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[Au: I've edited the abstract for length and flow. The shorter and clearer the
abstract the better.] Abstract | Rhizobia are some of the best studied plant
microbiota. These oligotrophic Alpha- or Beta-proteobacteria form symbioses with
their legume hosts. Rhizobia must exist in soil and compete with other members of the
microbiota before infecting legumes and forming Nz-fixing bacteroids. These dramatic
life-style and developmental changes are underpinned by large genomes and even
more complex pan-genomes, which encompass the whole population and are subject
to rapid genetic exchange. The ability to respond to plant signals and chemoattractants
and colonise nutrient-rich roots are crucial for competitive success of these bacteria.
The availability of a large body of genomic, physiological, biochemical and ecological
studies make rhizobia unique models for investigating community interactions and

plant colonisation.

[Au: With ~6300 words your article is substantially over our word limit. I've
edited throughout to streamline the article.]

The rhizosphere, which is the region of soil that surrounds plant roots, is under strong
selection pressure for particular microorganisms'. This selection pressure is even
greater in the rhizoplane on the root surface and in the endosphere, the endophytic
compartment inside the root cortex [G] between plant cells [Au:OK?] . The interaction
is bidirectional —plants select microorganisms and the microorganisms influence plant

health, either being plant-growth promoting or pathogenic. One of the best studied



plant-microorganism interactions is the symbiosis between rhizobia and legumes,
such as soybean, chickpea, lentil, pea, common bean, alfalfa and clovers. Rhizobia
are nitrogen-fixing bacteria, which elicit the formation of root nodules in which they
differentiate into bacteroids [Au:OK?]. These symbioses provide a significant
proportion of the biosphere’s nitrogen®. Legumes are some of the world’s most
important crop and fodder plants?, although their importance has diminished with the
introduction of industrially produced fertilizer, not without consequences for the global
nitrogen cycle® [Au:OK?].

Rhizobia must survive in soil, colonise roots and gain entry to the plant. They most
often enter through root hairs; although infection through epidermal cracks is possible
[Au:OK?]. When entering root hairs, bacteria grow down a plant-derived infection tube
and stay in the extracellular space (Box 1). Concomitantly, nodule development
proceeds in the plant cortex and eventually rhizobia enter the cytoplasm of nodule
cells. There they differentiate into bacteroids — the Nz-fixing form of rhizobia.
Bacteroids, together with bacterial and plant-derived membranes, form the
symbiosome. Low oxygen concentrations in the nodule, allow nitrogenase to reduce
N2 to ammonia*®. In this symbiosis, plants provide carbon and energy in the form of
dicarboxylic acids and in return the bacteroids secrete ammonia, which the plant uses
to synthesize amino acids. Most rhizobia have a narrow host range (Table 1); for
example, Rhizobium leguminosarum biovar trifolii only infecting clover (Trifollium
species). However, a few rhizobia are promiscuous; for example, Sinorhizobium
NGR234 infects 112 genera of legumes®.

Much of the rhizobia research has focused on specific parts of the rhizobial-legume
symbioses (reviewed in 57-1), without considering rhizobia as members of complex
soil communities. Rhizobia must survive the often harsh conditions in soil and compete
with the local microbiota before establishing symbiosis. We lack a clear spatial and
temporal map of the various stages in the metabolic and genetic differentiation of
rhizobia. Furthermore, most studies use single rhizobial strains under sterile
conditions, without tacking competition with the microbiota into account.

The rhizobia are excellent model bacteria for understanding how plants interact
with the root microbiota, in particular, due to the different interactions with host and
non-host plants. There is a wealth of sequenced rhizobial genomes from defined soils
and legume rhizospheres, which show how large pan-genomes [G] enable metabolic

plasticity in populations. In this Review, we link the genomic data with detailed studies



on rhizobial physiology, biochemistry and genetics to provide a detailed picture of how
rhizobia proceed through developmental stages.

[H1] The rhizosphere community

Soil supports a diverse microbial community'?13, with up to 10* bacterial species and
10° bacterial cells per g of soil. Abiotic factors, such as soil pH, influence the
composition of the soil microbiota, with Acidobacteria becoming dominant under acid
conditions, whereas Proteobacteria, Actinobacteria and Firmicutes dominate in neutral
or alkaline soils'>'4. Plants strongly influence the rhizosphere microbiota'2'%-17 which
differ substantially from the microbiota in bulk soil. The total microbial diversity in the
rhizosphere is usually lower than in soil probably because it is so highly selected by
the plant'>'5. This is particularly evident in the rhizoplane and endosphere. Different
Arabidopsis thaliana strains select different Pseudomonas strains [Au:OK?] in their
root-associated microbiota [Au: I've deleted the details about sonication etc to cut
lenght. If this is important you could add root-associated microbiota as a
glossary term.], which suggests that plant genes at least partly control which
microorganisms are selected'®. Similarly, repeated cultivation of a plant in the same
soil [Au: the same so0il?] can result in a suppressive soil, in which build-up of
microbiota 'suppresses’ the growth of pathogens'®, for example, through the increased
abundance of Gammaproteobacteria that produce peptide antibiotics'®. Legumes,
such as pea, Medicago truncatula, Lotus japonicus, and cereals, such as barley, also
have strong effects on the rhizosphere'?52021 gnd the strongest selection of the
microbiota is usually in the root-associated microbiota. In most soils, rhizobia are

common members of the community, regardless of the presence of a legume?2,

[H2] Rhizobial genomic diversity

As saprophytes, rhizobia survive in a complex microbial community by adopting an
oligotrophic lifestyle [G]. Inside the host legume they differentiate into endosymbiotic
bacteroids. This drastic lifestyle change in rhizobia likely underlies the evolution of
some of the largest bacterial genomes (~5-10 Mb). Rhizobia encode several genes
that are important for endosymbiosis in their chromosome or on plasmids: nod genes
encode proteins that are involved in lipochitooligosaccharide (LCO) signalling to
stimulate nodule formation; nif genes encode proteins essential for Na-fixation, which

are shared by most No-fixing bacteria; and fix genes encode proteins specifically



required by rhizobia for N2-fixation (Fig 1). Rhizobial plasmids vary in number and size
and include core and/or accessory genes. For example, Sinorhizobium meliloti 1021
has one chromosome and two large plasmids, pSymA (1.4 Mb) and pSymB (1.7 Mb).
pSymA encodes nod, nifand fix; pSymB encodes the exopolysaccharide biosynthesis
clusters exo and exp, which are essential for host infection, bacA, which is involved in
bacteroid development, dctABD, which participates in carbon uptake and tRNAarg and
engA, which are essential for free-living growth [Au:OK?] 23. Thus, pSymA is a
symbiotic plasmid, whereas pSymB is considered a chromid®* — a hybrid replicon with
features of both plasmids and chromosomes. The pea-nodulating Rhizobium
leguminosarum bv. viciae 3841 (RIlv3841) and common bean-nodulating Rhizobium
etli CFN42 harbour six plasmids, with most nod and fix genes on plasmids pRL10 and
p42d, respectively?®. Symbiosis genes in the Betaproteobacteria Cupriavidus
taiwanensis LMG19424 and Burkholderia phymatum STM815 are also encoded on
plasmids?6-27. By contrast, Mesorhizobium spp. carry one or two high molecular weight
plasmids (>200 kb), with few recognizable symbiotic genes. These rhizobia, as well
as Bradyrhizobium spp., carry their symbiotic genes on the chromosome?83' (Fig 1).

Plasmids, which encode symbiosis genes, can be transferred to other rhizobia,
with estimates of transfer rate ranging 10°-10° donor bacteria needed for one
successful transfer3?-3%, Plasmid transfer is often controlled by quorum sensing, with a
high bacterial cell density inducing transfer323, In the soil, such high cell densities
could be achieved in the rhizosphere or rhizoplane, which suggests that the host
influences the spread of symbiosis genes. Indeed, Rhizobium spp. and Sinorhizobium
spp. populations from legume rhizospheres or nodules have much less genetically
diverse symbiosis plasmids than chromosomes or accessory plasmids®¢-49, probably
due to transfer of the symbiosis plasmids in these populations. Furthermore, some
rhizobia encode type IV or type Ill secretion systems, which can increase symbiotic
efficiency [Au:OK?] 341, The large genomic diversity of rhizobia reflects the multiple
soil conditions, competitive challenges and legume hosts that they encounter. No
single organism can support the huge metabolic diversity found in a pan-genome but
as long as there are efficient transfer methods, favourable traits can rapidly spread
through a population.

Although nod, nifand fix genes are chromosomally-encoded in Mesorhizobium
spp., they are easily transferred, because they are usually located in integrative and

conjugative elements (ICEs) [G] (Fig 1) [Au: I’'ve moved the ICE definition to the



glossary to cut length.]. Mesorhizobium spp. ICEs consist of a single contiguous
region of ~ 500-kb*2 or can be structurally complex, such as tripartite symbiosis ICEs
(or ICE3), which exist as three separate regions in the chromosome that recombine
into a single element before transfer*®. Azorhizobium caulinodans, one of the few
rhizobia that can fix N2 in its free-living state, also harbours a mobile ICE*4. This ICE
is relatively small (86-kb), encodes nod genes (but not nif or fix genes) and can be
transferred to other rhizobial genera*. The plant flavonoid naringenin increased
transfer of this ICE 50-fold. The effect of legume root exudates on transfer is not known
for Mesorhizobium spp. ICEs, but transfer rates are 10-100-fold higher in stationary
phase cell cultures owing to quorum sensing*®. Bradyrhizobium strains also harbour
symbiotic genes in chromosomal ICE-like regions in their genomes3%46, but it is

unclear whether these elements are transmissible.

[H1] Colonisation of roots and signalling [Au: Main headings have to be <39
characters, including white spaces, to fit into our layout.]
[H3] Root and soil environment. Rhizobia use a wide range of nutrients and detoxify
toxins and phytoalexins [G] , which are secreted by their host plant*’. Comparative
transcriptomics of Rhizobium leguminosarum bv viciae 3841 (RIv3841) during
colonisation of pea, alfalfa and sugar beet rhizospheres, revealed that organic and
aromatic amino acids fuel bacterial metabolism, as evidenced by the expression of
seventy-six ABC and TRAP transporters#®. Signature-tagged mutagenesis showed
that catabolism of arabinose and protocatechuate is essential for fitness in the pea
rhizosphere*®. Transposon insertion sequencing (INSeq) (Box 2), has enabled
genome scale identification of essential genes in Rlv3841 during growth in complex
media®®, minimal medium®" and on minimal media supplemented with glucose or
succinate at 1% or 21% 02%2. Growth on succinate and 1% O2, mimics the conditions
bacteroids encounter in nodules (see below). Transposon insertion sequencing is a
powerful technique to identify essential genes during root attachment, rhizosphere
colonisation, nodulation and N2 fixation, and it will transform our understanding of
adaptation to these environments.

Genome-scale metabolic modelling of S. meliloti was used to predict
adaptations to bulk soil, rhizosphere and nodule environments®. Similar
reprogramming of metabolic pathways occurred in rhizosphere and bulk soil, except

for greater metabolic diversity in the rhizosphere, which enables utilisation of complex



root exudates. The model also indicated that fithess for host-associated niches
depends on plasmid genes [Au:OK?]. This is consistent with the experimental
observation that plasmid pRL8 of RIv3841 is enriched with genes that are preferentially
expressed when the bacterium grows in association with its pea host*
[Au:reference?] . Similarly, pRL8 encodes genes for the utilisation of the pea
rhizosphere-specific compound homoserine, and their mutation impaired transfer of
pRL8%. Recently, a group of solute-specific Lux biosensors was developed based on
the transportome profile of S. meliloti and R. leguminosarum during rhizosphere
colonisation*®%%, These biosensors are non-invasive, do not require added substrate
and are environmentally stable®®, which makes them ideal for probing spatial and

temporal plant-microorganism interactions.

[H3] Chemoattraction to roots. Until they attach and form a biofilm on roots and root
hairs, rhizobia must survive in the soil, using a wide range of carbon and nitrogen
sources. Colonisation of roots likely requires bacterial motility and chemotaxis (Fig. 2).
Indeed, mutation of flgE, which encodes the flagellar hook protein, in Mesorhizobium
tianshanense compromised attachment to liquorice roots®”. Furthermore, R.
leguminosarum 3841 encodes two chemotaxis clusters, che? and che2®. Chel is
highly conserved across alpha-proteobacteria [Au: across Rhizobium spp.?]
whereas cheZ is less common. In addition, che1 is needed for competitive nodulation
of R. leguminosarum, which indicates that chemotaxis is crucial at some stage of

colonisation, attachment to root hairs or infection of nodules®8.

[H3] LCO synthesis [Au: Ok? I've changed Nod factor to LCO to make the
nomenclature consistent.]. The transcriptional regulator NodD detects plant-derived
flavonoids, which induces nod expression and the synthesis of LCOs (Fig. 3).
[Au:Definiton of LCOs moved to glossary.] NodABC encode the pathway for the
synthesis of the common core chitooligosaccharide, nodlJ encode an ABC export
system for LCOs and other nod genes are responsible for decorating the LCO core.
The plant host range can be very narrow, for example R. leguminosarum b.v. trifolii
produce LCOs that only allow infection of clover [Au:OK? Or is only one LCO
produced?]. By contrast, Sinorhizobium NGR234 produces a range of LCOs and
infects 112 genera of legumes®. Legumes detect LCOs with a pair of receptors, which

initiates the common symbiosis (SYM) signalling pathway shared by arbuscular



mycorrhizae and rhizobia® (Box 1). [Au: I’'ve removed some of the details here to
cut length.] SYM controls flavonoid synthesis®®, which results in a positive feedback
loop between LCOs and flavonoids and leads to root hair curling, rhizobial infection
and nodule formation (Fig. 2). Indeed, localised bursts of flavonoid synthesis can be
detected where rhizobia are attached to roots before the appearance of nodules®®.
Remarkably, intercropping of maize with faba beans substantially enhances root hair
curling, nodulation and Nz-fixation by the legume®'. The likely depends on maize root
secretions, which increase flavonoid synthesis by faba bean and consequently
rhizobial nod gene expression.

[H3] SYM pathway and community composition. Blocking SYM signalling changed
the relative abundance [Au:OK?] of 14 bacterial orders in both the rhizosphere and
root-associated communities in L. japonicus®. This might be due to biochemical
changes associated with nodules, such as the supply of nitrogen and the release of
H2 as a by-product of the nitrogenase reaction. Indeed, Hz secretion from nodules can
change the microbiota®. However, microbiota changes occurred even when added
nitrate suppressed nodule formation, which suggests that the effect of SYM signalling
is independent of nodule formation. The root-associated and nodule communities
were selected by parallel rather than sequential pathways [Au: What do you mean
by this? Concurrently?] , consistent with nodulation relying specifically on root hair
infection®3. Key questions include the role of the SYM pathway in non-legumes and
how nodulation specific and mycorrhizal specific pathways interact. Nin mutants,
which lack nodulation but not mycorrhization, changed the microbiota composition.
The effects of mycorrizhal-specific mutants such as ram*8% or common SYM mutants
in cereals, such as rice®®, have yet to be tested. In general, legumes profoundly
influence the rhizosphere microbiota with a strong selection for fungi over bacteria'2.

[H3] Plant immunity. Plant immunity regulates selection of the microbiota and
rhizobia must modulate the immune response for successful infection of legumes (Fig.
3). Rhizobial LCOs suppress MAMP-triggered immunity in A. thaliana, tomato, corn
and soybean®’. Furthermore, rhizobial flagellin does not elicit the immune response
caused by most bacterial flagellins®®. Salicylic acid signalling is important for selection
of the microbiota by A. thaliana®®. Signalling between symbiotic interactions and the

immune response overlaps. LCOs are detected by a heterocomplex of LysM



receptors®. The rice protein OcCERK1 is a LysM receptor’®”!, which, depending on
the other LysM receptor it interacts with, detects chitin or initiates mycorrhizal
signalling’?73 [Au: Ok? I've edited this make it easier to understand. Also, as the
plant signalling pathways are not the main focus of the article, less detail is
needed.]. There may be multiple overlapping pairs of LysM proteins recognising
LCOs, mycorrhizal (Myc) factor and immune triggers, such as chitin and
peptidoglycan. LysM proteins are widely conserved in plants with multiple copies in
individual species’*”®, which enables discrimination between symbionts, pathogens
and the general microbiota. Perception by legumes of the extracellular polysaccharide
layer (EPS) [Au: EPS is usually used for extracellular polymeric substances; do
you mean other polysaccharides here?] layer of rhizobia is crucial to infection and
a bacterial EPS receptor 3 (Epr3) has been identified in L. japonicus’. EPS sensing
is required for bacterial passage through the epidermal cell layer and likely involves
modulation of the plant immune response. Furthermore, secretion of nodulation
effector proteins [Au:LCOs? Other effectors?] by type Ill secretion systems can
widen or restrict the host range of rhizobia’’. More recently it has been shown that the
type lll secretion system of B. elkanii can induce nodulation in the absence of LysM
receptors [Au:OK?] 8. [Au: I've removed some details to cut length] Furthermore,
some photosynthetic bradyrhizobia, which lack nod genes, can nodulate
Aeschynomene plants’®.

[H3] Attachment of rhizobia to roots. Bacterial colonisation of roots and attachment
to root hairs (Fig 3), has received less attention than nodulation signalling. As
discussed above the processes are interlinked as root association amplifies flavonoid
signalling®®8°. At acidic pH, R. leguminosarum uses glucomannan at its cell pole to
attach to lectins on pea root hairs®%-80 and the root surface*'. However, at basic pH,
glucomannan is not involved, probably because plant lectins are lost. Attachment to
root hairs at alkaline pH remains poorly understood, although it has been proposed
that an unidentified calcium-binding protein (rhicadhesin) mediates attachment?'.
Once rhizobia attach to root hairs they aggregate, forming a biofilm, which is encased
in cellulose and extracellular polysaccharide and is called a root hair cap®'-83. Several
proteins that are exported through the PrsDE type | secretion system are required for

stability of the cap. Most of these secreted proteins contain one or two rhizobia-



adhering or Cadherin-like domains (CHDLs), such as Rhizobium-adhering proteins
(Raps)®8’. However, prsDE mutants of RIv3841 showed no nodulation defect,
whereas a double prsD and nodE mutant showed delayed nodulation®. Although this
might indicate that nodulation is independent of root colonisation, it is more likely that
the extreme competition faced in soil is difficult to replicate in laboratory experiments.

RapA1 is a calcium-binding protein, which is localised at the cell pole®.
Overexpression of RapA1 in R. leguminosarum bv. trifolii R200 increased attachment
of rhizobia to red clover roots up to five-fold®. Similarly, increased attachment
occurred in the non-cognate hosts soybean and alfalfa, whereas over-expression of
RapA1 from R. etliincreased attachment to common bean roots. Overexpression did
not increase nodulation, but did increase competitiveness for nodule occupancy in
clover roots®. Similarly, a RapA1 overexpressing strain of R. leguminosarum PVu5
formed twice as many nodules as the wild-type strain on kidney beans®'. In these
studies, attachment was not spatially resolved (for example, root hair or epidermal
surface), which highlights that root attachment has been measured in different ways,
without determining bacterial location. It is unclear whether different pathways are
involved in binding to root hairs or the root epidermis, and whether one precedes the
other.

RapA2 binds directly to acidic EPS and capsular EPS%, to stabilise biofilms.
Deletion of the transcriptional repressor of quorum sensing, praR in RIv3841 up-
regulated rapA2 and rapC expression, which increased root attachment to pea roots
five-fold®. This effect was abolished in a praR, rapA2 and rapC triple mutant, leading
to reduced nodule competitiveness [Au:OK?] %6. An important caveat in comparing
attachment studies is that bacterial growth, plant growth and attachment
measurements may have been performed at different pHs.

Mutation of pssA, which regulates EPS biosynthesis, reduces attachment of R.
leguminosarum to root hairs and cap formation8. However, attachment to the root
epidermis was still observed when cells were resuspended at acidic or alkaline pH. A
pssA mutant of R. leguminosarum bv. trifolii Rt24.2 was highly attenuated in
attachment to whole clover roots®® [Au:reference?]. Likewise, deletion of the global
regulator rosR, which also controls EPS biosynthesis, reduced attachment and biofilm
formation on the root surface and root hairs, whereas rosR overexpression increased

attachment®4.9,



Cellulose fibrils are important for a tight adherence between rhizobial cells
during biofilm formation (Fig 3). Mutation of celA, which encodes a cellulose synthase,
did not alter rhizobial attachment to root hairs, but prevented cap formation under
acidic and alkaline conditions®. Similarly, deletion of celC2, which encodes an
endoglucanase, halved the level of attachment to whole roots compared to wild-type.
The celC2 mutant formed irregular aggregates on the root surface and formed a
thicker biofilm cap on root hairs®.

Lipopolysaccharide (LPS) is also important for attachment. R. legquminosarum
strains with mutations in IpcA, IpcB or IpsD, all of which encode enzymes needed for
the synthesis of the O-antigen in the LPS core, formed scattered star-like micro-
colonies with poor anchorage to the root surfaces and formation of a thicker root cap®”.
In Rlv3841, mutation in the lipid A component of LPS altered biofilm formation on solid
surfaces®.

Recently, advances have been made in understanding the spatial and temporal
regulation of attachment using laser capture microdissection and RNAseq of root
nodules and microarray analysis of plant nitrogen fixation mutants [Au:0OK?] 99100 A
transformational technique to study the early steps of attachment is a microfluidics
system called tracking root interaction system (TRIS), which tracks the colonisation of
roots with confocal microscopy'?'. Within 20 min after inoculation, Bacillus subtilis was
observed to colonize the root elongation zone (REZ) of A. thaliana. It is unclear where
rhizobia first accumulate and whether binding to the REZ or epidermis precedes
attachment to root hairs. [Au: I’'ve deleted the following sentences about the Lux

reporters to cut length and because these are already discussed above.]

[H1] Bacteroid development

[H3] Plant control and NCR peptides. The differentiation into bacteroids is
accompanied by large changes in the transcriptome and proteome: N2-fixation genes
are induced, but most genes required for growth, including those encoding ribosomal
proteins and involved in DNA replication and amino acid biosynthesis, are repressed
(Fig 4) 102195 | egumes of the invert repeat lacking lade (IRLC), such as M.
truncatula, peas, chickpeas and faba beans, produce up to 700 nodule cysteine rich
(NCR) peptides'96197. Peptide expression is highly spatially resolved from proximal
to distal parts of M. truncatula nodules'%’-1%°, They induce bacterial cell swelling and

genome endoreduplication [G] and increase permeability of the cell membrane,
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which causes terminal differentiation’%®. Peptide NCR247 upregulates the master
two component sensor-regulator systems that control exopolysaccharide and cyclic
glucan synthesis. It perturbs the cell cycle of S. meliloti and inhibits the master cell
control regulator CtrA and cell cycle components including FtsZ''°. Inhibition of CtrA
causes cell cycle arrest, swelling and branching in cultured bacteria'. NCR247
occurs in three different oxidised regioisomers and a reduced form, which differ in
their effects. Blocking secretion of NCR peptides, prevents bacteroid formation in M.
truncatula'®®112, Different IRLC legumes cause bacteroids to become either swollen,
elongated, spherical, or elongated-branched''3. The swollen morphotype may be
ancestral because it is associated with the fewest changes in the bacteroids and the
plants that induce this morphotype produce the fewest NCR peptides.

M. truncatula primarily produces NCR247 in zone Il and the II/lll interzone (Box
1), where bacterial cell division is arrested and cell elongation occurs''4, although it
does have some weak expression in other tissues'?’. It localises to punctate regions
in the cytoplasm and interacts with several proteins in S. meliloti: the main GroEL
chaperonin, CPN60, which is essential for bacteroid development''>, FtsZ, pyruvate
dehydrogenase and nitrogenase''4. In addition, NCR247 can influence many proteins
involved in metabolism, N2 fixation and cell division, maybe in a large Na-fixing
complex. Although NCRO035 is produced at the same time and place as NCR247, it
targets the division septum of S. meliloti’%. NCR169 and NCR211, which function at
a later stage, were the first individual NCR peptides shown to be essential for bacteroid
formation''6.117. They can be found in the symbiosome, and, although NCR211 inhibits
growth in vitro, both are required for bacteroid persistence. The timing and level of
inhibition by particular NCR peptides is probably crucial for bacteroid differentiation.

NCR peptides can also control rhizobial host specificity. NSF1 and NSF2 from
M. truncatula A17 promote cell death and early nodule senescence [G] of S. meliloti
Rm41, resulting in nodules unable to fix N2 18119, However, numerous other strains of
S. meliloti can form Nz-fixing nodules on this cultivar and S. meliloti Rm41 forms
functional nodules on other M. truncatula cultivars. In a further twist, ~20% of S. meliloti
strains produce a metallopeptidase, HrrP, which can degrade NCRs, change the host
range and prevent Nz fixation on specific cultivars'?0. HrrP increases recovery of
bacteria ~5-fold from fixing and non-fixing nodules, suggesting HrrP attenuates the
antimicrobial effects of NCR peptides. BacA also protects against the antimicrobial

effects of NCR peptides, perhaps as a part of an ABC-type exporter'?!122,
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Nodule development can occur also without NCR peptides. The non-IRLC
legume Leucaena glauca does not produce NCR peptides, but forms indeterminate
nodules and swollen bacteroids'?3. S. melilotiHH103 is resistant to NCR247 and more
resistant than S. meliloti 1021 to NCR35, irrespective of host'?4. Thus, NCR peptides
are a regulatory system imposed by the plant, but are not a fundamental requirement
of rhizobia-legume symbioses, which suggests that they have evolved as a control
mechanism in some legumes. NCRs may change the efficiency of N2 fixation. Plants
that produce NCR peptides have a lower nodule mass and greater nitrogenase activity
than plants that produce no NCR peptides’?. The mechanisms that underlie this effect
are unclear and requires study.

Plants control bacteroid Nz fixation in bacteroids through homocitrate, which is
a ligand of the FeMo cofactor in nitrogenase'?®. Most rhizobia lack nifV, which is
needed to synthesize homocitrate, and thus cannot fix N2 ex-planta'?’. Another control
mechanism is symbiotic auxotrophy — bacteroids depend on the uptake of branched
chain amino acids from the plant'?8-130, |n summary, many aspects of metabolic control
have passed from the bacteria to the plant, supporting the hypothesis that bacteroids
are ammoniaplast-like organelles’®.

However, nodule development and bacteroid formation is not entirely plant
controlled, as exemplified by the HrrP peptidase’?°. This bacterial enzyme may enable
‘cheating’ through the formation of ineffective non-fixing nodules and the release of
large numbers of bacteria. Furthermore, S. melilotihas three cAMP synthases CyaD1,
CyaD2 and CyaK, which are activated by a plant metabolite present in nodules'3.
Increased cAMP activates the Crp-like activator Clr, which drives transcription of a
gene of unknown function. This cascade suppresses formation of new infection
threads by plants. In another example, mature bacteroids of some S. meliloti and R.
leguminosarum strains produce rhizopines'3?, which are a potential carbon and

nitrogen source for undifferentiated sibling bacteria.

[H3] Regulation of N fixation. Bacteroids are fully differentiated when they
commence the reduction of N2 to ammonia through the nitrogenase enzyme complex
(Box 1). The main factor controlling N2 fixation in bacteroids is Oz tension, with low Oz
levels in nodules (10-21.5 nM)'33. In S. meliloti, the haem-containing Oz-binding
protein FixL initiates a phosphorylation cascade under low Oz tension, which activates

its cognate regulator protein FixJ'3413% (Fig. 4). FixJ induces FixK, which upregulates
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the expression of fixNOPQ and associated operons such as fixGHIS. FixNOPQ
encodes the high-affinity terminal oxidase cbb3 complex. In S. meliloti the main
regulator of nif genes, nifA, is also partially FixK-regulated with a cognate promoter
immediately upstream of nifA'36:137 NijfA also autoregulates the fixABCX-nifAB
operon. In R. leguminosarum FnrN largely replaces FixL, FixJ and FixK. FnrN probably
detects Oz tension directly and it initiates transcription of fixNOQP and fixGHIS'38139,
However, FnrN does not regulate nifHDK or fixABCX-nifAB, which appear to be strictly
regulated by NifA'40. In B. japonicum, nifA and up to 250 other genes are controlled
by the two-component redox sensor RegSR'#4!. Other plant signals might control nifA
expression; for example, in Mesorhizobium loti R7A FixV is needed to induce nifA'42,
The gene that encodes FixV clusters with genes that might metabolise a plant inositol
derivative abundant in nodules. If this mechanism can be verified, this would be an

exciting example of a nodule-specific compound that controls Nz fixation.

[H3] The benefits of symbiosis — nutrient exchange. Plants provide bacteroids
with dicarboxylates, such as L-malate, succinate and fumarate,'*® as energy and
carbon sources (reviewed in '9127.144) "and in turn, bacteroids secrete rather than
assimilate ammonium'5146_ By contrast, free-living diazotrophs assimialte
ammonium. Although the activity of enzymes in the tricarboxcylic acid (TCA) cycle
increases in bacteroids, bacteroids from beans and soybeans accumulate large
amounts of polyhydroxybutyrate (PHB). PHB is made under low Oz conditions, where
acetyl-CoA is metabolised to PHB for storage instead of entering the O2-limited TCA-
cycle. Pea bacteroids also accumulate both PHB and lipid, which also implies O2-
limitation of the TCA-cycle'#’. The increased TCA-cycle enzyme activity might be a
response to limitation of key intermediates of the cycle rather than to growth on
dicarboxylates. RIv3841 depends on several metabolic pathways to grow on sugars
and dicarboxylates at high and low O2 tension but PHB synthesis is dispensable®?. At
low Oz2 tension growth was slower on succinate compared to glucose. Reoxidation of
NAD(P)H produced from dicarboxylate metabolism may be limited at nanomolar
concentrations of Oz, which prevents a fully operational TCA-cycle. Furthermore,
although NAD(P)H has been considered the electron source for nitrogenase, its redox
potential is too positive (-320 mV) to directly reduce ferredoxins (-484 mV) or
nitrogenase. Interestingly, FixAB forms an electron transfer flavoprotein complex

(ETF), which is essential for N2 fixation in bacteroids'#®:14°. Anaerobic bacterial ETFs
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use flavin-dependent electron bifurcation’®'% in which one electron is donated to a
low potential acceptor and one to a high potential acceptor, achieving an overall
exergonic reaction [G]. FixAB uses the same mechanism'®? although it might receive
electrons in a complex with pyruvate dehydrogenase'#’. This was implied by genetic
suppression analysis that FixAB and pyruvate dehydrogenase interact'®3. Potential
electron acceptors for nitrogenase are ferredoxin and flavodoxin and coenzyme-Q for
Oz2. This electron bifurcation process also spares acetyl-CoA from entry into the TCA
cycle for the synthesis of NADP(H), which makes it available for lipid or PHB synthesis.
Given the similarity in structures of the oxoglutarate and pyruvate dehydrogenase
complexes, both may interact with FixAB, which requires some acetyl-CoA enter the
TCA-cycle but limits production of NAD(P)H. Although genetic suppression analysis
suggests a direct interaction between PDH and FixAB'%3, it has been shown recently
that FixAB of Azotobacter vinelandii bifurcates NADH with reduction of flavodoxin and
coenzyme-Q'52. This suggests a tight coupling between production of NADH by PDH
and its bifurcation by FixAB.

[H3] Conclusions and outlook

Complex selection and differentiation processes govern the growth of rhizobia in the
rhizosphere and their development into Na-fixing ammoniaplast-like organelles inside
legume nodules. There are profound and reciprocal relationships between plants and
the rhizosphere microbiota. Research on rhizobia has come a long way from studying
a single organism associated with a legume to considering it part of a microbiota.
Rhizobia have a rich and varied pan-genome, which is under constant selection in
both the soil and by the plant, and thus they are an excellent model to study bacterial
genomics.

One of the big challenges for the future is to unify community-focused approaches and
the large datasets that they produce with a mechanistic understanding. Genes that
have no apparent role when measured in pure cultures may become essential for
competition in vivo, either with siblings or rival microbial communities in the soil or
other niches. Results from techniques such as INSeq (Box 2) promise the birth of a
new type of microbiology that integrates community and culture studies.

It is also clear that colonisation of roots by bacteria generally, and specifically the
symbiotic interaction between rhizobia and legumes, needs to be understood

temporally and spatially. When and in which parts of the roots are solutes and
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signalling molecules secreted? Where do bacterial attachment and colonisation begin
and how do they proceed? Laser capture microdissection and RNAseq of root nodules
or of plant nitrogen fixation mutants in combination with microarray analysis have
improved the spatial and temporal resolution of the plant and bacterial genes that are
induced®>'%, These techniques as well as TRIS'"15* and lux mapping® will help
identify key genes and the plant-bacteria interactions that determine early stages of
colonization. Perhaps when this is combined with the use of synthetic communities, in
which competing microorganisms are co-inoculated, we can bridge the gap between
high-resolution molecular studies of single organisms and population-wide analysis of

community structure.
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Box 1: Legume symbiosis and root nodulation

Formation of legume nodules is initiated by release of plant flavonoids, which induce
nod genes in rhizobia that synthesise lipochitooligosaccharides (LCOs, also known as
Nod factors) [Au:OK?] . Rhizobia attach to root hairs and are entrapped by root hair
curling, which results in the formation of an infection pocket. The bacteria secrete a
cellulase to bore a hole in the root hair through which they enter into a plant-derived
infection thread, which separates the rhizobia from plant cells'°. Plant detect LCOs
with a heteroduplex of LysM receptors, for example, Lyk3-NFP in Medicago truncatula
and NFR1-NFR5 in Lotus japonicus®. Mycorrhizal signalling and plant immunity
probably use similar LysM receptors and may share some receptors with the Nod
pathway. The LysM receptors transmit the signal through the common SYM pathway.
This leads to calcium oscillations in the nucleus, which are decoded by a calcium

25



calmodulin kinase (CCaMK). Downstream of this the signals diverge between
mycorrhizal and nodulation pathways®. For successful nodulation, plants also must
initiate a nodule meristem, which contains dividing cells. As the nodule develops the
infection threads branch and carry rhizobia into the developing nodule. Eventually,
bacteria are released and engulfed by plant cells in a process that requires vSnares'.
At this stage, bacteria differentiate into N2-fixing bacteroids, which are surrounded by
symbiosome membranes. The symbiosome is the engine of N2-fixation; the bacteroids
are supplied with dicarboxylates as carbon sources and they secrete ammonium to
the plant'®.

Nodules can be either determinate, as in beans, soybeans and L. japonicus, or
indeterminate, as in alfalfa, pea and clover. In determinate nodules the meristem dies,
with all cells at the same development stage and nodules grow larger by cell
expansion, usually with several bacteroids enclosed by a single symbiosome
membrane. In indeterminate nodules, the meristem persists, which leads to
development zones in nodules containing a single bacteroid (see figure, reviewed in
810), The distal zone | contains the nodule meristem, in which new plant cells are
produced; zone Il contains infection threads full of bacteria; in the interzone between
zone Il and Il bacteria are released from infection threads and engulfed by plant cells;

zone lll contains the mature Nz-fixing bacteroids, and in zone IV bacteroids senesce.

Box 2. New approaches to study plant-bacteria interactions

High throughput sequencing has revolutionised the analysis of root microbiota's’.
[Au: I've removed the following general sentences about sequencing. Most
readers will be familiar with the process.] To examine the plant microbiota, it is
crucial to separate the microbial community into specific fractions: the bulk soil
community; the rhizosphere community, which encompasses microorganisms in the
soil that tightly adhere to roots upon harvest (typically 1-3 mm around the root); the
rhizoplane community, which are microorganisms that require sonication for removal
from the root; and the root-associated community, which is only released after
maceration of roots. However, there is no universally accepted definition or protocol
for these microbiota fractions, partly because different plants differ so much in their

resistance to these treatments. More recently there is a drive to isolate
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microorganisms from the root environment and, as most of them are culturable 8,
they can be used to generate synthetic communities for experimentation.

Perhaps the principal limitation of sequencing is that spatial information is usually
absent from studies on community composition. The recent development of
microfluidic chambers to track movement of fluorescently labelled bacteria towards
roots and Lux imaging of biosensor bacteria to detect both colonisation and the
presence of particular metabolites are powerful new tools to overcome this
limitation®%-191, Finally, the gap between characterising community composition and
function can be narrowed by insertion sequencing (InSeq, also known as transposon
insertion sequencing (Tn-seq)). For this, large libraries of strains that have been
mutated with a transposon, such as mariner or Tn5, are introduced into an
environment of choice, recovered and digested with a type IS restriction enzyme
whose recognition sequence is at the transposon end. IS enzymes cut away from
the recognition sequence, yielding genomic tags which are sequenced to yield the
transposons location. Mutants that reduce growth in the environment will be lost and
therefore recovery of their associated sequence tags is reduced. Mariner and Tn5
transposons can also be bar coded , which enables testing of multiple strains and

species at the same time .

Figure 1. Rhizobial genome organisation. Rhizobial genomes are generally large
(=5-10 Mb), often with complex architecture consisting of a chromosome plus
numerous additional plasmids and/or chromids of varying sizes. Rhizobial symbiosis
genes (nod, nifand fix) may be chromosomal or plasmid encoded. a | Plasmids, which
carry, symbiosis genes, can be very large (for example, pSymA in Sinorhizobium
meliloti1021 is ~1.4 Mb). Together with the chromosome, multiple additional chromids
and/or accessory plasmids, they form the genome of alphaproteabacterial and
betaproteobacterial rhizobia, for example, in the Rhizobium and Sinorhizobium (also
known as Ensifer) genera and in the Cupriavidus and Burkholderia genera,
respectively. [Au:OK?] b | Symbiosis genes in some alphaproteobacterial genera,
including Mesorhizobium, Azorhizobium and Bradyrhizobium, are chromosomally
encoded. For Mesorhizobium and Azorhizobium, chromosomal symbiosis gene are
encoded on mobile integrative and conjugative elements (ICEs). ICEs can excise from
the chromosome, forming a plasmid-like replicon, which can transfer through

conjugation to a recipient cell. There, it integrates into the host genome at conserved
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attachment sites, which are often located within amino-acyl tRNA genes. Symbiosis
ICEs may consist of a single contiguous region of DNA or, as in the case of the
tripartite ICEs (ICE3), may be composed of three separate chromosomally integrated
regions that recombine into a single element prior to transfer. For Bradyrhizobium spp.,
it is currently unclear whether their chromosomal ICE-like symbiosis regions are

transmissible.

Figure 2. Rhizobial attachment and colonization of legume roots. a | Rhizobia
are attracted towards legume roots by chemoattractants in root exudates. b | Once
rhizobia are in close proximity to root hairs, flavonoids from the root hair induce
bacterial nod genes. This leads to the production of lipochitooligosaccharides (LCOs;
also known as Nod factors). Binding of LCOs to LysM receptors on root hairs
initiates early signalling events. ¢ | Plant inducers in root exudates trigger the
transfer of integrative and conjugative elements or plasmids to compatible rhizobia
(green). d | It is unclear whether rhizobia first attach to the root elongation zone
(REZ) (Root Elongation Zone) or root epidermis and then to root hairs or directly to
root hairs. At acidic pH, rhizobial polar glucomannan (red), binds to plant lectin
(green) on the root hair tip. e | Rhizobia on the root surface and REZ or on the root
hair form a biofilm, with Rhizobium-adhering proteins (Raps), extracellular polymeric
substances (EPS) and cellulose fibrils. The biofilm structure on the root hair is called
a ‘root hair cap’. There probably is probably strong induction of flavonoid and LCO
signalling when rhizobia are attached to root hairs, which leads to root hair curling
and entrapment of the rhizobia.

[Au: I've moved Fig 2B to Box 1 as this is where the zones are explained]
Figure 3. Molecular mechanisms of plant-rhizobia signalling.

Many of the plant-rhizobia interactions take place on root hairs, where bacteria will
form a root cap, which is crosslinked by extracellular polymeric substances (EPS),
Rhizobium-adhering proteins (Raps) and cellulose. Lipochitooligosaccharides
(LCOs; also known as Nod factors) supress immunity in non-legumes, therefore, we
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speculate that it binds to a pattern recognition receptor (PRR) to suppress the
response to a microorganism-associated molecular pattern (MAMP). Likewise, we
assume that the binding of EPS to EPS receptor 3 (Epr3) supresses immunity. Plant
flavonoids induce the production of LCOs, which in turn bind LysM receptor
heterocomplex, such as NFR-NFP5 and Lyk3-NRF1 [Au:OK? We usually write
complexes as abc-xyz.]. This activates the leucine rich repeat protein SymRK and
in turn the SYM signalling pathway. These signalling events result in the induction of
nodule formation, including production of nodule cysteine rich (NCR) peptides,
nodulins and flavonoids. NCR peptides are only made in a few legumes, including
those in the invert repeat lacking clade (IRLC). Bacteroid development is coupled to
nodule formation with low Oz being the main signal. Some bacteria inject effector
proteins (NOPs) through type lll secretion systems (T3SS) and T4SS. NOPs can
increase the host range, presumably by suppressing plant immunity, although they
may also bind to a plant R protein to stimulate immunity and restrict host range.

Figure 4. Nutrient exchange and regulation of bacteroid development. O: is the
main signal that regulates bacteroid development, through two signalling circuits.
The first involves FixLJK in Sinorhizobium meliloti and FnrN in Rhizobium
leguminosarum, which induce the expression of fixNOQP, and the second is NifA,
which induces nifHDK, encoding nitrogenase, and autoinduces fixABCX-nifAB.
These circuits seem to be completely separate in R. leguminosarum but partly
overlap in S. meliloti with weak induction of fixABCX-nifAB by FixK. Other regulatory
circuits exist such as RegSR in Bradyrhizobium spp. (not shown). FixABCX is an
electron bifurcating complex [Au:OK?], probably donating electrons to ferredoxin
or a flavodoxin and CoQ. Pyruvate dehydrogenase (PDH), the tricarboxylic acid
(TCA)-cycle and 2-oxoglutarate dehydrogenase might form a complex with FixABCX
to achieve this or possibly NAD(P)H provide electrons directly. FixXNOQP is a high
affinity electron transport complex needed in Oz-limited cells. Low Oz limits the TCA-
cycle causing acetyl-CoA to be used to produce lipids and polyhydroxybutyrate
(PHB). The peptidase HppR is speculated to change host specificity by degrading
nodule cysteine rich (NCR) peptides. The HppR-NCR peptide interactions in the
figure are hypothetical [Au:OK?] and whether the shown peptides are important
targets or in the correct compartment (for example, cytoplasm, symbiosome space or

division septum) is unclear. The major chaperonin in bacteroids is CPN60 (pale red).
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It can interact with multiple proteins, including PDH, NifHDK and FixAB. Aap: amino

acid permease; Asn: asparagine; Bra: branched amino adic permease; DCT:

dicarboxylate transporter; Gin: glutamine; Mal: malate; Pyr: pyruvate. [Au:

Definitions ok?]

Table 1: Rhizobia and their legume hosts

[Au: Tables need to have three columns, otherwise we can’t lay them out. Thus,

I’'ve added the alpha/beta classification to the table.]

Rhizobia* Plant host species Bacterial class
AZzorhizobium Sesbania rostrata Alphaproteobacteria
caulinodans
AZzorhizobium Sesbania virgata Alphaproteobacteria
doebereinerae
Bradyrhizobium Glycine max Alphaproteobacteria
Japonicum
Bradyrhizobium spp., Cajanus Cajun, Glycine max, Alphaproteobacteria
Aeschynomene Americana,
Aeschynomene indica,
Aeschynomene rudis, Arachis
duranensis, Arachis hypogaea
Burkholderia spp. Mimosa pudica Betaproteobacteria
Cupriavidus sp. Amp6 Mimosa asperata Betaproteobacteria
Cupriavidus taiwanensis | Mimosa pudica Betaproteobacteria

Ensifer meliloti

Medicago sativa, Medicago
truncatula

Alphaproteobacteria

Mesorhizobium haukuii

Sesbania sesban

Alphaproteobacteria

Mesorhizobium loti

Lotus japonicus, Lotus
corniculatus

Alphaproteobacteria

Rhizobium etli

Phaseolus vulgaris

Alphaproteobacteria

leguminosarum bv trifolii

Rhizobium gallicum Phaseolus vulgaris Alphaproteobacteria
Rhizobium Phaseolus vulgaris Alphaproteobacteria
leguminosarum bv

phaseoli

Rhizobium Trifollium spp. Alphaproteobacteria

IRBG74

bispinosa, Sesbania cannabina,
Sesbania exasperata, Sesbania
formosa, Sesbania grandiflora,
Sesbania madagascariensis,
Sesbania macrantha, Sesbania
pachycarpa

Rhizobium Pisum sativum, Lens culinaris, | Alphaproteobacteria
leguminosarum bv viciae | Vicia cracca, Vicia hirsuta, Vicia

faba
Rhizobium sp. strain Sesbania cannabina, Sesbania | Alphaproteobacteria
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Rhizobium tropici Phaseolus vulgaris Alphaproteobacteria

Sinorhizobium fredii 112 genera Alphaproteobacteria

NGR234

Sinorhizobium fredii 79 genera Alphaproteobacteria

USDA257

Sinorhizobium medicae | Medicago sativa, Medicago Alphaproteobacteria
fruncatula

#This table lists representative rhizobial species and strains; a comprehensive list of

most of the known rhizobia and their plant hosts have recently been compiledé®¢t,

Glossary terms

[Au: I've deleted terms that are now explained in the main text and added a few new ones.]

Root cortex: The outermost layer of the plant root, which lays between the epidermal
cells on the outside and vascular cells on the inside. [Au:OK?]

Pan-genomes: The complete set of genes present in the members of a certain
group, for example, the sum of all genes found in bacterial strains belonging to a
species. [Au:0OK?]

Oligotrophic lifestyle: The usage of a broad range of carbon sources in a
nutritionally-limited environment. [Au: Changed to match wording in main text.]

Lipochitooligosaccharide (LCO): Microbial signalling molecule with a 1,4-linked
acetylglucosamine backbone, which induce nodule formation. Species-dependent
side decorations determine plant specificity. [Au:OK?]

Integrative and conjugative elements (ICEs): ICEs are mobile genetic elements,
which can excise from the host chromosome to form a plasmid-like entity, capable of
catalysing its own transfer through conjugation. In recipient cells, ICEs integrate site-
specifically into the chromosome, usually at conserved sites within an aminoacyl-
tRNA gene.

Saprophytes: Organisms that live on dead and decaying organic matter.
Nodule senescence: Old nodules cease N2-fixation and viable rhizobia are released
back into the soil. In terminally differentiated rhizobia (for example, bacteroids from

IRLC legumes) only undifferentiated bacteria from infection threads will be viable.

Phytoalexins: Antimicrobial compounds produced by plants to protect them from
pathogens.
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Endoreduplication: Repeated cycles of DNA replication without cell division, which
lead to extensive amplification of the entire genome.

Exergonic reaction: A chemical reaction that releases free energy. [Au:OK?]

Key points
Root secretion and plant immunity are key factors in controlling the assembly of root-
associated microbiotas of which rhizobia are key members.

Rhizobia exist in soil and compete with the general microbiota before infecting
legumes, typically through root hairs, and forming N2-fixing bacteroids.

Rhizobia have complex pan-genomes. Some strains also have large plasmids or
symbiosis islands, which are crucial for fitness, nodulation and N2 fixation.

Rhizobia have specific host plants, which makes them excellent models for studying
the mechanisms, timing and location of root colonisation in host and non-host plants.

Some legumes, such as members of the invert repeat lacking clade (IRLC), produce
up to several hundred antimicrobial peptides to control bacteroid cell division and
development.

Bacteroids receive carbon as dicarboxylates from legumes and in exchange they fix
N2 in a low O2-environment and secrete ammonia to the plant. Bacteroids must
balance electron flow to nitrogenase, lipids, polyhydroxybutyrate and Oz, and
coordinate this process with reductant production by the TCA-cycle.
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