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Summary

Nitrogen-fixing rhizobia bacteria engage in a mutualistic symbiosis with legume plants. One of
the defining features of this symbiosis is the formation of organs called nodules on the roots of
the hosts. Establishment of an efficient interaction requires sophisticated and bidirectional
communication between the host and the microsymbiont. The perception of the rhizobial
signals by the host leads to the internalisation of rhizobia on the growing root nodule after the
epidermal penetration and cortical spreading steps. The perception of rhizobial signal in the
early stages has been extensively explored, however, the internalisation mechanism is still
under investigation. This is caused by the lack of genetically amenable systems to study. Plant
made tubular like structures, called infection threads are formed during rhizobia infection of
host cells. A system that can uncouple infection thread formation and host cell infection will be
suitable to uncover the mechanism of the internalisation process. To identify a suitable system
to study this mechanism, a natural isolate Rhizobium lequminosarum Norway that infects Lotus
was explored. Confocal and electron microscopy uncovered that R/ Norway invades the root
nodule of Lotus burttii without using infection threads. Strikingly, R/ Norway is directly
internalised from the apoplast into the host cell via “peg”-like structures. The expression of
symbiotic genes involved in the infection process induced by R/ Norway is delayed and
decreased in comparison to the response induced by a strain utilising an infection thread-
dependent mode. These results revealed that R/ Norway uses an alternative infection strategy
to colonise Lotus cells. Furthermore, a mutant impaired in the biosynthesis of the
Lipochitooligosaccharides, known as Nodulation (Nod) factors, failed to induce “peg’-like
structures during the internalisation process. This indicates that the formation of “peg”-like
structures depends on the Nod factors and reinforces the previous hypothesis that there is

signal perception before rhizobia are internalised.

In addition to the signalling exchanges with the host, the rhizobia root colonisation is a
prerequisite for the establishment of the root nodule symbiosis. However, the root colonisation
of the microbe community is a complex process. The interaction between rhizobia, including
competition and cooperation, is hypothesised to influence the root colonisation, which is so far
not well examined. R/ Norway was co-isolated with Mesorhizobium norvegicum 10.2.2 from
the same nodule. Interestingly, the microscopic quantification of root colonisation revealed
increasing colonisation of Rl Norway and Mn 10.2.2 in the co-inoculation compared with the
single inoculation. To understand the mechanism underlying the increased root colonisation,
rhizobia behaviours related to the root colonisation were determined. A swarming assay

showed that the motility of Mn 10.2.2 is increased in the presence of R/ Norway. In addition,



biofilms were quantified in vitro. RI Norway formed biofilms alone, while Mn 10.2.2 did not.
Interestingly, co-culture of RI Norway and Mn 10.2.2 enabled Mn 10.2.2 to form mixed biofilms
together with R/ Norway. To investigate the role of the surface polysaccharides of Rl Norway
during mixed biofilms formation, the biofims of a mutant, with impaired surface
polysaccharides biosynthesis was analysed. The structure of the biofilms formed by this
mutant was altered under the single- and co-inoculation condition in comparison with the wild
type strain. This indicates that the structure of the biofilms is determined by the surface
polysaccharides of R/ Norway. Overall, this thesis concludes that the two strains exhibit

synergism, which could possibly contribute to the increased root colonisation.



General introduction

1. Overview of root nodule symbiosis

The legume family (Leguminosae) is among the most important plant taxa, because of the role
of its members in both ecological and agricultural systems all over the world (Sprent, Ardley
and James 2017). Legumes, such as soybean (Glycine max), pea (Pisum sativum), peanut
(Arachis hypogaea), and broad bean (Vicia Faba), are used as important protein sources for
human and livestock consumption (Foyer et al. 2016, Considine, Siddique and Foyer 2017).
Legumes mutualistically associate with nitrogen-fixing bacteria collectively called rhizobia.
Legumes host rhizobia inside root organs called nodules, where symbiont reduce dinitrogen
into ammonium. This form can be assimilated by the host. In return, the intracellularly
accommodated rhizobia receive dicarboxylates. This mutualistic interaction is called root
nodule symbiosis (Downie 2014). Nitrogen fixed by legumes contribute to a large part of the
biological nitrogen fixation. Up to 30% of the nitrogen fixed by legumes returns to the soil
(Walley et al. 1996, Frankow-Lindberg and Dahlin 2013). The intercropping and rotation of
legumes with cereals and other non-leguminous crops in the field can also increase the yield
of them (Foyer et al. 2016). This largely reduces the need for synthetic nitrogenous fertilisers,
which are produced industrially via the energy consuming Haber—-Bosch process (Gilchrist and
Benjamin 2017).

The signal exchange between rhizobia and the host plays a fundamental role for the
establishment of an efficient root nodule symbiosis (Oldroyd 2013, Roy et al. 2020). Legume
roots secrete chemical compounds to recruit rhizobia from the rhizosphere to colonise the root
surface (Fig. 1a, b, c) (Liu and Murray 2016, Downie 2010). In response, rhizobia secrete

symbiotic molecules, which are perceived by the host (Fig. 1a).

This initiates two simultaneous processes: nodule organogenesis (Patriarca et al. 2004) and
its controlled rhizobial infection (Fig. 1d, e, f) (Gage 2004). These two processes are
dominantly controlled by the host via the stringent perception of symbiotic molecules (Oldroyd
et al. 2011, Roy et al. 2020). The perception of symbiotic molecules is mainly known to be
involved in the early stages; however, their role in later stages has not been well elucidated.
The reason for this is that a suitable system to study this is not available. The aim of this work
was to find a suitable system to investigate the perception in the later stages by exploring the

natural diversity of Lotus plants.
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Figure 1: Overview of the different steps in the root nodule symbiosis.

(a) Rhizobia are attracted toward roots via chemoattraction by a chemical gradient of root exudates.
Flavonoids (depicted as blue coloured structures) secreted from legume roots induce the expression of
rhizobia nod genes that mediate the synthesis of Lipochitooligosaccharides, so called Nodulation (Nod)
factors (depicted as yellow-coloured structures). (b) Glucomannans (red) on the rhizobia surface bind
to plant lectins (purple) presented on the cell surface. (c) Rhizobia adhere firmly on root hairs and the
root surface via biofilms. (d) Rhizobia are entrapped in a curled hair deformed into a “Shepherd crook”
and form a microcolony (arrow) on the root tip. Rhizobia induce the formation of an inward growing
infection thread, which encloses and guides them to reach the bottom of the epidermis. (e) The infection
thread (arrow) arrives and ramifies in the cortex of the dividing nodule primordium. Green colour in
cortex cells depicts infection. (f) Primordium develops into mature nodule with enlarged cells filled with
bacteroids (Zoom in view: B: bacteroids. PBM: Peribacteroid membrane. PBS: Peribacteroid space).
Scheme is illustrated based on the interaction between Mesorhizobium loti MAFF 303099 with Lotus

Japonicus Gifu (Poole, Ramachandran and Terpolilli 2018, Liang et al. 2019).



2. Surface colonisation of legume roots

2.1 Chemotaxis and motility in the rhizosphere

The soil area influenced by the plant roots is known as the rhizosphere (York et al. 2016). The
root exudates shape the environment of the rhizosphere so that it can accommodate a wide
range of microbes. Root exudates are primary and secondary metabolites, such as sugars,
amino acids, organic acids, enzymes, fatty acids, phenolic compounds, etc., secreted from the
roots into the soil (Canarini et al. 2019). Sugars (e.g. sucrose, glucose), amino acids (e.g.
glycine, glutamate), and organic acids (e.g. malate, citrate) can be directly used by rhizobia as
nutrients (Canarini et al. 2019). This makes the rhizosphere a nourishing spot in the soil.
Besides, root exudates can act as chemotactic signals, attracting rhizobia to move along
chemical gradients and colonise the root. Transcriptomic analyses of different rhizobia in the
presence of root exudates have shown that chemotactic genes actively respond to the secreted
compounds. For example, root exudates from soybean induce upregulation of chemotaxis
genes in Bradyrhizobium diazoefficiens strains (Liu et al. 2017). Chemotaxis via root exudates
can be used by the host to recruit and repel specific rhizobia (Baetz and Martinoia 2014). For
instance, milk vetch (Astragalus) root exudates specifically attract Sinorhizobium meliloti
102F51 and 102F66, among the six strains that were tested, whereas root exudates from alsike

clover (Trifolium hybridum) can attract all six strains (Currier and Strobel 1976).

Flavonoids are among the most prominent root exudates, as they have a variety of functions,
which include antimicrobial activity (Parniske, Ahlborn and Werner 1991, Ulanowska et al.
2006), chemotaxis and induction of symbiotic response of rhizobia (Fig. 1a) (Begum et al.
2001, Bolafnos-Vasquez and Werner 1997). The basic flavonoid structure is composed by a
flavan nucleus with 15 carbon atoms arranged in three rings (Reddy et al. 2007). A variety of
flavonoids are released from specific leguminous plants. For instance, Glycine max secretes
daizein, genistein, coumestrol, and isoliquritigenin, Trifolium repens secretes geraldone,
dihydroxyflavone, and methoxyflavone (Liu and Murray 2016). The flavonoids released from

roots provide a gradient that acts as a chemotactic stimuli for rhizobia (Poole et al. 2018).

The motility of rhizobia allows them to move up the flavonoid gradient, ultimately resulting in
the colonisation of the root (Cooper 2004). Rhizobia exhibit different types of motility depending
on external appendages and living environments (Mitchell and Kogure 2006, Gordon and
Wang 2019). The best studied types of moatility in rhizobia are swimming and swarming, which
both utilise the rotation of the flagella for propulsion (Tambalo, Yost and Hynes 2010, Vicario,

Dardanelli and Giordano 2015, Braeken et al. 2008). Swimming occurs in liquid environments,



while swarming allows bacteria to spread across semi-solid and solid surfaces (Lowe, Meister
and Berg 1987, Kearns 2010). The motility is crucial for rhizobia to colonise the root in the early
stage. For instance, a motility impaired Rhizobium tropici CIAT899 strain presents decreased
root colonisation (Ormeno-Orrillo et al. 2008). In addition, the impairment of flagella dependent
motility in Mesorhizobium tianshanese decreases its root colonisation capacity (Zheng et al.
2015).

2.2 Biofilms and root attachment

After arriving at the root surface, rhizobia apply primary and secondary attachment
mechanisms (Wheatley and Poole 2018). Different molecules of rhizobia contribute to the
primary attachment. Rhicadhesin of Rhizobium leguminosarum (RI) biovar (bv.) viciae
mediates calcium dependent binding to the root (Smit et al. 1991). Glucomannan is another
molecule predicted to be required for lectin-mediated attachment under acidic conditions (Fig
1. b). A glucomannan defective mutant of R/ bv. viciae 3841 is incapable of attaching on root
hairs (Williams et al. 2008).

After the primary attachment, aggregation of rhizobia embedded in biofilms strengthen the root
colonisation (Fig. 1c) (Downie 2010). Biofilms are bacteria structures composed of a matrix of
hydrated extracellular polymeric substances containing polysaccharides, lipids, proteins,
among other components (Flemming and Wingender 2010). Formation of mature biofilms on
roots requires extracellular polysaccharides, such as exopolysaccharide (EPS), cellulose fibrils
and glycans. For example, reducing EPS and linear mixed-linkage B-glucan production in R/
bv. viciae 3841 and S. meliloti 8530 decrease the biofilm formation and root attachment,
respectively (Williams et al. 2008, Russo et al. 2006, Rinaudi and Gonzalez 2009, Meneses,
Mendoza-Hernandez and Encarnacion 2010). Cellulose fibrils synthesised by R/ 248, RI
RBL5523 and R/ bv. trifolii ANU843 enable tight attachment of rhizobia cells to root hairs (Smit,
Kijne and Lugtenberg 1987, Laus, van Brussel and Kijne 2005, Robledo et al. 2012). In addition
to polysaccharides, the Rhizobium-adhering proteins (Raps) are likely to mediate the biofilm
formation (Ausmees, Jacobsson and Lindberg 2001, Abdian et al. 2013). One common feature
of Rap proteins is that they contain one or more rhizobia binding domains, which were
proposed to confer adhesion via protein-protein interactions (Abdian et al. 2013). For instance,
calcium binding protein RapA1 of R/ bv. trifolii R200 was proposed to function as an agglutinin
meditating auto aggregates of cells (Abdian et al. 2013, Vozza et al. 2016). RapA2 directly

binds to acidic EPS and capsular polysaccharides (KPS) in a calcium-dependent manner
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(Abdian et al. 2013, Vozza et al. 2016). Rap proteins may aid adhesion to the EPS and facilitate

biofilm maturation.

Overall, biofilm-mediated rhizobia root attachment requires: i) binding of the microbes to the
root surface, ii) different types of extracellular polysaccharides that act as a matrix to
immobilise rhizobia, iii) and proteins to strengthen the structure. This leads to a cohesive
interaction between the microbes and host interface. Although the ability to form biofilm is not
essential for the formation of nodules (Smit et al. 1987, Mongiardini et al. 2008), it is probably
crucial for competitiveness of microbes in the context of the complex soil environment (Williams
et al. 2008, Ormeno-Orrillo et al. 2008).

3. Rhizobia signals in symbiotic interaction

Although a broad range of bacteria can colonise the root, leguminous hosts normally only
establish efficient symbiotic interactions with specific groups of rhizobia. To distinguish specific
symbionts from other microbes, hosts need to recognise the intricate species-specific

structures of rhizobial molecules (Downie 2010).
3.1 Nod factors

Plant exuded flavonoids act as signals to induce symbiotic gene expression in rhizobia.
Different strains respond to different flavonoids. For instance, R/ plJlI477 induces higher
symbiotic gene expression in the presence of naringenin and hespertin from the root exudates
of Pisum sativum L. and Lens culinaris L. (Begum et al. 2001). While R/ bv. phaseoli responds
to coumestrol, naringenin, and daidzein from the root exudates of Phaseolus vulgaris
(Bolafos-Vasquez and Werner 1997). Flavonoids accumulate in the cytoplasmic membrane
of rhizobia (Recourt et al. 1989) and are perceived by the NodD protein (D'Haeze and Holsters
2002). NodD is a transcription factor that binds to so called nod boxes, which are conserved
DNA motives in the promoters of nodulation loci. Although there is no evidence showing the
direct physical binding of NodD to flavonoids, the presence of flavonoids enhances binding of
NodD to nod boxes, for example in Azorhizobium caulinodans ORS571 and in S. meliloti 1021
(Goethals, Van Montagu and Holsters 1992, Peck, Fisher and Long 2006). NodD regulates the

expression of nod genes involved in the biosynthesis of the Nod factors (Fisher et al. 1988).
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Table 1: Nod factors and the substituents

NON-REDUCING END REDUCING END
P in T e
NolO oL NodC GH,-OH / O-Ra Fugose dez
/ CH,
R2 m6
NodS CH}R1-N CHCONH CH.CONH R5-O OH
A N . CHaCONH
/
NodE, NodF and NodA
Strains Acyl R1 R2 R3 R4 R5 R6 n Ref
M. loti E1R Cia:1, Ciso Me Cb H AcFuc H OH 2 (Poinsot et
al. 2001)
M. loti R7TA Cie0, Ciso, Me Cb H AcFuc H OH O (Rodpothong
Cis:1 et al. 2009)
C22:0-0H
M. huakuii Ra5 C1s:4, Ci1a:1 Me OH H S H OH 0, (Yang et al.
1,2 1999)
RI bv. viciae Cis1, Cissa, H OH Ac H H OH 1,2 (Spainketal.
RBL5560 Cis0 1991)
RI bv. trifolii Ciso, Cis1, H OH Ac H H OH 2 (van der Drift
LPR5045 Co20:3, C20:4 et al. 1996)
S. meliloti 2011 Cie1, Cie2, H OH H, S H OH 1,2 (Ardourel et
Cie:3 Ac al. 1994,
Lerouge et
al. 1990)
S. fredii HH103 Cie0, Cie1, H H H AcFuc, H OH 0, (Gil-Serrano
Cis:0, C1s:1 Fuc 1,2 etal. 1997)

Abbreviations: Ac, acetyl; Cb, carbamoyl; AcFuc, acetylfucosyl; Fuc, fucosyl; H, hydrogen; Me, methyl;
S, sulphate; OH, hydroxy. R1-R6 indicate substituents of Nod factors. nod genes involved in the
synthesis of substituents are indicated in red colour. Scheme of the Nod factors structure is modified
from (Perret, Staehelin and Broughton 2000).
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The Nod factors are lipochitooligosaccharides that act as primary symbiotic signals. Their
backbone is made up of three to five -1,4-linked N-acetyl glucosamine (GIcNAc) residues,
which vary in different rhizobia species (Table 1) (D'Haeze and Holsters 2002, Kamst et al.
1997). The core of Nod factors is synthesised by enzymes encoded by the nodABC genes
(D'Haeze and Holsters 2002). The N-acetylglucosaminyltransferase encoded by nodC is
responsible for adding the GIcNAc to the non-reducing end of the backbone (Kamst et al.
1997). The nodB gene encodes a deacetylase responsible for removing the N-acetyl moiety
from the non-reducing end of the GIcNAc. This allows the nodA encoded acyltransferase to
acetylate the acetyl free non-reducing end (John et al. 1993, Debelle et al. 1996). The fatty
acids in the non-reducing end vary from saturated, monounsaturated to highly unsaturated in
different rhizobia species (D'Haeze and Holsters 2002). In addition, other nod genes encode
enzymes responsible for specific substituents at the different ends of Nod factor molecules,
which also vary in different rhizobia species. These can be fucosyl, sulphuryl, acetyl, methyl,
carbamoyl, and arabinosyl groups (Downie 1998). For instance, Nod factors of R/ bv. viciae
RBL 5560, and R/ bv. trifolii LPR 5045 have an O-acetyl substituent, which is added by the
acetyl transferase enzyme encoded by the nodL gene (Table1 R3) (van der Drift et al. 1996,
Ardourel et al. 1994, Lerouge et al. 1990). By contrast, Mesorhizobium loti E1R has a methyl
substituent in the non-reducing end, which is added by the enzyme encoded in the nodS locus
(Table 1 R1) (Poinsot et al. 2001).

In the reducing end, acetyl fucose substituents are added by the acetyl transferase encoded
by nodZ in M. loti EAR and Sinorhizobium fredii HH103 (Table 1 R4) (Poinsot et al. 2001, Gil-
Serrano et al. 1997). NodH acts as the sulfotransferase that attaches a sulphate group in the
non-reducing end, for example in S. meliloti 2011 and Mesorhizobium huakuii Ra5 (Table 1
R4) (Yang et al. 1999, Lerouge et al. 1990). NodlJ are responsible for exporting the Nod factors
(Vazquez, Santana and Quinto 1993).

The nod genes are often organised in clusters located in mobile genetic elements, such as
symbiotic islands in the genus Mesorhizobium and Bradyrhizobium (Sullivan et al. 2002,
Gottfert et al. 2001) or in symbiotic plasmids such as in R/ and different Sinorhizobium strains
(Young et al. 2006, Wang et al. 2018). A diverse range of Nod factors are generated by different
rhizobia species. It has been proposed that the different substituents mediate specific

recognition by the host and contribute to signalling specificity (Downie 2010).
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3.2 Extracellular polysaccharides

In addition to Nod factors, different types of extracellular polysaccharides are important for an
efficient root nodule symbiosis. Rhizobia produce a variety of extracellular polysaccharides,
including EPS, LPS, KPS, and other glycans (Downie 2010). They do not only provide a
protective capsule and are the backbone of biofilms, but also can be recognised as signals by
the host. Among these extracellular polysaccharides, the EPS is better characterised in
rhizobia in terms of components and structure. EPS molecules produced by rhizobia display
species-specific structures. Such structures can be composed of linear or branched repeating
units containing monosaccharides and substituents with non-carbohydrate moieties (e.g.,
acetyl, pyruvyl, succinyl, and 3-hydroxybutanoyl groups) (Marczak et al. 2017). For example,
Rl strains that belong to different biovars have a very similar basic EPS structure with a polymer
of a decorated octamer containing pyruvyl, O-acetyl, and O-(3-hydroxybutanoyl) substituents
(Fig. 2a) (Robertsen et al. 1981, O'Neill, Darvill and Albersheim 1991). The EPS of S. meliloti
2011 is composed of succinoglycan (EPS 1) with acetyl, pyruvyl and succinate substituents,
and galactoglucan with acetyl and pyruvyl substituents (EPS IlI) (Fig. 2b) (Becker et al. 2002).
While the EPS of M. loti R7A is composed of D-galactose, D-glucuronic acid and riburonic
acid, with only O-acetyl modifications (Fig. 2c) (Muszynski et al. 2016).

The synthesis of EPS requires the coordinated activity of enzymes at different levels. The
required enzymes are involved in the following steps: sugar precursor synthesis, unit
assembly, polymerisation, and export of the EPS chain onto the cell surface (Skorupska et al.
2006, Janczarek 2011). A set of exo genes and pss genes have been identified as being
responsible for EPS synthesis in different stages, but they are highly divergent across rhizobia
species (Janczarek 2011). The exo5 and exoB genes have been identified to be involved in
the synthesis of sugar precursors in Rl and Mesorhizobium (Canter Cremers et al. 1990,
Sanchez-Andujar et al. 1997, Kelly et al. 2013). The exo5 gene encodes a UDP-glucose
dehydrogenase, which is responsible for the conversion of UDP-glucose to UDP-glucuronic
acid in R/ but has not been identified in M. loti (Laus et al. 2004, Muszynski et al. 2011, Kelly
et al. 2013). In R, the first step in the synthesis of the octasaccharide unit is accomplished by
a glucosyl-IP-transferase, which is encoded by the pssA gene (Latchford, Borthakur and
Johnston 1991). The exoA gene in M. loti R7A and S. meliloti strains encodes the first
glycosyltransferase in the pathway (Kelly et al. 2013, Becker et al. 1993). In the later stages,
the repeating units are assembled to further form mature EPS. For more information refer to

the following reviews (Skorupska et al. 2006, Janczarek 2011, Marczak et al. 2017).
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Gal, D-galactose; RibA, riburonic acid.
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3.3 Type three secreted effectors

Rhizobia secrete effector proteins into the host cytoplasm to modulate the symbiotic signalling
pathway via the type three secretion system (T3SS) (Miwa and Okazaki 2017, Teulet et al.
2019). This system was initially identified in pathogenic bacteria, which employ it to suppress
the immune system of the host. T3SSs were later identified in several rhizobia, including S.
fredii NGR234 (Freiberg et al. 1997), Bradyrhizobium elkanii USDAG1 (Okazaki et al. 2009),
M. loti MAFF303099 (Kaneko et al. 2000, Okazaki et al. 2010), and S. fredii USDA257
(Meinhardt et al. 1993), USDA191 (Bellato et al. 1997), and HH103 (Bellato et al. 1997).

The T3SS acts as a nanomachine embedded in the double membrane of bacteria to deliver
effector proteins to the host cell (Costa et al. 2015). Components of the T3SS construct a
needle complex or also termed the injectosome that serves as a translocator on the plasma
membrane (Marlovits et al. 2004). The cocktail of secreted proteins is named type three
secreted effectors (T3Es) (Miwa and Okazaki 2017, Marie, Broughton and Deakin 2001).
There are more than 30 T3Es identified in Bradyrhizobium japonicum USDA110 and
approximately 15in S. fredii NGR234 (Kimbrel et al. 2013). Proteins secreted by some rhizobia
are designated Nodulation outer proteins (Nops) (Marie et al. 2001). These Nops have a very
diverse range of functions. NopM from S. fredii NGR234 has E3 ubiquitin ligase activity (Xin et
al. 2012). It inhibits microbe-associated molecular pattern (MAMP) induced ROS production
and mitogen-activated protein kinase (MAPK) signalling (Xin et al. 2012). NopT from S. fredii
NGR234 (Dai et al. 2008) and BEL2-5 from B. elkanii USDA61 (Faruque et al. 2015) function
as cysteine proteases. Besides, calcium binding motif containing NopE has been identified in
B. japonicum USDA110. NopE executes self-cleavage in a calcium dependent manner
(Wenzel et al. 2010).

4. Host perception and downstream signalling

Highly diverse and species-specific extracellular molecules are synthesised and released from
rhizobia, which are perceived by a sophisticated system from the host. The perception of Nod
factors and the signalling mediated by Nod factors induce cytoplasmic calcium influx in the
cytoplasm and calcium oscillations in the nucleus (Cardenas et al. 2008, Ehrhardt, Wais and
Long 1996, Shaw and Long 2003). The decoding of the nuclear calcium oscillations activates
a downstream transcription factor network that transcriptionally reprograms cells to regulate

nodule organogenesis and infection (Roy et al. 2020). In addition, perception of EPS and
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effectors are also involved in inducing downstream symbiotic signalling (Kawaharada et al.
2017, Teulet et al. 2019).

4.1 Nod factor signalling and the Common Symbiotic Pathway

The host symbiotic signalling pathway has been studied in depth in two model legumes,
Medicago truncatula and Lotus japonicus. Here, | mainly focus on L. japonicus, which is more
relevant to this thesis. Nod factors released by rhizobia are perceived by Nod Factor Receptor
1 (NFR1) and NFRS located on the plasma membrane of the root epidermal cells (Madsen et
al. 2003, Radutoiu et al. 2003). These receptors form complexes with the leucine-rich repeat
Symbiosis Receptor Kinase (SYMRK) (Stracke et al. 2002, Endre et al. 2002, Antolin-Llovera
et al. 2014, Ried, Antolin-Llovera and Parniske 2014). Perception of Nod factors induces
accumulation of calcium on the root hair, which triggers calcium influx in the cytoplasm and

later calcium oscillations in the nucleus (Shaw and Long 2003).

The cytoplastic calcium influx is generated from the movement of calcium across the plasma
membrane (Cardenas et al. 2008) and correlates with a reactive oxygen species (ROS) burst
in the root hair (Cardenas et al. 2008). This burst occurs within seconds upon Nod factors
treatment, last for around three minutes, and is involved in early infection (Cardenas et al.
2008, Montiel Gonzalez et al. 2016). For a detailed review of ROS refer to (Damiani et al.
2016).

Calcium oscillations in the root-hair nucleus occurs after approximately 10 minutes of Nod
factors application (Ehrhardt et al. 1996). Nuclear envelop located calcium channels CASTOR
and POLLUX (Charpentier et al. 2008, Kim et al. 2019) and the nucleoporins (NUP)133,
NUP85, and NENA have been shown to mediate the calcium oscillations (Kanamori et al. 2006,
Saito et al. 2007, Groth et al. 2010). It has been proposed that the calcium- and calmodulin-
dependent protein kinase (CCaMK) decodes this signal in the nucleus (Tirichine et al. 2006b,
Lévy et al. 2004, Oldroyd and Downie 2006). CCaMK interacts with and phosphorylates a
coiled-coil domain containing transcription factor named Cyclops (Yano et al. 2008). The
phosphorylation of specific residues on Cyclops leads to its activation (Singh et al. 2014).
GRAS-domain-type transcription factors Nodulation Signalling Pathway 1 (NSP1) and NSP2
are positioned downstream of CCaMK, which are required for infection and nodule
organogenesis (Heckmann et al. 2006). The CCaMK/Cyclops complex binds to the Nodule
Inception (NIN) promoter and activates NIN transcription (Singh et al. 2014). NIN is a
transcription factor that targets more than 100 downstream genes involved in nodule

organogenesis and infection (Liu et al. 2019a). In addition, the transcription factor ERF
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Required for Nodulation 1 (ERN1) is also a target of the CCaMK/Cyclops complex and
regulates infection related genes (Cerri et al. 2017, Liu et al. 2019a). The perception of Nod
factors and downstream signalling elicit the gene reprogramming required for the nodule

organogenesis and infection processes.
4.2 Other symbiotic signalling

In addition to Nod factor-mediated signalling, other rhizobia molecules have been described to
be perceived by the host, although their mechanisms of action remain to be fully understood.
In L. japonicus, EPS molecules are perceived by the LysM receptor kinase Exopolysaccharide
Receptor 3 (EPR3) (Kawaharada et al. 2015). The expression of the epr3 gene depends on
the perception of Nod factors (Kawaharada et al. 2015). Further studies showed that the
expression of the epr3 is integrated in the common symbiotic pathway, and the genetic
requirement for epr3 expression in the epidermis and interior nodule tissue is different
(Kawaharada et al. 2017). The ortholog of the EPR3 protein from M. truncatula, a LysM
receptor-like kinase (LYK10), is not responsible for the recognition of the deficient EPS in S.
melilot 1021 (Maillet et al. 2020). This suggests that the perception of the EPS is involved in

the infection process, but the mechanism varies between different leguminous hosts.

Some leguminous hosts perceive T3Es as signals to control the root nodule symbiosis in a
Nod factor-independent manner (Giraud et al. 2007, Okazaki et al. 2015). They instead use

T3Es that are capable of bypassing Nod factors signalling by a still unknown mechanism.

Overall, perception of species-specific Nod factors and other symbiotic signals is a finely tuned
process, which is crucial to initiate the root nodule symbiosis. The following sections will
illustrate the crucial genes involved in the nodule organogenesis process and the highly diverse

infection routes employed by rhizobia.

5. Nodule organogenesis

Cell divisions are initiated downstream of Nod-factor mediated signalling, which give rise to a
new organ, the nodule. Nod factor treatment in the absence of rhizobia is sufficient to initiate
nodule organogenesis in Medicago sativa (Truchet et al. 1991). Moreover, the snf1-1 gain of
function mutant of CCaMK induces spontaneous nodule formation in the absence of rhizobia
(Tirichine et al. 2006a). Nod-factor induced signalling is also interlinked with hormone
homeostasis at different levels. Nod factors induce the expression of cytokinin biosynthesis

genes and the accumulation of cytokinin in the root (van Zeijl et al. 2015). Cytokinin is a
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phytohormone involved in plant development and morphogenesis (Kieber and Schaller 2018).
Exogenous application of cytokinin is sufficient to trigger cell divisions in the cortex (Bauer et
al. 1996). Lotus histidine kinase (LHK) functions as cytokinin receptor, which is essential for
nodule organogenesis (Gonzalez-Rizzo, Crespi and Frugier 2006, Murray et al. 2007, Held et
al. 2014). The snf2 gain of function mutation of this receptor induces spontaneous nodule
formation in the absence of rhizobia (Tirichine et al. 2007). Cytokinin signalling has been shown
to be involved in the regulation of the transcription factor NIN. Cytokinin-responsive elements
in the NIN promoter are required for NIN expression in the pericycle, which is essential for

nodule primordium formation (Liu et al. 2019b).

Downstream targets of NIN are Nuclear Factor Y (NF-Y) subunit genes NF-YA1 and NF-YBT1,
which are responsible for promoting cell divisions (Soyano et al. 2013). Another target of NIN
sufficient for cell divisions is Asymmetric Leaves 2-Like/Lateral Organ Boundaries domain 16a
(ASL18/LBD16a) (Soyano et al. 2019). Interestingly, orthologs of ASL18/LBD16a are required
for formation of lateral root primordium in nonlegume plants. Transcriptional analysis revealed
that gene expression of both the lateral root and nodule primordium formation highly overlap
(Schiessl et al. 2019). This suggests that co-option of the lateral root initiation with nodule
organogenesis are induced downstream of NIN. The promoter of ASL18/LBD16a responds to
another important phytohormone, auxin, which accumulates in the cortex during nodule

development (reviewed in (Kohlen et al. 2018)).

These programs are conserved in different legumes (Shen et al. 2020). However, the nodule
morphology is highly diverse across leguminous plants (Sprent et al. 2017). Glycine max and
Lotus species induce spherical determinate nodules without persistent meristem.
Indeterminate nodule with persistent meristem presents an elongated shape, which are best
characterised in Medicago species (Xiao et al. 2014) and Pisum sativum (Hirsch 1992). The
semi-aquatic species Sesbania rostrata forms nodules on the stem and nodules associated
with lateral root are found in plants from the Aeschynomene genus (Ndoye et al. 1994, Bonaldi
et al. 2011). Lupinus genus plants form very unique lupinoid type of nodule, which forms
around the subtending root (Gonzalez-Sama et al. 2004). The common feature of these diverse
types of nodules is that mature nodules contain enlarged cells filled with rhizobia (Fig. 1f). This

is controlled by a distinct, but interlinked process, the infection.
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6. Infection

Rhizobia embark on an elaborate infection route to colonise primordium that develop on the
root of the host. Similar to the contrastive nodule morphologies induced across leguminous
plants (Sprent et al. 2017), diverse infection modes are observed in legume and rhizobia
interactions (Ibanez, Wall and Fabra 2017, Venado, Liang and Marin 2020). They share three
steps: 1) crossing of epidermis, 2) cortical spreading, and 3) intracellular uptake of rhizobia. A
tube-like structure, termed infection thread, although widely employed by hosts to guide
rhizobia entering the root, it is not the only existing path of infection. This section will describe

infection thread-dependent and alternative mechanisms.
6.1 Infection thread-dependent mechanism

The infection thread-dependent mechanism has been extensively studied in the
Papilionoideae subfamily including Lotus, Medicago, and Pisum (Sprent 2007). In members of
these genera, the epidermis of the root is penetrated by rhizobia via infection threads formed
in root hairs (Murray 2011). The formation and progression of these structures require massive

cell biological remodelling (Oldroyd et al. 2011, van Spronsen et al. 2001).

The infection initiates when rhizobia attach on the root hair. Nod factors induce membrane
polarisation (Ehrhardt, Atkinson and Long 1992) and cytoskeleton rearrangement (de Ruijter,
Bisseling and Emons 1999), which leads to root hair deformation and branching (Knight et al.
1986, Heidstra et al. 1994, Miwa et al. 2006). The cytoskeleton rearrangement occurs within 3
to 10 minutes after Nod factors treatment (Timmers et al. 1998). The root hair deforms into a
“shepherd’s crook” in order to entrap bacteria in a pocket between appressed cell walls.
Bacteria continuously divide and form a microcolony (Fig. 1d) (Gage 2002). Thereafter,
accumulation of Nod factors occurs, which leads to cellular reprogramming inducing cell wall
remodelling and plasma membrane invagination in the root hair cell. This results in the
formation of the infection thread (Fig. 1d) (Jordan, Grinyer and Coulter 1963, Rae, Bonfante-
Fasolo and Brewin 1992). This structure encloses dividing rhizobia within a matrix containing

glycoproteins (Rae et al. 1992).

Infection thread grow inward and reach the bottom of the root hair. In response to the epidermal
infection, cytoplasm and nuclei of the sublayer of cortical cells align in the radial direction with
the infection thread, forming a cytoplasmic bridge (van Brussel et al. 1992). The bridge
contains the cytoplasm and endomembrane localising on the outer side and amyloplasts in the
inner side. These bridge structures are called pre-infection threads and have been observed

in Vicia, Medicago, and Lotus (van Brussel et al. 1992, van Spronsen et al. 2001). At the bottom
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of the root hair cell, local cell wall remodelling releases rhizobia (Gage 2004, Gage 2002, van
Spronsen et al. 1994). Cortical infection threads (Fig. 1e arrow) enclosing rhizobia continue
from cell to cell and form an infection thread network (Gage 2004, Monahan-Giovanelli, Pinedo
and Gage 2006). Consequently, rhizobia spread into the dividing primordium, where rhizobia
are released into the host cell from unwalled infection droplets (Jordan et al. 1963, Goodchild

and Bergersen 1966).
6.2 Alternative Infection mechanisms

Mechanisms that do not use infection threads to cross the epidermis are classified depending

on the differences in the three steps listed above.

The epidermis can alternatively be penetrated via two infection thread-independent modes:
“crack-entry” and intercellular infection. In “crack-entry”, rhizobia enter the root through fissures
formed in lateral root emergence sites or through natural root wounds. This mode of infection
has been widely recruited by leguminous plants from the Genistoid and Dalbergioid clades. In
plants from these two clades, the “crack-entry” site is dominantly associated with axillary root
hairs in the lateral root emergence site (Boogerd and van Rossum 1997). A. hypogaea and
Aeschynomene spp. are often penetrated through the junctions between root hairs in the lateral
root axils (Chandler 1978, Bonaldi et al. 2011). With few examples in the rest of the
Papilionoideae subfamily, rhizobia use the “crack-entry” mechanism, however, root hairs are
not obviously engaged in the infection process. For instance, S. rostrata growing under
waterlogged conditions can be infected via the “crack-entry” independent of root hair (Ndoye
et al. 1994). Similarly, no root hairs grow on aquatic legume Neptunia natans under the water
culture condition, while rhizobia enter the junction between lateral and main root (James et al.
1992, Subbarao et al. 1995).

Another mode to penetrate the epidermis is the intercellular infection through the middle
lamella between root epidermal cells. This infection strategy is prevalent among Actinorhizal
plants of the orders Rosales, Fagales, and Cucurbitales (Pawlowski and Demchenko 2012),
which has only been reported in few leguminous hosts. The epidermis of L. albus is penetrated
via this intercellular infection process (Gonzalez-Sama et al. 2004). M. scabrella is another

example that is invaded between intact epidermal cells (de Faria, Hay and Sprent 1988).

After crossing the first barrier of the root, rhizobia need to spread in the sub-epidermal and
cortex layer of the primordium. Some leguminous plants can still recruit the infection threads
program. For example, in S. rostrata, after entering the outer cortex, bacteria proliferate in

intercellular space and kill a few of the outer cortex cells to form an “infection pocket” (Ndoye
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et al. 1994). Cortical infection threads derived from the “infection pocket” can form intra- and
inter-cellular infection threads (Ndoye et al. 1994). However, spreading of rhizobia can be fully
independent of infection threads and can vary between different species (reviewed in (Ibanez
et al. 2017, Venado et al. 2020)). For instance, Stylosanthes spp. and A. indica are invaded
from plant cells that die and collapse after infection (Chandler, Date and Roughley 1982,
Bonaldi et al. 2011). In Chamaecytisus proliferus, the neighbouring cells collapse after being
infected by rhizobia via the intercellular space of nodules (Vega-Hernandez et al. 2000). A.
hypogaea is colonised intercellularly by rhizobia via separation of the middle lamella, which do
not induce cell death (Chandler 1978, Boogerd and van Rossum 1997, Uheda, Daimon and
Yoshizako 2001). L. albus directly internalise its symbiont Bradyrhizobium sp. ISLU16 into the
host cell after epidermal crossing (Gonzalez-Sama et al. 2004). M. scabrella nodules are

infected via primary wall layers and intercellular space (de Faria et al. 1988).

The internalisation of rhizobia also varies between different plants. However, in all cases
described so far, at the sites of infection bacteria are embedded in an electron-dense material.
This material is proposed to act against the turgor pressure from the plant cell (Rae et al. 1992,
Parniske 2018). Sometimes this structure, often called “peg”-like structure, resembles a poorly
defined infection thread and is often detected when bacteria are directly internalised from the
apoplast. As in the infection thread dependent mechanism, the invagination in these alternative
modes of infection requires cellular rearrangements (Yokota et al. 2009). However, the detailed

mechanism of “peg”-like structures formation has not been elucidated.
6.3 Requirement of rhizobia signals in infection

The formation of infection structures is mainly controlled by the host in response to the
perception of rhizobia signals, such as Nod factors and extracellular polysaccharides (Downie
2010). For example, Nod factor-induced signalling plays a fundamental role in the formation of
infection threads. Infection threads are only efficiently induced when the Nod factors structures
are compatible for the specific host. The specific substituents in both the reducing and non-
reducing ends of the Nod factors produced by different rhizobia are crucial. For example, in S.
meliloti 2011, a nodF and nodL double mutant producing Nod factors lacking a glucosamine
residue and an O-acetyl group in the non-reducing end are unable to induce infection thread
formation on M. truncatula (Ardourel et al. 1994). The fucosyl residues of Nod factors produced
by M. loti R7A are pivotal for infection thread formation in Lotus. The infection threads induced
by a nodZ mutant, which lacks a fucosyl residue, are largely reduced in L. japonicus and almost

completely abolished in L. corniculatus (Rodpothong et al. 2009).
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Extracellular polysaccharides also contribute to infection threads development in different
symbioses. A M. loti R7A exoU mutant, which forms truncated EPS, aborts the elongation of
the infection thread almost completely (Kelly et al. 2013, Kawaharada et al. 2015). A pssZ
mutant of R/ bv. trifolii RT24.2 and a pssD mutant of R/ bv. trifolii TA1 display abnormally
enlarged cortical infection threads and defective intracellular colonisation of the bacteria (Lipa
et al. 2018, Krdl et al. 1998). In addition, the formation of elongated infection threads is
impaired in the epr3-10 and epr3-11 mutants in comparison to wild type L. japonicus Gifu plants
(Kawaharada et al. 2015). Other extracellular polysaccharides are also involved in the efficient
formation of infection threads, although the host perception mechanism is still unknown. For
example, a Ips-212 mutant in S. melitoli 1021 that producing an LPS lacking a sulphate
modification forms aborted infection threads and inefficient nodules (Keating, Willits and Long
2002).

These studies reinforce the fundamental role of the rhizobia signals in the establishment of
efficient infection. The final goal of the infection is the internalisation of the rhizobia into the
host cell. The internalisation is pivotal for the nitrogen fixation, because the host cell provides
a suitable environment for rhizobia to fix nitrogen via the nitrogenase. However, the perception
of rhizobia signals has been mainly addressed on the epidermis, and the perception

mechanisms in later steps are currently not clear.

7. Natural diversity of rhizobia and legume interaction

Legumes are the third largest flowering family with approximately 751 genera and 19,500
species (Sprent et al. 2017, LPWG 2017). Rhizobia are a composed of 11 genera of
alphaproteobacteria (Rhizobium, Bradyrhizobium, Sinorhizobium, Mesorhizobium, etc.) and
three genera of betaproteobacteria (Paraburkholderia, Cupriavidus, Trinickia) (Laranjo,
Alexandre and Oliveira 2014). This suggests that legumes and rhizobia are widely diverse in
nature. The diversity of the root nodule symbiosis is reflected by the contrastive infection

mechanisms and nodule organogenesis induced by rhizobia (Sprent 2007).

However, current studies of the genetic basis of root nodule symbiosis mainly build on the
compatible interaction between Medicago-Sinorhizobium and Lotus-Mesorhizobium due to the
genetic amenability. Forward and reverse genetic screens have been widely applied to
determine genes engaged in the nodule organogenesis and the early stages of the infection

(Roy et al. 2020). However, the genes involved in the later stages of the infection are poorly
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elucidated, because of the lack of the proper system to uncouple epidermal infection from the

later steps.

Gossmann et al. carried a study to investigate the natural variations of Lotus (Gossmann et al.
2012). Rhizobia were isolated from Lotus nodules sampled from 30 spots across Europe. A R/
strain (R/ Norway) was isolated from a Lotus corniculatus nodule together with a
Mesorhizobium norvegicum (Mn) strain (Mn 10.2.2) (Gossmann et al. 2012, Kabdullayeva,
Crosbie and Marin 2020). Mn 10.2.2 induces nitrogen-fixing nodules on L. corniculatus, while
RI Norway cannot. This suggests that R/ Norway can hitchhike onto nodules induced by Mn
10.2.2. Co-colonisation with the compatible symbiont in the nodule has been proposed to be
used as a protective niche for the inefficient symbionts (Westhoek et al. 2017, Mendoza-Suarez
et al. 2020, Checcucci et al. 2016, Friesen and Mathias 2010). Although R/ Norway cannot
nodulate L. corniculatus, it can nodulate a broad range of other Lotus species, which are not
typical hosts of R/ (Gossmann et al. 2012). However, in all cases the plants display nitrogen-
starvation symptoms and develop fully infected nodules that do not fix nitrogen (Gossmann et
al. 2012). Besides, R/ Norway induces B-glucuronidase (GUS) activity in the L. japonicus Gifu
T90 GUS line, which is responsive to rhizobia and Nod factors (Gossmann et al. 2012, Webb
et al. 2000). However, no nodules are induced by R/ Norway on L. japonicus Gifu (Gossmann
et al. 2012).

Notably, in Lotus burttii and L. japonicus MG-20, RI Norway can colonise intracellularly but
epidermal infection threads are not observed (Gossmann et al. 2012). In addition, R/ Norway
colonises only between the cells in the bumps of L. japonicus Nepal. These infection
phenotypes suggest that R/ Norway may use an alternative infection thread independent

mechanism.
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Aims of the thesis

From the infection phenotypes observed on Lotus species, we hypothesised that R/ Norway
induces an alternative infection mode on Lotfus instead of the infection thread-dependent
infection mechanism. The lack of infection threads in the cortex can uncouple the infection
threads formation with the internalisation process, which is amenable to uncover the
mechanism in the internalisation step. However, to further address this question, we need to

characterise the strain and to deeply delineate the phenotypes.

The first aim of my thesis was to characterise the genome of R/ Norway and symbiotic
genes of the strain. To approach this, we sequenced the genome of R/ Norway and analysed
its phylogeny. We compared it with its close relative R/ bv. viciae 3841, which is a nitrogen-
fixing symbiont of Vicia plants. In addition, we characterised traits of R/ Norway, including the

colony morphology, the bacterial shape, and the carbon source utilisation.

The second aim of this study was to investigate the infection mechanism that R/ Norway
employs to infect Lotus. The preliminary study indicates that R/ Norway induced a larger
number of nodules on L. burttiiin comparison with other Lotus hosts. The infection process on
L. burttii was studied by different microscopic approaches. To further investigate the host
response to RI Norway, the expression of symbiotic marker genes involved in the infection
upon R/ Norway inoculation were determined by quantitative reverse transcription polymerase
chain reaction (qQRT-PCR). Furthermore, to study the role of Nod factors in the infection, a
nodC mutant was generated by homologous recombination mutagenesis method. To
investigate the role of Nod factors in the internalisation process, transgenic roots
overexpressing SYMRK and forming spontaneous nodules were inoculated with the nodC
mutant. Confocal microscopy was used to inspect the intracellular colonisation of the nodC

mutant on the nodule.

Root colonisation is a prerequisite for the establishment of root nodule symbiosis. As R/
Norway was co-isolated together with Mn 10.2.2, it is hypothesised that there are interactions
between these two strains. The third aim of this thesis was to study how does the interaction
of RI Norway and Mn 10.2.2 affect the root colonisation. The root colonisation of R/ Norway
and Mn 10.2.2 in both single and co-inoculation conditions was quantified. Later, the bacterial
interactions required for root colonisation, including the swarming motility and in vitro biofilm
formation, were examined with single- and co-cultures of rhizobia. Furthermore, to address the
role of surface polysaccharides in the swarming motility and biofilm formation, mutants with

impaired genes involved in the biosynthesis of the surface polysaccharides were investigated.
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Results

Publication I:
Complete genome of Rhizobium leguminosarum Norway, an
ineffective Lofus micro-symbiont
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Abstract

Rhizobia bacteria engage in nitrogen-fixing root nodule symbiosis, a mutualistic interaction with legume plants in which a
bidirectional nutrient exchange takes place. Occasionally, this interaction is suboptimal resulting in the formation
of ineffective nodules in which little or no atmospheric nitrogen fixation occurs. Rhizobium leguminosarum Norway induces
ineffective nodules in a wide range of Lotus hosts. To investigate the basis of this phenotype, we sequenced the complete
genome of Rl Norway and compared it to the genome of the closely related strain R. leguminosarum bv. viciae
3841. The genome comprises 7,788,085 bp, distributed on a circular chromosome containing 63% of the genomic
information and five large circular plasmids. The functionally classified bacterial gene set is distributed evenly among all
replicons. All symbiotic genes (nod, fix, nif) are located on the pRLN3 plasmid. Whole genome comparisons revealed
differences in the metabolic repertoire and in protein secretion systems, but not in classical symbiotic genes.

Keywords: Symbiosis, Rhizobium, Legume, Ineffective nodulation, Genome

Introduction
Legume crops are central to sustainable agricultural prac-
tices and food security [1, 2]. They have a low need for
synthetic nitrogen fertilizers input, as they engage in a
symbiosis with a group of diazotrophic bacteria collect-
ively known as rhizobia. This symbiotic interaction is initi-
ated by a molecular crosstalk between rhizobia and their
cognate legume host. Upon recognition of specific signals,
legume plants intracellularly accommodate rhizobia inside
root organs called nodules, where they engage in a bidir-
ectional nutrient exchange [3]. Occasionally, suboptimal
interactions establish between the symbiotic partners.
These lead to the formation of ineffective nodules in
which limited to no nitrogen fixation occurs. These inef-
fective symbiotic associations are characterized by the for-
mation of small white nodules, which results in reduced
or no plant growth promotion [4].

Ineffective nitrogen-fixing symbioses have been de-
scribed after introduction of crop legumes into areas
where previously native legumes grew. The soil microbiota
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Institute of Genetics, Faculty of Biology, Ludwig-Maximilians-University
Munich, Munich, Germany
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associated to native species can often outcompete in-
oculant strains [5]. For instance, ineffective nitrogen
fixation occurs in fields where perennial and annual
clovers co-exist [6, 7]. In field trials, inoculant strains
were unable to completely overcome indigenous R.
leguminosarum bv. trifolii strains and occupied on aver-
age 50% of the nodules [8]. In extreme cases, it has
been shown that endogenous rhizobia can completely
block the nodulation of introduced rhizobia. For ex-
ample, the nodulation of pea cultivars Afghanistan and
Iran by rhizobial inoculants is suppressed in natural
soils by the presence of a non-nodulating strain [9].
However, although ineffective nodulation is a limiting
factor for sustainable agriculture, the molecular basis
underlying it remains largely unknown [10].

Rhizobium leguminosarum (RI) strains are cognate
micro-symbionts of legumes, including Pisum, Lens,
Lathyrus, Vicia, Phaseolus and Trifolium [11]. However, a
R. leguminosarum strain isolated from a Lotus cornicula-
tus nodule in Norway exhibits a different compatibility
range that includes several Lotus species and ecotypes. Rl
Norway does not induce effective nodules in any Lotus
species tested so far [12]. Strikingly, there are host geno-
type specific differences in the nodulation phenotypes

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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induced by R/ Norway, as it cannot induce nodules on L.
japonicus Gifu, but induces bumps on L. japonicus Nepal,
and white nodules on L. burttii and L. japonicus MG-20.
This is in contrast to compatible Mesorhizobium strains
that induce monomorphic phenotypes in the same plant
ecotypes [12].

The striking diversity of ineffective nodulation pheno-
types induced by R/ Norway in Lotus motivated us to
sequence and annotate its complete genome, and to
compare it to the published genome of R. legumino-
sarum bv. viciae 3841 (Rlv 3841), a well-characterised
R. leguminosarum strain. Here, we show that the
genomes are largely conserved. There are no major dif-
ferences in the nif and fix clusters required for nitrogen
fixation and in the nod cluster essential for the produc-
tion of nodulation factor. However, differences were ob-
served in terms of metabolic and protein secretion
system genes.
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Organism information

Classification and features

Rl Norway is a Gram-negative strain in the order Rhi-
zobiales of the class Alphaproteobacteria (Table 1).
Cells are rod-shaped and have dimensions of 0.84 +
0.11 pm in width and 1.43 £ 0.31 ym in length (Fig. 1a).
This strain is fast growing and forms colonies after
3days in TY medium at 28°C. Colonies on TY are
circular and slightly domed, their surface is shiny
and smooth, and their texture is moderately mucoid
(Fig. 1b).

The phylogenetic relationship of R/ Norway was in-
ferred based on a concatenated tree of the dnak
recA, and rpoB house-keeping genes (Fig. 2). Based
on this phylogeny R/ Norway is placed within the R
leguminosarum group. The 16S rRNA gene of R/
Norway shows more than 99.9% identity with its
orthologs in other R. leguminosarum strains, such as

Table 1 Classification and general features of R/ Norway in accordance to the MIGS recommendations [46] published by the

Genome Standards Consortium [47]

MIGS ID Property Term

Evidence code®

Classification

Domain Bacteria

Phylum Proteobacteria
Class Alphaproteobacteria
Order Rhizobiales

Family Rhizobiaceae
Genus Rhizobium

Species Rhizobium leguminosarum

TAS [48]

TAS [49]

TAS [50, 51]
TAS [50, 52]
TAS [53-55]
TAS [55-57]
TAS [55, 57-59]

Gram stain Negative IDA

Cell shape Rod IDA

Motility Motile IDA

Sporulation Non-sporulating NAS

Temperature range Mesophile NAS

Optimum temperature 28°C NAS

pH range; Optimum Not reported

Carbon source Carbon sources sustaining growth are indicated in Figure S1 IDA
MIGS-6 Habitat Soil, root nodule of Lotus corniculatus TAS [12]
MIGS-6.3 Salinity Not reported
MIGS-22 Oxygen requirement Aerobic NAS
MIGS-15 Biotic relationship Free-living/symbiont TAS [12]
MIGS-14 Pathogenicity Non-pathogen NAS
MIGS-4 Geographic location Norway TAS [12]
MIGS-5 Sample collection 17. August 2006 TAS [12]
MIGS-4.1 Latitude 61°10'54.6" TAS [12]
MIGS-4.2 Longitude 08°57'54.5" TAS [12]
MIGS-4.4 Altitude Not available

®Evidence codes - IDA Inferred from Direct Assay, TAS Traceable Author Statement (i.e., a direct report exists in the literature), NAS Non-traceable Author Statement
(i.e,, not directly observed for the living, isolated sample, but based on a generally accepted property for the species, or anecdotal evidence). These evidence
codes are from the Gene Ontology project [60]
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Fig. 1 Morphological characterisation of Rl Norway. a Phase contrast micrograph of R/ Norway grown in liquid TY medium. Scale bar:
1 um. b Photomicrograph of the colony morphology of Rl Norway grown on TY medium. Scale bar: 1 mm

Rlv 3841 and RI biovar trifolii WSM1325, WSM2304,
and CB782.

The metabolic fingerprinting of R/ Norway was con-
ducted with the Biolog GN2 MicroPlate. R/ Norway
grew in multiple organic compounds as sole carbon
source, these included Adonitol, L-Arabinose,
D-Arabitol, D-Cellobiose, D-Fructose, and Glycerol,
among others (Additional file 1: Figure S1). The meta-
bolic fingerprinting of this strain was similar to the pat-
tern described for other R. leguminosarum strains, but it
was clearly distinct from the pattern of Rlv 3841 (Add-
itional file 1: Figure S1) [13].

Symbiotaxonomy

RI Norway was originally co-isolated from a L. cornicula-
tus nodule together with two Mesorhizobium strains, but
does not induce nodules in L. corniculatus or L. japonicus

Gifu, when inoculated alone [12]. However, it induces
bumps on L. japonicus Nepal, and ineffective nodules on
L. burttii and L. japonicus MG-20 [12]. This polymorphic
nodulation phenotype is not observed, when these hosts
are inoculated with Mesorhizobium strains [12]. RI
Norway induces ineffective nodules in Pisum, and Latyrus.
The nodulation and symbiotic characteristics of R/
Norway are summarized in Additional file 2: Table S1.

Genome sequencing information

Genome project history

RI Norway was selected for sequencing, because of the
striking diversity of ineffective nodulation phenotypes
that it induces in Lotus, a host that belongs to a different
cross-inoculation group. The complete genome sequen-
cing was performed at the Genomics Service Unit (LMU
Biocenter, Munich). The nucleotide sequences reported

Mesorhizobium loti MAFF303099

00

... Ensifer fredii HH103
Ensifer fredii NGR234

... Ensifer meliloti 1021
Ensifer WSM419
Agrobacteri faci

C58

Rhi; tropici CIAT899T

-. Rhizobium gallicum R602T
2% Rhizobium gallicum |E4872

Rhizobium etli CIAT652

Rhizobium etli bv. mimosae Mim1

20.. Rhizobium etli CFN42T

Rhizobium leguminosarum bv. trifolii WSM2304
... Rhizobium leguminosarum buv. trifolii CB782
Rhizobium leguminosarum Norway
Rhizobium leguminosarum bv. viciae 3841

---. Rhizobium leguminosarum buv. trifolii WSM1325
Rhizobium leguminosarum Vaf10

.. Rhizobium leguminosarum buv. trifolii WSM1689
USDA6

Fig. 2 Phylogenetic tree showing the relationship between R/ Norway and other Rhizobia. The tree was constructed by maximum likelihood using the
concatenated sequences of recA, dnaK, and rpoB. The calculated bootstrap values are indicated at the nodes. Rl Norway is highlighted in bold
grey. Type strains are indicated with superscript T. 8. japonicum USDA6 was used as an out-group

Brady obium jar
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in this study have been deposited in the GenBank data-
base under accession numbers CP025012.1, CP025013.1,
CP025014.1, CP025015.1, CP025016.1, and CP025017.1.
The data is summarized in Table 2.

Growth conditions and genomic DNA preparation

RI Norway was grown at 28 °C and 180 rpm for 2 days in
TY medium. Genomic DNA was isolated from 30 ml of
a bacterial suspension (ODgyy=1.0) using the CTAB
method [14]. The DNA quality was determined by nano-
drop and gel electrophoresis.

Genome sequencing and assembly

The genome was sequenced using a combination of Illu-
mina and MinlON sequencing technologies. Library
construction and sequencing were performed at the
Genomics Service Unit (LMU Biocenter, Munich). For
whole genome sequencing a short read DNA library was
generated with the Nextera Kit (Illumina) according to
manufacturer’s instructions. Sequencing (2 x 150 bp, v2
chemistry) was performed on a MiSeq sequencer (Illu-
mina) yielding around 15 Mio paired reads and 2.3 Gb
of primary sequence. A long read library was prepared
with the 1D Genomic DNA Sequencing Kit (Oxford
Nanopores) according to manufacturer’s instructions.
MinION (Oxford Nanopores) sequencing resulted in
around 180,000 sequences with a total of 670 Mb pri-
mary sequence (mean length 3.8 kb). Hybrid genome as-
sembly with Unicycler v0.4.0 [15] using default settings
resulted in six circular contigs. The average base cover-
age of the genome is 380x.

Genome annotation

Genome annotation was performed with RAST 2.0 [16,
17] and MicroScope [18]. Clusters of orthologous groups
(COGs) of proteins were predicted using the COGNiTOR

Table 2 Genome sequencing project information for Rl Norway
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software [19], signal peptides were detected using the Sig-
nalP 4.1 server [20], and Pfam domains were predicted
using the Pfam batch sequence search from EMBL-EBI
[21]. Transmembrane predictions and CRISPR repeats
were determined using the TMHMM Server v. 2.0 [22]
and CRISPRFinder [23], respectively. All genes discussed
in the text were manually inspected.

Genome properties

The genome of R/ Norway consists of 7,788,085 bp, dis-
tributed on a circular chromosome containing 63% of
the genomic information and five large circular plasmids
ranging from 280 to 1098 kb (Fig. 3). The complete gen-
ome and the chromosome are comparable in size to
other R. leguminosarum strains [13, 24]. The chromo-
some contains three identical rRNA operons and 54
tRNA genes, none of which are found on any of the five
plasmids (Table 3 and Fig. 3). In total 7866 protein-en-
coding genes were identified. BUSCO analysis [25] con-
firmed complete presence of the core bacteria dataset.
The six replicons have a comparable mix of functional
classes (Additional file 3: Figure S2A). However, all
genes from the BUSCO core bacteria dataset are located
on the chromosome, with only a few additional gene du-
plications on the plasmid replicons.

Insights from the genome sequence

Extended insights

The genomes of R/ Norway and Rlv 3841 have a very
similar relative occurrence of functional protein encoding
genes (Additional file 3: Figure S2B) and do not show any
gross genomic alterations. Interestingly, although R/
Norway contains more protein encoding genes than Rlv
3841 (7866 vs. 7263 genes), the number of genes for which
a functional annotation could be retrieved is almost iden-
tical (6106 vs. 6105 genes). Hence, the major difference

MIGS 1D Property Term
MIGS 31 Finishing quality Finished
MIGS-28 Libraries used Paired-end (lllumina); 1D Genomic (Nanopore)
MIGS 29 Sequencing platforms lllumina MiSeg; Nanopore MinlON
MIGS 31.2 Fold coverage 380
MIGS 30 Assemblers Unicycler v0.4.0
MIGS 32 Gene calling method MicroScope
Locus Tag CuJg4
Genbank ID CP025012.1, CP025013.1, CP025014.1, CP025015.1,
CP025016.1, and CP025017.1
GenBank Date of Release 31. January 2018
BIOPROJECT PRINA417364
MIGS 13 Project relevance Agriculture, root nodule symbiosis

Source Material Identifier

Rhizobium leguminosarum Norway
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| Chromosome
t 4,906,123 bp
‘ 61.0% GC

pRLN2 pRLN3 pRLN4  pRLN5
1,098,158 bp 592,529 bp 557,386 bp 354,350 bp 279,539 bp
60.5% GC 60.9% GC 57.4% GC  60.7% GC 61.3% GC

Fig. 3 The chromosome and five plasmids of Rl Norway. The plasmids are depicted to scale with the chromosome one-half of this scale. The
outermost circles show protein encoding genes (blue) and rRNA and tRNA genes (red) in clockwise and counter-clockwise orientation. The inner
circles indicate deviations in GC content (black) and GC skew (green/purple). Plasmid maps were generated using GCView [61]

lies in the number of not functionally classifiable genes
(1760 vs. 1158 genes) (Table 4).

Plasmid repertoire and genospecies classification
The five plasmids contain one set of putative repABC
replication system genes each [26]. Comparative analysis
of the Rep proteins from R/ Norway with those from Rlv
3841 revealed high identity between plasmids pRLN1
and pRL12, between pRLN2 and pRL11, and between
pRLN5 and pRL10 (Fig. 4a). Gene content comparison
and synteny analysis supported this result. Although
large portions of pRLN4 and pRL9 are similar (Fig. 4b,
and c), the RepABC proteins encoded in pRLN4 are
more similar to their orthologs in pR132503.

Plasmid pRLN3 is slightly different than the other
replicons of Rl Norway (Additional file 3: Figure S2A). It

does not exhibit significant similarity to Rlv 3841 (Fig.
4b, and c), has a slightly lower GC content and a lower
proportion of protein encoding sequences (Additional
file 4: Table S2), and has a higher proportion of putative
encoded proteins without known homologs (Additional
file 3: Figure S2A). In addition, it is the only plasmid
containing potentially active transposons (2 copies) and
several incomplete and therefore most likely inactivated
transposon copies. The pRLN3 RepABC proteins share
high similarity to their orthologs in pRL1.

For genospecies classification, we compared the R/
Norway genome to representatives of the five proposed
genospecies (gsA-gsE) [13]. Typically, genomes are
regarded to belong to the same species if the ANI values
are above 95%. The two highest average nucleotide iden-
tity (ANI) scores (Rl CC278f: 96.34%; Rl SM51: 95.59%)
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Table 3 Genome statistics for R/ Norway

Attribute Value %of Total

Genome size (bp) 7,788,085 100.00
DNA coding (bp) 6,859,686 88.08
DNA G +C (bp) 4,659,466 59.83
DNA scaffolds 6 100.00
Total genes 8079 100.00
Protein coding genes 7866 97.36
RNA genes 73 0.90
Pseudo genes 150 1.86

Genes in internal clusters Not determined  Not determined

Genes with function prediction 6147 76.09
Genes assigned to COGs 6106 75.58
Genes with Pfam domains 6295 7792
Genes with signal peptides 619 7.66
Genes with transmembrane helices 1656 2050
CRISPR repeats 0 0.00
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were found with members of the genospecies gsD. All
other comparisons resulted in ANI scores below 95%
(Table 5). The ANI score between Rl Norway and Rlv
3841, which belongs to gsB, is only 93.26%. Although
genospecies gsA and R/ CC278f in gsD are not yet well
supported [13], the results indicate that R/ Norway be-
longs to genospecies gsD. This also fits well with R/
Norway having a plasmid subtype combination typical
for gsD strains ([13]& personal communication Peter
Young).

Central metabolism

In terms of central metabolic genes R/ Norway resem-
bles Rlv 3841. Both strains harbour genes encoding en-
zymes of the tricarboxylic acid (TCA) cycle required
for aerobic respiration and energy production [27], of
the pentose phosphate pathway required for the oxida-
tion of glucose and the synthesis of nucleotides [28],
and of the Entner-Doudoroff pathway for the catabol-
ism of glucose to pyruvate [29]. Both strains lack a gene
encoding the phosphofructokinase, an essential enzyme
of the Embden-Meyerhof-Parnas glycolysis. These gen-
etic similarities were reflected in a similar growth

Table 4 Number of genes associated with general COG functional categories

Code Value %age Description
J 210 267 Translation, ribosomal structure and biogenesis
A 0 0 RNA processing and modification
K 686 8.72 Transcription
L 219 2.78 Replication, recombination and repair
B 2 0.03 Chromatin structure and dynamics
D 40 0.51 Cell cycle control, Cell division, chromosome partitioning
\% 74 0.94 Defense mechanisms
T 415 5.28 Signal transduction mechanisms
M 334 4.25 Cell wall/membrane biogenesis
N 92 117 Cell motility
U 106 135 Intracellular trafficking and secretion
0 199 253 Posttranslational modification, protein turnover, chaperones
C 342 435 Energy production and conversion
G 709 9.01 Carbohydrate transport and metabolism
E 831 10.56 Amino acid transport and metabolism
F 17 149 Nucleotide transport and metabolism
H 210 267 Coenzyme transport and metabolism
| 270 343 Lipid transport and metabolism
p 318 404 Inorganic ion transport and metabolism
Q 206 262 Secondary metabolites biosynthesis, transport and catabolism
R 905 11.51 General function prediction only
S 630 8.01 Function unknown
1760 22.37 Not in COGs

The total is based on the total number of protein coding genes in the genome
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pRLN4
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pRLN5 pRL7

| ...4,906,123bp |

Fig. 4 Genome comparison between R/ Norway and Rlv 3841. a Neighbor-joining tree of Rep proteins from both strains. Protein sequences for
RepA, RepB, and RepC from the individual plasmids were aligned and the resulting alignments concatenated for analysis. Rl Norway proteins are
depicted in red, RIv3841 proteins in blue. Bootstrap values indicated on the nodes strongly support the relations between pRLN2 - pRL11, pRLN5
- pRL10, and pRLNT1 - pRL12. Only bootstrap values > 70% are depicted. Branch lengths are given in terms of expected numbers of substitutions
per nucleotide site. b For whole genome comparison the sequences of the chromosome and plasmids were concatenated for Rl Norway and Riv
3841 and compared with BlastN in Easyfig 2.2.2 [62]. Levels of sequence identity are indicated by different shades of grey. ¢ Gene contents
comparison between the two strains. Depicted are the Rl Norway replicons and their respective homologous regions from the Rlv 3841 replicons.
Plasmid maps were generated using BRIG [63]. Colors in the rings are the same as for the Rlv 3841 replicons in (b)

00 |

Chromosome

pattern in different carbon sources using Biolog GN2
MicroPlates (Additional file 1: Figure S1) [13].

A noticeable difference in the Biolog assay was the
assimilation of amino acids such as D- and L-alanine,
L-serine and L-proline, and nucleosides. However, no
major differences were observed in the genes mediating
their metabolism. The only clear exceptions were that R/

Table 5 Genome comparison of Rl Norway with members of
the five genospecies and the respective ANI scores

Norway vs ~ One-way ANI'T One-way ANI 2 Two-way ANI
(gsA)  WSM1325  9345% 93.52% 93.70%
gsB 3841 93.01% 93.06% 93.26%
gsC TA1 93.75% 93.80% 93.94%
gsD SM51 95.40% 95.40% 95.59%
(gsD)  CC278f 96.11% 96.19% 96.34%
gsE 128C53 94.66% 94.75% 94.84%

Norway lacks a putative D-serine deaminase required
for the conversion of D-serine to pyruvate, but con-
tains two putative aspartate ammonia-lyases (CUJ84_
pRLN3000095, CUJ84_pRLN3000303) and two puta-
tive asparagine synthetases (CUJ84_pRLN3000485,
CUJ84_pRLN3000155). In terms of amino acid trans-
port, two ABC-type broad specificity amino-acid trans-
porters have been characterized in Rlv 3841, Aap
(AapJQMP) and Bra (BraDEFGC) [30]. The bra (CUJ84_
Chr003782-3787) and aap (CUJ84_Chr001810-1813)
clusters are highly conserved in R/ Norway. Another inter-
esting difference concerned the metabolism of butanoate.
In contrast to Rlv 3841, Rl Norway did not grow on
y-hydroxybutyric acid (Additional file 1: Figure S1). This
is supported by the lack of a gene cluster (pRL100133—
138 in Rlv 3841) associated to y-hydroxybutyrate utilisa-
tion [13]. Furthermore, Rl Norway harbours an ortholog
to the phbCI gene (CUJ84_Chr001779), but lacks phbC2.
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These genes encode type I and type III poly-B-hydro-
xybutyrate (PHB) synthases, which are required for
free-living and bacteroid PHB biosynthesis, respect-
ively [31].

Secretion systems

Gram-negative bacteria secrete a suite of proteins via
macromolecular complexes that have been classified as
type 1-6 secretion systems in addition to the sec and tat
transport systems [32]. A survey of the R/ Norway gen-
ome indicates that this strain contains a large repertoire
of secretion systems that is distinct from the repertoire
of Rlv 3841 (Table 6). Rl Norway harbours five putative
type 1 secretion systems (T1SS; Table 6). T1SSa, T1SSb
and T1SSc are unique to R/ Norway. Interestingly, the
genes encoding the T1SSa and T1SSc systems form op-
erons with two large genes encoding putative repeats-in-

Table 6 Secretion system repertoire in Rl Norway

Secretion system Location Mandatory genes (gene identifier)

Type | secretion system (T1SS)

T1SSa Chromosome hlyD (CUJ84_Chr000199),
hlyB (CUJ84_Chr000200)
T1SSb Chromosome hlyD (CUJ84_Chr000279),
hlyB (CUJ84_Chr000280)
T1SSc Chromosome hlyD (CUJ84_Chr002330),
hlyB (CUJ84_Chr002331)
T1SSd Chromosome prsE (CUJ84_Chr003677),
prsD (CUJ84_Chr003678)
T1Sse Chromosome hlyD (CUJ84_Chr004833),
hlyB (CUJ84_Chr004834)
T4SSa PRLN1 virB1 (CUJ84_pRLN1000390),

(
virB2 (CUJ84_pRLN1000391
vir3 (CUJ84_pRLN1000392
virB4 (CUJ84_pRLN1000393

(

(

(

i
i

i

virB5 (CUJ84_pRLN1000394
virB6 (CUJ84_pRLN1000396,
virB8 (CUJ84_pRLN1000398
virB9 (CUJ84_pRLN1000399),
virB10 (CUJ84_pRLN1000400)

i

i

i

Type 5 secretion system (T559)

T5SSa Chromosome autB (CUJ84_Chr000739)
T5SSb Chromosome  Partial autB (CUJ84_Chr002323)
T5S5Sc pRLN2 tpsA (CUJ84_pRLN2000298),

tpsB (CUJ84_pRLN2000297)
Type 6 secretion system (T6SS)

T6SS pRLN1 tssB (CUJ84_pRLN1000762),
tssC (CUJB4_pRLN1000760,

CUJ84_pRLN1000761),

tssD (CUJB4_pRLN1000765),
tssE (CUJB4_pRLN1000758),
tssF (CUJB4_pRLN1000757),
tssG (CUJ84_pRLN1000756),
tssH (CUJ84_pRLN1000764),
tss/ (CUJ84_pRLN1000767),

tssK (CUJ84_pRLN1000754),
tssL (CUJB4_pRLN1000753),
tssM (CUJ84_pRLN1000752)
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toxin (RTX) toxins. The proteins forming the T1SSd and
T1SSe have orthologs with more than 90% identity in
Rlv 3841. For instance, the T1SSd proteins are ortholo-
gous to the PrsD and PrsE proteins of Rlv 3841 that are
required for biofilm formation [33]. Like Rlv 3841, RI
Norway lacks T2SS and T3SS, but harbours T4SS and
T6SS [34].

Bacteria utilize T3SS, T4SS and/or T6SS to inject
effector proteins directly into eukaryotic host cells or into
other bacteria [35—37]. In rhizobia, these effectors can me-
diate compatibility with the host [38]. R/ Norway harbours
a putative T4SS that is distinct from the T4SS from Rlv
3841. The respective T4SS encoding virB operons are not
syntenic and the encoding genes share on average less
than 30% identity. The T4SS of R/ Norway is encoded in
the pRLN1 plasmid and is predicted to translocate
proteins and not DNA, as R/ Norway lacks a VirD2 relax-
ase [39]. In addition, it has the peculiarity that the virB11
gene is partially duplicated and two genes are located
in-between the duplication.

RI Norway and Rlv 3841 harbour syntenic imp (tss) and
hep clusters encoding type (i) T6SS. In both cases the imp
cluster is lacking orthologs to the evp/ and tss/ genes.
However, a comparison to Agrobacterium tumefaciens
C58 revealed that these genes are also absent in the corre-
sponding imp and hcp operons (atud330-atud352). In
addition, all essential genes for protein secretion are con-
served [40].

T5SS are structures in which the cargo protein trans-
locates itself across the plasma membrane. These are
classified into auto-transporters (translocator and cargo
encoded in the same gene) and two-partner systems
(translocator and cargo are encoded by two separate
genes) [41]. Rl Norway harbours two T5SS auto-trans-
porters. However, T5SSb is split into two genes and it is
probably not a bona fide T5SS. R/ Norway also has one
two-partner system, in which the cargo protein is a pu-
tative filamentous hemagglutinin (Table 6). In contrast,
Rlv 3841 contains three auto-transporters, but no
two-partner system [34].

Symbiotic gene repertoire

Plasmid pRLN3 harbours all symbiotic genes in R/
Norway. The nod genes that are required for the synthesis
and export of the nodulation factor, a key determinant in
compatibility, are organised in one cluster (CUJ84_
pRLN3000416—426) comprising the nod/ICBADFELMN
genes. They have the same organisation as the nod cluster
in Rlv 3841 [24], and the encoded proteins share at least
93.6% identity with their Rlv 3841 orthologs. However, in
contrast to Rlv 3841, Rl Norway lacks nodO and nodT
orthologs in the proximity of the nod cluster. Interestingly,
genes encoding putative transposases flank the R/ Norway
nod cluster. The genes required for nitrogen fixation are
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located in proximity. The fixABCX (CUJ84_pRLN3000397—
400) and the nifAB genes (CUJ84_pRLN3000401-402) are
located almost directly downstream nodJ, whereas nif-
NEKDH (CUJ84_pRLN3000271-275), fixSIHG (CUJ84_
pRLN3000258-261) and fixPQON (CUJ84_pRLN3000263—
266) are located approximately 137.5 kb downstream of nodJ.
The three subunits of the nitrogenase encoded by the
nifHDK genes share 99.7, 93.5, and 96.3% identity to their re-
spective Rlv 3841 orthologs. A noteworthy difference be-
tween both strains is that R/ Norway harbours a single
fixNOQP operon encoding the essential cbbs terminal oxi-
dase, whereas Rlv 3841 contains two copies [24]. Further-
more, R/ Norway lacks genes encoding the FixK and FixL
transcriptional regulators, which together with FnrN control
the expression of the nitrogen fixation genes in other rhizo-
bia strains [42]. Instead, Rl Norway harbours two putative
firN genes (CUJ84_Chr002641, CUJ84._ pRLN3000544) that
are located in the chromosome and in the pRLN3 symbiotic
plasmid. This is reminiscent of R. leguminosarum bv. viciae
UPM791, in which FnrN is the global regulator of the fix
genes. In this strain, FnrN is regulated by micro-aerobic con-
ditions and binds a palindromic element called anaerobox
[43, 44]. Putative anaerobox sequences were found upstream
of furN1 (CUJ84_Chr002641) and the fixNOQP and fixGHIS
operons, which suggest that FnrN might regulate their
expression in Rl Norway. However, no anaerobox was found
upstream of finrN2 (CUJ84_pRLN3000544). Interestingly,
fnurN2 is approximately 16.5 kb upstream of a putative up-
take hydrogenase cluster comprising 18 genes (CUJ84_
pRLN3000511-528). The cluster organisation resembles
the hup and hyp genes from Rlv UPM791 [45]. Notably,
Rlv 3841 lacks such a hydrogenase cluster.

Conclusions

Although detrimental in agriculture, ineffective nitrogen-fix-
ing symbiosis remains poorly investigated. In this regard, R/
Norway is an interesting strain as it exhibits a parasitic be-
haviour in a wide range of hosts. Comparative genomic ana-
lyses with other R. leguminosarum strains have the potential
to reveal novel factors mediating symbiotic compatibility and
efficiency.

Additional files

Additional file 1: Figure S1. Rl Norway substrate utilization pattern
determined by Biolog. In blue and yellow are indicated substrates
only utilized by Rl Norway and Rlv 3841, respectively. Green indicates
substrates used by both strains, whereas white depicts conditions in
which both strains did not grow. Rlv 3841 utilization pattern was
extracted from [1]. (TIF 9702 kb)

Additional file 2: Table S1. Nodulation phenotypes of R/ Norway on
selected hosts. (DOCX 68 kb)

Additional file 3: Figure S2. Distribution of functional classes of protein
encoding genes within the R/ Norway genome. (A) Functional class
distribution across the six Rl Norway replicons. (B) Comparison
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of the relative occurrence of functionally classified protein encoding
genes between the Rl Norway and Rlv 3841 genomes. Functional
annotation (COG) was performed on WebMGA server [1]. (TIF 10046 kb)

Additional file 4: Table S2. Genome statistics for Rl Norway.
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Figure S1. RI Norway substrate utilization pattern determined by Biolog. In blue and
yellow are indicated substrates only utilized by R/ Norway and RIv 3841, respectively.
Green indicates substrates used by both strains, whereas white depicts condition in which
both strains did not grow. RIv 3841 utilization pattern was extracted from [1].
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Table S1. Nodulation phenotypes of R/ Norway on selected hosts.

Species Name Phenotype Reference

L. japonicus Gifu Nod- (Gossmann et al. 2012)
L. japonicus MG20 Bump/Nod+Fix- (Gossmann et al. 2012)
L. japonicus Nepal Bump+Fix- (Gossmann et al. 2012)
L. filicaulis Nod- (Gossmann et al. 2012)
L. burttii Bump/Nod+Fix- (Gossmann et al. 2012)
L. pedunculatus Bump+Fix- (Gossmann et al. 2012)
L. glaber Tumor+/Fix- (Gossmann et al. 2012)
P. sativum Sparkle Nod- (Gossmann et al. 2012)
P. sativum Little Marvel Nod-+Fix- This work

Latyrus sativus Nod-+Fix- This work

1. Gossmann JA, Markmann K, Brachmann A, Rose LE, Parniske M. Polymorphic

infection and organogenesis patterns induced by a Rhizobium leguminosarum
isolate from Lotus root nodules are determined by the host genotype. New
Phytol 2012, 196(2):561-573.
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Figure S2. Distribution of functional classes of protein encoding genes within the R/
Norway genome. (A) Functional class distribution across the six R/ Norway replicons. (B)
Comparison of the relative occurrence of functionally classified protein encoding genes

between the R/ Norway and RIv 3841 genomes. Functional annotation (COG) was performed
on WebMGA server [1].
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analysis. BMC Genomics 2011, 12.



Table S2. Genome statistics for Rl Norway.

Protein- Proportion ~ Mean protein
Size GC ) rRNA tRNA
Replicon encoding coding length
[base pairs] content i ) operons  genes
genes sequences [amino acids]
Chromosome 4,906,123 61.0% 5045 87.6% 284 3 54
pRLNI1 1,098,158 60.5% 1079 90.8% 308
pRLN2 592,529 60.9% 595 88.9% 295
pRLN3 557,386 57.4% 570 83.5% 272
pRLN4 354,350 60.7% 312 89.0% 337
pRLNS 279,539 61.3% 265 90.2% 317
Total 7,788,085 60.3% 7866 88.3% 302 3 54
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Abstract

Lotus species develop infection threads to guide rhizobia into nodule cells. However, there is evidence that some
species have a genetic repertoire to allow other modes of infection. By conducting confocal and electron micros-
copy, quantification of marker gene expression, and phenotypic analysis of transgenic roots infected with mutant
rhizobia, we elucidated the infection mechanism used by Rhizobium leguminosarum Norway to colonize Lotus burttii.
Rhizobium leguminosarum Norway induces a distinct host transcriptional response compared with Mesorhizobium
loti. It infects L. burttii utilizing an epidermal and transcellular infection thread-independent mechanism at high fre-
quency. The entry into plant cells occurs directly from the apoplast and is primarily mediated by ‘peg’-like structures,
the formation of which is dependent on the production of Nod factor by the rhizobia. These results demonstrate that
Lotus species can exhibit duality in their infection mechanisms depending on the rhizobial strain that they encounter.
This is especially relevant in the context of interactions in the rhizosphere where legumes do not encounter single
strains, but complex rhizobial communities. Additionally, our findings support a perception mechanism at the nodule
cell entry interface, reinforcing the idea that there are successive checkpoints during rhizobial infection.

Keywords: Infection thread, intercellular infection, Lotus burttii, Nod factor, nodulation, ‘peg’-like structure, Rhizobium
leguminosarum, root nodule symbiosis.

Introduction

Legumes engage in a mutualistic interaction with a group of
diazotrophic bacteria collectively known as rhizobia. In this
interaction, the host plant provides photosynthetic products in
exchange for ammonia converted from atmospheric nitrogen
by the rhizobia (Oldroyd et al., 2011). This intimate bidirec-
tional nutrient exchange takes place within cells of root organs
called nodules. One of the fundamental questions in the field
of root nodule symbiosis is how rhizobia enter these plant cells
during nodule organogenesis.

The programmes leading to nodule organogenesis and cell
infection are distinct, but interconnected (Madsen et al., 2010).
Furthermore, the host controls both processes. The infection
programme ensures that the rhizobia are guided from the root
surface into cells of a dividing nodule primordium in three
conceptual steps: (i) crossing of the epidermis; (ii) cortical
spreading; and (iii) uptake of rhizobia into plant cells. However,
this is attained differently depending on the host legume
(Ibanez et al., 2017). For example, in model organisms such as
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Medicago truncatula and Lotus japonicus, and crops such as Pisum
sativum, infection is initiated in epidermal root hairs by the
inward growth of plant-made tubular structures called infec-
tion threads. Progression of a transcellular infection thread net-
work in developing nodule primordia ultimately leads to the
internalization of rhizobia by cells in this tissue (Gage, 2002,
2004; Murray, 2011). The semi-aquatic legume Sesbania rostrata
is infected under flooding conditions through physical cracks in
the root epidermis, for example at lateral root emergence sites
(Ndoye et al., 1994). Here, proliferating bacteria accumulate in
intercellular infection pockets that give rise to trans- and inter-
cellular infection threads (Ndoye et al., 1994). Some subtropi-
cal legumes, such as Neptunia natans and Aeschynomene afraspera,
also become infected through cracks, but the uptake into plant
cells occurs directly from intercellular accumulations of bac-
teria, in the absence of infection threads (James et al., 1992;
Subbarao et al., 1995; Bonaldi ef al., 2011). As a final example,
there are plants such as Lupinus albus, in which bacteria cross
the epidermis intercellularly, but are also directly internalized
from intercellular accumulations (Gonzalez-Sama et al., 2004).
Thus, conceptually, there are infection thread-dependent and
-independent infection mechanisms controlled by epidermal
and nodule primordium programmes (Madsen ef al., 2010).

Genetic studies using gain-of-nodulation mutants have
elegantly illustrated these different infection programmes in
L. japonicus (Madsen et al., 2010). Mesorhizobium loti infects
L. japonicus wild-type plants via infection threads (van Spronsen
et al.,2001). However, it invades nfr1-1 nfr5-2 snf1 triple mutant
plants in a process resembling the epidermal thread-independ-
ent crack-entry infection observed in S. rostrata (Ndoye et al.,
1994; Madsen et al., 2010). Another major discovery of this
work was that a M. loti nodC mutant strain infects nfr1-1 nfr5-2
snf1 triple mutants at low frequency in the absence of epider-
mal and transcellular infection threads (Madsen et al., 2010).
These results demonstrate that Lofus possesses a genetic reper-
toire allowing multiple types of infection. However, whether
this also occurs in wild-type plants and natural Lotus strains has
not yet been conclusively demonstrated.

The existence of an infection mechanism mediating the
direct entry into plant cells from the intercellular space (inde-
pendent of epidermal and transcellular infection threads) at high
frequency would constitute an invaluable tool to study this key
step in the evolution of root nodule symbiosis. In this work,
we investigated whether wild-type Lotus can be infected by
an infection thread-independent mechanism, using molecular
approaches and detailed microscopy. We discovered that a natu-
ral Lotus isolate infects different wild-type Lotus plants utilizing
an epidermal and transcellular infection thread-independent
mechanism at high frequency. Moreover, the penetration into
plant cells is primarily mediated by ‘peg’-like structures, the
formation of which is dependent on the production of Nod
factors by the rhizobia.

Materials and methods

Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Supplementary
Table S1 at JXB online. Rhizobia cultures were grown for 2 d at 28 °C

in different media depending on the experiment. For nodulation and
infection assays, rhizobia were grown in tryptone yeast extract (T'Y) broth
(Beringer, 1974). For gene expression analyses, strains were grown in yeast
mannitol broth (YMB) (Vincent, 1970). Finally, for Nod factor produc-
tion, Rhizobium leguminosarum (RI) Norway was grown in TY broth and
then subcultured in modified B~ medium (modified from Spaink et al.,
1992). As the carbon source, 5 g I”! mannitol and 5 g 1" sodium gluco-
nate were used. For nod gene induction, the medium was supplemented
with 1 pM naringenin for 2 d. Agrobacterium strains used in the hairy root
transformation experiment were grown for 1 d at 28 °C in yeast extract
broth (YEB) (Vervliet et al., 1975). The Escherichia coli strains used in the
conjugation assay were grown for 1 d at 37 °C in Luria Bertani (LB)
broth. The following antibiotic concentrations were used: tetracycline
(Tc, 210 pg ml™); gentamicin (Gm, 25 pg ml™"); kanamycin (Km, 50 pg
ml™"); streptomycin (Sm, 500 ug ml™"); rifampicin (Rf, 50 pg ml™"); and
carbenicillin (Cb, 50 pg m1™").

Plant growth and inoculation conditions

Lotus burttii B-303 (seed bag numbers: 91091, 91101, and 91103) and
Lotus japonicus MG-20 (seed bag number: 92147) seeds were surface steri-
lized with a 1.2% NaClO solution, rinsed, and soaked in water at room
temperature for 2 h. Seeds were then transferred to 1/2 B5 medium
agar plates and kept at 24 °C for 3 d in the dark and 3 d under a long-
day photoperiod (16 h:8 h, light:dark). For shoot growth, nodulation,
and infection quantification, three independent time-course experiments
were conducted with 20 plants per condition and per time point. Six-
day-old seedlings were transferred to sterile jars containing 300 ml of
a sand:vermiculite mixture supplemented with 40 ml of FAB medium.
After 2 d, each plant was inoculated with 1 ml of bacterial suspension
(A400=0.005). For root hair phenotypic analysis and infection thread
quantification, four independent experiments were conducted with 20
plants per condition. Six-day-old seedlings were gently placed over sterile
filter paper (Whatman) on square Petri plates containing FAB medium.
After 2 d, vertically grown plants were inoculated with bacterial suspen-
sions (Ag00=0.05), covered with a second sheet of sterile filter paper, and
incubated under a long-day photoperiod. Plants were inspected 1, 2, and
3 weeks post-inoculation (wpi).

Hairy root transformation

To overexpress SYMRK in the roots of L. burttii plants, the roots of
6-day-old seedlings were cut and the remaining hypocotyl regions were
dipped into Agrobacterium rhizogenes AR1193 (Stougaard et al., 1987)
suspensions carrying the relevant plasmids (Supplementary Table S1).
Transtormed plants were grown on B5 medium in the dark at room
temperature for 3 d and then moved to a long-day photoperiod at 24 °C.
After 2 d, plants were transferred to B5 medium supplemented with
cefotaxime (300 pg ml™") to clear the Agrobacterium. After 23 d, seed-
lings were screened for transformation, using a green fluorescent protein
(GFP)-based transformation marker. Transformed plants were transferred
to closed sterile jars containing 300 ml of a sand:vermiculite mixture
supplemented with 40 ml of FAB medium. After 2 d, each plant was
inoculated with a 1 ml bacterial suspension (A4, =0.01) and grown under
a long-day photoperiod. Plants were harvested 9 wpi and phenotypically
analysed. Three independent experiments were conducted with at least
20 plants per condition.

Histological staining and microscopy

To inspect nodule colonization, samples were fixed with a 2.5% glu-
taraldehyde solution in 0.5 M potassium phosphate buffer and progres-
sively dehydrated in 30, 50, 70, and 100% ethanol solutions for 1 h each.
Nodules were then embedded in a Technovit 7100 resin (Heraeus Kulzer)
according to the manufacturer’s instructions, and 2 um thin sections were
cut with an RM2125 RT rotary microtome (Leica Biosystems). Sections
were placed on glass slides and dried at 60 °C for 30 min. Dried sections
were stained with a 1% toluidine blue and 0.2% methylene blue mixed
solution for 30-60 s and rinsed with water until the background cleared.
Stained sections were inspected on a DM6 B upright microscope (Leica



Microsystems) equipped with X5, X10, and X40 dry objectives and a X20
oil/water immersion lens.

For fluorescence microscopy analyses of nodule colonization, samples
were fixed with a 4% formaldehyde solution in 50 mM PIPES buffer
by 30 min vacuum infiltration and then kept at room temperature for
45 min. The fixed samples were embedded in 6% low melting agarose
(Carl Roth), and semi-thin sections (40-50 pm) were cut with aVT1000S
vibratome (Leica Biosystems) at speed five and frequency five. Nodule
sections were counterstained with a fresh 0.01% calcofluor white solution
for 10 min. To visualize the colonization of Rl NorwayAnodC in sponta-
neously induced nodules, sections were additionally stained with a 20 uM
propidium iodide (PI) solution for 10 min. For the rhizobia viability assay,
fresh nodules were sectioned and stained with a Live/Dead BacLight
Bacterial Viability kit (3.34 uM SYTO9 and 20 uM PI; Invitrogen) for
10 min at room temperature. Agarose semi-thin sections were observed
using a TCS SP5 confocal microscope (Leica Microsystems) equipped
with a X20 HCX PL APO water immersion lens. Calcofluor white was
excited with UV and the emission was detected at 405—450 nm. GFP,
SYTOY, and PI were excited with an argon laser line at 488 nm and
the emissions were detected at 500-550, 500-550, and 600-650 nm,
respectively. DsRed was excited with a diode pumped solid-state laser at
561 nm and detected at 600-650 nm.

Quantitative analysis of images

To quantify the percentage of nodule colonization, an area compris-
ing the total inner tissue of the nodule was manually defined using Fiji
v.2.0.0-rc-59/1.51j (Schindelin et al., 2012). The colonized area was cal-
culated for each section by defining a signal threshold and masking the
regions below it. The average percentage of 1-3 sections per nodule and
at least 5-6 nodules per condition were used for the calculations.

Electron microscopy

Root nodules were pre-fixed in 50 mM PIPES buffer (fixation buffer 1)
containing 2.5% glutaraldehyde. The nodules were cut into smaller pieces
in this fixation buffer and afterwards transferred to 50 mM cacodylate
buffer containing 2 mM MgCl, (fixation buffer 2) and 2.5% glutaralde-
hyde for complete fixation overnight at 4 °C. After washing the samples
four times (10, 30, 30, and 50 min) with fixation bufter 2 without glutaral-
dehyde, post-fixation with 1% osmium tetroxide was carried out for 1.5 h.
Afterwards, they were washed again twice with fixation buffer 2 (without
glutaraldehyde) and four times with double-distilled water (45, 35, 30, and
30 min). The dehydration of the samples was achieved in a graded acetone
series before infiltration and embedding in Spurr’ resin. The thin sections
of embedded samples were post-stained with lead citrate for 2 min and
investigated on a Zeiss EM 912 transmission electron microscope with an
integrated OMEGA filter. The acceleration voltage was set to 80 kV and
the images were recorded with a Trondle 2kX2k slow-scan CCD camera.

Quantitative RT-PCR

For the quantification of gene expression, materials were collected from
whole root systems, nodules, and rhizobia pellets, and then snap-frozen
in liquid nitrogen. All samples were lysed with an MM40 tissue lyser
(Retsch). Total RNA was extracted with the Spectrum™ Plant Total
RNA kit (Sigma-Aldrich) according to the manufacturer’s instruc-
tions. To eliminate DNA contamination, DNase I (Ambion) treatment
was conducted, and then plant and bacterial samples were analysed by
PCR using ATP-synthase (ATP) and ubiquitin primers, and initiation fac-
tor 1 (IF-1) primers, respectively (Supplementary Table S2). RNA integ-
rity was verified on an agarose gel. Superscript III reverse transcriptase
(Thermo Fisher) was used to synthesize first-strand cDNA using 270 ng
of total RNA. Quantitative reverse transcription—-PCR (qRT-PCR) was
performed on a 384-well plate with the Quantstudio5 system (Thermo
Fisher) and using the Evagreen Master mix (Metabion) according to the
manufacturer’s instructions. The reaction was performed with a 1:10
(v/v) dilution of the cDNA, with 0.3 pM of each primer in a total reac-
tion volume of 7 pl. The thermal cycler conditions were: 95 °C 2 min, 40
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cycles of 95 °C 30 5,58 °C 30 s, and 72 °C 20 s, followed by dissociation
curve analysis. At least five biological replicates and 2-3 technical repli-
cates were included for the quantification of each gene. Normalization of
plant and rhizobia genes was performed using the ATP and IF-1 house-
keeping genes, respectively. All qRT-PCR primers used in this work are
listed in Supplementary Table S3.

Nod factor isolation

The Nod factors were extracted from the supernatant of a 3 litre Rl
Norway culture with 7-butanol (300 ml 17" culture). The Nod factors
were collected by evaporating the butanol phase in a Hei-VAP Value
Rotary Evaporator (Heidolph Instruments). The dried extract was redis-
solved in 3.5 ml of 60% aqueous acetonitrile (ACN) (v:v) by shaking for
18 h. A 1.5 ml aliquot of the resulting solution was diluted by addition
of ACN to a final concentration of 20% (v/v) aqueous ACN and loaded
onto a primed C18 solid phase extraction cartridge (Supelclean ENVI-
18, 1 g bed weight; Sigma-Aldrich). The cartridge was washed with 5 ml
of 20% (v:v) aqueous ACN and the Nod factors were eluted with 5 ml of’
45% ACN, followed by 5 ml of 60% ACN.The two eluted fractions were
collected separately and dried under vacuum, prior to reconstitution in
0.7 ml of 60% ACN for HPLC fractionation.

HPLC fractionation of Nod factors

The 45% and 60% SPE fractions were each diluted to a final concentra-
tion of 20% ACN.A 1.5 ml aliquot of the resulting solution was injected
onto an Agilent Technologies 1200 series HPLC instrument fitted with
a reversed phase column (Waters SymmetryShield RP18, 5 pm particles,
4.6x250 mm, with guard column) eluted at 1 ml min™', using UV detec-
tion at 205 nm. The column was eluted using the following gradient:
20 min isocratic at 20% ACN, linear elution from 20% to 60% ACN over
20 min, linear gradient 60% to 90% over 0.5 min, isocratic at 90% ACN
for 4.5 min, and then re-equilibrated at 20% ACN for 5 min. Fractions
of 1 min were collected and dried under vacuum.

Nod factor structure determination

Mass determination of the Nod factors in the HPLC fractions was carried
out using a Bruker 9.4 T solariX HR Fourier-transform ion cyclotron reso-
nance instrument in the York Centre of Excellence in Mass Spectrometry
(CoEMS). The instrument was operated in the positive ion mode using a
matrix-assisted laser desorption/ionization (MALDI) source. HPLC frac-
tions were redissolved in 50 pl of 80% ACN, and 2 pl of this sample solution
was mixed with 2 pl of MALDI matrix solution (2,5-dihydroxybenzoic
acid; 7 mg in 500 pl of 80% ACN); 0.8 pl of this mixture was spotted onto
a ground steel MALDI target plate and allowed to air dry. Spectra were
acquired by irradiating the dried sample spots with the laser (Smartbeam:
Nd:YAG 355 nm) set at 35% laser power and a frequency of 500 Hz.
Fragmentation was generated using collision-induced dissociation (CID)
with collision voltage settings varied between 25V and 35V, and product ion
spectra were recorded. Alternatively, CID product ion spectra were recorded
using static nanoelectrospray ionization in the positive ion mode with a
Thermo Scientific Orbitrap Fusion in CoEMS. Samples were dissolved in
50 ul of 50% ACN, and 2 ul was transferred to the electrospray tip (made in-
house). Higher energy collisional dissociation spectra were recorded using
collision ‘energy’ settings between 20V and 30V. Nod factor structures were
determined from interpretation of the product ion spectra obtained on the
two Instruments.

Conjugation

The GFP-expressing plasmid pFAJ-GFP and the suicide replacement
plasmid pK19MOBSACB (Supplementary Table S1) were introduced
into rhizobia by conjugation using E. coli ST18 (Thoma and Schobert,
2009) as donor strain. The donor and acceptor strains (Agy=1) were
mixed in a 10:1 ratio. The mixtures were placed on TY plates and incu-
bated at 28 °C. After 24 h, bacteria were suspended and grown on selec-
tive TY plates.
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Generation of the Rl Norway/AnodC deletion mutant

The two-step homologous recombination method described previ-
ously (Sant’anna et al., 2011) was used to generate deletion mutants in
RI Norway. Two 500 bp fragments flanking the nodC gene were ampli-
fied by PCR and cloned into the suicide vector pK19MOBSACB
(Supplementary Table S1). The plasmid was delivered into Rl Norway by
conjugation. The first recombination event was selected on TY medium
supplemented with Km. Positive colonies were verified by PCR using
plasmid- and genome-specific primers (Supplementary Table S2). The
second recombination event was counter-selected on TY medium con-
taining 10% sucrose. Mutants were verified by PCR and sequencing
using primers annealing upstream and downstream of the flanking frag-
ments (Supplementary Table S2).

Statistical analyses

All statistical analyses were performed in R-studio by using ANOVA and
Tukey honest significant difference (TukeyHSD) methods.

Results

Rhizobium leguminosarum Norway induces ineffective
nodules in wild-type Lotus burttii

Lotus burttii is a Lotus species originally identified in West
Pakistan (Borsos ef al., 1972) and is nodulated by a wide range
of rhizobia including Mesorhizobium loti MAFF303099 (Ml
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(Rl) Norway, a natural Lotus isolate (Gossmann et al., 2012).
Interestingly, Rl Norway infects L. burttii nodules apparently
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conditions and analysed growth and nodule organogenesis in
time-course experiments. Ml MAFF promoted shoot growth
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In comparison, Rl Norway induced a larger number of nod-
ules (Fig. 1b; Supplementary Fig. S1a). However, these nodules
were ineffective, as the inoculated seedlings had stunted shoots
and their leaves were pale yellow, a sign of nitrogen starvation
(Fig. 1a; Supplementary Fig. S1b).

To validate further the lack of nitrogen fixation in Rl Norway-
induced nodules, we determined by qRT—PCR the relative
expression of the rhizobial nifH gene. This gene encodes a nitroge-
nase subunit that is essential for nitrogen fixation and is markedly
induced in nitrogen-fixing nodules (Uchiumi et al., 2004). The
nifH gene of Ml MAFF was induced in nodules in comparison
with free-living conditions. In contrast, Rl Norway exhibited no
induction of nifH under the same conditions (Fig. 1¢). This shows
that R/ Norway induces ineftective nodules in L. burttii.
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Fig. 1. Rhizobium leguminosarum Norway induces ineffective nodules in Lotus burttii. (a) Images of shoot (upper panel) and nodule (lower panel)
phenotypes exhibited by representative L. burttii plants 6 weeks after mock treatment, or inoculation with Rl Norway and Mesorhizobium loti
MAFF303099. Scale bars: (upper panel) 1 cm; (lower panel) 1 mm. (b) Time-course quantification of the average nodule number per plant. Three
independent experiments were conducted with 20 plants per condition and per time point. Error bars indicate the SDs. (c) Quantification of nifH transcript
abundance by qRT-PCR. Total RNA was extracted from L. burttii nodules (n) induced by R/ Norway and M/ MAFF at 4 wpi, and from free-living (fl)
rhizobia grown in liquid culture. Relative transcript expression was normalized against the housekeeping gene Initiation factor-1. Each dot represents one
independent biological replicate. The bold black line and the box represent the median and the interquartile range, respectively. The statistical analysis
was performed by ANOVA; **P<0.001. (This figure is available in colour at JXB online.)



RI Norway induces a distinct early symbiotic response

To investigate the mechanism by which R/ Norway infects
Lotus, we visually inspected the root hairs of L. burttii plants
grown on plates. The roots inoculated with Rl Norway
showed extensive root hair swelling, and branching, but only
rarely curling (Fig. 2a—d). In contrast to the responses to MI
MAFE the root hair deformations were not confined to the
susceptible zone, but extended throughout the majority of the
root. Such an unrestricted response has been observed in roots
of L. japonicus and Glycine max after Nod factor application
(Niwa et al., 2001; Duzan et al., 2004) or in the L. japonicus
symrk-3 mutant upon inoculation with M. loti R7A (Stracke
et al., 2002).

In accordance with previous reports (Gossmann ef al., 2012),
no epidermal infection threads were observed upon inoculation
with R/ Norway under the experimental conditions tested. We
analysed >100 plants grown on plates for a period of 1-3 weeks.
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Infection threads were also absent upon inoculation of L. japoni-
cus MG=-20. In contrast, L. burttii and L. japonicus MG-20 plants
exhibited only minor root hair deformations 1 week after inoc-
ulation with Ml MAFE but developed an average of 7£3 and
1746 infection threads per plant, respectively (Fig. 2e).

To determine molecular responses induced by Rl Norway,
we quantified by qRT-PCR the expression of symbiotic
marker genes involved in infection, such as Nodule INception
(NIN), Nodulation Pectate Lyase (NPL), ExoPolysaccharide recep-
tor 3 (EPR3), ERF Required for Nodulation 1 (ERNT), and
SYMbiotic REMorin 1 (SYMREMT) at 3,7, and 14 days post-
inoculation (dpi). Rl Norway induced distinct gene expression
compared with M/ MAFF (Fig. 3). At 3 dpi, a time point at
which nodules had not developed in any of the conditions,
only roots inoculated with MI MAFF significantly induced
the expression of NIN, ERN1,and EPR3. NIN induction was
slightly delayed in R/ Norway-inoculated roots. This coincided

Fig. 2. Rhizobium leguminosarum Norway induces root hair deformations in Lotus burttii. (&) Overview of a root segment colonized by R/ Norway—
GFP that displays no epidermal infection threads, but massive root hair deformation, including different degrees of swelling (b, ¢), and branching (d).
Representative micrographs of an infection thread induced by Mesorhizobium loti MAFF303099-DsRed (e) and of root hairs upon mock treatment (f).
Four independent experiments were conducted with 20 plants per condition on the square Petri plates. Scale bars=50 pm. (This figure is available in

colour at JXB online.)
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Fig. 3. Gene expression analysis of Lotus burttii roots upon rhizobial
inoculation. Quantification of NPL, NIN, ERN1, EPR3, and SYMREM1
transcript abundance by gRT-PCR. Total RNA was extracted from L. burttii
whole root systems after mock treatment and after 3 d, 1 week, and 2 weeks
post-inoculation with Rhizobium leguminosarum Norway and Mesorhizobium
loti MAFF303099. Relative transcript expression levels were normalized
against the housekeeping gene ATP-synthase. Each dot represents one
independent biological replicate. The bold black line and the box represent
the median and the interquartile range, respectively. The statistical analysis
was performed for each time point using ANOVA and TukeyHSD methods.
Lower case letters indicate significance groups within each time point.

with a delayed nodulation phenotype exhibited in these roots
(Fig. 1b). A similar pattern was observed for ERN1 and EPR3
(Fig. 3). Most strikingly, at 14 dpi, SYMREM1 expression was
almost 30-fold higher in M| MAFF-inoculated roots compared
with Rl Norway-inoculated roots (Fig. 3). These quantitative
differences in the expression of infection marker genes at 3 dpi
could explain the absence of epidermal infection threads. These
results indicate that R/ Norway induces a distinct response in
L. burttii compared with MI MAFE

RI Norway induces intercellular ‘peg-like’ structures

The differential expression of infection marker genes and the
absence of infection threads suggested that R/ Norway uti-
lizes an infection mechanism distinct from that of MI MAFF
to colonize Lotus. To investigate this, we sectioned nodules in
different developmental stages and visualized their coloniza-
tion by confocal microscopy using fluorescently tagged strains
and TEM. Upon MI MAFF inoculation, infection threads were
visible on top of the growing primordia, and underlying cells
were infected (Fig. 4a, b). In contrast, Rl Norway accumu-
lated on top of empty nodule primordia at sites in which the
epidermis had been disrupted due to the nodule emergence
(Fig. 4c, d). Structures reminiscent of infection pockets formed
at these sites (Supplementary Fig. S2a). This suggests that R/
Norway crosses the epidermis through cracks induced by the
emergence of nodule primordia and not necessarily at lateral
root emergence sites. Accordingly, nodules formed along the
complete root system and not preferentially at lateral root bases
(Supplementary Fig. S1a).

At 3 wpi, Ml MAFF induced fully developed nodules that were
largely colonized (nodule colonization = 67.1 + 13.5%) and con-
tained transcellular infection threads (Fig. 4e, f). In contrast, R/
Norway infected cells intracellularly (nodule colonization = 1.4
0.7%), but induced no transcellular infection threads in >35 sec-
tioned nodules (Fig. 4g, h; Supplementary Fig. S2b, ¢).We observed
in 100% of the nodules analysed intercellular Rl Norway accumu-
lations (Fig. 4h; Supplementary Fig. S2d). For a more detailed view,
we conducted TEM, which also showed intercellular accumula-
tions (Fig. 5a, b). In 40% of the agarose sections, cells contained
structures with densely packed bacteria (Supplementary Fig. S2e).
These structures were reminiscent of ‘peg-like’ structures, which
have been described previously in Aeschynomere afraspera (Bonaldi
et al., 2011) and Lupinus albus (Gonzalez-Sama et al., 2004). To
describe these structures unequivocally, we conducted TEM of
ultra-thin nodule sections. A dense material surrounded invading
intercellular bacteria (Fig. 5¢). These results suggest that cell inva-
sion 1s mediated via ‘peg’-entry.

RI Norway invaded intact plant cells and formed symbi-
osomes surrounded by a peri-bacteroid membrane (Fig. 5a).
However, infected cells exhibited signs of early senescence,
such as disorganized nuclei (Fig. 5a). Furthermore, the sym-
biosomes had an enlarged peri-bacteroid space, and a poly-
meric material surrounded the bacteroids (Fig. 5d). At 4 wpi,
symbiosome integrity was disrupted and bacteroids were par-
tially degraded (Fig. 5¢).To investigate the viability of bacteria,
we conducted live/dead staining using PI and SYTO9, which
label dead and living bacteria, respectively. Ml MAFF bacteria
were viable at least up to 6 wpi (Supplementary Fig. S3a, b), in
contrast to a fraction of Rl Norway bacteria that died as early
as 4 wpi (Supplementary Fig. S3¢, d).

The ‘peg’-like infection of SYMRK-induced
spontaneous nodules is Nod factor dependent

The Nod factors produced by M. loti induce root hair defor-
mations and cortical cell divisions in Lotus (Niwa et al., 2001)
and are essential for epidermal infection thread formation
(Madsen et al., 2010). However, their role in cell entry has not
been thoroughly studied. To investigate the role of the Nod



Infection duality in Lotus | 1909

Primordium Mature nodule

RINorway x L. burtti MIMAFF x L. burttii

Fig. 4. Rhizobium leguminosarum Norway colonizes Lotus burttii nodules in the absence of transcellular infection threads. Representative confocal
laser scanning micrographs of nodule semi-thin sections (50 pm) counterstained with calcofluor white (white) show that (a, b) Mesorhizobium loti
MAFF303099-GFP bacteria invade the nodule primordium at 5 dpi through epidermal infection threads (b, arrow), while Rl Norway—-GFP bacteria (c,
d) invade the nodule primordium at 11 dpi in the absence of epidermal infection threads (d, arrowhead). (e, f) M MAFF-GFP bacteria fully colonize the
nodule (e) and induce transcellular infection threads (f, arrow) at 3 wpi. In contrast, (g, h) Rl Norway-GFP bacteria partially colonize the nodule inter- (h,
arrowhead) and intra- (h, asterisk) cellularly at 4 wpi in the absence of transcellular infection threads. The images shown here are representative of 20
primordia and 20 nodules infected by R/ Norway, and 5 primordia and 7 nodules infected by MI MAFF. Scale bars=50 pm. (This figure is available in
colour at JXB online.)

Fig. 5. Rhizobium leguminosarum Norway enters Lotus burttii root nodule cells through ‘peg’-like structures and forms symbiosomes. TEM micrographs
of nodule sections infected by Rl Norway at 4 wpi. (a) Overview displays intact plant cells infected with rhizobia. Magnifications show: (b) bacteria

(B) colonizing the intercellular space, and (c) bacteria surrounded by a dense matrix entering a cell from the intercellular space (‘peg’-like structure
surrounded by a dashed line). (d) A nodule cell contains symbiosomes with enlarged peribacteroid spaces (PBS) and elongated bacteroids (BR). (e)
Bacteria undergoing degradation. CW, cell wall. Scale bars: (a), 10 pm; (b—e), 1 pm.
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factors in the formation of the ‘peg-like’ structures induced by
RI Norway, we generated in this strain an in-frame deletion of
the nodC gene, which encodes the N-acetylglucosaminyl trans-
ferase responsible for the synthesis of the Nod factor backbone.
The Rl Norway nodC gene is located in a cluster resembling
the nod operon of R. leguminosarum biovar viciae 3841 (Liang
et al.,2018) (Supplementary Fig. S44). Consequently, the Nod
factors produced by Rl Norway resemble the factors produced
by other R. leguminosarum strains (D’Haeze and Holsters, 2002)
(Supplementary Table S4).

The deletion in nodC abolished the capacity of Rl Norway
to induce root hair deformations and nodule organogenesis in
L. burttii (Supplementary Fig. S4b—d). To study the infection of
nodule cells, we induced spontaneous nodules by overexpress-
ing the SYMbiotic Receptor-like Kinase SYMRK in trans-
genic roots (as described in Ried ef al., 2014), and inoculated
them with R/ Norway wild type or nod C mutant. Spontaneous
nodules only developed in SYMRK transgenic roots,and not in
roots transformed with the empty vector. These nodules were
excised, fixed, and sectioned. Nodule sections were stained
with calcofluor white and PI to visualize the cell wall and
bacteria, respectively. Wild-type RI Norway colonized 28.3%
of the sectioned nodules. This contrasts with the 100% colo-
nization rate of Rl Norway-induced nodules. Approximately
20-50% of the infected cells exhibited ‘peg’-like structures
(Fig. 6). In contrast, the nodC mutant colonized only 2% of
the nodules analysed. The colonization of these nodules was
mostly restricted to regions with active cell division, as indi-
cated by smaller plant cell size and multiple nuclei (Fig. 6). In
all sections analysed, although infected cells were present, no
‘peg’-like structure was observed with the nodC mutant strain.
This result suggests that these structures are induced upon Nod
factor production and supports a perception mechanism at the
interface of nodule cell entry.

Discussion

Bacterial entry into nodule cells is one of the key steps in
the evolution of the root nodule symbiosis. Independent of
the infection mechanism, a common feature is the formation
of structures that mediate internalization. These are either
transcellular (infection threads) (Gage, 2002, 2004) or inter-
cellular (‘peg’-like structures) (Gonzalez-Sama et al., 2004;
Bonaldi ef al., 2011). The presence of a matrix material in
these structures has been proposed as one of the unifying fea-
tures allowing the intracellular uptake of bacteria into plant
cells (Parniske, 2018). Here we describe that Lotus allows cell
colonization through either transcellular infection threads
or ‘peg’-like structures depending on the rhizobial strain
encountered.

Duality in symbiotic infection

Most legumes studied so far are predominantly infected by
one infection mechanism. However, duality in infection has
been documented. Sesbania rostrata, a robinioid plant like Lotus,
exhibits dual infection behaviour depending on the growth

Qverview

Zoom

Mock x SYMRK OE

RI Norway x SYMRK OE

RI NorwayAnodC x SYMRK OE

Fig. 6. Infection of spontaneously induced nodules in the absence of
Nod factors. Hairy roots of Lotus burttii transformed with pUBI:SYMRK-
mOrange were analysed 9 weeks after mock treatment, and inoculation
with Rhizobium leguminosarum Norway and Rl NorwayAnodC. Semi-
thin sections (50 um) of nodules were incubated with calcofluor white
and propidium iodine that stain the plant cell wall and bacteria (and
plant nuclei), respectively. Confocal laser scanning micrographs show
that spontaneously generated nodules are induced even in the absence
of rhizobia. RI Norway colonizes nodule cells, and dense bacterial
accumulations reminiscent of ‘peg’-like structures (asterisk) are formed.
In contrast, nodule cells infected by R/ NorwayAnodC do not exhibit
these structures. Arrowheads indicate intercellular accumulations. Three
independent experiments were conducted with at least 20 plants per
condition. Representative micrographs are shown for each condition.
Fractions indicate the number of nodules with detectable rhizobial infection
per total nodule number for one of the experiments. Scale bars=50 pm.
(This figure is available in colour at JXB online.)

conditions (Goormachtig et al., 2004). Upon flooding, Sesbania
represses the growth of root hairs, and thus infection threads are
not formed. Rhizobia then exploit lateral root bases as entry
points (Ndoye et al., 1994). Similar behaviour was described
for Lotus pedunculatus. Bacteria infect enlarged epidermal cells
and accumulate intercellularly in nodules formed on adventi-
tious roots of flooded plants (James and Sprent, 1999). Another
example is the ineffective strain NZP2213 that induces pseudo-
nodules on L. pedunculatus roots. These organs are colonized
intercellularly, but no cell infection is observed (Pankhurst
et al., 1979). Genetic manipulation of L. japonicus leads to



differential colonization modes. Mesorhizobium loti normally
infects L. japonicus through infection threads. However, Nod
factor perception mutants in an snf1 genetic background (nfr1-1
nfr5-2 snfl) can be infected with or without infection threads
it inoculated with wild-type or nod mutant strains, respec-
tively (Madsen ef al., 2010). This can be re-created using wild-
type strains. In L. burttii roots inoculated with S. fredii HH103,
micro-colonies form, but infection threads abort shortly after
initiation of progression. Nodules nevertheless emerge and are
infected probably in the absence of epidermal infection threads.
However, the absence of transcellular infection threads was not
demonstrated (Acosta-Jurado ef al., 2016). On the other hand,
RI Norway, an ineffective strain, infects L. burttii via an infection
thread-independent mechanism. Our work gives independent
proof of this infection duality under natural conditions. These
results provide evidence that robinioid plants have an inherent
ability to support different types of infection. To our knowledge,
this has not been described in other legume clades.

Epidermal infection

Crack-entry penetration of the epidermis in natural systems
is often restricted to lateral or adventitious root emergence
sites (Ndoye et al., 1994; Subbarao et al., 1995; Bonaldi et al.,
2011). However, in a series of Lofus mutants that are impaired
in epidermal infection thread formation, such as nena-1 (Groth
et al.,2010), ern1-2 (Cerri et al., 2017; Kawaharada et al., 2017),
and rhl1 (Karas et al., 2005), nodules are infected via epider-
mal cracks throughout the whole root. In a similar fashion, R/
Norway infection sites are not located at lateral root emer-
gence sites or between intact epidermal cells (Supplementary
Fig. S1a). Very often bacteria accumulated on top of empty
nodule primordia, the formation of which most probably cre-
ates natural openings on the epidermis.

RI Norway induces widespread root hair deformation, but
no infection threads (Fig. 2). The absence of epidermal infec-
tion threads in R/ Norway-inoculated roots is supported by
the reduced induction of NIN, ERN1, and EPR3 at 3 dpi
(Fig. 3). Moreover, the absence of cortical infection threads
correlates with the reduced induction of SYMREMT1 at 14 dpi
(Fig. 3), which is essential for efficient infection thread pro-
gression (Lefebvre ef al., 2010; P. Liang ef al., 2018). Recently,
SYMREMI1 has been shown to mediate the formation of a
specific symbiotic perception hub and regulate the stability of
the NFP receptor (P. Liang et al., 2018). Induction of NIN in
RI Norway-treated roots was also reduced at 7 dpi. However,
at 14 wpi, it reached slightly higher levels. This correlates with
the appearance of the first nodule primordia. In conclusion,
the microscopy and molecular evidence support an infection
thread-independent crossing of the epidermis.

Perception at the cell entry interface

‘Peg’-like structures have been described in Lupinus albus
(Gonzalez-Sama et al., 2004), Aeschynomene afraspera (Bonaldi
et al., 2011), and Lotus mutants (Madsen et al., 2010). They
resemble enlarged and deformed infection threads that arise
from intercellular bacterial accumulations. By inducing spon-
taneous nodulation in L. burttii, we could assess the role of
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Nod factor in their formation. Nod factor synthesis is essential
for the formation of these structures, as no ‘peg’-like struc-
ture was observed upon inoculation with R/ NorwayAnodC.
Bacteria nevertheless colonized nodule cells at a very low fre-
quency. This remaining colonization is unlikely to be caused
by residual Nod factor synthesis, as the nodC mutant induced
no root hair deformation, a sensitive Nod factor response
(Supplementary Fig. S4d). It is tempting to speculate that there
is a Nod factor-independent entry mechanism, as has been
previously postulated (Madsen et al., 2010). However, we can-
not discard the possibility that by activating symbiotic signal-
ling through SYMRK overexpression, we bypassed Nod factor
signalling. Differences in the dependency of Nod factor for the
formation of ‘peg’-like structures in L. japonicus Gifu nfr1-1
nfr5-2 snfl and in L. burttii overexpressing SYMRK could be
caused by induction of an alternative signalling pathway in the
latter. However, we cannot exclude that the observed effect is
due to host plant differences.

The Nod factor-dependent formation of ‘peg’-like struc-
tures supports the existence of a perception checkpoint prior
to cell entry. In Medicago truncutula, the NFP and LYK3 recep-
tors accumulate in a narrow zone at the border between the
meristematic and the infection zones (Moling et al., 2014).
Down-regulation of NFP impairs release of bacteria (Moling
et al.,2014). Moreover, Nod factors accumulate strongly in the
pre-fixation zone, specially in infection threads (Timmers et al.,
1998). Our results are independent support for this hypothesis.

In summary, Rl Norway infects Lotus spp. through an infec-
tion thread-independent mechanism. It penetrates nodule cells
via ‘peg’-like structures, the formation of which depends on
Nod factor production. This reveals that Lotus exhibits a dual
infection pattern depending on the rhizobia that it encounters.
This dual infection of Lotus by M. loti MAFF and Rl Norway
represents an exiting opportunity to perform comparative
studies of infection.

Supplementary data

Supplementary data are available at JXB online.
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Fig. S1 Nodule distribution on root and shoot phenotype of Lotus burttii upon Rhizobium
leguminosarum Norway inoculation. (a) Distribution of ineffective nodules along a
representative L. burttii root 6 weeks after inoculation with Rhizobium leguminosarum Norway
(Rl Norway). Arrowheads indicate the nodule position on the root. Bar: 1 cm. (b) Quantification
of L. burttii average shoot dry weight upon mock treatment, and inoculation with R/ Norway and
Mesorhizobium loti MAFF 303099 (MI MAFF). The graph represents one of three independent
experiments that were conducted with 20 plants per condition and per time point. Error bars

indicate standard deviations.



Fig. S2 Intra- and inter- cellular colonisation of Rhizobium leguminosarum Norway in Lotus

burttii root nodules. Light micrographs of thin sections (5 pm) stained with toluidine blue and
methylene blue show that R/ Norway induces the formation of infection pockets (a; arrow) and
colonises in the cortex in the absence of both epidermal and trans-cellular infection threads (a,
b). Enlarged cells are stained dark blue. This intense coloration is often associated with senescing
cells (Van de Velde et al, 2006; Regus et al., 2017). Representative CLSM micrographs
of nodule sections (50 pm) stained with calcofluor white (white) show that R/ Norway-GFP
bacteria colonise nodules intra- (c, e; asterisk) and inter- cellularly (c, d; arrowheads). Abundant
intercellular colonization could arise from bacteria release from plant cells (Regus et al., 2017).
Dense bacterial accumulations reminiscent of “pegs” often form close to the cell border (e;

asterisk). Bars: (a, b) 50 pm, (c-¢) 10 um.
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Fig. S3 Mesorhizobium loti MAFF303099 and Rhizobium leguminosarum Norway viability in
Lotus burttii nodules. Viability was determined by live/dead staining using SYTOO (green) and
propidium iodide (red), which stain living and dead bacteria, respectively. The nodule semi-thin
sections (50 pum) were counterstained with calcofluor white (white). Representative CLSM
micrographs show that MI MAFF bacteria are alive in nodules 2 and 4 weeks after inoculation (a,
b). R/ Norway bacteria are alive in nodule 2 weeks post inoculation (c). However, some dead
bacteria appear after 4 weeks (d). Micrographs show representative phenotypes of more than 12

nodules collected in three independent experiments. Bars: 25 um.
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Fig. S4 Nod operon and phenotypes of Lotus burttii upon Rhizobium leguminosarum
NorwayAnodC inoculation. (a) The dashed box indicates the region deleted in frame by
homologous recombination in the nod operon. Micrographs of representative root nodule
phenotypes (b) and boxplot of nodule number quantification (c) 4 weeks post inoculation.
Representative root hair responses to mock treatment, and inoculation with R/ Norway and the R/

NorwayAnodC mutant at 2 wpi (d). Bars: (b) 100 um; (d) 50 um.



Table S1 Strains and plasmids

Strain or plasmid Derivation and relevant genotype Reference
Rhizobium leguminosarum
Norway Wild type (Gossmann
etal.,2012)
Norway GFP R. leguminosarum Norway containing the (Gossmann
pHC60 plasmid, IncP, TcR etal.,2012)
Norway SmR Spontaneous Sm® mutant of R. This work
leguminosarum Norway, SmR
NorwayAnodC DsRed NodC deletion of R. leguminosarum Norway  This work
containing pFAJ-DsRed plasmid, TcR
Mesorhizobium loti
MAFF303099 DsRed MAFF3030999 strain expressing DsRed, (Maekawa-
GmR Yoshikawa
et al.,2009)
MAFF303099 GFP MAFF 303099 containing the pFAJ-GFP This work
plasmid, TcR
Agrobacterium rhizogenes
AR1193 pRi1193 carrying pBR322 in the TL segment, (Stougaard
RfR, CmR etal., 1987)
Escherichia coli
TOP10 F- mcrdA A( mrr-hsdRMS-mcrBC) Invitrogen
®80lacZAM15 A lacX 74 recAl araD139
A( araleu)7697 galU galK rpsL endAl nupG,
SmR
ST18 S17 Apir AhemA, TpR, SmR (Thoma &
Schobert,

2009)




Plasmids

pFAJ-GFP

pKI19MOBSACB

pK19MOBSACB- nodC-AB

pUBi:SYMRK-mOrange

pFAJ1708 carries the GFP encoding gene,
TcR

Integration vector with the ColE1 replication
origin, mob, sacB, lacZa, Km®R
pK19MOBSACB derivative carrying
upstream 637bp and downstream 63 1bp
flanking fragments of nodC (downstream of
nodJ and nodL) regions, Km®

Assembled by Bpil cut ligation from:

LIl dy 1-2+ LIT'F 2-3

pUBI:SYMRK :mOrange + L1l dy 3-4 + LI F
5-6 p35S:GFP + LIII B F A-B, Km®

(Kelly et
al.,2013)
(Schéfer et
al., 1994)
This work

(Ried et al.,
2014)

Tp, trimethoprim; Sm, streptomycin; Tc, tetracycline; Km, kanamycin; Gm, gentamicin; Cb,

carbenicillin; Rf, rifampicin.



Table S2 PCR primer list

Primers Sequence (5°-37)

MI13 Fwd TGTAAAACGACCCCCCAGT

M13 Rev GGAAACAGCTATGACCAT

nodC FrA F GGGAAGCTTCAGAATGAGTAGCTGCGG

nodC_FrA R ATGCTCTCCACCGTTTACGCATATAGTGGCGAGTGATGATCGC
nodC FrB F GTAAACGGTGGAGAGCAT

nodC_FrB R CCCTCTAGACTAATCCATTCTGCACGCC

nodC outer F

nodC outer R

TGGGTCGTTAGAAGAATTGT
ATGTCCTCGTATTGGTAGT




Table S3 qRT-PCR primer list

Primers Sequence (5°-3°) Reference

RI nifH gF TCCAAACTCATCCATTTCGT This work

RI nifH gR AGTCCGGCGCATATTGGATCA This work

IF-1 F CGAAAACGAACACGAGATCA (Garcia Angulo et al., 2013)
IF-1 R GTAGGGCGTCATTTCCACAA (Garcia Angulo et al., 2013)
nifH (Forward) TCCAAGCTCATCCACTTCGTG (Ott et al., 2005)

nifH (Reverse) AGTCCGGCGCATACTGGATTA (Ott et al., 2005)

Ml IF gF GAAGTCCTCGAGTTTCCGGG This work

Ml IF gR TTGAAGCGGTAGGTGATGCG This work

ERNI-314-Fw TGTCTCCTTGGATTCCCCTC (Cerriet al., 2012)
ERNI-391-Rev TTGGGGCAGGAACATCAACA (Cerriet al., 2012)

nin (Fw) AACTCACTGGAAACAGGTGCTTTC (Kumagai et al., 2006)

nin (Rev) CTATTGCGGAATGTATTAGCTAGA (Kumagai et al., 2006)
Ljnpl qF CCACATTGCTGGAGGGCCTTG (Xie et al., 2012)

Ljnpl qR GCTCACGTACCCACTGCCAC (Xie et al., 2012)

epr3 (Fw) TGGCAGCAGTTTTGAACAAG (Kawaharada et al., 2015)
epr3 (Rev) GTCTTCAGCGGGGTATTTGA (Kawaharada et al., 2015)
ATP (Fw) CAATGTCGCCAAGGCCCATGGTG (Kawaharada et al., 2015)

ATP (Rev)

AACACCACTCTCGATCATTTCTCTG

(Kawaharada et al., 2015)




Table S4 Nod Factor structures assigned from product ion mass spectra

Strain Structures

R. leguminosarum Norway | IV(16:1-OH)

IV(16:1, Ac)/(C18:2-OH)
IV(C18:4, Ac)

IV(C18:3, Ac)

IV(18:1, Ac)

IV(18:0, Ac)
IV(C18:1-OH, Ac)
IV(C20:4, Ac)

IV(C20:1, Ac)
IV(C20:4-OH, Ac)
V(C16:1-OH)

V(18:1)

V(C16:1, Ac)/(C18:2-OH)
V(C16:1-OH, Ac)/(C20:0)
V(C18:4, Ac)

V(18:1, Ac)/(C20:2-OH)
V(C18:0, Ac)(C20:1-OH)
V(C20:3,Ac)

V(C20:1, Ac)
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General discussion

The sub-compatible strain R/ Norway induces nodules in different Lotus species (Gossmann
et al. 2012), including L. burttii (Liang et al. 2019) and more than 90 L. japonicus ecotypes (Fig.
3). Diverse nodule morphologies, including nodules, arrested nodule primordia, and tumours,
are induced by R/ Norway on Lotus roots (Fig. 3) (Gossmann et al. 2012). Strikingly, the
epidermal inspection showed that R/ Norway does not induce epidermal infection threads on
Lotus (Gossmann et al. 2012). To investigate the underlying mechanism of the nodule
organogenesis and infection phenotypes, we sequenced and characterised the genome of R/
Norway and investigated the infection mechanism on L. burttii in detail. Furthermore, the co-
isolated Mn 10.2.2 strain and R/ Norway were used to investigate the rhizobia behaviours

associated with their root colonisation.

1. Infection thread-independent mechanisms

The unifying feature of the infection process includes at least three steps: i) crossing of the
epidermis, ii) cortical spreading and iii) intracellular uptake of rhizobia (Venado et al. 2020).
Model legumes from Lotus and Medicago genus are infected by their compatible
microsymbionts in an infection thread-dependent manner (Gage 2004). The study of the root
nodule symbiosis using model legumes has discovered many genes, the majority of which are
involved in nodule organogenesis and early stages of infection (Roy et al. 2020). However, the
genes involved in the later stages of infection are poorly studied. This is because the later
infection process is interlinked with the complex infection thread formation in model systems,
which is not amenable to address the infection mechanism underlying this process.
Alternatively, legumes can be invaded by rhizobia via infection thread independent strategies,
which can uncouple the infection threads formation with the infection process. Numerous
mutants in L. japonicus Gifu are invaded in the absence of epidermal infection threads. In the
nena-1 mutant, which is impaired in the generation of Ca** oscillation, M. loti MAFF 303099
invades the nodule via “crack-entry” (Groth et al. 2010). Epidermal infection threads on the
ern1-2 mutant are dramatically reduced and only infection thread-like structures are observed
(Cerri et al. 2017). The epr3-10 and epr3-11 mutants display impaired infection thread
formation in both the epidermis and cortex (Kawaharada et al. 2015, Kawaharada et al. 2017).
Strikingly, M. loti R7AAnodC can be internalised from the intercellular space into host cells of

the L. japonicus Gifu triple mutant in Nod factor receptors in the gain of function allele in
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CCaMK background, nfr1-1 nfr5-2 snf1, via “peg’-like structures (Madsen et al. 2010). These
studies on Lotus encouraged us to further investigate the infection mode of R/ Norway on L.
burttii in detail. We have characterised that R/ Norway colonised nodules in the absence of
both epidermal and cortical infection threads (Liang et al. 2019). Strikingly, the TEM inspection
showed that R/ Norway was probably internalised into the host cell directly from the apoplast
via a “peg’-like structure. The M. loti R7A nodC mutant presents a 10-20-fold lower infection
frequency than in the wild-type infecting L. japonicus Gifu (Madsen et al. 2010). In contrast, the
infection frequency of R/ Norway on L. burttiiwas 100% (Liang et al. 2019). Although the direct
internalisation of rhizobia from the apoplast has been widely identified in the leguminous plant
from the Genistoid and Dalbergioid clades, such as in Lupinus (Gonzalez-Sama et al. 2004),
Arachis (Chandler 1978), Stylosanthes (Chandler et al. 1982), and Aeschynomene (Loureiro
et al. 1995, Arrighi et al. 2012). Besides, the infection thread-independent mechanism has also
been identified in M. scabrella, which does not belong to the Genistoid and Dalbergioid clades
(de Faria et al. 1988). However, these hosts are less amenable to study the mechanism
behind. Therefore, the interaction of RI Norway and Lotus can be used as a model to study the

infection mechanisms in later stages.

The alternative infection in other non-model legume hosts has been applied to uncover the
mechanism in different infection stages. S. rostrata grown under flooding conditions can be
invaded via “cracks” in the epidermis (Ndoye et al. 1994, Goormachtig et al. 2004). The pattern
of calcium oscillations in S. rostrata upon treatment by Nod factors of A. caulinodans ORS571
varies compared with that of M. truncatula treated with Nod factors of S. meliloti (Capoen et al.
2009). In addition, A. caulinodans ORS571 can still infect the primordium of a CCaMK RNAI
knockdown line (Capoen et al. 2009). Therefore, the studies of S. rostrata indicate that Nod
factor-mediated Ca?* oscillation is not required for epidermal infection via “crack-entry”. To
investigate the host gene expression induced in L. burttii, we compared the expression of
several crucial symbiotic markers upon the infection with R/ Norway or with M. loti MAFF
303099. In general, symbiotic marker genes induced by R/ Norway displayed a distinct
expression pattern in comparison with M. loti MAFF 303099. NIN is a hub transcriptional factor
regulating both the nodule organogenesis and rhizobial infection network (Liu et al. 2019a).
There are hundreds of downstream genes that are controlled by NIN (Liu et al. 2019a).
Expression of NIN in L. burttii was induced only at 14 dpi by R/ Norway, while M. loti MAFF
303099 induced NIN expression already at 3 dpi. Intriguingly, the expression of nodulation
pectate lyase (NPL), which is a direct target of NIN, was not significantly reduced, although

NPL is involved in both epidermal and cortical infection thread formation (Xie et al. 2012).
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Nevertheless, The NIN expression of R/ Norway probably mirrors the delayed nodulation and
infection phenotypes that R/ Norway induced. ERN1 is another crucial transcriptional factor
targets downstream genes, which are limited and distinct from the targets of NIN (Liu et al.
2019a). RI Norway induced lower expression of ERN17 in comparison with M. loti MAFF
303099. Overall, the distinct expression of NIN and ERN1 upon R/ Norway inoculation
compared with M. loti MAFF 303099 may induce the change of the downstream gene
expression pattern. Strikingly, Symbiotic remorin 1 (SYMREM?1) was not induced by R/ Norway
up to 14 dpi in L. burttii. SYMREM1 is proposed to act as a scaffold to stabilise the symbiotic
membrane nanodomain formed by the flotillin protein FLOT4 (Liang et al. 2018b). In this
membrane nanodomain, SYMREM1 recruits the ligand-activated Lysin Motif Receptor-LIKE
Kinase3 (LYKS3) (Liang et al. 2018b, Lefebvre et al. 2010). It has been hypothesised that the
symbiotic nanodomain is involved in the elongation of infection threads (Ott 2017). This
suggests that the lack of SYMREM?1 in this nanodomain might contribute to the absence of

infection threads upon R/ Norway infection.

2. The internalisation process of Rl Norway

Rhizobia are commonly surrounded by an electron-dense matrix during internalisation
(Parniske 2018). The cytoskeleton rearrangement and the vacuole degeneration are largely
engaged in the internalisation process (Timmers et al. 1998, Kitaeva et al. 2016). The
internalisation of rhizobia is crucial for the nitrogen fixation, because the intracellular
environment in the nodule provides the necessary conditions for the rhizobial nitrogen fixation
(Burén and Rubio 2018). However, the mechanism of the rhizobial internalisation is not well
elucidated. It has been proposed that there is a unique perception mechanism before rhizobia
entry (Moling et al. 2014). Evidence showed that there is a perception of Nod factors in the
cortex of the indeterminate Medicago type of nodule. The indeterminate nodule contains
distinct zones from the distal to the proximal of the root, including meristem zone, infection
zone, fixation zone, and senescence zone (Patriarca et al. 2004). In the infection and fixation
zone, the internalisation of rhizobia via the infection threads actively occur (Patriarca et al.
2004). Nod factor biosynthesis genes have been found to be expressed in the infection and
fixation zone in M. truncatula (Roux et al. 2014, Sharma and Signer 1990). In addition, Nod
factor receptors Nod Factor Perception (NFP) and LYK3 in Medicago accumulate in about two
layers close to the fixation zone of the nodule (Moling et al. 2014). These studies suggest that
there is a Nod factor-perception in the cortex to regulate the formation of the symbiotic

interface.

67



This thesis further addresses whether Nod factors are involved in the formation of “peg’-like
structures. A strain containing a nodC mutation in RI Norway which impairs the gene involved
in the biosynthesis of the core of Nod factors, was generated. However, Rl NorwayAnodC was
not able to induce nodule formation on L. burttii. To assess this, we inoculated R/
NorwayAnodC on L. burttii transgenic roots overexpressing SYMRK, which can induce
spontaneous nodules in the absence of rhizobial inoculation, as described in a previous report
in L. japonicus Gifu (Ried et al. 2014). We observed that R/ NorwayAnodC was able to inter-
and intra-cellularly colonise the cortex of the spontaneous nodules (Liang et al. 2019).
Interestingly, RI NorwayAnodC was internalised into the host cells in the absence of “peg”-like
structures. However, this observation is in contrast to the previous study of a triple mutation of
L. japonicus Gifu, which the M. loti R7AAnodC can be internalised via “peg’-like structures
(Madsen et al. 2010). There is the possibility that R/ NorwayAnodC colonised the dead host
cells so that R Norway was not actively internalised by the host. Another explanation could be
that the overexpression of SYMRK in the root activated an alternative symbiotic signalling. This
alternative signalling would instead mediate the internalisation of R/ NorwayAnodC in the
absence of “peg’-like structures. In the study of Madsen et al., the gain-of-function mutation of
CCaMK (snf1) background can also possibly induce downstream signalling involved in the
infection so that gives rise to “peg’-like structures formation. Nevertheless, we concluded that
the formation of “peg”-like structures depends on the Nod factors of Rl Norway. Together, our
results reinforce the hypothesis that there is a perception of Nod factors before the

internalisation of rhizobia.

In addition to L. burttii, RI Norway induced diverse infection patterns in more than 90 L.
Japonicus ecotypes in the absence of infection threads (Fig. 3). Strikingly, the internalisation
phenotypes of R/ Norway on L. japonicus ecotypes were contrastive (unpublished data, R.
Venado). This contrastive internalisation capacity in L. japonicus ecotypes in combination with
genome-wide transcriptional analysis can be further explored to identify genes involved in the
internalisation process. In addition, a genome-wide association study (GWAS) can also be
applied to associate the internalisation trait to the related genes. Overall, infection-thread
independent mode on Lotus induced by R/ Norway can be used as a system to identify genes

involved in the internalisation process.
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3. Approaches to identify rhizobial genes involved in the
internalisation process

In the infection thread-dependent infection process, Nod factors are the best-known rhizobial
signal involved in the infection processes. In addition, EPS is known involved in the infection
thread formation, but the downstream signalling induced by the EPS perception is not well
elucidated (Kawaharada et al. 2015). In the Nod factor-independent infection process,
effectors have been found to play an important role in the infection process (Teulet et al. 2019).
However, the downstream signalling that effectors induced is not well elucidated. Therefore,
the signalling induced by other symbiotic molecules instead of Nod factors needs to be further
examined. As discussed in the above section, R/ Norway can be internalised into the host cell
in the absence of cortical infection threads. This phenotype provides the possibility to study
symbiotic signals involved in the internalisation. However, uncovering the role of symbiotic
molecules still remains a challenge. Although laser capture microdissection has been used to
analyse gene expression of both rhizobia and host cells in different zones of the Medicago
nodule (Roux et al. 2014, Roux et al. 2018, Limpens et al. 2013), this is not applicable on R/
Norway infected nodules. This is because R/ Norway infected nodules are mosaic and contain
infected cells next to non-infected cells as well as a large number of intercellular bacteria. The
resolution of the laser capture microdissection is not enough to separate these different types
of cells. During my doctoral studies, protoplast isolation was attempted to separate the infected
host cells (intracellular colonised rhizobia) from the rhizobia colonised between host cells
(intercellular colonised rhizobia). However, the low colonisation rate of R/ Norway in the nodule
cells resulted in a very limited number of infected host cells successfully isolated (unpublished
data). The infected cells also very easily lysed after isolation. The cell membrane in the nodule
cells was probably disrupted during the rhizobia internalisation process, which could contribute

to the cell lysis. Therefore, alternative methods need to be carried out in future studies.

Several T3Es of Bradyrhizobium spp. have been shown to mediate infection in the absence of
infection threads. The nopT mutation in Bradyrhizobium ORS3257 colonises only between the
cortex cells but not in the host cells in the nodules of A. indica (Teulet et al. 2019). NopT is
known to function as a cysteine protease located in the cytoplasmic membrane of the host cell
(Fotiadis et al. 2012). Besides, nopAB mutant in Bradyrhizobium ORS3257 shows no
colonisation (Teulet et al. 2019). Different infection phenotypes induced by the T3Es mutants
suggest that T3Es are involved in the infection of Bradyrhizobium spp. at different steps (Teulet

et al. 2019). One hypothesis is that effectors released from R/ Norway could mediate the
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infection on L. burttii. A targeted approach can be used to identify possible candidate rhizobial
genes involved in the internalisation process. To further study the function of secreted proteins
of RI Norway in the infection process, we analysed the secretion systems of R/ Norway. R/
Norway has several protein secretion systems, including T1SS, T4SS, T5SS, and T6SS, but
does not have the best-studied T3SS (Liang et al. 2018a). The T1SS of rhizobia secrete Raps
and glycanases, which are involved in the biofilm formation in R/ species but are not essential
for the root nodule symbiosis (Russo et al. 2006). T5SSs are categorised as auto-transporters
(reviewed in (Meuskens et al. 2019, Henderson et al. 2004)) and two-partner systems (Jacob-
Dubuisson et al. 2013) to translocate proteins across the plasma membrane. Proteins secreted
via T5SSs are often toxins, adhesins or proteinases (reviewed in (Meuskens et al. 2019,
Henderson et al. 2004)). However, the function of T5SS in root nodule symbiosis is unknown.
The T5SS of RI bv. viciae 3841 does not play a role in the root nodule symbiosis with Pisum
sativum cv. Frisson and other hosts (Krehenbrink and Downie 2008). Interestingly, Rl Norway
contains a two-partner system that is absent in R/ bv. viciae 3841 (Liang et al. 2018a). The
cargo protein of the two-partner system of RI Norway is a putative filamentous hemagglutinin.
Members of this family are involved in the biofilm formation of virulent Bordetella spp. (Locht
et al. 1993). The functions of T1SSs and T5SSs of R/ Norway are less likely involved in the
infection, but the actual functions of them are worth to be further examined. T4SS and T6SS
can directly translocate proteins into the host cytoplasm (Fauvart and Michiels 2008).
Interestingly, the expression of the T4SS in M. loti R7A depends on NodD (Hubber, Sullivan
and Ronson 2007). T6SS is the least studied secretion system and proteins secreted by the
T6SS have not been identified in rhizobia. The role of T4SS and T6SS in mediating the
nodulation compatibility has been reported in other strains of R/ species (Hubber et al. 2004,
Bladergroen, Badelt and Spaink 2003, Salinero-Lanzarote et al. 2019), but the functionality of
them in infection process has not been investigated. A targeted approach to delete the
essential genes involved in the secretion systems can be further used to inspect the infection
of RI' Norway in L. burttii.

4. Nodulation incompatibility on L. japonicus Gifu

In addition to the striking infection process that R/ Norway induced on Lotus, R/ Norway can
nodulate a broad range of plants from Lotus genus (Gossmann et al. 2012). Interestingly, R/
Norway failed to induce nodule organogenesis on L. japonicus Gifu and MG-86 growing in the
Seramis substrate (Fig. 3) (Gossmann et al. 2012). The stringent nodulation phenotype of L.

Japonicus Gifu and MG-86 indicates that rhizobial signals are tightly recognised by the hosts.
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The different nodulation phenotypes induced on the hosts by R/ Norway can be applied to
further study the perception mechanism. This reinforces the advantage of using natural

diversity to uncover this phenomenon.

Some substituents of Nod factors are known to play a role in the specific nodulation
compatibility in different hosts (Lopez-Lara et al. 1996, Stacey et al. 1994, Rodpothong et al.
2009). We have compared the nod genes of Rl Norway with M. loti MAFF 303099. The nod
gene analysis showed that M. loti MAFF 303099 harbours the nodZ gene (Kaneko et al. 2000),
which is not present in the nod cluster of Rl Norway (Liang et al. 2018a). nodZ encodes the
enzyme responsible for adding fucosyl residues at the reducing end of the Nod factors
(Mergaert et al. 1996, Quesada-Vincens et al. 1997, Lerouge et al. 1990). Mass spectrometry
analysis showed that R/ Norway produces Nod factors with unsaturated lipid chains and
without the fucosyl decorations (Liang et al. 2019), which is also consistent with the nod gene
analysis (Liang et al. 2018a). The fucosyl substituents, added by the nodZ gene, is involved in
the nodulation compatibility with Lotus. For example, M. lofi R7AAnodZ induces severely
decreased nodule numbers in several Lotus species (Rodpothong et al. 2009). Interestingly,
the delayed nodulation in L. japonicus Gifu is more pronounced compared to L. burttii
(Rodpothong et al. 2009). This suggests that the structure of Nod factors required for inducing
nodule organogenesis are more stringent for L. japonicus Gifu than for L. burttii. This is
consistent with the nodule organogenesis phenotype induced by R/ Norway on the two hosts.
The nodZ gene affects the specificity of nodulation of other legumes as well. The nodZ mutant
in B. japonicum USDA110 is defective in nodulating Macroptilium atropurpureum (Stacey et al.
1994). Introduction of the nodZ gene from B. japonicum USDA110 into R/ bv. viciae RBL5560
(RI bv. viciae - DZ) enables RI bv. viciae RBL5560 to gain the nodulation capacity on M.
atropurpureum (Lopez-Lara et al. 1996). Similar results obtained in the study in Lotus. Rl bv.
viciae - D, which is a genetically engineered derivative of R/ bv. viciae RBL5560, produces an
unfucosylated reducing-terminal Nod factors. This strain cannot nodulate Lotus species,
including L. burttii, L. filicaulis, L. japonicus MG-20, Gifu and Nepal (Gossmann et al. 2012).
Interestingly, RI bv. viciae - DZ can nodulate the Lotus species above, but not L. filicaulis
(Gossmann et al. 2012). These results suggest that the fucosyl substituents in the Nod factor
may play a role in the specificity of nodulation. Ectopic expression in R/ Norway of the nodZ
gene from a compatible M. loti strain could be further applied to determine the role of it in the

nodulation compatibility of L. japonicus Gifu.

The effector-triggered immunity (ETI) of hosts has been shown involved in the nodulation

incompatibility in soybean. For example, Rj2 & Rfg1 genes of soybean, encoding a plant
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resistance (R) protein, restrict nodulation compatibility of B. japonicum USDA257 (Yang et al.
2010). The restriction of nodulation is elicited by triggering defence response of the Rj2-
soybean by the NopP effector of Bradyrhizobium USDA122 (Sugawara et al. 2018). As R/
Norway harbours several secretion systems, there is another hypothesis that R/ Norway could
release molecules to block the nodulation on L. japonicus Gifu. Based on this hypothesis, the
genes involved in the specificity of nodulation could be determined by a forward genetic screen.
When the gene involved in the blocking effect is mutated, it can induce nodule organogenesis
on L. japonicus Gifu. During my doctoral studies, | generated a transposon insertion mutant
pool of RI Norway by using a Transposon insertion sequencing (Tnseq) approach that has
been successfully applied in R/ bv. viciae 3841 (Perry and Yost 2014). The genome analysis
showed that this mutant pool potentially contains more than 100,000 different mutants. To
reduce the laborious work, the collection of mutants needs to be mixed as an inoculum to
identify the candidate genes. However, R/ Norway contains more than 7,000 genes in the
genome (Liang et al. 2018a). As the Rl bv. viciae 3841 strain contains 89.5% neutral genes in
the genome (Perry and Yost 2014), we speculated that the number of neutral genes of R/
Norway is also considerable. In the mixed inoculum, the wild-type-like rhizobia mutants are
likely to be dominant in the population. The wild-type-like rhizobia can still release proteins or
other compounds to block the nodulation. One strategy to overcome this challenge is to reduce
the number of mutants in the mixed inoculum for each plant to decrease this blocking effect
from the rhizobia on the host. By using this approach, unknown factors involved in the

nodulation compatibility maybe can be determined.

5. Synergistic effect of dual species root colonisation

Root colonisation is the prerequisite for establishing the root nodule symbiosis. The root
colonisation of rhizobia has not been shown to directly influence the root nodule symbiosis in
previous studies (Smit et al. 1987, Mongiardini et al. 2008). Although, it is probably more
relevant for the root nodule symbiosis in the environment where microbial communities are
more complex (Williams et al. 2008, Ormefio-Orrillo et al. 2008). Rhizosphere is a nutrient rich
niche for microbes, where up to 20% of the photosynthetic compounds are released from the
roots (Walker et al. 2003). There are up to 10'? bacteria present in one gram of soil in the
rhizosphere (Kennedy and de Luna 2005). In order to colonise the nutrient rich root, there are
competition and cooperation among rhizobia. However, the impact of bacteria interaction on
the root colonisation has not been well addressed under laboratory conditions. One reason is

that current studies on the root colonisation mainly focus on single strain inoculums. Another
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reason is that the root colonisation involves complex bacterial behaviours, including
chemotaxis, motility, biofilm formation, etc. (Wheatley and Poole 2018). R/ Norway was co-
isolated with Mn 10.2.2 from the same nodule (Gossmann et al. 2012), which indicates that
they originated from a close spatial niche instead of an arbitrary system. The level of root
colonisation between the two rhizobia was very different. RI Norway colonised massively on
the root, while the colonisation of Mn 10.2.2 was not very pronounced (Fig. 8). Interestingly,
the root colonisation by both rhizobia was enhanced in the 24-well plate (Fig. 8) and the distal
inoculation assays (Fig. 10). Strikingly, in the distal inoculation assay, the nodule number
induced by the co-inoculation was significantly higher than the single inoculation condition (Fig.
10). This suggests that R/ Norway and Mn 10.2.2 could influence the behaviour of each other
in the root colonisation process. To reduce the complexity of studying the rhizobia interaction
in planta, the motility and the biofilms formation in vitro were inspected as a first step to

investigate the reason underlying the enhanced root colonisation.

The motility is crucial for rhizobia to colonise the root in the early stage (Zheng et al. 2015,
Ormeno-Oirrillo et al. 2008). The swarming motility of Rl Norway was higher than Mn 10.2.2
(Fig. 11), which mirrors the higher root colonisation of Rl Norway from the distal inoculation
assay (Fig. 10). Interestingly, the motility of Mn 10.2.2 was increased in the presence of R/
Norway (Fig. 11), which possibly contributes to the increased nodule number and root
colonisation of Mn 10.2.2 in the co-inoculation condition of the distal inoculation assay (Fig.
10). The motility alteration of Mn 10.2.2 on the soft agar plate may include not only swarming
but also other types of motility, for example, the growth-induced sliding motility (Kearns 2010,
Holscher and Kovacs 2017, Janczarek 2011). Thus, the increased motility of Mn 10.2.2 in the
presence of R/ Norway was probably not completely result from the swarming motility of R/
Norway. The movement of bacteria driven by the flagella and pili contribute greatly to different
types of motility depend on the environment (Mitchell and Kogure 2006, Gordon and Wang
2019, Merz, So and Sheetz 2000). To address how motility influences root colonisation, it
would be interesting to use the flagella and pili impaired mutants to colonise the root in a short
growth period. The short growth period aims to eliminate other motilities, which could occur

later, for example, the sliding motility.

In the later stage, biofilms are crucial for the root colonisation of rhizobia (reviewed in (Fujishige
et al. 2006, Wheatley and Poole 2018). Biofiims are normally constructed by cohesive
polymers to enhance the surface attachment of bacteria (Rinaudi and Giordano 2010,
Flemming and Wingender 2010). In a microbe community, the formation of the mixed biofilms

is normally a consequence of a synergistic effect of bacteria (Burmglle et al. 2006, Lopes et
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al. 2012, Lee et al. 2014). It is hypothesised that mixed biofilms can provide higher adhesion
(Burmglle et al. 2014). However, the formation of mixed biofilms of rhizobia has not been
addressed. R/ Norway was observed forming biofilms alone, while Mn 10.2.2 only attached on
the glass slides with few cells (Fig. 13). Interestingly, Mn 10.2.2 was embedded in the dense
area of biofilms together with RI Norway (Fig. 13). This suggests that mixed biofilms were
successfully formed, which is hypothesised to provide higher adhesion for the root

colonisation.

Surface polysaccharides are key components of the biofilm matrix, because they act as the
scaffold to adhere to bacteria. For example, the reduced production of surface polysaccharides
impairs the biofilms formation of R/ and S. meliloti strains (Fujishige et al. 2006, Russo et al.
2006, Vanderlinde et al. 2009). The role of the surface polysaccharides of R/ Norway in the
biofilm formation was investigated in this thesis. The quantity of biofilms detected of R/
NorwayAexo5 in the 24-well plate assay was not reduced in comparison with the wild type R/
Norway, but slightly higher (Fig. 12). However, the pattern of RI NorwayAexob attached on the
glass slide was significantly changed. Water channels were obviously visible in the presence
of the wild type R/ Norway, while a more homogeneous structure of biofilms formed in the
culture of RI NorwayAexo5 (Fig. 13). Under the co-culture condition, although the lower
quantity of biofilms was detected in the 24-well plate assay, the structure of biofilms was not
different from the single culture condition (Fig. 13). This indicates that the structure formation
of the mixed biofilms largely depends on the surface polysaccharides of Rl Norway. In addition
to rhizobia, numerous studies illustrate that surface polysaccharides affect the biofilms
formation in different bacteria. For example, a similar structural change of biofilms has been
observed in the acetylation-defective exopolysaccharides (alginate) of P. aeruginosa FDR1
(Tielen et al. 2005). The authors observed that the alginate contributes to the microcolony
formation in the biofilms initiation stage (Tielen et al. 2005), which possibly influences the
structure formation of biofilms. The structure of the surface polysaccharides of R/ Norway could
be determined in future studies to identify the role of specific surface polysaccharides during

biofilms formation.

In addition to root colonisation, mixed biofilms formation aid bacteria to be more resilient to
harsh environmental conditions compared to single-species biofilms (Crespi 2001, Elias and
Banin 2012). This is evidenced by studies in which mixed biofilms of Pseudomonas and other
species endure more antimicrobial compounds than single-species biofilms (Lee et al. 2014,
Lopes et al. 2012). A similar phenomenon occurs in the mixed biofilms of four marine isolates

belonging to Microbacterium phyllosphaerae, Shewanella japonica, Dokdonia donghaensis,
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and Acinetobacter Iwoffii species (Burmglle et al. 2006). Although the mixed biofilms formation
is a cooperative behaviour of many bacteria, the function of them in rhizobia is yet unknown. It
can be hypothesised that mixed rhizobial biofilms are more tolerant to antimicrobial
compounds released by roots or other microbes. Therefore, Mn 10.2.2 and R/ Norway may
have a synergistic effect with each other in terms of the mixed biofilms formation. However,

the exact role of the mixed biofilms needs to be further investigated.

Overall, the enhanced root colonisation in the presence of both strains suggests there is a
synergistic effect on the root colonisation. The motility promotion and the mixed biofilms
formation in the presence of the two strains may contribute to the enhanced root colonisation.
However, direct evidence needs to be shown in future studies in order to fully explain the

enhanced root colonisation.

6. General Conclusion

In summary, a previous study that identified a Rl Norway strain, which can infect and nodulate
a broad range of Lotus (Gossmann et al. 2012). We later discovered that R/ Norway induces
an infection thread-independent infection on Lotus. Strikingly, RI Norway is directly internalised
from the apoplast into the nodule cells via “peg”-like structures. This thesis also showed that
the formation of “peg’-like structures depends on the biosynthesis of Nod factors from R/
Norway. Together, these results support the previous hypothesis that there is a perception
mechanism before the rhizobial internalisation. This opens the possibility of identifying the
fundamental genetic basis of the internalisation in combination with powerful next generation

sequencing (NGS) and GWAS approaches.

Furthermore, co-inoculation of R/ Norway and Mn 10.2.2 enhanced the root colonisation of
both strains on the L. japonicus Gifu in both the 24-well plate and the distal inoculation assays.
The co-culture of RI Norway and Mn 10.2.2 induced mixed biofilms formation. This opens the
possibility to study the function of the mixed biofilms in root colonisation, which is not elucidated
so far. In addition, these phenotypes can be provided as a preliminary model to establish the
system to further study the interaction of bacteria within the soil microbe communities in the

rhizosphere.
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Supplementary figures
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Figure 3: Nodule phenotypes of Lotus upon RI Norway inoculation at 6 wpi.

(a) Boxplot of the nodule number per plant of L. burttii and a subset of L. japonicus ecotypes. Dark grey,
light grey and white boxes indicate nodules, bumps, and tumours, respectively. (b) Representative
morphologies of nodules (MG81a, MG136a), bumps (MG28, MG81b, MG136¢c), and tumours (MG123,
MG79, MG136b). Scale bar: 500 pm.
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Supplementary results

1. RI Norway co-colonised L. japonicus Gifu nodules in the

presence of Mn 10.2.2

RINorway and Mn 10.2.2 were originally co-isolated from a single root nodule of L. corniculatus
(Gossmann et al. 2012). However, a previous study showed that R/ Norway cannot induce
nodules on the root of L. corniculatus by itself, but Mn 10.2.2 can induce (Gossmann et al.
2012). Thus, the co-isolation of RI Norway and Mn 10.2.2 suggests that R/ Norway can co-
colonise nodules with Mn 10.2.2. Nodules hosting multiple rhizobia have been observed in
many studies (Checcucci et al. 2016, Friesen and Mathias 2010) and have been proposed to
be a reservoir for inefficient symbionts under natural conditions (Westhoek et al. 2017,
Mendoza-Suarez et al. 2020). To further investigate how R/ Norway co-infects nodules, we
first aimed to reconstruct this observation under laboratory conditions. L. corniculatus is not a
well characterised Lotus species, lacking defined germplasms, inbred lines, mutant collections
and a completely published genome sequence. Therefore, we compared the growth and
nodule organogenesis of the well-established model species L. japonicus Gifu upon rhizobia
inoculation. As shown in Figure 4, even three weeks post-inoculation (wpi), R/ Norway did not
induce nodulation in L. japonicus Gifu (Fig. 4, Rl Norway, lower panel). Shoots displayed a
stunted phenotype, pale green leaves and purple stems, which indicate nutrient deficiency
(Fig. 4, RINorway, upper panel). In contrast, Mn 10.2.2 induced pink nodules on the roots (Fig.
4, Mn 10.2.2, lower panel) and promoted shoot growth of L. japonicus Gifu (Fig. 4, Mn 10.2.2,
upper panel). Upon R/ Norway and Mn 10.2.2 co-inoculation, L. japonicus Gifu developed pink
nodules on their roots and shoot growth was promoted as well (Fig. 4). To assess whether
nodules were co-infected by R/ Norway and Mn 10.2.2 DsRed, the nodule colonisation was
quantified by isolating rhizobia from around 100 L. japonicus Gifu nodules. Surface sterilised
nodules were crushed, and the suspensions were grown on rhizobium selective media.
Different strains were distinguished by supplementing the medium with different antibiotics. All
of the nodules were infected with Mn 10.2.2. Five percent of nodules in L. japonicus Gifu were
co-infected by both R/ Norway and Mn 10.2.2. Therefore, we conclude that R/ Norway is

capable of colonising L. japonicus Gifu nodules in the presence of Mn 10.2.2.
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Mn 10.2.2 RI Norway Mn 10.2.2 + RI Norway Mock

Figure 4: Plant growth phenotypes upon rhizobia inoculation.

Representative images of L. japonicus Gifu plantlets upon Mn 10.2.2, RI Norway, or Mn 10.2.2 + R/
Norway inoculation at 3 weeks post-inoculation (3 wpi). Upper panel: plantlets inoculated with FAB
medium without bacteria were used as mock control. Lower panel: a close up of the root morphology,
showing the presence or absence of nodule formation. Scale bars: upper panel: 1 cm, lower panel: 1

mm. The experiment was conducted with 20 plants per condition.

2. Co-colonisation by R/ Norway and Mn 10.2.2 does not impair the

growth of the host

Although RI Norway cannot nodulate L. japonicus Gifu alone, it can co-infect to the nodules
induced by Mn 10.2.2. To address whether the co-colonisation by R/ Norway and Mn 10.2.2
causes an impairment in host growth, we inoculated L. japonicus Gifu plants and quantified
nodule organogenesis and plant growth in time course experiments (Fig. 5). Rl Norway single
inoculation does not promote the growth of L. japonicus Gifu (Fig. 5a). Moreover, at 6 wpi,
shoot length was significantly reduced in comparison to the mock condition (Fig. 5a). The dry
weight of the shoot of the mock condition was on average 4.63 + 0.67 mg and upon R/ Norway

inoculation was 4.16 + 0.48 mg. This result indicates R/ Norway alone slightly impaired the
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Figure 5: Co-inoculation with R/ Norway and Mn 10.2.2 induced no growth defects on the
host.

L. japonicus Gifu seedlings were treated with a mock solution or inoculated with R/ Norway, Mn
10.2.2, and Mn 10.2.2 + RI Norway. Average shoot length (a) and nodule number (b) per plant were
quantified after 1 wpi, 2 wpi, 3 wpi, and 6 wpi. Nodule morphologies developed in three stages
showed in (b) were quantified as nodules. Scale bar: 200 um. The experiment was conducted with
20 plants per condition. Error bars indicate standard deviations (SDs). The statistical analysis was

performed by t-test method, *** indicates p < 0.005.
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host growth. In contrast, Mn 10.2.2 and Rl Norway co-inoculation promoted the plant growth
from 2 wpi to 6 wpi, which is comparable to the single inoculation with Mn 10.2.2 (Fig. 5a). The
number of nodules in three developmental stages was quantified, as shown in Fig. 5b. The
proportions between the different morphologies did not significantly vary among the different
treatments. The average nodule number upon Mn 10.2.2 single- and co-inoculation were not
significantly different over the time period (Fig. 5b). These results demonstrate that in the

presence of Mn 10.2.2, RI Norway does not impair host growth under the tested conditions.

3. RI Norway hitchhikes in the nodule independent of the infection
thread

RI Norway did not nodulate L. japonicus Gifu alone, but it entered nodules of L. japonicus Gifu
together with Mn 10.2.2. This observation motivated us to further study how R/ Norway invades
the root nodule of L. japonicus Gifu together with Mn 10.2.2. To that aim, we inspected roots
of over 40 L. japonicus Gifu plants co-inoculated with fluorescently tagged Mn 10.2.2 and R/
Norway in comparison with single inoculations. Mn 10.2.2 DsRed induced the formation of
infection threads on root hairs, both alone and in the presence of Rl Norway (Fig. 6, infection
thread indicated by an arrow). Infection threads penetrating the epidermis and spreading in
primordia were also widely detected (Fig. 6b, d). In contrast, no infection threads were detected
by RI Norway GFP alone or in the co-inoculation condition (Fig. 6a). Instead, R/ Norway GFP
colonises the surface of the root or the nodule primordium under both conditions (Fig. 6a, c,
d). No infection threads containing both bacteria were observed under the co-inoculation
condition (Fig. 6). Nevertheless, a fraction of the mature nodules was colonised by both R/
Norway GFP and Mn 10.2.2 DsRed (Fig. 6f). Altogether, these results suggest that Rl Norway
infects the nodule independent of the infection threads induced by Mn 10.2.2. This is consistent
with the infection route that R/ Norway uses to invade the nodules of L. burttii (Liang et al.
2019).

To further study the colonisation pattern of co-infected nodules, we pre-screened them under
the light microscope and selected three-mixed nodules that were sectioned and later visualised
by confocal laser scanning microscopy (CLSM). To compare the infection pattern in different
hosts, we used L. burttii plants, as they can be nodulated and infected by R/ Norway alone
(Gossmann et al. 2012, Liang et al. 2019). Mn 10.2.2 DsRed alone fully colonised the inner
tissue of nodules induced on both species (Fig. 7a, e). The cells in this tissue were enlarged

and fully filled with Mn 10.2.2 DsRed (Fig. 7a, b, e, f). Transcellular infection threads were
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Figure 6: L. japonicus Gifu colonisation by rhizobia.

Representative micrographs of root nodule colonisation by R/ Norway GFP, Mn 10.2.2 DsRed, and Mn
10.2.2 DsRed + R/ Norway GFP. 40 roots were inspected under a fluorescence microscope. R/ Norway
GFP colonises a wider root area (a), Mn 10.2.2 DsRed is restricted mainly to infection threads (b, arrows)
on the root surface. Mn 10.2.2 DsRed + RI Norway GFP colonise on the root (c), primordium in early

stage (d), primordium in later stage (e), and mature nodule (f). Scale bars: 100 ym.
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Figure 7: RI Norway GFP colonises mixed nodules inter- and intra- cellularly.

Representative confocal laser scanning micrographs of nodule sections (50 um) of L. japonicus Gifu
and L. burttii infected by rhizobia at 3 wpi. Mn 10.2.2 DsRed colonised nodules alone (a, b, e, f) or
together with R/ Norway GFP (c, d, g, h). Cell walls were counterstained with calcofluor white (white).
Square-dashed boxes indicate the area shown on the zoom-in panels. Asterisks and arrows indicate
the intra- and inter- cellular colonisation, respectively. At least three nodules and six sections were

inspected for each condition. Scale bars: 100 pm.
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detected; however, they are not clearly visible in the displayed images. In nodules co-infected
by both strains, L. japonicus Gifu and L. burttii displayed a similar nodule colonisation pattern
(Fig. 7c, d, g, h). Mn 10.2.2 DsRed colonised only the interior of plant cells (Fig. 7b, f). By
contrast, RI Norway GFP colonised both intra- and inter-cellularly (Fig. 7d, h asterisks and
arrows, respectively). No trans-cellular infection threads induced by R/ Norway were observed.
RI'Norway GFP and Mn 10.2.2 DsRed never co-infected the same cell. They always colonised
distinct areas of a nodule section. The absence of Rl Norway GFP on epidermal infection
threads and the distinct separation in the colonisation area in the nodule, suggests that R/

Norway did not enter the nodule through Mn 10.2.2-made infection threads.

4. Co-inoculation of Mn 10.2.2 and R/ Norway promotes root

colonisation by both strains

During the inspection of the infection on the root, we observed that R/ Norway colonised a
broad area of the root, whereas the colonisation by Mn 10.2.2 was mainly restricted to the
epidermal infection threads. Interestingly, we also observed that R/ Norway GFP colonised
massively around primordia and nodules in the co-inoculation condition (Fig. 6). From this
observation, we hypothesised that R/ Norway and Mn 10.2.2 exhibit synergism during root
colonisation. To address this question, we used a simplified root attachment assay based on
a 24-well plate system, as under these growth conditions rhizobia can directly contact the roots.
L. japonicus Gifu germinated seedlings were grown in 24-well plates supplemented with liquid
FAB medium and inoculated with fluorescently tagged bacteria. Mn 10.2.2 DsRed colonised
at a lower density on the root surface compared to R/ Norway GFP (Fig. 8a). The three-
dimensional (3D) views of the root surface reconstructed from CLSM z-stack graphs showed
that R/ Norway, under both single and co-inoculation conditions, formed a thick bacterial layer
on the root surface in the co-inoculation condition (Fig. 8a). Rl Norway GFP and Mn 10.2.2
DsRed colonised together on the root surface (Fig. 8a). The colonisation of two strains did not
segregate into different sections. Further, semi-quantification by visualising the fluorescence
intensity of rhizobia on the root showed that root colonisation by both R/ Norway and Mn 10.2.2

was increased under co-inoculation conditions (Fig. 8b).
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Figure 8: Co-inoculation with Mn 10.2.2 and RI Norway increases root colonisation.

Root colonisation of L. japonicus Gifu upon rhizobia inoculation in 24-well plates at 11 dpi. (a) Upper
panel: representative z-stack view of a segment of root close to root tip colonised by Mn 10.2.2 DsRed,
RINorway GFP, or Mn 10.2.2 DsRed + RI Norway GFP. Scale bar: 200 um. Lower panel: representative
three-dimensional (3D) view of rhizobia on the root surface generated from z-stacks. (b) Semi-
quantification of the percentage of roots colonised by rhizobia using epifluorescence microscopy.
Colonisation is classified as: ++++ corresponds to the strongest colonisation; + corresponds to the

weakest colonisation; +++, ++ correspond to intermediate levels. 10 roots were quantified per condition.
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Figure 9: Scanning electron microscopy (SEM) micrographs of root colonisation of rhizobia.

Roots grown in 24-well plate were treated with a mock solution in the absence of bacteria (a), inoculated
with Mn 10.2.2 DsRed (b), RI Norway GFP (c), or Mn 10.2.2 DsRed + RI Norway GFP (d) at ODesoo = 0.1
and harvested 11 dpi in the 24-well pate. The arrows indicate rod shaped bacteria surrounded by

polymers. Scale bar: 10 ym. Credit: A. Klingl.
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To study the bacterial attachment to the root surface in a higher resolution, roots from plants
grown in the same 24-well plate assay were inspected under scanning electron microscope
(SEM) in collaboration with Prof. Andreas Klingl (LMU, Botany). The root surface and root hair
of the root tips were examined. So far unidentified materials attached on the root surface have
been observed under mock conditions (Fig. 9a, arrow). Upon Mn 10.2.2 DsRed inoculation,
rod shaped bacteria were surrounded by net-like structures, which were short and dense (Fig.
9b). In the R/ Norway single inoculation condition, longer and more loose filaments were
detected surrounding the bacteria (Fig. 9c). Rhizobia surrounded by long filaments were
detected in the Mn 10.2.2 DsRed and R/ Norway GFP co-inoculation condition as well, but the
structure was slightly more compact compared to that seen when R/ Norway was inoculated
alone (Fig. 9d). These results suggest that the materials surrounding R/ Norway and Mn 10.2.2
display slightly different structures. There are still distinct, albeit slight, differences in the
structure of the materials seen in the co-inoculation compared to that seen in the R/ Norway

inoculation (Fig. 9c, d).

5. Co-inoculation of Mn 10.2.2 and R/ Norway promotes root

colonisation of L. japonicus Gifu by both strains from a distal spot

Motility is essential for rhizobia to migrate towards and colonise the plant root (Poole et al.
2018). Even though our 24-well plate liquid assay was a good alternative to regular substrate-
based plant inoculation assays to quantify root colonisation, it does not allow for the role of
motility in root colonisation to be studied. Therefore, to investigate whether the increased root
colonisation observed upon co-inoculation with Mn 10.2.2 and R/ Norway was influenced by
their motility, we inoculated rhizobia on a ca. 5 cm distal spot from the closest plant in
comparison with a proximal (regular) inoculation (Fig. 10a). As root colonisation can lead to
nodulation, we further quantified the nodule number in each condition. Interestingly, nodule
number under the co-inoculation condition was significantly higher than single inoculation at
11 dpi in both the distal and the proximal inoculation conditions (Fig. 10b). These results
suggest a positive effect in nodulation under the co-inoculation condition. To further investigate
the root colonisation, we inspected the root by microscopy to detect the presence of RI Norway
GFP and Mn 10.2.2 DsRed. Upon proximal inoculation, all roots were colonised by rhizobia
(Fig. 10c). Consistent with our previous results, Mn 10.2.2 DsRed induced the formation of

nodules
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Figure 10: Distal root colonisation is promoted by co-inoculation.

(a) The scheme shows how rhizobia were inoculated from a “proximal” and a “distal” spot. In the “distal”
spot the inoculation was located at approximately 5 cm distance from the plants. (b) Nodule number
quantification on the roots of L. japonicus Gifu plants at 11 dpi. Each dot in the boxplot indicates the
number of nodules per plant. L. japonicus Gifu roots were inoculated with Mn 10.2.2, RI Norway GFP,
and Mn 10.2.2 DsRed + RI Norway GFP. At least 20 plants from each condition were quantified. *
indicate p-value < 0.05, which was analysed by t-test in proximal and wilcoxon test in distal conditions
respectively. (c) Shows the percentage of roots colonised by Mn 10.2.2 DsRed and R/ Norway GFP. 40
plants per condition in the “distal” inoculation and 20 plants in the “proximal” condition were quantified

by epifluorescence microscopy.
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on all of the roots, while no nodules were observed upon inoculation with Rl Norway GFP (Fig.
10b). Under the distal inoculation conditions, microscopic examination showed that after single
inoculation with Mn 10.2.2 DsRed only 28% of the total number of roots were colonised, while
during co-inoculation conditions root colonisation by Mn 10.2.2 DsRed increased to 54% (Fig.
10c). Similar to Mn 10.2.2 DsRed, root colonisation by R/ Norway GFP was increased from
34% to 71% in the presence of Mn 10.2.2 DsRed (Fig. 10c). This experiment has been
repeated twice with more than 40 roots in the “distal” inoculation and 25 roots in the “proximal”
inoculation being quantified. These results suggest that the co-inoculation with R/ Norway and

Mn 10.2.2 promotes their root colonisation from a distal spot.

6. RI Norway promotes motility of Mn 10.2.2 on a surface

polysaccharide-dependent manner

To further investigate the root colonisation promotion observed in the distal inoculation
experiments, we next studied whether R/ Norway could promote the swarming motility of Mn
10.2.2 in vitro, as swarming motility has been shown to allow bacteria to move rapidly on solid
surfaces (Verstraeten et al. 2008, Tambalo et al. 2010). For this purpose, we spot-inoculated
the rhizobia on swarming medium, which contains agar in a low concentration (0.7%) and
incubated them for two weeks at 28 °C. R/ Norway migrated from the inoculation spot and
formed a colony exhibiting a featureless mat pattern with approximately uniform cell density
(Fig. 11). Swarming structures could only be observed at the edges of the colony (Fig. 11,
arrow). In contrast, Mn 10.2.2 DsRed failed to migrate from the inoculation centre, and no
swarming structures were observed, even after two weeks of incubation (Fig. 11). Interestingly,
in the presence of R/ Norway GFP, Mn 10.2.2 DsRed was able to migrate and spike-like
structures were observed in the mixed-colony (Fig. 11, arrow). Combined these results suggest

that R/ Norway promotes the motility of Mn 10.2.2 in vitro.
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Mn 10.2.2 DsRed RI NorwayAexo5 GFP RI NorwayApssA GFP RI Norway GFP
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Co-inoculation with Mn 10.2.2 DsRed

Figure 11: RI Norway GFP promotes the swarming motility of Mn 10.2.2 DsRed.

Microscopic view of swarming colonies of Mn 10.2.2 DsRed, RI NorwayAexo5 GFP, RI NorwayApssA
GFP, and R/ Norway GFP in single and co-inoculations at 2 wpi on the swarming medium. The arrows
and asterisks indicate the swarming structures and inoculation centres, respectively. Micrographs
taken from stereo microscope are representative of two independent experiments with three biological
replicates each time. Scale bars: 2 mm.
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Swarming movement is enabled by extracellular surfactants produced by bacteria (Partridge
and Harshey 2013, Kearns 2010). Extracellular polysaccharides facilitate swarming by
reducing the friction and the tension between the swarming colony and the agar interface
(Partridge and Harshey 2013). To investigate whether the observed moatility is influenced by
the extracellular polysaccharides, we knocked out the pssA and exo5 genes of Rl Norway by
homologous recombination. The pssA and exo5 genes are involved in the acidic EPS synthesis
of Rl in the early stage (Russo et al. 2006, Janczarek and Rachwal 2013). The exo5 gene
encoded enzyme is responsible for the synthesis of KPS and LPS as well (Laus et al. 2004,
Kereszt et al. 1998, Muszynski et al. 2011). The swarming motility of Rl NorwayApssA GFP
and R/ NorwayAexo5 GFP was largely impaired in comparison to that of the wild-type strain
(Fig. 11). Interestingly, the swarming colony morphologies varied between the two mutants,
which was probably due to the different structures of the surface polysaccharides. In the co-
inoculation condition with the mutants, the migration of Mn 10.2.2 DsRed was not largely
promoted (Fig. 11). This indicates that the extracellular polysaccharides are important for the

swarming motility of RI Norway and for its promotion of the motility of Mn 10.2.2.

7. RI Norway and Mn 10.2.2 can form mixed biofilms in vitro

The root colonisation by Rl Norway and Mn 10.2.2 were both increased under co-inoculation
conditions, on both the 24-well plate assay and the “distal” inoculation experiment. Previous
studies have shown that biofilms are important for the root colonisation by rhizobia (Russo et
al. 2006, Mongiardini et al. 2008), which raises the question of whether R/ Norway and Mn
10.2.2 could form multispecies biofilms. To address this question, we quantified the ability of
rhizobia to form biofilms in vitro in a tryptone yeast (TY) medium. Five-day old single and co-
cultures of RI Norway and Mn 10.2.2 grown in 24-well plates were harshly washed with water.
Afterwards, cells and other materials closely attached on the walls of the 24-well plates were
quantified by crystal violet staining. The results showed that only R/ Norway formed biofilms
under single inoculation conditions (Fig. 12). The similarity between the quantifications of Mn
10.2.2 and that of the non-inoculated control indicated that the latter did not form biofilms (Fig.
12). In the co-culture condition, biofilms formation were not significantly different from that of
RI Norway single culture (Fig. 12). To investigate whether under co-culture conditions
multispecies biofilms are formed, a glass chamber assay allowing visualisation of biofilms by
microscopy was conducted. Rhizobia were cultured in glass chambers for four days in the
minimal modified B medium. To inspect the structure of biofilms, CLSM was applied and

samples were scanned from the top to the bottom in 1 uym interval. Rhizobia attached on the
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glass slide in one direction in all the inoculation conditions (Fig. 13). This observation is
consistent with a previous study that described the attachment of rhizobia in the surface via a
cell pole of rhizobia (Laus et al. 2005). The structures of biofilms in different conditions are
shown as 3D views constructed from the CLSM z-stack micrographs in the orthographic view
of Figure 13. Mn 10.2.2 DsRed alone did not form biofilms on the glass slides, as rhizobia were
scattered on the glass surface and did not accumulate densely (Fig. 13). The lack of biofilms
seen from Mn 10.2.2 is consistent with the well-plate assay (Fig. 12). RI Norway GFP formed
densely populated clusters in the biofilms on the glass slide with the water channels (space
between bacteria) (Fig. 13). In the co-culture condition, Mn 10.2.2 DsRed cells were mixed
together with RI Norway GFP cells (Fig. 13). The mixed biofilms contain the water channels
and a population density which were structurally similar with the R/ Norway GFP alone (Fig.
13). Together, these results suggest that R/ Norway and Mn 10.2.2 formed mixed biofilms on
the glass slide, which present similar structure as R/ Norway. Extracellular materials, such as
extracellular polysaccharides and secreted proteins, are crucial for biofilm formation (Rinaudi
and Giordano 2010). To address the impact of extracellular polysaccharides on biofilm
formation, the biofilms of R/ NorwayAexo5, an extracellular polysaccharide impaired strain,
were determined in both single and co-inoculation conditions. The biofiims formed by R/
NorwayAexob were slightly higher than R/ Norway alone in the 24-well plate (Fig. 12). In the
glass chamber assay, RI NorwayAexo5 were evenly scattered on the glass surface with no
water channels and attached homogenously to the glass slide without clustering (Fig. 13).
Interestingly, the biofilms formed in the co-culture of R/ NorwayAexo5 with Mn 10.2.2 were
decreased in the 24-well plate assay (Fig. 12). However, upon inspection of the glass chamber
assay, there was no obvious structural alteration when compared with RI NorwayAexo5 alone
(Fig. 13). This result suggests that the surface polysaccharides of R/ Norway affect the biofilm

formation in the single- and co- culture conditions.
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Figure 12: Mn 10.2.2 can form mixed biofilms with R/ Norway in vitro.

Boxplot showing biofilms quantification of Mn 10.2.2 DsRed, R/ Norway GFP, and Mn 10.2.2 DsRed +
RI Norway GFP, RI NorwayAexo5, Mn 10.2.2 + RI NorwayAexob5 cultures grown on TY medium, and in
TY medium only as control. After 5 dpi, biofilms of rhizobia grown in 24 well plate were quantified by
crystal violet staining. Each dot represents one biological replicate. Three independent experiments
were conducted. The statistical analysis was performed using ANOVA and TukeyHSD methods. Lower

case letters indicate significance groups.
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Figure 13: Mn 10.2.2 can form mixed biofilms with RI Norway and R/ NorwayAexo5 on glass
slides.

CLSM micrographs of biofilms on glass slides upon rhizobia inoculation in the minimal modified B
medium at 4 dpi in a static growth condition at 28 °C. Representative 3D view (upper panel) and
orthographic view (lower panel) of biofilms formed by Mn 10.2.2 DsRed, R/ Norway GFP, and Mn 10.2.2
DsRed + RI Norway GFP, RI NorwayAexo5, Mn 10.2.2 DsRed + RI NorwayAexob5 inoculation. 3D and
orthographic view were constructed from CLSM z-stack micrographs. At least 6 replicates were

inspected for each condition, and representative images are shown.
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Supplementary materials and methods

1. Bacterial strains and growth conditions

The bacterial strains and the specific antibiotics used in this work are listed in Table 2. Rhizobia
from glycerol stocks stored at -80 °C are first grown on the TY agar plate for 4-6 days before
being grown in Tryptone Yeast (TY) broth (Beringer 1974) at 28 °C with 180 rpm for 2 days.
The Escherichia coli (E. coli) ST18 strains used in the conjugation assay were grown for 1 day
at 37 °C with 180 rpm in Luria Bertani (LB) broth. The following antibiotic concentrations were
used for rhizobia: tetracycline (Tc, 2 ug mi™"); neomycin (Nm, 50 ug mi™); streptomycin (Sm,
500 pg mi™"); fosfomycin (Fm, 15 ug mi™"). The antibiotic concentrations supplied for E. coli
were kanamycin (Km 50 pyg mi™") and tetracycline (Tc 10 ug mi™"). The E. coli ST18 strain was

additionally supplemented with 50 pg mi~* 5-aminolevulinic acid (ALA).

2. Plant growth and inoculation conditions

Lotus burttii B-303 (seed bag number: 92873) and Lotus japonicus Gifu (seed bag number:
111249) seeds were germinated as previously described in (Liang et al. 2019). Different
inoculation conditions were used for different experiments. For the nodulation and shoot
growth assays, ten plants were grown in a jar containing 300 ml of dry sand:vermiculite (2:1
mixture) supplemented with 40 ml FAB medium. Rhizobia were grown and harvested in
stationary phase and washed with sterile water by centrifugation at 4,000 g for 10 min. Bacteria
were then resuspended in FAB medium, and the ODeoo was adjusted to 0.005. Each plant was
inoculated with 1 ml of bacterial suspension (contains approximately 5 x 10° cells). The time
course assay was done once, 20 plants per inoculation condition and 10 plants per mock
condition were quantified. For the nodule infection assays, 25 plants in each condition were

inspected in two independent experiments.

For the distal inoculation assay, five plants were grown in a jar containing ca. 250 ml of dried
sand:vermiculite (2:1 mixture) supplemented with 40 ml FAB medium. Each plant was
inoculated with 1 ml of the bacterial suspension (ODegoo = 0.005) as the “proximal” spot (Fig.
10a). For the distal-inoculation conditions, 5 ml of bacterial suspension at ODggo = 0.005 was

inoculated 5 cm away from the plant root. This assay was repeated twice with
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Table 2 Strains and plasmids

Strain and plasmid

Derivation and relevant genotype

Reference

Strains

Rhizobium leguminosarum
Norway
Norway GFP

NorwayAexo5
DsRed
NorwayApssA
DsRed

Mesorhizobium norvegicum
10.2.2

10.2.2 DsRed

Escherichia coli
TOP10

ST18
Plasmids
pFAJ-GFP
pFAJ-DsRed

pK19mobsacB

pK19mobsacB-pssA-AB

pK19mobsacB-exo5-AB

Spontaneous SmR mutation of R/ Norway
Spontaneous SmR mutation of R/ Norway
containing pFAJ-GFP plamid, SmR, TcR

exo5 deletion of RI Norway containing pFAJ-
DsRed plasmid, SmR, TcR

pssA deletion of R/ Norway containing pFAJ-
DsRed plasmid, SmR, TcR

Mn 10.2.2 wild-type

Mn 10.2.2 containing the pFAJ-DsRed plasmid,

FmR, TcR

F- mcrA A(mrr-hsdRMS-mcerBC) ®80/acZAM15
A lacX74 recA1 araD139

A( araleu)7697 galU galK rpsL
SmR

S17 Apir AhemA, TpR, SmR

endA1 nupG,

pFAJ1708 carries the GFP encoding gene, TcR
pFAJ1708 carries the DsRed encoding gene, TcR
Integration vector with the ColE1 replication
origin, mob, sacB, lacZa, KmR

pK19mobsacB derivative carrying upstream
481bp

fragments of pssA regions, KmR

and downstream 531bp flanking

pK19mobsacB derivative carrying upstream
481bp

fragments of exo5 regions, KmR

and downstream 531bp flanking

(Liang et al. 2019)
(Liang et al. 2019)

This work

This work

(Gossmann et al.

2012,

Kabdullayeva et al.

2020)

This work
Invitrogen

(Thoma and
Schobert 2009)

(Kelly et al. 2013)
(Kelly et al. 2013)
(Schafer et al.
1994)

This work

This work

Tp, trimethoprim; Sm, streptomycin; Tc, tetracycline; Km, kanamycin; Fm, fosfomycin.
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For the 24-well plate root colonisation assay, seven-day old seedlings were placed in a well
and supplied with 1 ml of bacteria suspended in FAB medium (ODeoo = 0.1) and 1 ml of FAB
medium for the mock control. This experiment was repeated three times and ca. 30 plants in
total per condition were quantified. The bacteria were mixed in a 1:1 ratio in the co-inoculation
condition. All inoculated plants were grown in a long day photoperiod at 24 °C (16 h:8 h,

light:dark cycle).

3. Bacteria isolation from nodules

To isolate rhizobia from root nodules, nodules were cut from the root and surface sterilised
with a 2% NaClO solution for two minutes and then washed for at least eight times using sterile
water. Each nodule was crushed in an individual well of a 96-well plate containing a 10-20 pl
10% glycerol solution. 3 pl aliquots of the crushed suspensions were placed on TY agar plates
supplemented with antibiotics. Plates were grown at 28 °C for 3-4 days. The isolation of

rhizobia from L. japonicus Gifu nodules was repeated twice, with 50 nodules for each repetition.

4. Conjugation

Plasmids used in this work are listed in Table 2. To label rhizobia with fluorophores, pFAJ-GFP
and pFAJ-DsRed plasmids were delivered into rhizobia by conjugation. The donor (E. coli
ST18) and the acceptor (RI Norway) were adjusted to ODsgo = 1 and mixed using a 1:10 (donor:
acceptor) ratio. 2 ml of the mixed bacterial suspension was placed on TY agar and incubated
for 24 h at 28 °C. Bacteria were then resuspended in 1 ml of a 10 mM MgSOQs solution. 100 pl
bacteria suspensions diluted 10, 100, and 1000 times were placed on selective medium for

colony isolation.

5. Generation of the pssA and exo5 gene deletion mutants

For the mutagenesis, a two-step homologous recombination method was used to delete pssA
and exo5 genes, as described in (Liang et al. 2019). To construct the plasmids for the
mutagenesis, fragments flanking upstream and downstream of pssA and exo5 genes (ca. 500
bp for each, detailed in Table 2) were amplified by using the primer combinations
pssA_FrA Pstl_F/ pssA FrA R; pssA_FrB_F/ pssA _FrB BamHI R and
exo5_FraA_Hindlll_F/exo5 FraA_R; exo5 FraB_F/ exo5 FraB_EcoRI_R (see primers in

Table 3). Overlapping PCR was used to overlay the amplified fragments following the protocol
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Table 3). Overlapping PCR was used to overlay the amplified fragments following the protocol
described by (Sant'/Anna et al. 2011) Simultaneously, the restriction enzyme cutting sites
Pstl/BamHI and Hindlll/EcoRI were added to the flanking fragments of pssA and exob,
respectively. The fragments were cloned into the suicide pK19mobsacB plasmid. The
produced plasmids were transferred to R/ Norway by conjugation and conjugants were
selected on TY medium supplemented with neomycin. PCR amplification using primers
M13_Fwd and pssA_fraB_BamHI_R/exo5_fraB_EcoRI_R (Table 3) were used to confirm the
insertion of the plasmid in the genome. The second selection step was conducted by growing
rhizobia on TY medium supplemented with 10% sucrose. The neomycin sensitive colonies
(having undergone a second recombination step leading to the loss of the pK19mobsacB
suicide plasmid) were then selected as candidate mutants. The chromosomal deletion of the
genes of interest were finally confirmed by PCR amplification and sanger sequencing using

the primers listed in Table 3 (pssA_outer_F/R; exo5_outer_F/R).

6. Biofilms quantification by 24-well plate

Bacteria were grown for two days in 10 ml TY medium supplemented with specific antibiotics.
Cultures were harvested and washed with sterile water by centrifugation at 4,000 g for 10
minutes. For the 24-well plate biofilm quantification of rhizobia, the ODeoo of cultures was
adjusted to 0.1 using TY medium, and 1 ml of the bacterial suspension was then inoculated
into individual wells. Plates were incubated at 28 °C for five days in stationary conditions.
Loosely attached bacteria were removed by rinsing plates vigorously 3-4 times by submerging
in a container with distilled H.O water. Then, the wells were dried under a laminar flow hood.
Dried wells were stained with a 0.1% crystal violet (Sigma-Aldrich) solution for 20 minutes and
then washed vigorously with tap water as described above. Crystal violet that attached to the
wells was dissolved with 1 ml of a 30% of acetic acid solution for 20 minutes. The dissolved
crystal violet solutions were homogenised by gentle shaking or pipetting then diluted 10 times
and quantified by a TECAN infinite M200 microplate reader at 595 nm.

7. Biofilms quantification by glass chamber slide

For the glass chamber biofilm assay, cultures were adjusted to ODeoo = 0.2 by using a minimal

Modified B medium (Liang et al. 2019, Spaink et al. 1992). A 300 pl aliquot of the culture was
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Table 3: PCR primer list

Primers Sequence (5’-3")
M13_Rev TGTAAAACGACCCCCCAGT Sanger sequencing
M13_Fwd GGAAACAGCTATGACCAT Sanger sequencing

pssA_FrA_Pstl_F

pssA_FrA_R

pssA FrB_F

pssA_FrB_BamHI_R

pssA outer F
pssA outer R
exo5 FraA Hindlll_F

exo5 _FraA R

exo5 FraB F

exo5_FraB_EcoRIl_R

exo5 outer F

exo5 outer R

AAAACTGCAGAGTGATTCGCGTTATCGG

ATACGCATGTCCATCAAGATCTGTTGTCT

TCGAGGGG
TCTTGATGGACATGCGTAT

CGCGGATCCCTTCTGGACAAGGTTTGG

CAACCCGAACTTCATCTCC
AAACCGCAGACTCAACAC

CCCAAGCTTGTCTGGAAGGTGAA

TGATAGAGATTGGTGCCGCGACATAGCCT

GATCCAA
CGGCACCAATCTCTATCA

CCGGAATTCTACCCGAACGGCAT

GACCGAGAAAAAAGGCAA
GTGAAGCTCTATCGCAAA

pSsA gene upstream
fragment amplification

pSsA gene upstream
fragment amplification

pSSA gene downstream
fragment amplification

pSSA gene downstream
fragment amplification
sanger sequencing

sanger sequencing

exo5  gene upstream
fragment amplification

exo5  gene upstream
fragment amplification

exo5 gene downstream
fragment amplification

exo5 gene downstream
fragment amplification
Sanger sequencing

Sanger sequencing

Underline indicates restriction enzyme recognition sites. Bold letters indicate the overlapping regions
used for the overlapping PCRs.
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inoculated in each well of the Nunc™ Lab-Tek™ |l glass chamber slide (Thermo Scientific).
The glass chamber slide was incubated at 28 °C for four days under stationary conditions. A
100 ul culture of the upper phase was used to measure the ODggo of cultures. Liquid culture in
the glass chamber was gently poured out and rinsed twice with sterile water. The chamber
was removed from the glass slide according to manufacturer’s instructions and carefully
covered with a cover slide. The GFP and DsRed labelled rhizobia on slides were inspected by
CLSM (see histological staining and microscopy section for further details). The biofilms were

scanned from the bottom to the top with 1 um intervals.

8. Swarming assay

25 ml of swarming medium in 0.7% agar (Tambalo et al. 2010) was poured in a 90 mm in
diameter round Petri dish at 60 °C and dried overnight at room temperature after the agar
become solidified. Rhizobia were harvested by centrifugation at 4,000 g for 10 minutes.
Bacterial pellets were then washed with sterile water, and further centrifuged at 4,000 g for 10
minutes. 3 pl of the rhizobial suspension in sterile water (ODsoo = 1) was spot inoculated on
the middle of the swarming medium agar plate and incubated at 28°C for two weeks. The
colonies were scanned by a scanner and were inspected by a Leica MC165 FC stereo

microscopy with GFP and DsRed filters (Leica Microsystems).

9. Histological staining and microscopy

Freshly harvested roots were fixed in a 4% formaldehyde solution in 50 mM PIPES buffer with
twice vacuum for 20 mins. Then the nodules were detached from the root with a razor blade
and embedded in 5% agar. Once the agar solidified, nodules were sectioned using a VT1000S
vibratome (Leica Biosystems) with thickness of 50 um at frequency five and speed five. Finally,
the nodule sections were counterstained with a fresh 0.01% calcofluor white solution by

incubating at room temperature for 10 minutes.

To detect the root and nodule colonisation by fluorescently tagged rhizobia and the formation
of biofilms on glass slides, a TCS SP5 confocal microscope (Leica Microsystems) equipped
with a X20 HCX PL APO water immersion lens was used. Calcofluor white, GFP, and DsRed
were excited by using the 405 Diode, Argon, and diode pumped solid-state lasers, respectively.
Emissions were detected at 405-450 nm, 500-550 nm, and 600-650 nm respectively. To

inspect root colonisation in the 24-well plate, an DMI 6000B inverted microscopy (Leica
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Microsystems) was used to detect GFP and DsRed directly from the bottom of the plate using
the GFP and Rho filter cubes, respectively. The swarming colony plates were inspected by a
Leica M165 FC microscope (Leica Microsystems) with GFP and DsRed filters. For the SEM
inspection, freshly harvested plant samples from 24-well plate were fixed with a 2.5%
glutaraldehyde solution in 75 mM cacodylate buffer including 2 mM MgCl. at pH 7.0 for four
days at 4°C. Then, the samples were applied to a glass slide, covered with a cover slip and
frozen with liquid nitrogen. The cover slip was removed with a razor blade and the glass slide
was washed four times with the fixation buffer (15, 30, 45, 90 minutes). Afterwards, post-
fixation was performed with 1% OsO4 in water for two hours. This was followed by two washing
steps in buffer (first 15 minutes, then overnight) and three washing steps in double-distilled
water (10, 30, 90 minutes). After dehydration in a graded acetone series (30 minutes with 10%,
20%, 40%, 60%, 80% respectively, and overnight, 80 and 90 minutes with 100% acetone), the
samples were critical-point-dried and mounted on aluminium stubs. To enhance conductivity,
the sample surface was sputter-coated with platinum for 60 seconds (SEM sample preparation

and inspection were performed by Prof. Dr. Andreas Klingl, Botany, LMU).

10. Statistics and data visualisation

All data plots and statistical analysis were performed with R studio (Version 0.99.903) with the
packages “ggplot2”, “reshape?2”, “car” and “multcompView”. The statistical analysis methods,
including t-test, Wilcoxon test, ANOVA and TukeyHSD, were applied. Image J (Version 2.0.0-
rc-46/1.50g) was used to process the image generated from the Leica LAS X software. LAS X

software was employed to reconstruct all the three-dimensional micrographs.
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