggered by and protect against many different, unrelated stresses. A key feature of GSR is crossprotection. This term describes the phenomenon that one stress may trigger the GSR and hence
renders the cell more tolerant towards other stresses as well. Mechanistically and phylogenetically,
the systems of α- (see below), β- and γ-proteobacteria and Firmicutes are different.
In β- and γ-proteobacteria, the system relies on an alternative σ factor (RpoS), belonging to class II σ
factors. RpoS has been extensively studied in Escherichia coli. Multitudes of stresses, both external and
internal, trigger RpoS activity. GSR-inducing conditions in E. coli are stationary phase (hence RpoS),
nutrient starvation (C, P, N, Mg), energy limitation, ROS, hyperosmolarity, heat and cold stress, DNA
damage, and acidic conditions. Although all these conditions activate RpoS activity, they may act at
different levels. Stationary phase effects (slow growth and high cell density) lead to increased rpoS
transcription. Whilst rpoS mRNA turnover and stability also play a role in regulation of GSR activity, it
is not per se involved in activation. Instead, translation initiation of rpoS mRNA requires resolution of
an inhibitory formation of the 5' UTR (untranslated region). Several factors (e.g. Hfq, DsrA, RprA) play
a role in this process, and they are triggered by stresses such as hyperosmolarity, cold shock, or acidic
pH. RpoS itself is a substrate of the ClpXP protease assisted by RssB. RssB itself is subject to inhibition
by a varierty of stresses, such as phosphorus and magnesium starvation, DNA damage, heat shock, and
low energy state. Finally, many stresses also promote competitiveness of RpoS for RNA polymerase
binding (361-364).
In Firmicutes, the GSR relies on a class III alternative σ factor (σB) (383, 384). The system is best studied
in the model organism Bacillus subtilis and, as in E. coli, it is triggered by environmental stresses (e.g.
heat, low pH, organic solvents, osmotic stress, Mn2+, nitric oxide, blue light or some antibiotics) or
endogenous low-energy status (low ATP caused by carbon starvation, phosphorus starvation, or low
oxygen levels). The activation mechanism, however, drastically differs from the GSR in E. coli. The core
regulators consist of the anti-σ factor RsbW and the anti-anti-σ factor RsbV. RsbW inactivates σB and
acts as a kinase of RsbV. Under normal conditions, RsbW phosphorylates RsbV, which in its
phosphorylated form does not inhibit RsbW. Under stressed conditions, phosphatases
dephosphorylate RsbV, which then inhibits the anti-σ factor RsbW. Two RsbV phosphatases are known,
which represent signal input pathways from external (RsbU) and internal (low energy; RsbP) stresses.
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Environmental stresses are sensed by the stressosome, an accumulation of various sensing and
regulatory proteins. The RsbV phosphatase RsbU needs activation by RsbT. RsbT Is inhibited by RsbS
and acts itself as kinase of RsbS under stress conditions, since phosphorylated RsbS does not inhibite
RsbT, which then activates RsbU. The exact mechanism, how stimuli trigger RsbS phosphorylation is
unknown, however, it is speculated that it depends on co-inhibitors of RsbS. These RsbR paralogs
(RsbRA, RsbRB, RsbRC, RsbRD) and the blue light sensor YtvA interact with RsbS to mediate RsbT
inhibition and it is speculated, that the different RsbR paralogs are involved in signaling different
stresses by allowing RsbS phosphorylation. However, genetic analysis showed that there is at least
some functional redundancy between the RsbR paralogs. Finally, RsbX acts as an RsbS phosphatase, to
shut down the GSR again (386, 702).
In α-proteobacteria, the GSR is dependent on class IV (ECF, for extracytoplasmic function) alternative
σ factors. Within ECF σ factors, the GSR σ factors belong to group 15 (389) and, dependent on the
particular system studied, they are named differently. Most common names include RpoE (according
to the E. coli homolog; e.g. in Sinorhizobium meliloti, Rhizobium etli, Brucella melitensis, Bartonella
quintana), σT and σU (Caulobacter crescentus), or EcfG/σEcfG (G for GSR; e.g. Bradyrhizobium
diazoefficiens, Sphingomonas melonis, Methylobacterium extorquens). The gene encoding σEcfG is
mostly found in an operon with a gene encoding for its cognate anti-σ factor NepR (RsiA in S. meliloti).
Under unstressed conditions, NepR binds σEcfG, and hence inhibits it from interacting with the RNA
polymerase core enzyme. Often, the same genetic locus also contains a gene encoding the anti-σ factor
antagonist PhyR (also designated as anti-anti-σ factor) (426). PhyR is a two-domain protein, consisting
of an N-terminal receiver domain and a C-terminal σ factor-like domain. Upon stress exposure, the
receiver domain is phosphorylated, which causes a conformational change of PhyR, exposing its σ
factor-like domain. This domain strongly resembles σEcfG, but is truncated in its σ2 region and
degenerated in σ4. Although not able to bind promoters, its similarity to σEcfG results in an even higher
affinity of NepR for the σ factor-like domain of PhyR than for σEcfG itself. Hence, phosphorylated PhyR
will bind NepR, titrating it away from the σ factor, which becomes available to redirect RNA polymerase
to stress response genes. Because of the similarity between the PhyR C-terminus and σEcfG, this partner
switching mechanism was termed σ factor mimicry (420, 422, 423, 703). Although the core mechanism
of GSR control is conserved, there are variations with regard to the regulatory components between
different α-proteobacterial species due to gene iterations. Some species contain a second copy of σEcfG
(e.g. S. melonis, C. crescentus, S. meliloti). In these cases, one of the homologs often is the main σ
factor, which usually also controls transcription of the second σEcfG-encoding gene that has limited
functions and thus is not redundant to the main σEcfG (424, 429, 439, 441, 574, 575). R. etli also
possesses two σEcfG homologs. However, the two proteins control disparate regulons with only limited
overlap. The two regulons differ in their protective functions against specific stress conditions, such as
heat and oxidative stress (438, 573). S. meliloti possesses duplicated NepR (RsiA1, RsiA2) and PhyR
(RsiB1, RsiB2) homologs. Both RsiA1 and RsiA2 interact with RpoE2 (the main σEcfG homolog), and also
with both RsiB1 and RsiB2 proteins (577). Even more complex situations can occur, such as in M.
extorquens, where not less than six σEcfG homologs are present, along with three NepR homologs of
which, however, only one controls two of the σEcfG proteins and the other two can bind PhyR (442).
Except for Brucella abortus, where PhyR is also regulated by proteolysis (589), control of the
phosphorylation status of PhyR is key for GSR regulation. Strikingly, many GSR loci also comprise a gene
annotated as a kinase belonging either to the HWE or HisKA_2 family (generalized as HWE superfamily)
(426). These kinases differ from canonical histidine kinases by having an ExxHRxxN motif instead of a
H(E/D)LxxP in the dimerization domain (also comprising the phosphorylated histidine). They also
display a (H)ExxxNxxx(H/Y) (the proximal histidine in brackets is present only in the case of HWE but
not in HisKA_2 family members) instead of the classical (N/E)xxxN motif in the N-box of the catalytic
(HATPase_c) domain. Furthermore, HWE histidine kinases differ from HisKA_2 family members by a
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conserved WxE motif instead of the VxD motif of canonical HisKA and HisKA_2 histidine kinases in the
catalytic domain (426, 427). In S. melonis and C. crescentus, these kinases are encoded adjacent to
phyR were and promote induction of a GSR. However, these were not the only kinases phosphorylating
PhyR in these bacteria. Besides PhyK in C. crescentus and RsiC in S. meliloti at least one other kinase
(LovK for C. crescentus and Smc0322 for S. meliloti) is also activating the GSR. Both of these kinases
also belong to the HWE superfamily. In S. melonis, a total of seven HWE kinases were found to activate
the GSR and sense (partially) different stresses, explaining how cross protection is established in αproteobacteria (436, 437). However, none of them was encoded at the phyR locus. In fact, in many
organisms (e.g. S. melonis, B. abortus, Rhodopseudomonas palustris), the phyR-associated gene
encodes a degenerated kinase which likely is unable to function as a kinase. Because genes for this
type of degenerated kinases could only be deleted in a ΔecfG or ΔphyR background, they were
proposed to act as negative regulators of the GSR, preventing lethal overactivation (424, 431-433).
Further complexity to fine-tune the GSR in α-proteobacteria comes from single domain response
regulators. In M. extorquens and S. melonis, such regulators, named SdrG are present. They only
consist of a receiver domain, resembling the receiver domain of PhyR. SdrG acts as positive regulator
of the GSR in both systems, however, the exact mechanism remains unknown (436, 444). All S. melonis
kinases phosphorylating PhyR also phosphorylate SdrG in vitro and some of the kinases show a strong
dependency on SdrG for GSR activation (436, 443). Whether SdrG acts as a phosphorelay or as an
allosteric regulator upon activation by kinases for any other component of the GSR remains to be
elucidated. Additional single domain response regulators are genetically associated with kinases in S.
melonis. These regulators were shown or suspected to act as negative regulators of the kinases (436,
437).
In this work, we investigated the upstream signaling cascade in B. diazoefficiens. This αproteobacterium is found free-living in the soil and it can undergo a mutualistic symbiosis with soybean
and other compatible legume hosts. Thereby, host and symbiont communicate via flavonoids (mainly
genistein in the case of soybean) and Nod-factors (lipochito-oligosaccharides produced by the
bacterium) (44). Nod-factor signaling leads to the formation of root hair curling. Rhizobia attached to
such root hairs may become entrapped in such a curl and will form a microcolony. From this
microcolony, bacteria enter the root hairs via so-called infection threads (ITs) (32, 57). These mostly
plant derived structures guide the bacteria towards a preformed nodule primordia in the root cortex,
were they are released into individual plant cells (125, 130). Growth of the nodule primordium
eventually leads to formation of a new plant organ, the root nodule (15, 447). In nodules, differentiated
bacteria, now called bacteroids, densely colonize host plant cells. Bacteroids fix atmospheric dinitrogen
to ammonia for the benefit of the host and receive reduced carbon sources and other nutrients in
exchange (189, 256). It was previously shown that B. diazoefficiens mutants lacking either ecfG or phyR
form ineffective symbiosis with soybean and other hosts. Many nodules were aborted and the onset
of nitrogen fixation was delayed. Furthermore, some nodules redifferentiated into roots growing out
from preformed nodule-like structure (445). Also we found that the delay of nitrogen fixation and
formation of aborted nodules by ecfG mutants is due to reduced and delayed IT formation. In
agreement with these finding, we also detected GSR activity specifically induced in microcolonies and
ITs but neither in rhizosphere colonizing bacteria nor in nitrogen-fixing bacteroids (Chapter 5). Here
we investigated potential GSR-activating kinases as well as single domain response regulators, which
is thought to facilitate identification of the postulated "symbiotic stress signal(s)" present in
microcolonies.
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7.3. Materials and Methods
Bacterial strains and cultivation
Strains and plasmids used in this study are listed in Table 7.1. E. coli was grown in LB medium (469) at
37°C. Antibiotics were added were appropriate: ampicillin (200 μg/ml for agar plates and 100 μg/ml
for liquid cultures), gentamicin (10 μg/ml), hygromycin B (200 μg/ml), kanamycin (30 μg/ml),
streptomycin (50 μg/ml), and tetracycline (10 μg/ml). B. diazoefficiens was routinely grown 30°C in PSY
medium (472) supplemented with 0.1% L(+)-arabinose (268). Antibiotics were added were
appropriate: chloramphenicol (20 μg/ml for counterselection of E. coli), gentamicin (150 μg/ml for
initial selection, 100 μg/ml for routine growth), hygromycin B (200 μg/ml), kanamycin (100 μg/ml),
spectinomycin (100 μg/ml), streptomycin (50 μg/ml), and tetracycline (50 μg/ml in agar plates, 25
μg/ml in liquid cultures). For stress tests, MOPS-buffered minimal medium (470), V3 minimal medium
(Chapter 6) or V3C semi-complex medium (V3 minimal medium supplemented with 0.5 g/l yeast
extract, 0.5 g/l peptone, 1 mg/l thiamin-HCl, 1 mg/l D-panthotenate hemicalcium salt, and 1 mg/l
biotin) was used. 20 mM L(+)-arabinose was added as carbon source when needed. For exposure of
cells to alkaline pH, the pH value of V3 medium was adjusted by altering the buffering components
according to the Henderson-Hasselbalch equation, which ensures constant osmotic pressure.
Table 7.1: Strains and plasmids used in this study
Strain or plasmid
Relevant phenotype and genotype
Escherichia coli
DH5α
S17-1 λpir
SM10
Bradyrhizobium
diazoefficiens
110spc4
8404
8402
9937
04-37
02-37
02-28
02-29
9910
9912
9913
9914
9915
9916
9917
9918
9919
9920
9921
HhkAB
HhkDH
HhkABC
HhkABD
HhkDHE
HhkA-E
HhkA-F
HhkA-G
HhkA-H
HhkA-I

Reference or
source

supE44 ΔlacU169 (φ80 lacZΔM15) hsdR17 recA1 gyrA96 thi-1 relA2
Smr Spr hsdR (RP4-2 kan::Tn7 tet::Mu; chromosomally integrated)
Kmr thi-1 thr leu tonA lacY supE recA::RP4-2-tet::Mu

BRL,
Gaithersburg,
USA
(471)
(498)

Spr wild type
Spr Kmr ΔecfG::aphII
Spr Kmr ΔphyR::aphII
Spr Tcr P σEcfG -bll6649-lacZYA
Spr Kmr Tcr ΔecfG::aphII P σEcfG -bll6649-lacZYA
Spr Kmr Tcr ΔphyR::aphII P σEcfG -bll6649-lacZYA
Spr Kmr Tcr ΔphyR::aphII P phyR -phyRwt chromosomally integrated ds of scoI
Spr Kmr Tcr ΔphyR::aphII P phyR -phyRD194A chromosomally integrated ds of scoI
Spr Δbll0892 (ΔhhkA)
Spr Δblr2180 (ΔhhkB)
Spr Δbll2598 (ΔhhkC)
Spr Δbll2795 (ΔhhkD)
Spr Δbll6266 (ΔhhkF)
Spr Δbll6988 (ΔhhkG)
Spr Δbll7183 (ΔhhkH)
Spr Δbll7708 (ΔhhkI)
Spr Δblr8039 (ΔhhkJ)
Spr Δblr8060 (ΔhhkK)
Spr Δbll4287 (ΔhhkE)
Spr ΔhhkA ΔhhkB
Spr ΔhhkD ΔhhkH
Spr ΔhhkA ΔhhkB ΔhhkC
Spr ΔhhkA ΔhhkB ΔhhkD
Spr ΔhhkD ΔhhkH ΔhhkE
Spr ΔhhkA ΔhhkB ΔhhkD ΔhhkE
Spr ΔhhkA ΔhhkB ΔhhkD ΔhhkE ΔhhkF
Spr ΔhhkA ΔhhkB ΔhhkD ΔhhkE ΔhhkF ΔhhkG
Spr ΔhhkA ΔhhkB ΔhhkD ΔhhkE ΔhhkF ΔhhkG ΔhhkH
Spr ΔhhkA ΔhhkB ΔhhkD ΔhhkE ΔhhkF ΔhhkG ΔhhkH ΔhhkI

(472)
(445)
(445)
Chapter 5
Chapter 5
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
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HhkA-J
HhkA-K
HhkKJ
HhkKJI
HhkK-H
HhkK-G
HhkK-F
HhkK-E
HhkK-D
HhkK-B
HhkK-A
04-11
HhkAH-37
HhkKE-37
9922
9923
9924
9925
9928
9929
22-24
22-28
24-28
22-24-28
04-24
02-24
Plasmids
pUCBM21
pBluescript
SK(+)
pSUP202pol4
pRJPaph-gfp
pREDSIX
pTETSIX
pRGD-GmR
pRGD-HmR
pRGD-SmR
pRJ9937
pRJ4726
pRJ4727
pRJ4728
pRJ4729
pRJ9910
pRJ9911
pRJ9912
pRJ9913
pRJ9914
pRJ9915
pRJ9916
pRJ9917
pRJ9918
pRJ9919
pRJ9920
pRJ9921
pRJ9922
pRJ9923
pRJ9924

Spr ΔhhkA ΔhhkB ΔhhkD ΔhhkE ΔhhkF ΔhhkG ΔhhkH ΔhhkI ΔhhkJ
Spr ΔhhkA ΔhhkB ΔhhkD ΔhhkE ΔhhkF ΔhhkG ΔhhkH ΔhhkI ΔhhkJ ΔhhkK
Spr ΔhhkK ΔhhkJ
Spr ΔhhkK ΔhhkJ ΔhhkI
Spr ΔhhkK ΔhhkJ ΔhhkI ΔhhkH
Spr ΔhhkK ΔhhkJ ΔhhkI ΔhhkH ΔhhkG
Spr ΔhhkK ΔhhkJ ΔhhkI ΔhhkH ΔhhkG ΔhhkF
Spr ΔhhkK ΔhhkJ ΔhhkI ΔhhkH ΔhhkG ΔhhkF ΔhhkE
Spr ΔhhkK ΔhhkJ ΔhhkI ΔhhkH ΔhhkG ΔhhkF ΔhhkE ΔhhkD
Spr ΔhhkK ΔhhkJ ΔhhkI ΔhhkH ΔhhkG ΔhhkF ΔhhkE ΔhhkD ΔhhkB
Spr ΔhhkK ΔhhkJ ΔhhkI ΔhhkH ΔhhkG ΔhhkF ΔhhkE ΔhhkD ΔhhkB ΔhhkA
Spr Kmr ΔecfG::aphII Δblr1461 (ΔphyP)
Spr Tcr ΔhhkA ΔhhkB ΔhhkD ΔhhkE ΔhhkF ΔhhkG ΔhhkH P σEcfG -bll6649-lacZYA
Spr Tcr ΔhhkK ΔhhkJ ΔhhkI ΔhhkH ΔhhkG ΔhhkF ΔhhkE P σEcfG -bll6649-lacZYA
Spr Smr Δbll4551::aadA same orientation (ΔsdrG 2 )
Spr Smr Δbll4551::aadA opposite orientation (ΔsdrG 2 )
Spr Gmr Δblr4745::aacC1 same orientation (ΔsdrG 3 )
Spr Gmr Δblr4745::aacC1 opposite orientation (ΔsdrG 3 )
Spr Hmr Δbll0535::hph5 same orientation (ΔsdrG 1 )
Spr Hmr Δbll0535::hph5 opposite orientation (ΔsdrG 1 )
Spr Smr Gmr ΔsdrG 2 ::aadA ΔsdrG 3 ::aacC1
Spr Smr Hmr ΔsdrG 2 ::aadA ΔsdrG 1 ::hph5
Spr Gmr Hmr ΔsdrG 3 ::aacC1 ΔsdrG 1 ::hph5
Spr Smr Gmr Hmr ΔsdrG 2 ::aadA ΔsdrG 3 ::aacC1 ΔsdrG 1 ::hph5
Spr Kmr Gmr ΔecfG::aphII ΔsdrG 3 ::aacC1
Spr Kmr Gmr ΔphyR::aphII ΔsdrG 3 ::aacC1

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

Apr cloning vector

Boehringer
Mannheim,
Germany
Stratagene, La
Jolla, CA, USA
(477)
(56)
(265)
(265)

Apr cloning vector
Tcr part of polylinker from pBluescript II KS(+) between EcoRI and PstI
Tcr P aphII -gfp+ for genomic integration ds of scoI
Apr mobilizable, high-copy-no. cloning and mutagenesis vector
Apr Tcr mobilizable, high-copy-no. cloning and mutagenesis vector for
markerless deletion mutants
Apr Gmr aacC1 donor plasmid
Apr Hmr hph5 donor plasmid
Apr Smr Spr aadA donor plasmid
Tcr bll6649-lacZYA
Apr (pBluescript SK(+)) P phyR -phyRwt
Apr (pRJ4726) P phyR -phyRD194A
Tcr (pRJPaph-gfp) P phyR -phyRwt for integration ds of scoI
Tcr (pRJPaph-gfp) P phyR -phyRD194A for integration ds of scoI
Apr Tcr (pTETSIX) bll0892 up- and downstream regions
Apr Tcr (pTETSIX) blr1461 up- and downstream regions
Apr Tcr (pTETSIX) blr2180 up- and downstream regions
Apr Tcr (pTETSIX) bll2598 up- and downstream regions
Apr Tcr (pTETSIX) bll2795 up- and downstream regions
Apr Tcr (pTETSIX) bll6266 up- and downstream regions
Apr Tcr (pTETSIX) bll6988 up- and downstream regions
Apr Tcr (pTETSIX) bll7183 up- and downstream regions
Apr Tcr (pTETSIX) bll7708 up- and downstream regions
Apr Tcr (pTETSIX) blr8039 up- and downstream regions
Apr Tcr (pTETSIX) blr8060 up- and downstream regions
Apr Tcr (pTETSIX) bll4287 up- and downstream regions
Apr Smr Spr (pREDSIX) bll4551 up- and downstream regions, separated by
aadA, oriented from up- to downstream
Apr Smr Spr (pREDSIX) bll4551 up- and downstream regions, separated by
aadA, oriented from down- to upstream
Apr Gmr (pREDSIX) blr4745 up- and downstream regions, separated by aacC1,
oriented from up- to downstream
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pRJ9925

Apr Gmr (pREDSIX) blr4745 up- and downstream regions, separated by aacC1,
This work
oriented from down- to upstream
pRJ9928
Apr Hmr (pREDSIX) bll0535 up- and downstream regions, separated by hph5,
This work
oriented from up- to downstream
pRJ9929
Apr Hmr (pREDSIX) bll0535 up- and downstream regions, separated by hph5,
This work
oriented from down- to upstream
pUC-i1461
Apr (pUCBM21) blr1461 700 bp internal fragment
This work
pRJ9930
Tcr (pSUP202pol4) blr1461 700 bp internal fragment
This work
Abbreviations: Ap: ampicillin; Gm: gentamicin; Hm: hygromycin B; Km: kanamycin; Sm: streptomycin; Sp: spectinomycin;
Tc: tetracycline; r: resistance; P: promoter, subscript indicating either the dependence of or the gene originally
associated with the promoter; ds: downstream; wt: wild type

Plasmid and mutant construction
To construct a ΔphyR complementation construct, consisting of the wild-type phyR promoter and
either the wild-type phyR allele or a mutant derivative, encoding for a PhyRD194A, supposedly
unphosphorylaTable, the whole phyR containing region was amplified using primers 7795-22 and
7795-23. The amplified fragment was cloned into EcoRV digested pBluescript SK(+), resulting in plasmid
pRJ4726. Using primers 7795-D194A-1 and 7795-D194-2 and plasmid pRJ4726 as template, plasmid
pRJ4727, containing the point mutated phyRD194A allele, was generated by QuikChange PCR. Both phyR
alleles were released from their corresponding plasmid by NsiI and MunI digest and ligated into EcoRI
and PstI prepared pRJPaph-gfp, resulting in plasmids pRJ4728 (phyRwt) and pRJ4729 (phyRD194A). Both
plasmids were integrated in the ΔphyR mutant strain (8402), downstream of the symbiotically silent
locus, downstream of scoI (56), resulting in strains 02-28 and 02-29. Correct integration was verified
by PCR using primers 7795-6 and gfp+-4.
For markerless deletion of the 11 HRxxN kinases (hhkA-hhkK) and the phyP homolog (blr1461) the
pTETSIX system was used as described (265). For cloning of the individual plasmids (pRJ9910-pRJ9921),
a uniform cloning strategy was developed: Up- and downstream regions of the individual genes were
amplified, using primers with the according gene number (see Table S7.1 for primer sequences). Primer
pairs xxxx-1/-2 and xxxx-3/-4 were designed, so that the initial three and last three (including the stop)
codons were let unaffected for in-frame markerless deletions. Both fragments were joined by a PacI
site (one additional nucleotide was added, so that the PacI site was not changing the reading frame of
the last three codons of the deleted gene, accordingly three artificial codons were inserted between
start and end of the deleted genes). Fragments were ligated into XbaI and NsiI digested pTETSIX, via
SpeI and PstI sites added by primers xxxx-1 or xxxx-4, respectively. Mutants were verified using primer
pairs xxxx-5/-6, amplifying a region spanning the deletion (positive control) and xxxx-7/-8, amplifying
an internal fragment of the hhk kinase gene, that was deleted (negative control). The positive control
amplicon derived from each mutant strain was verified by PacI digest (notably, in the wild-type
genome, only three natural PacI sites are found [559]). For deletion of the three sdrG homologs
(bll0535, sdrG 1 ; bll4551, sdrG 2 ; blr4745, sdrG 3 ), the pREDSIX system was used as described (265). For
deletion of sdrG 2 , up- and downstream flanking regions were amplified using primer pairs 4551-1/-2
and 4551-3/-4, and MunI/SpeI or SpeI/PstI digested PCR fragments were ligated into MunI/NsiI
digested pREDSIX in tandem. A pRGD-SmR-derived streptomycin resistance cassette (SpeI released)
was cloned into the new unique SpeI site to generate plasmids pRJ9922 and pRJ9923, differing in the
orientation of the cassette. Similar, for deletion of blr4745 (sdrG 3 ), plasmids pRJ9924 and pRJ9925
were generated by cloning PCR fragments of up- and downstream regions (primer pairs 4745-1/-2 and
4745-3/-4) by means of EcoRI/SpeI and SpeI/PstI sites, respectively, into MunI and NsiI digested
pREDSIX and inserting a SpeI-released gentamicin resistance cassette from pRGD-GmR between them.
Mutants were verified using primers 4551-6 and 4551-7 or 4745-6 and 4745-7, respectively, in
appropriate combination with primers Strp-3 and Strp-5. For deletion of sdrG 1 , flanking regions were
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PCR amplified, using primer pairs 0535-1/-2 and 0535-3/-4, fragments were digested NsiI and BstBI or
BstBI and MunI, respectively, and ligated into NsiI and MunI digested pREDSIX. The hygromycin B
resistance cassette was excised from pRGD-HmR using its flanking BstBI sites and cloned between the
two bll0535-flanking regions, generating plasmids pRJ9928 and pRJ9929. Correct mutation was verified
using primers 0535-5 or 0535-6 in combination with either hph5-1 or hph5-2. For disruption of phyP,
we PCR amplified a 700 bp phyP-internal fragment using primers 1461-11 and 1461-12, digested the
amplicon with EcoRI and XbaI and ligated it to identically prepared pUCBM21, generating pUC-i1461.
After sequence verification, the fragment was subcloned into pSUP202pol4 by means of EcoRI and
XbaI, generating pRJ9930. To generate strains carrying the bll6649-lacZYA σEcfG reporter fusion, plasmid
pRJ9937 was integrated into the chromosome of selected strains as described before (Chapter 5).

Plant tests
Soybean seeds (Glycine max (L.) MERR.) cv. Green Butterbeans (purchased from Johnny's Selected
Seeds, Albion, ME, USA) were sterilized and germinated as described before (56). Inoculation, plant
growth conditions and evaluation of plant tests were described previously (480).

β-Galactosidase assays
For β-galactosidase assays, cells were washed twice with 0.9% NaCl followed by determination of
enzyme activity as described previously (469).

7.4. Results and Discussion
General stress response-inducing conditions
From previous studies, we knew that the GSR of B. diazoefficiens could be induced by different
stresses. The most effective inducer found was switching cells from complex medium to minimal
medium lacking a carbon sources and the GSR was also active in cells present in root hair-entrapped
microcolonies or in ITs of soybean ([445], Chapter 5). Hence, we exposed reporter strains (04-37
(ΔecfG background), 9937 (wild type background)), carrying an artificial operon of σEcfG-controlled
bll6649 and the lacZYA reporter, to various stress conditions and assayed β-galactosidase activities. In
addition to the complex medium - minimal medium switch, which caused the previously described
induction, we tested stress induced by salts (NaCl, KCl, MgCl 2 , and MgSO 4 ), hyperosmotic conditions
(400 mM sorbitol), organic solvents (methanol and ethanol), oxidative stress (NaIO 4 ), alkaline pH (pH
8.0), heat shock (40°C), soybean root exudates, blue light, and hypoosmotic starvation conditions
(incubation in distilled water). Among these conditions, we found heat exposure, alkaline pH, salts,
and osmotic stress to be inducers of the GSR in B. diazoefficiens (Fig. 7.1). Neither of the other
conditions tested, resulted in elevated β-galactosidase activity (data not shown).
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Figure 7.1: General stress response inducing conditions in B. diazoefficiens. Shown are data derived from strains carrying
the bll6649-lacZYA reporter in a ΔecfG mutant (04-37) and wild type (9937) background. A, Exponentially growing cells
were exposed to 40°C for 40 min, then recovered for 1 h at 30°C to allow lacZ expression or constantly grown at 30°C.
Since around 50% of the ΔecfG mutant cells did not survive the heat shock (data not shown) and therefore obscured the
OD measurements, we decided to normalize the measured β-galactosidase activity to colony-forming units (cfu) numbers
(Wülser units, WU). Accordingly, serial dilutions were spotted to determine cfu numbers. B, Response of exponentially
growing cells incubated overnight in PSY pH 7.0 or PSY pH 8.0. C, Response of exponentially growing cells incubated in
overnight in PSY or PSY supplemented with indicated concentration of salts or sorbitol. Data derived from three biological
replicates, except heat stress, were n=2; error bars indicating standard deviation. Data generated by J. Wülser.

The GSR in B. diazoefficiens requires phosphorylatable PhyR
Before investigating the GSR-activating signaling cascade in B. diazoefficiens, we first examined the
role of PhyR phosphorylation. The general partner-switching activation model implies a crucial role for
PhyR phosphorylation at a conserved aspartic acid residue in the C-terminal receiver domain. Previous
sequence alignment with other PhyR proteins, including functionally studied ones, identified D194 as
the phosphorylated residue in B. diazoefficiens PhyR (703). We constructed a mutant phyR allele,
encoding an alanine rather than aspartic acid at PhyR amino acid position 194 (phyRD194A) and tried to
complement the ΔphyR mutant by ectopic expression of either the wild-type or the mutant allele. We
tested, whether the mutant phenotype was reverted by either complementation construct under freeliving and symbiotic conditions. Free-living ΔecfG mutant bacteria are more sensitive to osmotic stress
(Chapter 6) and unable to grow in alkaline medium. In line with this, the ΔphyR mutant was unable to
grow on V3C medium containing 400 mM sorbitol or in V3C with the pH shifted to 8.0. The phyR wildtype allele restored growth under both conditions but not the mutant allel (Fig. S7.1). Likewise, the
phyRD194A mutant allele was unable to correct the symbiotic defects of the ΔphyR mutant as strain
02-29 retained the phenotypic features characteristic for GSR mutants. Nodules were smaller,
aberrant, sometimes with lateral root outgrowths, lacked leghemoglobin (as inferred from their white
color) and displayed reduced nitrogenase activity. In contrast, the wild-type phyR allele completely
restored the wild-type phenotype (Fig. 7.2).
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Figure 7.2: Symbiotic properties of B. diazoefficiens wild type (110spc4), ΔphyR mutant (8402) and ΔphyR mutant with
ectopically expressed phyRwt wild-type allele (02-28) or phyRD194A mutant allele (02-29) on soybean 21 dpi. A-D,
Quantitative data from 9 biological replicates (except ΔphyR phyRwt where n=10) showing nodule number per plant (A),
average dry weight per nodule per plant (B), average nitrogenase activity per plant, normalized to total nodule dry weight
(C) and nitrogenase activity per plant (D). Error bars indicate standard deviation. E, F, Shown are exemplary whole nodules
(E) or nodule cross-sections (F). The inoculated strain is indicated above the images. Within panels E and F, magnification
of images is identical for individual images. Data generated by J. Wülser.

PhyP homolog in B. diazoefficiens
In B. diazoefficiens, no gene encoding a kinase is located near the GSR locus. However, the R. palustris
GSR locus kinase (RPAL_RS23295) shows high similarity to GSR locus kinases in Bradyrhizobium spp.
ORS278 (BRADO1046, 70% identity, 82% similarity) and BTAi1 (BBta7004, 70% identity, 82% similarity).
A homolog was found in B. diazoefficiens USDA110 (Blr1461; 70% identity, 82% similarity) whose gene,
however is located elsewhere in the genome. Like the R. palustris GSR locus kinase, Blr1461 displayed
an intact HWE domain motif (ExxHRxxN) but degenerated HATPase domain motif (FExxxHxxxG instead
of HExxxNxxx[H/Y]). Both proteins have two predicted transmembrane domains in their N-terminus
separated by a (periplasmic) CHASE sensory domain followed by C-terminal (cytoplasmic) HWE
histidine kinase and HATPase_c domains. Previous attempts to generate a marker-exchange mutant
of blr1461 failed (704). Likewise, we failed to generate a markerless in-frame deletion mutant (42
candidates analyzed). By contrast, we obtained blr1461 deletion mutants in the ΔecfG background (2
correct mutants out of 8 analyzed candidates). To further show the essentiality of blr1461 in the wild
type but not ΔecfG mutant background, we attempted to disrupt blr1461 by inserting the tetracycline
resistance-encoding plasmid pRJ9930 into the coding region of blr1461. We mated the plasmid into
wild type and ΔecfG mutant and selected exconjugates on tetracycline-containing plates. No colonies
grew on plates where wild type-derived mutant candidates were plated but we obtained mutant
clones derived from the ΔecfG mutant (data not shown). Both, sequence alignment and essentiality in
the wild type but not in the ΔecfG background indicate that Blr1461 is the functional equivalent of the
R. palustris GSR locus kinase and likely acts as a negative regulator of the GSR. Blr1461 also showed
some domain architecture similarity to S. melonis PhyP (except the periplasmic CHASE domain, which
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seems lacking in S. melonis PhyP) but low primary sequence homology (14% identity, 21% similarity).
We named Blr1461 PhyP.

HWE and HisKA_2 histidine kinases of B. diazoefficiens
HWE and HisKA_2 histidine kinases are characterized by their iconic ExxHRxxN motif. A motif search
revealed 12 predicted proteins with this motif, one being PhyP. The remaining 11 all belong to either
the HWE or HisKA_2 histidine kinase families. Because of the previous description of the HRxxN motif
in GSR activating kinases (436), we renamed the genes to hhkA to hhkK (for HRxxN histidine kinase),
starting with the kinase having the lowest gene number (bll0892). Seven of the kinases belong to the
HWE family (HhkA, C, D, H, I, J, K) four to the HisKA_2 family (B, E, F, G). Two kinases (HhkA, D) are
predicted to be membrane bound. Three kinases (HhkB, G, J) contain a GAF sensory domain and two
others (HhkC, I) PAS/PAC sensory domains. Additionally, HhkC and HhkE contain a receiver domain
(REC), suggesting regulation via phosphorylation by another kinase. As described for S. melonis, genes
for other regulators and/or sensory kinases are present in the genomic neighborhood of hhk genes,
which may be involved in integration of stimuli sensed by HRxxN kinases (436, 437). Table 7.2 and Fig.
7.3 summarize information about domain organization and associated (putative) regulators of HhkA
through HhkK kinases of B. diazoefficiens.

Table 7.2: ExxHRxxN motif-containing kinases putatively involved in GSR activation in B. diazoefficiens
Protein Gene
Type
Sensory
HATPase_c TM4 Associated
Associated
number
domain1
regulator5
regulator5
HhkA
bll0892
HWE
Yes
3
HhkB
blr2180
HisKA_2 GAF2
Yes
Bsl2179
Blr2178
(REC)
(HisKA,
HATPase_c,
REC)
HhkC

bll2598

HWE

PAS/PAC3
(REC)

Yes

-

HhkD
HhkE

bll2795
bll4287

HWE
HisKA_2

(REC)

Yes
Yes

1
-

HhkF
HhkG

BLL6266
bll6988

HisKA_2
HisKA_2

GAF

Yes
Yes

-

HhkH
HhkI
HhkJ
HhkK

bll7183
bll7708
blr8039
blr8060

HWE
HWE
HWE
HWE9

PAS/PAC
GAF
-

Yes
Yes
Yes
No

-

Bll2599
(HAMP6, GAF,
HisKA,
HATPase_c,
REC)
Bll2794
Bll4288 (REC)

Blr6267
Blr6990
(CRP8)

Associated
regulator5
Bll2176
(PAS/PAC,
HisKA,
HATPase_c,
REC)

Bll4289
(CHASE7,
HATPase_c
2 TM
domains)

Blr8062
(REC)
1 Although not a sensory domain senso stricto, REC (receiver) domains are indicated in parenthesis
2 GAF is an abbreviation for the first proteins where the domain was found in (cGMP-specific phosphodiesterase,
Adenylyl cyclase, FhlA).
3 PAS/PAC are two always co-occuring domains (705-707). PAS is named after the first proteins where it was found (Per,
Arnt, Sim); PAC stands for PAS C-terminal.
4 Transmembrane regions (predicted)
5 As inferred from genomic neighborhood. Kinase-, sensory- and REC domains are indicated in parenthesis
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HAMP is named after proteins where the domain was found (Histidine kinases, Adenylyl cyclases, Methyl-binding
proteins, Phosphatases).
7 CHASE is named after a group of proteins where the domain is present (Cyclases/Histidine kinases Associated Sensory
Extracellular). It functions as a periplasmic or extracellular sensor and is typically found in transmembrane proteins.
8 CRP are cAMP-binding transcriptional regulatory proteins (cAMP Receptor Protein)
9 Predicted by Pfam (708), yet some characteristic elements are degenerated; see text for details.
6

Figure 7.3: Domain architecture of 11 putative GSR-activating HWE or HisKA_2 family kinases of B. diazoefficiens.
Transmembrane domains (TM) of HhkA and HhkD are shown as grey rectangles. Receiver domains (REC) are represented
by orange rectangles. Sensory domains are shown in blue, either as hexagon (GAF) or as pentagon (PAS) followed by a
circle (PAC). HWE and HisKA_2 domains are depicted in green, as either hexagon (HWE_HK) or rectangle (HisKA_2). Grey
pentagons represent HATPase_c domains.

One of the kinases, the catalytic site of HhkK is partially truncated and degenerated. Thus the Pfam
annotation as HWE kinase (708) is rather uncertain. While the conserved ExxHRxxN motif is retained
in HhkK, the WxE motif typical for HWE kinases is replaced by a VxD motif which is charactersitic for
HisKA_2 kinases. Likewise, the N-box of HhkK is degenerated (ExxxH instead of the canonical ExxxN)
resembling the N-box of PhyP. As the asparagine residue of this motif is crucial for kinase activity (709,
710), the function of HhkK (and PhyP) as a kinase is doubtful.

Hhk kinases display functional redundancy
We generated and characterized markerless in-frame deletion mutants in all 11 hhk genes to test
whether one individual Hhk kinase is responsible for GSR activation during early stages of symbiosis
([445], Chapter 5). To this end, we inoculated all 11 hhk deletion strains on soybean and evaluated the
symbiotic phenotype 21 dpi. None of the mutants displayed a phenotype resembling the ΔecfG or
ΔphyR mutants and all quantitative symbiotic parameters (nitrogenase activity, nodule number and
size) were wild type-like (Fig. 7.4).
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Figure 7.4: Symbiotic properties of B. diazoefficiens hhk mutants (ΔhhkA, 9910; ΔhhkB, 9912; ΔhhkC, 9913; ΔhhkD, 9914;
ΔhhkE, 9921; ΔhhkF, 9915; ΔhhkG, 9916; ΔhhkH, 9917; ΔhhkI, 9918; ΔhhkJ, 9919; ΔhhkK, 9920) compared to wild type
(110spc4), ΔecfG mutant (8404) and ΔphyR (8402) mutant on soybean 21 dpi. A-D, Quantitative data from 10 biological
replicates (except ΔhhkB, ΔhhkG, and ΔhhkJ where n=9) showing nodule number per plant (A), average dry weight per
nodule per plant (B), average nitrogenase activity per plant, normalized to total nodule dry weight (C) and nitrogenase
activity per plant (D). Error bars indicate standard deviation. E, Exemplary nodule cross-sections. Magnification is identical
for all images of this panel.

We suspected functional redundancy between the kinases, like it was described for the kinases of S.
melonis (436). Hence, we started combining mutations with the ultimate goal to construct a mutant
strain lacking all hhk genes. As preliminary experiments suggested a bifunctional role of HhkC (i.e. as
kinase and phosphatase) we decided to delete hhkC last. In two parallel approaches, we systematically
deleted hhk kinase genes starting from hhkA in one series and from hhkK in the other series. At the
time when this thesis was completed, two independent 10-fold mutants (hhkA-K and hhkK-A, with
both strains still retaining hhkC) were available. Note that both strains are supposed to be genetically
identical. We integrated the bll6649-lacZYA-based σEcfG reporter construct into the 7-fold mutants
(ΔhhkA-H and ΔhhkK-E) resulting in strains HhkAH-37 and HhkKE-37. When we tested the strains for
GSR activity under different conditions (osmotic and salt stress), we found that strain HhkAH-37 lost
the ability to mount a GSR in response to both stresses and strain HhkKE-37 only mounted a reduced
response (Fig. 7.5).

162

Chapter 7 - The general stress response signaling cascade in Bradyrhizobium diazoefficiens

β - g a la c t o s id a s e a c t iv it y [ M U ]

S a lt a n d o s m o t ic s t r e s s

20
15

PSY
PSY + 40 m M N aCl

100% 100%

P S Y + 4 0 0 m M s o r b it o l

10

42%

31%

5

7%
0

9937

0 2 -3 7

8%

12%

13%

H h k A H -3 7

H h k K E -3 7

Figure 7.4: General stress response in B. diazoefficiens mutant strains lacking seven of eleven HWE and HisKA_2 histidine
kinases. Shown are data derived from a bll6649-lacZYA reporter-carrying wild type (9937), ΔphyR mutant (02-37), ΔhhkA
ΔhhkB ΔhhkD ΔhhkE ΔhhkF ΔhhkG ΔhhkH septuple mutant (HhkAH-37), and a ΔhhkK ΔhhkJ ΔhhkI ΔhhkH ΔhhkG ΔhhkF
ΔhhkE septuple mutant (HhkKE-37), challenged with either 40 mM NaCl (salt stress; bright blue) or 400 mM sorbitol
(osmotic stress; green). Percentages above each column indicates residual activity relative to the wild-type background
which was defined as 100%. Data derived from 3 biological replicates, except for the wild-type derivative where n=6. Error
bars indicate standard deviation. Data generated by J. Wülser.

We also tested both 7-fold (HhkA-H and HhkK-E) and 10-fold (HhkA-K and HhkK-A) mutants for their
symbiotic proficiency on soybean. Although none of the tested mutants displayed the typical ΔecfG or
ΔphyR mutant phenotype, a delay in nodule development was observed at early time point (14 dpi).
In the 7-fold mutant, a slightly reduced nitrogenase activity was observed for strain HhkA-H but not
strain HhkK-E. In contrast, both strains HhkA-K and HhkK-A showed a strong reduction of nitrogenase
activity (Fig. 7.5). However, when plants were grown for additional seven days (21 dpi), all mutants
could overcome the delay and performed like the wild type (data not shown).

Figure 7.5: Symbiotic properties of B. diazoefficiens mutants lacking seven (A-D) or ten (E-H) HRxxN kinases. Strains
lacking hhkA, hhkB, hhkD, hhkE, hhkF, hhkG, hhkH (ΔhhkA-H; strain HhkA-H; light red), hhkK, hhkJ, hhkI, hhkH, hhkG,
hhkF, hhkE (ΔhhkK-E; strain HhkK-E; light green) and the two independently generated mutants lacking all Hhk kinases
except HhkC (ΔhhkA-K; dark red; ΔhhkK-A; dark green) were inoculated on soybean. Plants were assessed 14 dpi and
compared to wild type- (110spc4, black) and ΔphyR- (8402, grey) infected plants. Quantitative data from 10 biological
replicates (except wild type in panels A-D and ΔhhkA-H [n=8], and ΔhhkK-A,[n=9]) showing nodule number per plant (A,
E), average dry weight per nodule per plant (B, F), average nitrogenase activity per plant, normalized to total nodule dry
weight (C, G) and nitrogenase activity per plant (D, H). Error bars indicate standard deviation. Data shown in panels A-D
generated by J. Wülser.
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Role of SdrG in regulating the GSR in B. diazoefficiens
Besides HWE and KisKA_2 family kinases, a single domain response regulator consisting of a standalone receiver domain, was shown to be involved in positive regulation of the GSR in S. melonis and
M. extorquens (436, 444). The exact role of these so-called SdrG proteins remains unknown. They both
belong to the FAT GUY response regulators which are often associated with HWE family histidine
kinases (711, 712). These regulators comprise a conserved PFxFATG(G/Y) motif though the motif
appears to tolerate substantial degeneration (443, 444). We used this motif and various degenerated
variants thereof to find potential SdrG homologs in B. diazoefficiens. We found three candidates, with
one having a degenerated PFxFATG(G/Y) motif: Bll0535 (PFxFvTGY), Bll4551, and Blr4745 (both
PFxFATGY), which we named SdrG 1 , SdrG 2 , and SdrG 3 , respectively. It was previously shown for SdrG
of S. melonis that phosphorylation of a conserved aspartate residue (corresponding to D82, D56, and
D60 in B. diazoefficiens SdrG 1 , SdrG 2 , or SdrG 3 , respectively) leads to the reallocation of a lysine
residue at the C-terminus, which is found in a conserved KPF motif. The lysine residue, but not the
subsequent proline, was shown to be essential for functionality of SdrG (443). In B. diazoefficiens, only
SdrG 3 show the conserved KPF motif whereas the phenylalanine residue in the other two SdrG proteins
is replaced by cysteine (SdrG 1 ) or isoleucine (SdrG 2 ). We generated single knock-out mutants of all
three SdrGs in B. diazoefficiens (strains 9922, 9923 [both ΔsdrG 2 ], 9924, 9925 [both ΔsdrG 3 ], 9928,
9929 [both ΔsdrG 1 ]) and also generated all possible combinations of double mutants (strains 22-24
[ΔsdrG 2 ΔsdrG 3 ], 22-28 [ΔsdrG 1 ΔsdrG 2 ], and 24-28 [ΔsdrG 1 ΔsdrG 3 ] and the triple mutant, lacking all
sdrG genes (strain 22-24-28). So far, only a subset of the strains were analyzed phenotypically including
the triple mutant. Under free-living conditions, salt stress resulted in a (slightly) increased sensitivity
when SdrG 3 was missing, but this phenotype was less pronounced as that of the ΔecfG mutant (Fig.
S7.2). On soybean, neither the ΔsdrG 2 nor the ΔsdrG 3 mutants (9922, 9923, 9924, or 9925) showed a
ΔecfG mutant-like phenotype; these strains performed all like the wild type in symbiosis (data not
shown). Likewise, the triple mutant did not show any phenotype differing from the wild type (Fig. S7.3).
Since the sdrG 3 mutants showed increased salt-sensitivity, we generated two double mutants lacking
both sdrG 3 plus phyR (strain 02-24) or sdrG 3 plus ecfG (strain 04-24). Neither of these strains showed
increased salt sensitivity compared to the ΔphyR or ΔecfG single mutant backgrounds, pointing a role
of SdrG3 upstream of the PhyR and σEcfG GSR core components. Notably, the phenotype described for
sdrG mutants of M. extorquens and S. melonis are much stronger (436, 444). Currently, it is unclear
how and why the role of SdrGs differ between different bacterial species.

7.5 Supplemental material
Table S7.1: Primers and oligos used in this study
Oligonucleotide
Sequence (5'-3')
7795-22
CCCAATTGCGAGAAGTTTCCTCAACC
7795-23
TCCATGCATCCCGTCTTCTTGTTCGATAC
7795-D194A-1
CCTCGCCGCCATCCAGCTCGC
7795-D194A-1
GCGAGCTGGATGGCGGCGAGG
7795-6
TCAACGACGACTCCGAGGTGAC
gfp+-4
AGATATTCCGGGCGGATTTC
0892-1
GAATCAACTAGTGTCGGAATCGCGCAGGTC
0892-2
GGCCCGTTAATTAAAAGCCGCTAAAGCGAAAGCAG
0892-3
GCGCGCTTAATTAACTTCTCCATGCGCCGCCCGGTTG
0892-4
GTATACCTGCAGTGGGCGGTCTTGTAGACTTCG
1461-1
GGAGGAACTAGTGGCGAGTTCGGCAAGGTG
1461-2
GGGAGTTTAATTAACCGATAAACCTCGCGCGCTTCAG
1461-3
GGCGGCTTAATTAACCGGACCACGCGACTACTC
1461-4
GAATACCTGCAGCTGACGCCGGATCGCATTG
2180-1
GGAGGAACTAGTGCCGCTATTTCGCAGAGGGTC
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2180-2
2180-3
2180-4
2795-1
2795-2
2795-3
2795-4
4287-1
4287-2
4287-3
4287-4
6266-1
6266-2
6266-3
6266-4
6988-1
6988-2
6988-3
6988-4
7183-1
7183-2
7183-3
7183-4
7708-1
7708-2
7708-3
7708-4
8039-1
8039-2
8039-3
8039-4
8060-1
8060-2
8060-3
8060-4
0892-5
0892-6
0892-7
0892-8
1461-5
1461-6
1461-7
1461-8
2180-5
2180-6
2180-7
2180-8
2598-5
2598-6
2598-7
2598-8
2795-5
2795-6
2795-7
2795-8
4287-5
4287-6
4287-7
4287-8
6266-5
6266-6
6266-7
6266-8
6988-5

GGCGGCTTAATTAACCTCGATTAGAGGAAGTTCCG
GGGCGGTTAATTAAGGCTTGTAGCATGATAAGTTAC
GAAATCCTGCAGATTGATGGCGATGCGCAACG
GATTTAACTAGTCGGTCCCGGCTTCGTC
GGCCGCTTAATTAACCGGTGAATCAACGGGATG
GGGCATTTAATTAACGGCAACATCGTCCCC
GAAATACTGCAGAACGCCGTCCGCAGTGG
GGTGGAACTAGTATCAGGCGGTGGAAGCG
GGCAGCTTAATTAACGTTCTCTGGTTCATGTGGC
GGAGGCTTAATTAACAGCTGACCCGCGCCCCCATC
GGAAGACTGCAGAGCGTCCGCCGCAGCCATTG
GAAGTAACTAGTGCCGCCGCCAGATCGCTC
CCGCCCTTAATTAACGCTGCTTGAAGTTCGACTG
GGCCCGTTAATTAAAACGGACATGATAGCCTCCC
GTTTATCTGCAGGCCCGATCATCCTCGCAAG
GTAGAAACTAGTAGCCGGGTTGACGTAGTC
GGCCGCTTAATTAACATCTGAAGGGGGCCATAAC
GGCCCGTTAATTAAGGAAGTCATCGAAATCTACC
GTTTATCTGCAGGAGCGCGACCATCTCTAGG
GGACAAACTAGTCGGGAATGCCCGAATTGG
GGCGGCTTAATTAACGCCTAGCCGGCAGGCTG
GGCGGCTTAATTAACTGTGTCACGAGGGTTGCTG
CTAATCCTGCAGTGGTTCGGGCCGATCAGGTTG
CCAGCAACTAGTATAGCCCACCACCGTTGTTC
GGCGGCTTAATTAACCCGACGTAAAACCCAATC
GGCGGCTTAATTAAATGTTGCACTGCCGTTGG
GAAGAACTGCAGACTTGCGGATCTGCGAAGTGG
GGAGGAACTAGTGGTCCGTCGCATTCGACAATC
GGTGGTTTAATTAACAGCTGACGAGCCTCTCGAGC
GGGCGCTTAATTAAATAGCACATCGTGACACTATC
GAAATCCTGCAGCACGTAGGCGAACAAGCTAAG
GCCTCAACTAGTGTGAAGGTAAGCGCGATGG
GCTAGTTTAATTAACGGCCGCTAAGGGGCATGCAG
GAAGATTTAATTAAGGCGACCACCGCGGTCTACC
GATAACCTGCAGCACGTCCGGACAATCGTTC
CGGCGACTTCCTCCTGG
GAACACCGCGGCATGGG
TGCAGCCCGGTCTTCAGATAC
TCGCTCGGCTTGAGCATTG
CAAGACCGCGCTGATGGATCTG
GCTGCTGATCGACGCCTTTCTC
GCTGACCGAGCGCGAACTGC
GCGTCGCCTCGCTGGTGTTG
AACGCCGGGCCGTTATAC
GGCGCTCGCTGAAACATC
GTGAGCGCAGGCGTCGGATG
GCGCCCGCCACCTGGATTTC
TTGTGCGACTTCGCCTGTG
GCTCTTGATCGTCGAGGACAAC
ACCAGCGGACCGCCGGATTC
TCGCGGCGATGATCCGGGAG
GCATCCGCTGCACTCAAG
CCAATCGCCAGACGTTTCC
CTCCTGGCTGAGCAGATTGTG
TCGGCTTCCTCGACCAGTATG
AAGAAGGCCGCGCCCAAG
TGTCGAGGCCATCGTGTC
TCGCCAGCAGCAGATTCTC
GCCCAGGACAGCATCGAAAG
ACCAGTCCGCCCAGTTGTC
AGCGATGCAGGGCAAGCTC
CGCCTCGCCATGCAACC
GCTGCGGGAGTCCCATC
CGCCGACAGCTATTTCTTGC
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6988-6
6988-7
6988-8
7183-5
7183-6
7183-7
7183-8
7708-5
7708-6
7708-7
7708-8
8039-5
8039-6
8039-7
8039-8
8060-5
8060-6
8060-7
8060-8
4551-1
4551-2
4551-3
4551-4
4745-1
4745-2
4745-3
4745-4
0535-1
0535-2
0535-3
0535-4
4551-5
4551-6
4745-5
4745-6
0535-5
0535-6
Strp-3
Strp-5
hph5-1
hph5-2
1461-11
1461-12
lacZ-1
6649-3

CGCCATGTCGATCATCACAG
GCGTGATCCGCAGAAAGC
CAACACCGCCAAGTCGAG
CAGGCTGCGTGCCCAATAG
ATGGCGCTGTCGTGTCCC
CGCTTTGCGCGTGACTGG
TCAGCCTGCGGCTTCTCC
GCCTCAGTTGGCGGTTTAG
CGATGTGAATGCGCCCATTG
GGGTGATCGTTCCTTCGATGAG
CTAGCGACGACGTGATCGTTAG
TTCAGCGCCTCCTCCCAAGGCAC
GGGCAAAGGCCAGAGCCACGAAG
CCCGGCTGGTCAAACTCG
GCTTCCGTCGCCCAAGTG
GCTGCGGTCGTGGTCATC
GATCCGGCGCGTCAGTTC
CGAGCAGCGACTGTCTCTTC
TTTCGGCGAGCCTCTCCACC
GAAATCCAATTGCGCGGCGGCGTCTATATCG
GAATCACTAGTATGCCGTGCGCCATCAGG
GAATCACTAGTCGTGGCGGGCGCCGTTAATTC
GATAATCTGCAGGCCGCCAGCGCGGCTTTAC
GGAAAGGAATTCGCACAGCCAATCCGGAAATC
GAATAACTAGTATGCGCGTTTCGGCCAACGGAC
GAACAACTAGTCTACTTCAGGGCCGCACCCAGTG
GAACAACTGCAGGGTCCCAGCCGGATAAGACG
GTTTGAATGCATCTCCCGGCGACCTACAAG
GTTAGTTTCGAAGCTCCGCTCTGGCTGAAG
GATTGTTTCGAATGCGCCCAGCGCATCGGAG
GTTTACCAATTGTCGCGGTCGCGGACCAGG
CCTGTCTGGTTGAGCGCTATG
TGTCGAGAAAGGCCGAATGG
GCGAATATTGCGGCAACTCAC
TTGCACCGCGACATCTTCTG
TCCGGATTTCTTCCTGCACTC
CATGCGATTGCTCTGCATGG
GCCTTGATGTTACCCGAGAG
GCGAAGTAATCGCAACATCC
GGTCGCCAACATCTTCTTCTG
TCCGAGAGCTGCATCAGGTC
CTTACGGAATTCGCCGCAGATCCGCGACTACG
GACCATTCTAGACTTGACCCGGTGGTTGAGC
TGCCGGAAACCAGGCAAAG
CGCACTCCTGATCGACTACAAG
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Figure S7.1: Complementation of a B. diazoefficiens ΔphyR mutant under free-living osmotic and alkaline pH stress
conditions. Serial 10-fold dilutions of cell supsensions (starting OD 600 =0.1) of wild type (110spc4), ΔphyR mutant (8402),
ΔphyR mutant complemented with a wild-type phyR allele (ectopically expressed from the endogenous σEcfG-dependent
promoter; ΔphyR phyRwt; strain 02-28), or a mutant phyR allele (ΔphyR phyRD194A; 02-29) were spotted on V3C medium
containing 20 mM L(+)-arabinose (control) pH 6.8, the same medium supplemented with 400 mM sorbitol (osmotic stress),
or V3C medium with arabinose adjusted to pH 8.0 (alkaline stress). Data generated by J. Wülser.

Figure S7.2: Phenotypes of B. diazoefficiens mutant strains, lacking one or multiple SdrG homologs. Serial 10-fold dilutions,
starting at an OD 600 =0.1 of wild type (110spc4), ΔecfG mutant (8404), ΔsdrG 2 (9922), ΔsdrG 3 mutant (9924), ΔsdrG 2
ΔsdrG 3 double mutant (22-24), ΔsdrG 1 (9928, left dilution series; 9929, right), and ΔsdrG 1 ΔsdrG 2 ΔsdrG 3 triple mutant
(22-24-28), were spotted on V3C medium containing 20 mM L(+)-arabinose without (control) or supplemented with 27
mM NaCl (salt stress).
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Figure S7.3: Symbiotic properties of a B. diazoefficiens ΔsdrG 1 ΔsdrG 2 ΔsdrG 3 triple mutant (22-24-28) compared to wild
type (110spc4), ΔecfG mutant (8404) and ΔphyR (8402) mutant on soybean (21 dpi). A-D, Quantitative data from 9 (wild
type, sdrG triple mutant) or 10 (ΔecfG, ΔphyR mutant) biological replicates showing nodule number per plant (A), average
dry weight per nodule per plant (B), average nitrogenase activity per plant, normalized to total nodule dry weight (C), and
nitrogenase activity per plant (D). Error bars indicate standard deviation. E, Exemplary nodules and F, nodule crosssections. Within panels E and F, magnification of individual images is constant. Data generated by J. Wülser.
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8.1 Technologies
B. diazoefficiens

and

strategies

for

manipulating

and

observing

The development of a tripartite toolset for (i) tagging, (ii) fast and reliable mutagenesis, and (iii)
inducible, tightly controlled gene expression systems for B. diazoefficiens is one major technological
achievement of this thesis. B. diazoefficiens is a bacterium with a remarkably large genome (9.11 Mbp)
that comes along with striking degree of functional gene redundancy (559). A powerful mutagenesis
protocol is key to efficiently study traits based on multiple genes. The direct selection of gene-deletion
mutants from exconjugates via the pREDSIX system is a major step, which substantially alleviates the
work involved in generation of multiple gene deletion mutants. The frequency of double crossovers
directly after conjugation is remarkably high compared to second crossovers events starting out from
already integrated constructs (265). This allows efficient selection of marker-exchange mutants among
clones obtained after matings. To date, the number of antibiotic resistance markers suitable for
B. diazoefficiens is limited to five (gentamicin, hygromycin B, kanamycin, streptomycin, tetracycline).
Hence, construction of strains with six or more deletions require alternative protocols for markerless
mutagenesis. With the pTETSIX system, we provide a reliable procedure to generate markerless
mutants in B. diazoefficiens, which had been more challenging in the past. As system-level approaches
often result in the need to functionally analyze numerous candidate genes, high throughput
mutagenesis is crucial to identify those genes which are directly functionally involved in a given
process.
In addition to deletion, functional insight into gene function can be gained by altering expression levels.
Powerful tools for this type of approach are inducible systems. To this end, we developed a variety of
inducible systems, all showing minimal background expression and fast induction upon addition of the
inducer. Depending on the expression system, different expression levels can be reached to either
mimick the wild type-like situation or deliberately misregulate the gene. Our special tool, which
enables downregulation of gene expression in nitrogen-fixing bacteroids, is of particular value to
disentangle the role of genes involved in traits of free-living and symbiotic bacteria. As described in
Chapter 6, it enabled to demonstrate the crucial role of correct spatio-temporal gene expression during
formation and maintenance of symbiosis.
Characterization of altered symbiotic properties of mutant strains require means to follow the
symbiotic fate of such bacteria in detail at the cellular level. Formation of symbiosis involves many
different stages (root colonization, root-hair attachment, growth in root hair-enclosed microcolonies,
infection thread formation and elongation, bacterial release into plant cells, and finally differentiation
into nitrogen-fixing bacteroids) and exposes rhizobia to continous changes of their environment. To
follow the infection process and define stages where wild-type bacteria differ from mutants genetically
encoded fluorescent and enzymatic markers are very useful and most desired tools. In this thesis, not
only the development of such tools is described (Chapter 2) but also their succesful application is
demonstrated (Chapter 5). The broad interest of the community in the novel tools described here
indicates a high demand and suggests a broad significance and future impact of the technologies on
different systems.

8.2 Summary of findings
In this work, we have described progress towards understanding the role of the general stress response
(GSR) in the symbiosis of Bradyrhizobium diazoefficiens with legume host plants. We have studied in
detail the phenotypic consequences of an ecfG deletion that abolished induction of the GSR. We found
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that the ΔecfG mutant is affected specifically in infection thread (IT) formation. The mutant was neither
affected in rhizosphere colonization nor in nitrogen fixation by bacteroids present in host plant cells.
To support these findings, we studied the activity of the GSR in B. diazoefficiens during symbiotic
establishment. GSR activity was neither detectable during root colonization nor during nitrogen
fixation of bacteroids. However, the GSR was induced in bacteria forming microcolonies in curled root
hairs and activity persisted in ITs. We also identified the σEcfG-controlled genes associated with the
phenotype of the ΔecfG mutant. In the σEcfG regulon, consisting of about 100-150 genes (445), we
characterized the trehalose biosynthesis genes otsA and otsB and demonstrated their requirement for
symbiosis. Both genes are likely direct targets of σEcfG. While transcription of otsB was exclusively
dependent on σEcfG, control of otsA was more complex as multiple transcription start sites were
associated with this gene, the most prominent one being dependent on σEcfG. Mutants in either otsA
and/or otsB phenocopied the ΔecfG mutant. All three types of mutants resulted in aborted nodules
with occasional root outgrowths, including reduced and delayed IT formation when inoculated on
soybeans. When we tried to complement the ΔecfG mutant by expressing otsBA from a constitutive
promoter, we rescued the early symbiotic steps. No aborted nodules were provoked but rather roundshaped nodules of comparable size to wild-type nodules. However, reduced levels of leghemoglobin
and nitrogenase activity were found in those nodules. Further experiments showed that otsA and otsB
are indeed sufficient to revert the ΔecfG-mutant phenotype back to wild type, but correct spatiotemporal regulation of their expression is crucial. Expression is required during early infection steps,
but it is detrimental to nitrogen fixation once bacteria have colonized root nodule cells. This finding is
fully compatible with the spatio-temporal regulation GSR activity described above. OtsA and OtsB
catalyze two steps in one of three different trehalose biosynthesis pathways present in B. diazoefficiens
(619, 643, 660). OtsA links UDP-glucose and glucose-6-phopshate to form trehalose-6-phosphate and
OtsB catalyzes the subsequent dephosphorylation to trehalose. Two alternative trehalose biosynthesis
pathways present in B. diazoefficiens are dispensable for symbiosis or growth in hyperosmotic
medium, and respective mutants retain the ability to accumulate trehalose under stress conditions.
We also initiated dissection of the PhyR - NepR - σEcfG upstream signaling cascade with the ultimate
goal to identify sensory component involved in GSR activation in microcolonies. Identification of the
sensor(s) might facilitate finding the actual inducing signal(s) present in the microenvironment of
infecting bacteria. In silico genome analysis revealed eleven potential GSR-activating kinases.
Individual deletion of the respective genes yielded mutant strains that were symbiotically proficient.
We suspected that candidate kinases show functional redundancy in sensing and signaling of defined
stresses, and started out to delete all eleven kinases in one strain. At this stage, we have isolated strains
lacking ten out of the eleven candidate kinases. Analysis of the decuple mutants and their septuple
mutant precursors revealed an increasing delay in nodulation reflecting the increasing number of
deleted kinases. Furthermore, some mutants lost their ability to activate the GSR upon exposure to
salt and osmotic stress, or showed reduced activity. Yet, none of the currently available kinase mutants
phenocopied ΔecfG or ΔphyR mutants.

8.3 The role of trehalose in symbiosis
As discussed in Chapter 6, trehalose-6-phosphate is an important signaling molecule in plants (645,
651, 655, 663). Numerous pathogenic bacteria exploit this signaling pathway to modify host plant
physiology for their own benefits (651, 653, 654, 656). We showed that accumulation of intracellular
trehalose is crucial for B diazoefficiens to form efficient symbiosis, questioning a signaling function of
this molecule. B. diazoefficiens seems to be unique among rhizobia with regard to the need of
trehalose for host infection because trehalose biosynthesis mutants of other rhizobial species showed
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no severe symbiotic defects (574, 621, 667, 668). This raises the question about a specific role of
trehalose as stress-protecting or signaling molecule during host infection by B. diazoefficiens.
Root outgrowths from nodules resembles the phenotype of noot and cochleata mutants in Medicago
truncatula and pea, respectively (677-679), suggesting a (signaling?) role of trehalose in maintaining
nodule organ identity. Disentangling potential roles of the multi-purpose molecule trehalose is
experimentally challenging due to the microscopic scale of the environment where B. diazoefficiens
requires this compound during host infection (microcolonies and ITs). Currently, we are following two
routes to unravel the role of trehalose in symbiosis. First, we aim to replace trehalose by unrelated
compatible solutes, which may retain the stress-protective role of trehalose but not a hypothetical
signaling function. Candidates for alternative compatible solutes are glycine betaine, (hydroxy)ectoine,
or N-acetylglutaminylglutamine amide which enhance osmotolerance of Escherichia coli (713-717).
Installation of functional biosynthesis pathways for these compounds in B diazoefficiens ΔotsA and/or
ΔotsB mutants is in progress. Phenotypic analysis of resulting strains under free-living and symbiotic
conditions will provide further information about the precise role of trehalose during infection of host
plants. The second route aims to elucidate a potential link between GSR, trehalose and purinergic plant
signaling. As trehalose synthesized by B. diazoefficiens is likely not acting as a direct signal, an actual
plant signaling molecule could be (i) a derivative of trehalose, either soluble (680) or as part of a
membrane-associated molecule as known for example from glycolipids in mycobacteria (631, 632), or
(ii) an unrelated molecule whose synthesis is affected by the lack of trehalose. Metabolomics revealed
indeed a set of purine derivatives which are less abundant in stressed, trehalose-lacking mutants than
in the wild type. While the link between purine biosynthesis and trehalose remains enigmatic, purines
have previously been shown to be involved in IT formation in other rhizobia-legume symbioses (690,
692-697). Hence, we plan to construct a set of mutants affected in different steps of purine
biosynthesis and purine modifications and determine their performance in symbiosis.

8.4 The GSR-activating signal in symbiosis
The GSR is induced in B. diazoefficiens cells present in root-hair embedded microcolonies by (a) yet
unknown signal(s). Direct measurement of the chemo-physical conditions prevailing in microcolonies
likely is challenging if not impossible (see below). While elevated temperature induced the GSR in freeliving B. diazoefficiens cells (Chapter 7), it is a highly unlikely signal in microcolonies. Our finding that
the GSR is not induced in root-colonizing bacteria suggests that a more plausible chemical signal is not
diffusible at all or present at too low concentration outside microcolonies. In addition, we must be
aware that efficient GSR induction in microcolonies may rely on more than one defined signal. In
principle, two scenarios can be envisaged for the symbiotic GSR-activating signal: (i) The stress
condition and respective signal prevalent in microcolonies can be imitated under free-living conditions
(e.g., pH or osmotic stress), or (ii) it is of genuine symbiotic nature and is only encountered in
microcolonies and ITs.
We consider two strategies to learn more about the GSR-inducing signal(s) prevailing in microcolonies.
First, we aim to identify the sensory kinase(s), which are required for mounting the GSR in
microcolonies (see Chapter 7). Respective strains will be tested for σEcfG activation under defined freeliving stresses to zoom in on the nature of the symbiotic signal. At this point, it is important to take
into account results from studies with Sphingomonas melonis (436, 437), which revealed that
individual kinases may sense different stresses. If a similar situation is present in B. diazoefficiens, this
may impair the identification of the symbiotic signal. If non-responsive mutants will be identified, they
are candidates for xeno-complementation experiments. Restoration of symbiotic signaling by
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characterized sensory kinases from other species (e.g. S. melonis) may shed light on the signal type or
identity. Heterologous complementation may be challenging as the signaling components of the
cascade originating from different organisms may fail to interact productively. After all, the functional
replacement of B. diazoefficiens phyR by its homolog from Methylobacterium extorquens was
successful (445) suggesting that it may also work at the sensory kinase level of the GSR-inducing
cascade.
The second, more challenging approach relies on the application of chemical or enzymatic probes
which in combination with imaging techniques, could provide information about specific candidate
signal molecules present in microcolonies and/or ITs. For example, high-resolution pH imaging in
bacteria and plants has been described (718-721), and these studies may serve as starting point for
our future experiments. Obviously, this approach will only give hints about potential signal
molecules/conditions. Yet, better characterization of the physico-chemical environment in
microcolonies and ITs would be a major step forward in itself as this aspect has been only poorly
unexplored in the past.
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