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Summary

Nitrogen fixation is carried out inside nodules of legumes by symbiotic rhizobia. Rhizobia
dominate the nodule microbiome, however, other non-rhizobial bacteria also colonise root
nodules. It is not clear whether these less abundant nodule colonisers impact nodule function.
In order to investigate the relationship between the nodule microbiome and nodule function
as influenced by the soil microbiome, we used a metabarcoding approach to characterise the
communities inside Lotus burttii, Lotus japonicus and Lotus comiculatus nodules from plants
that were either starved or healthy, resulting from inoculations with different soil suspensions
in a closed pot experiment. We found that the nodule microbiome of all tested Lotus species
differed according to inoculum, but only that of L. burttii varied with plant health. Using a
machine learning algorithm, we found that out of all the non-rhizobial bacteria inside the L.
burttii nodules, amplicon sequence variants (ASVs) corresponding to Pseudomonas were the
most indicative signatures of healthy plants. Rhizobium ASVs were the most indicative of a
starved L. burttii plant nodule. Network analysis revealed that there were exclusively negative
significant correlations between Rhizobium and Pseudomonas ASVs and both positive and
negative correlations between Pseudomonas and Mesorhizobium ASVs. This was supported
by a co-inoculation experiment on L. burttii that revealed fluorescently tagged Pseudomonas
could co-colonise nodules formed by Mesorhizobium, but not those formed by Rhizobium.
Further evidence for the potential plant benefit of Pseudomonas presence was seen in a co-
inoculation with Rhizobium on L. japonicus. The number of ineffective nodules induced by the
Rhizobium isolate was reduced when inoculated together with a Pseudomonas nodule isolate.
The same reduction in ineffective nodules was not seen in L. burttii. These results support the
hypothesis that legume nodule endophytes influence the overall outcome of the root-nodule
symbiosis, albeit in a plant host-specific manner.

In addition, a novel Mesorhizobium species, Mesorhizobium norwegicum, was physiologically

and chemotaxonomically characterised.



Introduction

1. The plant holobiont

Plants and microbes have coevolved for millions of years (Sprent, 2008). The sessile state of
plants means that they must adapt to survive in changing environments. One proposed
method of plant adaptation is the utilisation of surrounding microbes (Vandenkoornhuyse et
al., 2015). Bacterial evolutionary features such as horizontal gene transfer and the
accumulation of mutations have facilitated their adaptation to many plant niches (Wiedenbeck
& Cohan, 2011; Good et al., 2017; Trivedi et al., 2020; Compant et al., 2021). The plant and
all the microorganisms with which it associates, both mutually, parasitically as well as
neutrally, are referred to as the plant holobiont (Lyu et al., 2021). These microbes colonise the
phyllosphere, the aboveground part of the plant, the endosphere, plant internal tissues, the
rhizoplane, the root surface, and the rhizosphere, the soil region that is influenced by root
secretions (Hassani et al., 2018). Selection pressure from both the plant and other microbe-
microbe interactions has likely led to the evolution of microbial communities that influence the
fitness of the plant (Hassani et al., 2018; Cordovez et al., 2019). Bacteria that are part of the
holobiont can contribute to plant fitness by aiding in disease suppression, nutrient acquisition,
environmental stress tolerance and the promotion of beneficial associations with fungi
(Garbaye, 1994; Mendes et al., 2011; Rolli et al., 2015; Van Der Heijden et al., 2016). Many
of these benefits are dependent on environmental pressures and others have been selectively
evolved for their specific host (Berendsen et al., 2012; Bulgarelli et al., 2012). An example of
a specific plant-microbe coevolution is root-nodule symbiosis, which occurs in nitrogen-limiting

conditions when leguminous plants host nitrogen-fixing rhizobia endosymbiotically.

2. Root-nodule symbiosis

2.1 The mechanism of root-nodule symbiosis

The atmosphere is the largest reserve of nitrogen in the planet. Nitrogen is pivotal for plant
growth (Leghari et al., 2016) and legumes have evolved a system of attaining nitrogen with
the help of bacterial partners. Gaseous nitrogen is unreactive; however, it can be made
bioavailable to plants via catalytic reactions facilitated by diazotrophic bacteria (reviewed in
Shin et al., 2016). Root-nodule symbiosis is a process through which primarily leguminous
plants, such as soybean and peanut, utilise diazotrophic soil bacteria, collectively called
rhizobia. These bacteria provide nitrogen to the plant at the cost of being accommodated
endosymbiotically (Venado et al., 2020). The symbiosis begins when plant roots release
flavonoids into the surrounding soil, which are perceived by rhizobia (Bolahos-Vasquez &

Werner, 1997). In response the rhizobia produce lipochitooligosaccharide molecules, called



Nodulation (Nod) factors. These are perceived by the plant, which then triggers a signalling
cascade that induces the plant to begin cell divisions in the root cortex and epidermal root hair
curling (D’haeze & Holsters, 2002). These cortical cell divisions form into root organs called
nodules which host compatible rhizobia that have infected the root through infection threads
formed in the root hair or via intercellular cracks at the base of lateral roots (Sprent, 2007).
Once inside the nodule cells the rhizobia differentiate into plant-dependent bacteroids (Kereszt
etal., 2011). In this state, they produce nitrogenase, an enzyme capable of catalysing a break
in the triple bond of gaseous nitrogen and transforming it into ammonia, a form available for
assimilation by the plant (Downie, 2014). In return the plant provides the bacteria with a carbon

source, in the form of dicarboxylic acids, and a sheltered environment (Kraiser et al., 2011).

2.2 Agriculture and the exploitation of symbiotic nitrogen fixation

A consequence of root-nodule symbiosis is the replenishment of nitrogen in the surrounding
soil, which acts as a natural fertilizer (Evans et al., 2001). This allows for the use of legumes
as rotational crops and for intercropping. This is particularly important in sparsely populated
and resource-poor countries where fertilization is more difficult (Crews & Peoples, 2004).
These practices re-nitrogenate the soil for subsequent and surrounding plants thereby
decreasing the need for industrial fertilizers (Ofori & Stern, 1987; Peoples et al., 2009). The
use of legumes for intercropping, growing two or more crops in close proximity, and as
rotational crops to enrich soil nitrogen has been dated back to ancient Greece ca. 300 BC
(Papanastasis et al., 2004). It has been reported that the Ancient Romans grew legumes and
ploughed them under the soil (Heinrich, 2000). The industrial revolution brought with it an
increase in agricultural production through the mass production of farming tools, effectively
ending famine in many parts of the world which, in combination with medical advances and
sanitation, assisted an increase in global population (Hounshell, 1985). This ever-increasing
global population has been sustained due to the invention of industrial fertilizers, an advent
reliant on the fixation of atmospheric nitrogen via the Haber-Bosch process (Brightling, 2018).
Currently, over half of the global atmospheric nitrogen that is fixed yearly, 17.5x10'° kg (Hillel,
2007), comes from the production of industrial fertilizer. The creation and use of industrial
fertilizer is energetically expensive and can be environmentally harmful due to a reliance on
fossil fuels and the production of CO, (Bohlool et al., 1992; Guo et al., 2019). Symbiotic
nitrogen fixation in legumes is estimated to fix between 8x10'°kg (Hillel, 2007) and 2.0x10°
kg (Herridge, 2008) per year. In recent times the collective conscience surrounding
environmentally damaging practices has encouraged a switch to more sustainable farming
practices. One such avenue for this would be exploiting root-nodule nitrogen-fixation as an

alternative to industrial fertilizer. Future innovations in fertilizer technology are looking towards



utilising nitrogen fixing bacteria as a sustainable alternative to industrial methods
(Bhattacharjee et al., 2008). Whether that be genetically altering plants by introducing nitrogen
fixing mechanisms into the plants themselves (Mus et al., 2016), engineering nitrogen-fixing
activity in bacteria that colonise cereals (Ryu et al., 2020; Haskett et al., 2022), or designing
microbial inoculants to create a soil microbiome for optimal plant yield (Andrews et al., 2003;
Santos et al., 2019). For the latter to become a viable option for legumes, the microbiota of
the plant and the stability of any inoculant must first be comprehensively understood. The
stability of an inoculum relies on the abiotic and biotic factors of the soil, therefore
understanding these dynamics within the soil is vital (Griffiths et al., 2008; Tkacz et al., 2015).
To achieve this level of comprehension we first need to understand not only the binary
interaction between rhizobia and legumes, but also consider the broader plant and soil

microbiota.

2.3 Specificity of root-nodule symbiosis

Root-nodule symbiosis is initiated after molecular communication between the two organisms
is established, and the bacteria chemotactically move towards the plant root (Currier & Strobel,
1976). The molecules involved in the two-way signalling between the host plant and symbiotic
bacteria vary across species. Nod factors, the signalling molecules produced by rhizobia, can
differ in the length of the backbone, the size of the fatty acid chain as well as the decorations
at either end of the molecule (Long, 1996). The specific variations of this molecule contribute
to determining which potential host will be receptive and therefore compatible for infection
(Lerouge et al., 1990). This symbiont-specificity is typically dictated by the cluster of nod genes
located either on a ‘symbiotic island’ in the bacterial chromosome or on a symbiotic plasmid
(Ding & Hynes, 2009). This genomic orientation simplifies the potential for horizontal gene
transfer, which has been hypothesised to be one of the factors that diversify legume-rhizobia

symbiotic partnerships (Mergaert et al., 1997; Bamba et al., 2019).

Bacterial exopolysaccharides (EPS) are secreted biopolymers that are also relevant for
symbiosis specificity (Wang et al., 2012). The presence of particular EPS molecules can
determine the successful establishment of rhizobial infection. Bradyrhizobium japonicum loses
its symbiotic-compatibility with Glycine soja, but not with Glycine max, upon the mutation of
the EPS synthesis gene exoB (Parniske et al., 1994). Sinorhizobium meliloti Rm41 is
incompatible with Medicago truncatula, but becomes an effective symbiotic nitrogen-fixer upon
the introduction of a plasmid carrying a exo gene fragment from the effective symbiont, S.
meliloti Rm1021 (Simsek et al., 2007). This indicates that there is plant-specific selection of

the infecting bacteria that depends on the presence or absence of certain EPS. There are also



other molecular interactions inside the plant that contribute to advantaging more beneficial
symbiotic bacteria over others. Gibberellin is a phytohormone that increases nodule size and
decreases nodule number, which correlates with a greater number of rhizobial progeny within
the nodule. A larger population provides a competitive advantage in niche colonisation and
resource acquisition upon nodule senescence. G. max expresses gibberellin 3-oxidases
inside its nodules which converts a gibberellin precursor, GAg, produced by the effective
symbiont, Bradyrhizobium diazoefficiens, into the bioactive gibberellin GA4, thus providing the
beneficial bacteria with a competitive advantage (Nett et al., 2022). Variant decorations on
EPS molecules and Nod factors, the ability for nodulation genes to be transferred between
bacteria as well as species-specific adaptations that provide a competitive advantage, all

contribute to the specific compatibility seen between host and symbiont.

2.4 Promiscuity of legume-rhizobia symbiotic pairings

The molecular variations possible in root-nodule symbiosis allows for a high level of specificity
between the plant and bacteria. Despite this, like many natural mutualistic relationships, the
range of partners a legume can symbiotically cooperate with falls across a spectrum (Perret
et al., 2000; Zahran, 2001; Gwata et al., 2004; Bascompte, 2009). Promiscuous plants can be
infected by a broad range of bacteria, while the more stringent are only compatible with a few
partners (van Rhijn & Vanderleyden, 1995; Bascompte, 2009). It has been observed that wild
plants have more symbiotic partners than cultivated plants, hinting that domestication and the
more stable environment that goes with it may select against promiscuity (Mutch & Young,
2004). This is seemingly in contrast to the assumption that globally successful domesticated
crops would have to make use of bacterial symbionts from the native wild legumes, thus
pressuring the selection of less selective plants (Mutch & Young, 2004). Whether plant
promiscuity is beneficial is often conditional as being more promiscuous can also benefit an
invasive plant by allowing it to exploit local bacteria as well as symbionts that have been co-
introduced (Fourie-Basson, 2013; Ndlovu et al., 2013). However, whether this invasive
success is due to plant promiscuity or propagule pressure and agricultural practices remains
unclear (Keet et al., 2017). Promiscuity can also be detrimental to the success of a plant due
to the variation of nitrogen fixation efficiency between a plant and effective symbionts (Collins
etal., 2002; Schumpp & Deakin, 2010). This variation in effectivity does not necessarily impact
competitiveness when it comes to nodulation (Westhoek et al., 2017; Bourion et al., 2018).
For example, both effective and ineffective strains of S. meliloti from the same region were

able to nodulate Medicago sativa when in competition with one another (Amarger, 1981).



2.5 Ineffective nodules

The efficiency of nitrogen fixation can vary depending on the symbionts (Collins et al., 2002;
Liu et al., 2020). Not only are some compatible symbionts less efficient at fixing nitrogen than
others, but some bacteria are also capable of nodulating particular plants without fixing any
nitrogen at all (Sachs & Simms, 2008). This results in a more parasitic symbiosis and the
starvation of the plant. As the biogenesis of nitrogenase and the conversion of atmospheric
nitrogen to ammonia are energetically expensive processes for the bacteria, not doing these
allows them to save energy, providing them with a competitive advantage (Denison, 2000).
Often termed ‘cheaters’, these bacteria typically induce white nodules, instead of the usual
pink (Viands et al., 1979). This is due to the lack of leghemoglobin, which is required to
facilitate the low oxygen environment needed for nitrogenase to function whilst still maintaining
oxygen flux for cellular respiration (Viands et al., 1979; de Lajudie & Huguet, 1988; Ott et al.,
2005; Singh & Varma, 2017). The advantage the cheaters obtain through not fixing nitrogen
is counteracted in the event the plant can exert sanctions on non-fixing bacteria or reward

cooperating bacteria (Simms & Taylor, 2002).

It has been stated that a plant can sanction these cheater bacteria by moderating resource
allocation to less-effective nodules or enforcing the early senescence of sub-optimal nodules
(Banba et al., 2001; Kiers et al., 2003; Sachs & Simms, 2006; Serova et al., 2018). There is
little mechanistic knowledge about how host plant sanctions function (Masson-Boivin & Sachs,
2018). One suggested reason for the persistence of sub-optimal nodulators, despite plant
sanctions, are that they coinfect with beneficial symbionts (Kiers & Denison, 2008). One such
example is that of Rhizobium leguminosarum Norway, which was co-isolated from Lotus
corniculatus nodules with the beneficial symbiont Mesorhizobium norwegicum 1022
(Kabdullayeva, 2019). R. lequminosarum Norway cannot nodulate L. corniculatus alone and
forms ineffective nodules on Lotus burttii (Gossmann et al., 2012). Although, it has also been
shown that some legumes can detect and even sanction nodules with a mix of effective and
ineffective bacteria (Regus et al., 2017). Another explanation is that they are just mismatched
and do in fact effectively fix nitrogen in other plant species (Kiers & Denison, 2008). Rhizobium
etli can nodulate and infect Lotus japonicus but fixes nitrogen at a sub-optimal level (Banba et
al., 2001). After 3 weeks, fixation suddenly halts, and the nodules degrade. However, other
sub-optimal Rhizobium symbionts are able to sustain an infection in L. japonicus for several
months indicating that efficiency of nitrogen fixation is not necessarily required for persistence
in nodules (Schumpp et al., 2009; Schumpp & Deakin, 2010). The persistence of cheating
nodulators despite plant sanctions and competition from beneficial symbionts begs a closer

look at the external root-nodule environment and the potential impact of microbes therein.



3. The soil microbiota and root-nodule symbiosis

3.1 Abiotic and biotic factors that influence the soil microbiota

Soils typically harbour a diverse range of microbes that vary dependent many abiotic
parameters such as carbon:nitrogen ratio, pH, soil grain size, temperature, tillage, moisture,
and depth to name a few (Zarraonaindia et al., 2015; Adamczyk et al., 2019; Sharaf et al.,
2019; Kraut-Cohen et al., 2020; Wang, S et al., 2021; Sokol et al., 2022). Soil with a neutral
pH typically has a higher microbial diversity than those that are acidic or alkaline, due to the
effect pH has on nutrient availability and microbial enzymatic activity (Cao et al., 2016; Wu et
al., 2017; Custédio et al., 2022). Many abiotic factors are interconnected and therefore have
an indirect effect on the soil microbiome. For example, grain size heterogeneity correlates with
microbiome variation in the permeable sediment of the Qi river in China. Heterogeneity of
grain size confers a change in sediment chemistry, which in turn has a significant effect on the
microbiome (Wang, S et al., 2021). Similarly, tillage of soils reduces the hydrolytic and redox
activity of the microbiota present, which results in a divergent microbiome to that seen in soils
without tillage (Kraut-Cohen et al., 2020).

Biotic factors that influence the soil microbiome stem largely from fauna, microbes and plants
(Zhu et al., 2020; Sokol et al., 2022). Predation of soil bacteria by protists, nematodes and
microarthropods has a substantial influence on the overall microbial makeup of the soil
(Bonkowski, 2004; Thakur & Geisen, 2019). Similarly, there are indirect effects from other soil
microorganisms that shape the structure of the microbiome, largely via competition for

nutrients and supplying nutrients via decomposition (Thakur & Geisen, 2019).

3.2 Plant influence on the soil microbiota

The proximity to a plant and the developmental stage of the plant also influences the soil
microbial community. This is done via exudates that the plant root secretes into the soil
(Knudson, 1920; Badri & Vivanco, 2009; Sasse et al., 2018). These exudates can encourage
the recruitment of specific bacteria towards or away from the plant root system (Currier &
Strobel, 1976; el Zahar Haichar et al., 2014). This acts as a natural filter so that each region
closer to the root has a less diverse microbial community as root exudates change soil
conditions to favour some bacteria over others (Huang et al., 2020; Munoz-Ucros et al., 2021).
Due to this the bulk soil, soil outside the rhizosphere, has the most diverse but least plant-
influenced microbial community as it is further away from the plant and only exposed to a
dissipating level of root exudate (Hartman & Tringe, 2019; Huang et al., 2020). The soil directly

surrounding the root is not only susceptible to influence by plant exudates, but also physically
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due to root configuration. Dense root architecture can encourage the aggregation of nutrients
and moisture thereby facilitating the distinction of micro-environments that are more suited for
select microbes (Ho et al., 2005; Saleem et al., 2018). An even more selective niche is that of
the rhizoplane, comprised of rhizosphere bacteria that can adhere to the root epidermal cells
(Chave et al., 2008). Lastly, microbes that can endophytically colonise the plant are a distinct
assemblage of rhizosphere bacteria that are able to infiltrate the plant system (Hallmann &
Berg, 2006; Gottel et al., 2011). This natural selectivity imposed by the plant on soil microbiota
has pressured the evolution of microbes specialised for these niches (Badri & Vivanco, 2009).
For example, there are a higher percentage of microbes that require exogenous plant-derived
amino acids for optimal growth in the rhizosphere than there are in the bulk soil, and an even

higher percentage in the rhizoplane (Ramey et al., 2004; de Ridder-Duine et al., 2005).

A plant can exert a more specific influence over the microbiota directly surrounding the root
compared to the rhizosphere. For instance, the roots of Triticum aestivum (wheat), Zea mays
(maize), Brassica napus (rape) and M. truncatula (barrel clover) are colonised by different
bacterial communities due to their differences in plant exudate profile, however this distinction
was less pronounced in the rhizosphere (Haichar et al., 2008). Plants can exert selective
pressure on the rhizo-compartments that bacteria inhabit. L. japonicus mutants incapable of
establishing root-nodule symbiosis, have an altered root community. However, this was based
on plant genetic factors, rather than an indirect effect due to the lack of nitrogen fixation,

indicating that the plant directly influences the selection of root bacteria (Zgadzaj et al., 2016).

Plant microbial communities are also dynamic (Zhalnina et al., 2018). The rhizoplane and
rhizosphere contain microbiota that vary temporally, with the mature parts of the root having
a distinct microbiome to those more nascent (Massalha et al., 2017; Munoz-Ucros et al.,
2021). This is likely due to the composition of root-exudates differing along the length of the
root as it develops which chemotactically recruit specific bacteria at different times and at
different root sections (Aulakh et al., 2001; Massalha et al., 2017; Zhalnina et al., 2018;
Edmonds et al., 2020). Arabidopsis thaliana and T. aestivum can select for a subset of
microbes at certain stages of development, supposedly to aid in apposite plant functions
(Chaparro et al.,, 2014; Chen, S et al., 2019). While plant can chemically encourage the
formation of a particular microbial community in the soil via exudates, soil microbiota can
conversely also influence the microbiota of the plant. For instance, the phyllosphere of a
grapevine has more bacterial strains in common with its own rhizosphere than with the
phyllosphere of other plants in the same region (Zarraonaindia et al., 2015). This suggests
that the soil acts as the main microbial reservoir for the rest of the plant microbiota, although

some bacteria can also originate from the seed and the air (Sanchez-Canizares et al., 2017).
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All the factors that influence the microbiota around a plant have forced the evolution of bacteria
that are not only suited to the niche, but also some that are synergistic with the plant (Zilber-

Rosenberg & Rosenberg, 2008; Lugtenberg & Kamilova, 2009).

3.3 Plant-beneficial bacteria

Plant synergistic bacteria that inhabit soil benefit the host plant in both indirect and direct ways
(Verma et al., 2010). Plant-growth-promoting bacteria (PGPB) can indirectly benefit the plant
by secreting antimicrobial compounds or siderophores with a higher affinity for soil iron than
phytopathogenic competitors (Glick, 2012; Shobha & Kumudini, 2012; Chen, L et al., 2019).
Other benefits of PGPB act directly on the plant. Direct benefits of PGPB can be through the
production of phytohormones, such as cytokinins and auxins (Liu et al., 2013; Duca et al.,
2014). Indoleacetic acid is an auxin that can aid in root elongation, plant cell division and
lateral root formation (Khalid et al., 2004; Schlicht et al., 2013; Duca et al., 2014). Another
benefit PGPB confer is in assisting the plant in resource acquisition, especially of nutrients
which can exist in states of low bioavailability, such as insoluble phosphate and atmospheric
nitrogen (Khan et al., 2009; Dawwam et al., 2013; De Bruijn, 2015). Root-nodule symbiosis is
one such example of bacteria assisting the plant by making unreactive atmospheric nitrogen
available, a process that is critically important in low-nitrogen soils. Nitrogen-fixing bacteria
are the most researched PGPB inside legume nodules, although evidence suggests that there
may be other beneficial microbes that contribute to this symbiosis as well (Martinez-Hidalgo
& Hirsch, 2017).

4. The nodule microbiome

4.1 Soil influence on the nodule microbiome

The nodule microbiota can vary dependent on a range of factors. The reservoir from which
most nodule bacteria are selected is in the soil, therefore variation to the soil microbiota can
subsequently affect that of the nodule (Sanchez-Canizares et al., 2017; Mukhtar et al., 2020).
The soil conditions and inhabiting plants can influence the proliferation of the native bacteria
(Brant et al., 2006; Berg & Smalla, 2009; Zarraonaindia et al., 2015; Wang, W et al., 2021).
Certain conditions will suit the proliferation of particular bacteria, giving them a competitive
advantage in expanding into new niches (Bai et al., 2019; Windels et al., 2020). For example,
which rhizobial species colonise Sesbania cannabina nodules depends on pH and soil salinity,
with Bradyrhizobium spp. and Sinorhizobium spp. more favoured in neutral and saline-alkali
soil, respectively (Zhang et al., 2011; Li et al., 2016). This variation in soil conditions can be
environmentally driven or due to human intervention. Agricultural practices, such as irrigation,

can alter the soil microbiome and subsequently the nodule microbiome (Sharaf et al., 2019).
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4.2 Plant host influence on nodule microbiota

Nodulation phenotype can vary across plant genotypes (Gossmann et al., 2012), however
whether this translates into a significant variation in nodule microbiota is unclear. The influence
of plant genotype on microbial assembly is difficult to parse, due to it being intertwined with
the environmental conditions and microbiota therein. It has been suggested that plant-microbe
coevolution facilitated by cross-kingdom signalling has meant plants generally adapt a
holobiont related to the environment (Vandenkoornhuyse et al., 2015). For example, several
genotypes of Vigna unguiculata from different regions of Africa are colonised by a diverse
range of Bradyrhizobium symbionts (Pule-Meulenberg et al., 2010). Whether this facilitated a
variation in the broader microbiome is unclear. A similar study of different V. unguicalata
genotypes in Brazil showed that non-rhizobial nodule endophyte differences were mainly due
to soil influence, rather than host genotype (Leite et al., 2017). Further ambiguity about the
influence of genotype is seen when considering the microbiota in other plant compartments.
Root endophyte diversity of M. fruncatula can vary with genotype, although this same
microbial variation was not seen in the nodule (Brown et al., 2020). However, using other
metrics to track differences in nodule endophytes between M. truncatula genotypes revealed
that there was in fact some variation, not in the number of different species (diversity), but

rather in the particular strains present (composition) (Burns et al., 2021).

The microbiota of cultivated and wild plant nodules can vary. Wild Sulla coronaria nodules
have more culturable non-rhizobial endophytes than those of cropped plants (Muresu et al.,
2019). It was subsequently hypothesised that these other endophytes play a role in alleviating
the negative effects of the harsher environmental conditions in the wild. Contrastingly, the
cultivated G. max has a higher number of non-rhizobial endophytes in nodules than the closely
related wild G. soja (Zheng et al., 2020). The hypothesis is that these differences stem from
the ability of each plant to adapt to salt-alkali stress conditions. For both of these examples,
in terms of recruiting bacteria to the nodule, the cultivation of the plant is less relevant than
the conditions to which the plant is subjected. However, other observations in G. max have
shown variation in nodule community between cultivars grown under the same conditions
(Sharaf et al., 2019). This indicates that the variation between cultivated and wild plant nodules

may be influenced by more than just the environmental conditions of each niche.

4.3 Plant growth promoting bacteria in nodules
Various bacterial species that do not induce nodules alone have been found to not only co-

colonise plant nodules but also contribute to the health of the plant (Martinez-Hidalgo & Hirsch,
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2017). A broad-range of other Alpha-, Beta- and Gammaproteobacteria, as well as Firmicutes
and Actinobacteria have been isolated from a range of legume species (Martinez-Hidalgo &
Hirsch, 2017). The fixation of atmospheric nitrogen is the plant growth-promoting trait common
to host-compatible rhizobia, while other nodule-colonising bacteria have shown alternative
plant growth-promoting traits. For instance, several Pseudomonas spp. can manipulate the
plant hormone homeostasis through the direct production of plant hormones like indoleacetic
acid (Duca et al., 2014; Gopalakrishnan et al., 2015; Kumawat et al., 2019). They can also
produce enzymes involved in the biosynthesis of hormones, such as the 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase, which can convert ACC, the
precursor of ethylene, into ammonia and a-ketobutyrate, thereby lessening the stress-induced
plant growth suppression that ethylene can cause (Kong et al., 2017; Kumawat et al., 2019).
They can also suppress antagonistic bacteria by outcompeting them for iron using
siderophores they produce or secreting antimicrobial compounds (Sindhu & Dadarwal, 2001;
Dey et al., 2004; Zhao et al., 2013; Chen, L et al., 2019). PGPB can assist the plant in nutrient
acquisition by solubilising phosphate (Argaw, 2012; Zhao et al., 2013) or also aid in coping
with environmental stresses caused by metal ions or salinity (Egamberdieva et al., 2013; Kong
et al., 2017; Xiong et al., 2020). Some nodule colonisers can effectively form biofiims to
withstand various biotic and abiotic stresses, potentially contributing to the successful root
colonisation of symbiotic bacteria (Tariq et al., 2014). Agrobacterium tumefaciens can form
dense, complex biofilms with rhizobia, like those that rhizobia form on the root epidermis and
root hairs, which potentially serve as the reservoir for infection (Ramey et al., 2004). A.
tumefaciens can also inhabit nodules, however whether they infect via the same route as

rhizobia is unclear (Wang et al., 2006).

4.4 Non-rhizobial bacteria and nodule colonisation

The natural filtration that occurs from the bulk soil to the rhizosphere to colonising the root
already limits microbial diversity (Huang et al., 2020; Munoz-Ucros et al., 2021). The barrier
to then becoming nodule-colonising also requires entering the plant and then navigating the
internal conditions (Compant et al., 2021). Symbiotic rhizobia do this via nod genes that
facilitate specific two-way signalling recognition and cooperation with the plant (Debellé et al.,
2001). Non-rhizobial nodule colonisers lack these genes for this signalling process and yet
still infect the nodule (Pandya et al.,, 2013; Zgadzaj et al., 2015). Whether the mode of
colonisation is via cracks in the root epidermis or via infection threads is unclear. However,
the lack of compatible nod genes does not necessarily indicate that non-rhizobial nodule
colonisers do not play role in the infection process as there are other molecular bacterial

components, such as EPS, can also be important for a successful symbiotic pairing (Jones et
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al.,, 2008). An example of such a bacterium that co-colonises nodules is Rhizobium
mesosinicum KAW12. This strain lacks nod and nif gene clusters that encode proteins
essential for nodulation and nitrogen fixation, respectively. KAW12 cannot nodulate L.
Japonicus by itself, however it is a competent coloniser of L. japonicus when co-inoculated
with the symbiont Mesorhizobium loti R7A. An exoU EPS mutant of M. loti, which rarely
produces infected nodules, could have the infection process restored upon co-inoculation with
KAW12, suggesting that the EPS of KAW12 was able to complement the function lost in the
M. loti exoU mutant (Zgadzaj et al., 2015). This shows that although this non-symbiont could
not nodulate by itself, it did have some molecular characteristics that can contribute to

nodulation. Whether this is the case for other nodule endophytes remains unclear.

4.5 Current state of research

The benefit PGPB provide plants is empirically exhibited upon their co-inoculation with
rhizobia. Plant growth promotion due to non-rhizobial bacteria is seen in G. max (Kumawat et
al., 2019), Medicago lupulina (Kong et al., 2017), Cicer artietinum (Malik & Sindhu, 2011;
Gopalakrishnan et al., 2015), Saphora alopecuroides (Zhao et al., 2013), Galega orientalis
Lam. (Egamberdieva et al., 2010), and Arachis hypogea L. (Dey et al., 2004) to name a few.
Most of these studies show a correlation between the presence of plant growth-promoting
activities and plant growth improvement after co-inoculation, typically increased plant yield or
nodulation, without considering the broader microbiome that is naturally present. The myriad
potential microbe-microbe interactions possible in a soil environment could have indirect
effects on both rhizobia and non-rhizobia thereby compromising any potential plant benefit
they might provide. Research analysing host-symbiont specificity and ineffective nodules has
been done with binary systems, ignoring any potential effect from the broader plant and soil
microbiota. With the advent of improved deep sequencing technologies, microbiome
characterisation has become a practical way of analysing the microbial makeup of particular
niches. Comprehensive nodule microbiome studies are becoming more prevalent and can
provide insights into the potential interactions that could shape the function of PGPB (Hansen
et al., 2020; Rocha et al., 2020; Zheng et al., 2020).
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Aims of thesis

The soil is one of the most complex bacterial niches that exists in the natural world. The
potential number of microbe-microbe interactions and the possible level of interconnectedness
that circulates in the soil is almost unfathomable, therefore we find it remiss not to consider its
potential importance in root-nodule symbiosis. We hypothesised that other non-symbiotic soil
bacteria may also play a role in the functionality of root-nodule symbiosis. The massive
complexity of plant-associated microbes and the compartments they inhabit, made practically
addressing this hypothesis difficult. We therefore reduced the scope of our attention to only

include nodule endophytes.

It is well established that non-rhizobial bacteria can also colonise nodules, however plant
response to this colonisation is not well understood. To that end our first aim was to assess
how and if the nodule microbiome of Lotus varies in differing soil inoculants, genotypes
and plant health phenotypes. To do this we used gnotobiotically germinated plants
inoculated with two different soil suspensions in closed-pot system to minimise abiotic
influences in order to distinguish microbe-driven variation between the sample types. Next
generation sequencing of the microbiome of surface-sterilised nodules allowed us to fully
characterise all bacteria that endophytically colonised the different sample types. Assigning
taxonomy to reads clustered as amplicon sequence variants (ASVs) then allowed us to
observe typical colonisation patterns of the particular sample types.

Our next aim was to focus on which ASVs were characteristic of differences between the
sample types, in a bid to unveil potentially important strains. Comparative analyses using
support vector machine learning and a network algorithm were used to uncover potential
interactions and pivotal ASVs.

The next aim was to qualify what were the potential roles and nodule colonisation pattern
of nodule-isolated strains representative of the ASVs-of-interest. This was done by
aligning said ASVs with strains isolated from nodules of Lotus that had been inoculated with
the soil suspensions. Information garnered from the bioinformatic analyses then informed the
creation of synthetic inoculations in a bid to recreate observed phenotypes and pin-point the
role of particular nodule endophytes. The plants treated with the synthetic inoculations were
then observed for phenotypic variation. In parallel to this we used confocal microscopy to
image the localisation inside the nodule of fluorescently tagged strains in a bid to better
understand the putative role that they play in root-nodule symbiosis and confirm their

endophytic presence in nodules.
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A parallel aim of this project was to characterise the newly described M. norwegicum, a
rhizobia co-isolated from Lotus corniculatus with the Lotus-parasitic rhizobia, R.

leguminosarum Norway.
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Results

Publication I:
Mesorhizobium norvegicum sp. nov., a rhizobium isolated from a Lotus corniculatus

root nodule in Norway
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Mesorhizobium norvegicum sp. nov., a rhizobium isolated from a
Lotus corniculatus root nodule in Norway

Tolganay Kabdullayeva, Duncan B. Crosbie and Macarena Marin*

Abstract

Strain 10.2.2" was isolated from a root nodule of a Lotus corniculatus plant growing near Skammestein (Norway). Phe-
notypic and chemotaxonomic characterization revealed that colonies grown on yeast-mannitol broth agar were circular,
convex and slimy. Growth occurred at 28°C in 0-1% NaCl and in a pH range from above 4 to 10. Cells were resistant to
kanamycin and phosphomycin. They could assimilate carbon sources such as L-lysine, b-mannose, b-mannitol, and L-
alanine. Major fatty acids found in the organism were 11-methyl C . . @7c,C,, . C  w7c C  andC,  cyclo w8c. Genome
sequencing and characterization of the genome revealed its size to be 8.27 Mbp with a G+C content of 62.4mol%. Phy-
logenetic analyses based on the 16S rRNA gene and housekeeping gene alignments placed this strain within the genus
Mesorhizobium. Pairwise genome-wide average nucleotide identity values supported that strain 10.2.27 represents a
new species, for which we propose the name Mesorhizobium norvegicum sp. nov. with the type strain 10.2.27 (=DSM

108834™=LMG 31153).

The legume-rhizobia symbiosis plays a crucial role in the
global nitrogen cycle, as it is a major source of biological nitro-
gen fixation in terrestrial ecosystems [1, 2]. In agriculture,
biological nitrogen fixation has been proposed for a long time
as a sustainable alternative to synthetic nitrogen fertilizers
[3-5]. However, it has recently gained more attention under
the scope of the United Nations Sustainable Development
Goals [6]. The exploration of rhizobial diversity might help
us improve sustainability in agriculture by identifying novel
rhizobia strains with higher nitrogen-fixation capacities.

Rhizobia are a paraphyletic group of diazotrophic bacteria
that belong to at least three genera of betaproteobacteria
and 17 genera of alphaproteobacteria [7]. Among these, the
genus Mesorhizobium is one of the best investigated in terms
of diversity with 51 species described to date (www.bacterio.
net/mesorhizobium.html). The genus was established
formally by Jarvis et al. in 1997 [8] and comprises Gram-
negative, non-sporulating, rod-shaped, motile, chemoor-
ganotrophic rhizobacteria [9]. Mesorhizobium species have
an intermediate growth rate in comparison to fast-growing
Rhizobium and slow-growing Bradyrhizobium species [7]
and this is where this genus received its name [8, 10].

The host specificity of Mesorhizobium expands across different
legume genera including Acacia, Cicer, Prosopis, Sophora
and Lotus [11]. Among these, Lotus plants, such as Lotus
corniculatus, are a rich reservoir of Mesorhizobium strains.
L. corniculatus, commonly known as bird’s-foot trefoil, is a
geographically widely distributed flowering perennial grass
that is native to Scandinavian wetlands, temporal Eurasian
meadows and North African grasslands [12]. Some of the
type strains isolated from this species are Mesorhizobium loti
[13], Mesorhizobium helmanticense [14] and Mesorhizobium
olivaresii [15].

Here we describe strain 10.2.27, which was isolated from a
L. corniculatus root nodule growing in a field near Skam-
mestein in Norway [16]. Based on the phylogeny of the 16S
rDNA and three housekeeping genes we placed this strain
within the genus Mesorhizobium. Moreover, the results of
polyphasic analysis supported that this strain belongs to a
novel bacterial species. We propose to establish for strain
10.2.2" the species name Mesorhizobium norvegicum sp.
nov.

Author affiliations: 'Genetics, Faculty of Biology, Ludwig Maximilians University, Munich, Germany.

*Correspondence: Macarena Marin, m.marin@biologie.uni-muenchen.de

Keywords: Mesorhizobium; Lotus corniculatus; root nodule symbiosis; rhizobia; genome; average nucleotide identity.
Abbreviations: ANI, average nucleotide identity; MLSA, multilocus sequence analysis; YMB, yeast-mannitol broth.
The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA gene and the genome sequences are MK908404.1 and SMYZ0000000O for strain

10.2.2 and MK908405.1 and SMYY00000000 for 10.2.3, respectively.
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Fig. 1. Maximum-Llikelihood phylogenetic tree based on 16S rRNA gene sequences (1200 bp) showing the position of isolates 10.2.27
and 10.2.3 within the genus Mesorhizobium. Bootstrap values calculated for 1000 replications are indicated (shown only when =70%).
Accession numbers are shown in parentheses. Rhizobium etli CFN42T was used as an outgroup.

ISOLATION AND ECOLOGY

In a previous study, strain 10.2.2" was isolated from a root
nodule collected from a L. corniculatus plant growing in
Skammestein, Norway. The geographic coordinates of the
collection site are latitude 61° 10" 54.6"” and longitude 08°
57' 54.5" [16]. The strain was isolated from a nodule after
dissection and surface-sterilization in a 10% bleach and
0.1% sodium dodecyl sulfate solution. The content of the
crushed nodule was serially diluted in 20Q liquid medium
[17], and the dilutions were plated on 20Q agar plates. Three
isolates were purified from that nodule. Based on 16S rRNA

389

20

gene phylogeny, two of them, 10.2.2" and 10.2.3, belonged
to the genus Mesorhizobium, whereas the third isolate was
a Rhizobium leguminosarum [16, 18]. Interestingly, isolates
10.2.2"and 10.2.3 clustered separately from other described
Mesorhizobium strains [16].

GENOME FEATURES

To characterize these isolates, the genomes of 10.2.2" and the
co-isolated 10.2.3 were sequenced and annotated. Bacteria
were grown at 28°C and 180r.p.m. for 2days in tryptone-yeast
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Fig. 2. Maximum-likelihood phylogenetic tree based on concatenated gene sequences of ginll (522 bp), rpoB (412 bp) and recA (328 bp)
fragments showing the position of isolates 10.2.2" and 10.2.3. Bootstrap values calculated for 1000 replications are indicated (shown
only when =70%). Rhizobium etli CFN42T was used as an outgroup.

broth. Genomic DNA was isolated from 30 ml of the respective
bacterial suspensions (OD, =1.0) using the CTAB method [19].
The quality of the isolated DNA samples was determined by
gel electrophoresis and NanoDrop spectrophotometry. Library
preparation and whole-genome sequencing were conducted at
the Genomics Service Unit (LMU Biocenter, Munich). Briefly,
genomic DNA libraries were prepared with the Nextera Kit (Illu-
mina) following the manufacturer's protocol. Short-read paired-
end sequencing (2x150bp, v2 chemistry) was performed using
an Illumina MiSeq sequencer yielding 1079958 and 1316698
paired reads and 1.5Gb of primary sequences for 10.2.2" and
10.2.3, respectively.

Quality control and absence of contamination in the
sequenced reads was evaluated using the CLC Genomics
‘Workbench 9.0.1 (QIAGEN) and the ContEst16S online tool
[20]. The sequenced reads were assembled de novo into contigs
by using NGS Core Tools in CLC Genomics Workbench

11.0.1 and the quality of the assemblies was assessed using
the Quality Assessment Tool for Genome Assemblies
within the webtool Quast (http://quast.bioinf.spbau.ru/)
[21]. The contig assemblies were annotated automatically
using the MicroScope platform [22-24]. The characteristics
of the genome assemblies as generated by MicroScope are
summarized in Table S1 (available in the online version of
this article). The GenBank accession numbers for the genome
assemblies of strains 10.2.2" and 10.2.3 are SMYZ00000000
and SMYY00000000, respectively.

The draft genomes of 10.2.2" and 10.2.3 were highly similar.
They consisted of 8.27 Mbp, had 62.4mol% G+C content,
and contained 54 and 50 RNA genes, respectively (Table S1).
These are comparable to values extracted from the published
genomes of other Mesorhizobium type strains (Table S2). A
BUSCO analysis [25, 26] of the draft genomes of both isolates
revealed 97.6 and 98.4 % completeness of the expected
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gene set for Rhizobiales, respectively. Synteny analysis using
MicroScope revealed that 95.91% of the predicted CDS form
syntheny groups. Thus, these isolates most likely belong to
the same strain.

100

77.6

A comparison of the draft genomes of 10.2.2" and 10.2.3 to
the genomes of other Mesorhizobium strains using MicroCyc
in MicroScope did not reveal major metabolic differences.
Both draft genomes contained symbiotic genes, such as the
nod and nol genes involved in the synthesis and export of
the nodulation factor, and the nif and fix genes required for
nitrogen fixation. The organization of these genes was syntenic
to orthologs in other type strains, such as Mesorhizobium
japonicum MAFF303099" [27].

77.6

77.5

78.1

77.8

PHYLOGENY

The 16S rRNA gene is not a reliable phylogenetic marker for the
genus Mesorhizobium, as several species contain identical 16S
rRNA gene sequences, but have other divergent housekeeping
genes [28]. Thus, to determine the phylogenetic placement of
strain 10.2.27, we not only reconstructed a phylogenetic tree of
S the 16S rRNA gene, but also trees of concatenated sequences
of the glnll, rpoB and recA housekeeping genes. Sequences
were extracted from the annotated draft genomes of isolates
10.2.2" and 10.2.3 and aligned with those of Mesorhizobium
type strains publicly available at the NcBI database. Acces-
sion numbers of retrieved sequences can be found in Table
S3. Alignments of the individual gene sequences were
performed using MAEFT version 7 [29]. After trimming, the
housekeeping gene sequences were concatenated manually.
The resulting alignments were used to reconstruct phyloge-
netic trees by using the maximum-likelihood method using
RAXML-HPC BlackBox [30] in the c1prEs Science Gateway
version 3.3 platform [31]. Bootstrap values were calculated
for 1000 iterations.

77.8

7.6

78.0

78.0

77.4

77.5

Pairwise sequence comparisons of a 1200 bp long 16S rRNA
gene fragment of 50 Mesorhizobium type strains revealed
that the 16S rRNA gene of strain 10.2.2" was identical to the
sequence of isolate 10.2.3 and of M. loti NZP2213". However, it
shared >99.5% sequence similarity with an additional 10 type
strains. Based on this, we selected non-redundant sequences
(1270bp long) of 36 Mesorhizobium species, including all
closely related strains, to reconstruct the 16S rRNA gene
phylogeny. Isolates 10.2.2" and 10.2.3 clustered together in
a clade within the Mesorhizobium genus (Fig. 1). To resolve
the phylogenetic relationship within this group we conducted
multiple locus sequence analysis (MLSA) with concatenated
sequences of fragments of three housekeeping genes: glnll
(522bp), rpoB (412bp) and recA (328 bp). Isolates 10.2.2" and
10.2.3 formed a separated group within a branch containing
M. ciceri UMP-Ca7", M. loti NZP 2213", M. cantuariense
ICMP 19515" and M. newzealandense ICMP 19545" (Fig. 2).
Moreover, pair-wise comparisons of these MLSA sequences
revealed that these strains share less than 97% identity with
10.2.2" and 10.2.3. This suggests that isolates 10.2.2" and
10.2.3 belong to a novel species of the genus Mesorhizobium.

77.6
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77.6 77.6

77.5
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albiziae DSM 218227
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Fig. 3. Maximum-likelihood phylogenetic tree based on NodC protein sequences of isolates 10.2.2" and 10.2.3 and 18 members of the (oti
symbiovar. Bootstrap values calculated for 1000 replications are indicated. Rhizobium etli CFN42" was used as an outgroup.

To further validate the new species delineation, we conducted
whole-genome comparisons and calculated the average
nucleotide identity (ANI). We applied OAT 0.93.1, which
uses orthologous regions in a pairwise comparison, to calcu-
late OrthoANTI values [32]. Strains are considered to belong
to different species if they share less than 95-96% genome
identity [32, 33]. The whole-genome comparison of isolates
10.2.2" and 10.2.3 revealed 99.98% identity between them,
which indicates that they belong to one species (Table 1). In
contrast, the OrthoANI values of whole-genome comparisons
between these isolates and 15 Mesorhizobium type strains
were below the 95% cut-off threshold, supporting the sepa-
ration of 10.2.2" and 10.2.3 into a distinct species (Table 1).

SYMBIOTAXONOMY

Rhizobia are grouped in different symbiotic variants or
symbiovars based on their symbiotic activity in the host plants
and the sequence of certain symbiosis genes [34]. Symbio-
vars are believed to reflect the symbiont adaptation to the
host plant [35]. Most Mesorhizobium strains isolated from
L. corniculatus and other related Lotus species, including the
type strains of M. loti and M. japonicum, are grouped in the
symbiovar loti [36].
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To validate that strain 10.2.2", which was isolated from L.
corniculatus, also belongs to this symbiovar we performed a
phylogenetic analysis based on NodC protein sequences. The
analysis of the 170 amino acid long alignment was conducted
with the MEGA X software [37] by using the maximum-
likelihood method supported by 1000 bootstrap iterations.
Isolates 10.2.2" and 10.2.3 clustered together with other Lotus
symbiont type strains, such as M. japonicum MAFF303099"
and M. helmaticense CSLC115N" (Fig. 3). This suggests that
isolates 10.2.2" and 10.2.3 indeed belong to the loti symbiovar.
Moreover, pairwise comparisons of the full NodC protein
sequences performed with the Sequence Manipulation Suite
[38] revealed 96.69% identity to the protein sequence from
M. japonicum MAFF303099". Strain 10.2.27 can effectively
nodulate L. corniculatus, L. japonicus, L. filicaulis, L. glaber
and L. burttii. In addition, it induces nodule primordia that do
not fully develop in L. pedunculatus [16], a host that belongs
to a different cross-inoculation group.

PHYSIOLOGY AND CHEMOTAXONOMY

The physiology and chemotaxonomy analyses were conducted
with isolates 10.2.2" and 10.2.3. Both isolates formed circular,
convex, slimy colonies of moderate size after 5 days at 28°C
on yeast-mannitol broth (YMB) agar plates. Growth was
assessed in parallel with other closely related type strains, M.
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Table 2. Phenotypic characteristics of strain 10.2.27 in comparison to closely related Mesorhizobium species

Strains: 1, 10.2.27; 2, 10.2.3; 3, Mesorhizobium loti NZP 22137 [8, 42, 43]; 4, Mesorhizobium cantuariense ICMP 195157 [44, 45]; 5, Mesorhizobium ciceri
UMP-Ca7' [8, 43, 45]. -, No growth observed; +, growth observed; NT, not tested; +*, positive weak growth observed. Results denoted with * indicate that

the information was acquired through the literature.

Characteristic 1 2 3 4 5
Assimilation of:
Citrate - - - - -
L-Lysine + + + + +
D-Mannose + + + + +
D-Serine - - - - -
D-Mannitol + + + + +
L-Alanine + + + + -
Temperature for growth (°C):
4 — — — — —
15 w w w w w
28 + + + + +
37 - - - - -
Incubation time (days) 3-5 3-5 3-5 7-9 3-5
pH growth range (at 28 °C) above 4-10 above 4-10 4-8 above 4-10 4-10
Max. NaCl for growth (%) 1 1 1 1 15
Antibiotic resistance:
Chloramphenicol - - - + +
Phosphomycin + + + + +
Spectinomycin + + + - +
Ampicillin - - + - -
Kanamycin + + + - +
Gentamicin - - —* —* —*
Streptomycin - NT +* —* NT
Carbenicillin - NT NT NT +*
Neomycin - NT NT NT NT
Tetracycline - NT NT NT NT
Rifampicin - NT NT NT NT

loti NZP 2213, M. ciceri UMP Ca7", and M. cantuariense
ICMP 195157 the latter of which only grew moderately
sized colonies after 7-9 days. Tolerance to different stresses
was tested by growing bacteria for 3 days in liquid YMB and
diluting them to an OD of 0.1. 20 ul of culture was dropped
onto YMB agar plates in duplicate in two independent experi-
ments. Salinity tolerance was determined by using YMB agar
supplemented with different concentrations of NaCl (0.01,
0.1,0.5, 1.0, 1.5, 2.0, 3.0 and 5.0% NaCl). Isolates 10.2.2" and
10.2.3 grew up to concentrations of 1% NaCl in contrast to
M. ciceri UMP Ca7", which was able to grow up to 1.5% NaCl.
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In addition, both isolates grew on YMB plates with pH that
ranged from above 4 to 10 in contrast to M. loti NZP 22137,
which grew in a pH range of 4-8 (Table 2).

The antibiotic resistance of each strain was investigated
by growing them on YMB plates supplemented with
either 34 ugml™ chloramphenicol, 15ugml™ phospho-
mycin, 100 ugml™" ampicillin, 100 pg ml™! spectinomycin
or 50 pgml™ kanamycin. Isolates 10.2.2" and 10.2.3 were
sensitive to chloramphenicol while M. canturiense ICMP
19515" and M. ciceri UMP Ca7" were not. They were also
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sensitive to ampicillin unlike M. loti NZP 2213", which was
not. They also showed weak resistance to spectinomycin,
which varied from the strong growth seen in M. loti NZP
2213" and M.ciceri UMP Ca7", and no growth seen in M.
cantauriense ICMP 19515". Strain 10.2.2" also showed
sensitivity to 100 uygml™' streptomycin, 50 pg ml™' carbeni-
cillin, 50 pg ml™! neomycin, 5 ug ml™ tetracycline, 25 pg ml™
gentamicin and 50 pgml™" rifampicin.

Growth at particular temperatures was observed by inocu-
lating each strain on YMB plates and incubating at either 4,
15, 28 or 37°C. All strains grew best at 28 °C, weakly at 15°C
and not at all at 4and 37°C (Table 2).

An investigation of the utilization of several substrates as
sole carbon sources was conducted on each strain on YM
agar that had p-mannitol substituted with equal amounts
of either citrate, D-serine, L-lysine, L-alanine or D-mannose
(Table 2). All strains grew on L-lysine and p-mannose, while
all but M. cantuariense ICMP 19515 were able to utilize
L-alanine. Strain 10.2.2"'s carbon utilization was further
tested with the API 20 NE kit following the manufacturer's
instructions. Briefly, bacteria cultures were grown for 2
days in liquid YMB and diluted to an OD, =0.1. After 96 h,
growth was assessed visually. Strain 10.2.2 exhibited strong
growth using p-glucose, N-acetyl-glucosamine or maltose
as a carbon source and weaker growth when utilizing
L-arabinose (Table 2).

The analysis of whole-cell fatty acids was conducted by the
DSMZ as described previously [39-41]. Bacteria were grown
in liquid YMB for 2 days at 28°C. Biomass was collected
and freeze-dried. The fatty acid composition was similar to
other Mesorhizobium species and included 13.14% 11-methyl
C;.,07¢,0.92% C ,  anteiso, 16.95% C |, ,3.59% C _ is0,42%
C 5, 07¢,7.31% C,  and 16.09% C,,  cyclo ®8c.

18:1 19:0
Based on the results of phylogenetic analysis, phenotypic
characteristics, and chemotaxonomic results, strain 10.2.2"
represents a novel species of the genus Mesorhizobium,
for which the name Mesorhizobium norvegicum sp. nov. is

proposed.

DESCRIPTION OF MESORHIZOBIUM
NORVEGICUM SP. NOV.

Mesorhizobium norvegicum (nor.ve'gi.cum. N.L. neut. adj.
norvegicum pertaining to Norway).

Colonies grown on YMB agar are circular, convex and
slimy. Growth occurs at 28 °C in 0-1% NaCl and in a pH
range from above 4 to 10. Cells are resistant to kanamycin
and phosphomycin, weakly resistant to spectinomycin,
and sensitive to streptomycin, carbenicillin, neomycin,
tetracyclin, chloramphenicol, ampicillin, gentamicin
and rifampicin. Cells assimilate p-glucose, L-arabinose,
D-mannose, D-mannitol, N-acetyl-glucosamine, maltose,
L-lysine and L-alanine. Major fatty acids are 11-methyl
C,.,07¢,C ., C . w7c, C and C  cyclo ®8c. The type

18:1 16:0”

strain, 10.2.27 (=DSM 108834T=LMG 31153T), was isolated
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from a nodule of a Lotus corniculatus plant growing in
Norway. The genome of the type strain is 8.27 Mbp and
has a G+C content of 62.4mol%.
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e Nodule microbiota are dominated by symbiotic nitrogen-fixing rhizobia, however, other
non-rhizobial bacteria also colonise this niche. Although many of these bacteria harbour
plant-growth-promoting functions, it is not clear whether these less abundant nodule colonis-
ers impact root-nodule symbiosis.

* We assessed the relationship between the nodule microbiome and nodulation as influenced
by the soil microbiome, by using a metabarcoding approach to characterise the communities
inside nodules of healthy and starved Lotus species. A machine learning algorithm and net-
work analyses were used to identify nodule bacteria of interest, which were re-inoculated
onto plants in controlled conditions to observe their potential functionality.

® The nodule microbiome of all tested species differed according to inoculum, but only that
of Lotus burttii varied with plant health. Amplicon sequence variants representative of Pseu-
domonas species were the most indicative non-rhizobial signatures inside healthy L. burttii
nodules and negatively correlated with Rhizobium sequences. A representative Pseudomonas
isolate co-colonised nodules infected with a beneficial Mesorhizobium, but not with an inef-
fective Rhizobium isolate and another even reduced the number of ineffective nodules
induced on Lotus japonicus.

o Our results show that nodule endophytes influence the overall outcome of the root-nodule
symbiosis, albeit in a plant host-specific manner.
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Introduction

Leguminous plants have evolved a mutualistic interaction with
nitrogen-fixing rhizobia in which the bacteria are hosted and
nourished in root organs called nodules in exchange for ammo-
nia. This so-called root—nodule symbiosis is initiated by a two-
way signalling between the symbiosis partners, which activates
distal cell divisions in the root cortex and culminates in the for-
mation and infection of nodules (Venado ez 4l, 2020). Here the
bacteria differentiate into plant-dependent, nitrogen-fixing
endosymbiotic bacteroids (Kereszt efal., 2011). The fixation of
nitrogen is an energetically expensive process for the host that
requires at least 16 ATP molecules per N, molecule to fuel the
nitrogenase enzyme produced by the rhizobia (Seefeldt etal,
2009). Therefore, to prevent infection of the carbon-rich nodules
by pathogens, host plants have evolved complex recognition
mechanisms that ensure symbiotic specificity (Wang ez al., 2012).

Root—nodule symbiosis is highly species specific and many
plants will only form an effective symbiosis with a narrow range
of rhizobia (Remigi ez a/., 2016). Even within these pairings there
is variation in nitrogen fixation efficiency (Schumpp & Deakin,
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2010). Some bacteria can also nodulate plants and not fix any
nitrogen at all (Sachs & Simms, 2008). Examples of ineffective
nitrogen fixation have been described after the introduction of
crop legumes into areas where native legumes previously grew.
For instance, inefficient nitrogen fixation occurs in fields where
perennial and annual clovers co-exist (Howieson ez al, 2005).
Native rhizobial species associated with native legumes can out-
compete inoculant strains (Streeter, 1994). In extreme cases,
endogenous rhizobia can completely block the nodulation of
introduced rhizobia. For example, the nodulation of the pea cul-
tivars Afghanistan and Iran by rhizobial inoculants is suppressed
in natural soils by the presence of a non-nodulating strain
(Winarno & Lie, 1979). This suggests that interactions of the soil
microbiota with the host plant are critical for the establishment
of efficient nodules. However, we are far from understanding
what factors determine the success of single microbes that com-
pete for resources at the plant soil interface, in particular nodule
endophytes and how these affect the outcome of the symbiosis.
There is clear evidence to suggest that the host controls the
makeup of the microbiota in its vicinity. Lozus japonicus selects for
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a broad taxonomic range of bacteria, in addition to the symbiont,
within the rhizosphere, endosphere and the nodule. This selectiv-
ity filters the diverse soil microbiome into a distinct and taxonomi-
cally narrow community within the nodule (Zgadzaj ez 4/, 2016).
Despite this selective pressure, nonnodulating bacteria, such as
Pseudomonas sp., Klebsiella sp. and Rhodococcus sp. have been iso-
lated from plant nodules (Ibdnez ¢t al., 2009; Ampomah & Huss-
Danell, 2011; Martinez-Hidalgo & Hirsch, 2017). Although these
isolates do not directly nodulate the plant, they contribute to plant
growth in some ways, such as increasing the availability of soluble
phosphate and producing plant compounds beneficial for plant
growth such as siderophores and indoleacetic acid (Dey etal.,
2004; Malik & Sindhu, 2011; Zhao etal, 2013). In addition,
non-Rhizobiales microbes found in nodules of Medicago truncar-
ula produce antimicrobial compounds that may shape the com-
munity and the overall function of the nodule microbiome
(Hansen etal., 2020). Microbe-microbe interactions could also
impart an effect on the overall functionality of the symbiosis, for
instance via antimicrobial activity (Tyc ezal, 2014), suppression
of plant pathogens (Gu ezal, 2020) or by horizontal gene transfer
(Cytryn, 2013). Although these complex interactions could dictate
the effectiveness and specificity of the symbiosis, little information
is known about how rhizobia interact with other members of the
nodule microbiota.

In this work, we determined the nodule microbiome of three
Lotus species upon inoculation with soil suspensions that led to
the growth of ecither starved or healthy plants. We used
metabarcoding-based high-throughput sequencing to characterise
the microbiome in nodule samples that varied in plant species
origin, soil inocula and plant health. Network analyses and
machine learning algorithms identified microbiome members
specifically associated to nodules of healthy, but not of starved
Lotus burttii plants. Tripartite interactions between rhizobia,
nodule endophytes and the host were further investigated in co-
inoculation assays. Our results show that although root—nodule
symbiosis is a binary interaction, there are other nodule microbes
that modulate this mutualism.

Materials and Methods

Soil collection and inoculum preparation

Soil samples were collected from two neighbouring sites in a
semiurban area south west of Munich, Germany. Site 1
(48°06'29.9"N, 11°27'38.9"E) has consistently been home
to wild Lotus corniculatus, whereas site 2 (48°06'33.2"'N,
11°27'41.4" has been subjected to tilling and physical distur-
bance and did not contain Lotus plants at the time of collection.
Soil samples were taken from the top layer (0-20 cm deep) after
plant material was removed from the site in May 2019 and Octo-
ber 2018. Physicochemical property measurements of each soil
were performed by AGROLAB Agrarzentrum GmbH (Landshut,
Germany). Soil samples were sieved to remove stones and plant
material with a 2 mm sieve, mixed 1:5 with a nitrogen-limiting
Fabaceae (FAB) liquid medium, and stirred for 2 h. Soil particu-
late matter was removed by centrifugation at 1000 g for 5 min.
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Soil suspensions were used as inputs and a quantitative PCR
(qPCR) was run to compare the quantity of soil bacteria present
in both soil suspensions inputs.

Plant growth and inoculation conditions

Lotus burttii B-303 (seed bag no. 91105), L. japonicus Gifu B-
129 (seed bag no. 110913) and L. corniculatus cv Leo (Andreae
Saaten, Regensburg, Germany) seeds were scarified and then ster-
ilised by incubation in a sterilising solution (1.2% NaOCI, 1%
SDS) for 8 min before being washed three times with sterile
water. Seeds were then soaked in sterile water for 2-3 h and ger-
minated on 0.5 B5 agar medium (Gamborg ez 4/, 1968) for 3d
in dark followed by 3d in a long-day photoperiod (16h:8h,
light : dark) at 24°C. Seedlings were then transferred into ster-
ilised tulip-shaped Weck jars (10 seedlings per jar) containing
300 ml of a sand : vermiculite mix (1 : 2) and supplemented with
40ml of a low nitrogen FAB medium, to create nitrogen-
limiting growth conditions as mentioned above (Liang eral,
2019). Jars were sealed with micropore tape to create a closed sys-
tem. Seedlings were left to recover for 2 d in a long-day photope-
riod. After the 2-d recovery, each seedling was inoculated with
1 ml of soil suspension. Lotus burttii and L. japonicus treatments
consisted of 150 plants from three independent experiments, and
L. corniculatus treatments consisted of 50 plants per condition
from one independent experiment.

Harvesting, phenotyping and nodule surface sterilisation

Plants were harvested and phenotyped 5wk post inoculation
across five independent experiments. Shoot length, shoot dry
weight, nodule number, nodule colour and plant health were
recorded. Nodules were classified as pink or white, which indi-
cated the presence or absence of leghaemoglobin, respectively, a
prerequisite for, but not a guarantee of, nitrogen fixation
(Downie, 2005). Roots were removed from shoots and sonicated
using the Bioruptor® (Diagenode, Seraing, Belgium) twice for
15 min. Nodules from three or four plants were excised and
pooled based on similarity of plant shoot and nodule phenotype.
Pink and white nodules were collected separately. Pooled nodules
were treated with 70% ethanol for 1 min followed by 2% NaOCI
for 2.5 min. Nodules were then washed with sterile water eight
times and after the removal of the final water wash, samples were
snap frozen in liquid nitrogen. The final wash was plated onto
20Q agar supplemented with 3.8% w/v mannitol (modified from
Werner ez al., 1975) to assess sterilisation.

DNA extraction

Nodule samples were homogenised six times in a Mixer Mill 400
(Retsch, Haan, Germany) at a frequency of 305" for 1 min.
DNA was then extracted according to a modified protocol from
Towe etal. (2011). For extraction of DNA from the inputs, soil
suspensions were centrifuged at 5000 g and DNA from pellets
was extracted according to the CTAB method described by the
Doe Joint Genomics Institute (William etal, 2012). The
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concentrations of extracted DNA samples were quantified using a
Qubit 2.0® fluorometer (Invitrogen, Carlsbad, CA, USA).

Quantitative PCR

Quantitative PCR was performed using the forward primer (FP)
168 rDNA (5'-GGTAGTCYAYGCMSTAAACG-3') and reverse
primer (RP) 16S rDNA (5'-GACARCCATGCASCACCTG-3")
primers (Bach ezal, 2002). The 25-ul PCR mixture contained
12.5 ul SYBR Green, 2 pl template DNA, 7.5 pl Milli-Q water,
1 ul 10 uM of primers and 1 pul 15% bovine serum albumin
(BSA). The mixture was amplified using a CFX96 Real-Time
System (Bio-Rad, Hercules, CA, USA) under the following con-
ditions: template was denatured at 94°C for 10 min before 40
cycles of 95°C for 20's, 57°C for 30 s and 72°C for 45 s, followed
by dissociation curve steps of 95°C for 15, 60°C for 30's and
95°C for 15s. Quantification of the 765 rRNA gene molecules
was correlated with a calibration curve constructed with known
amounts of a /65 rRNA gene standard plasmid constructed of a
Mesorhizobium septentrionale 16S rRNA gene sequence cloned
into a pUC57 plasmid.

Amplification, library preparation and sequencing

To determine bacterial diversity, a metabarcoding approach was
utilised. The hypervariable region V3-V4 of the 165 rRNA gene
was amplified using universal bacterial primers 335F (5'-
CADACTCCTACGGGAGGC-3') and 769R (5'-
ATCCTGTTTGMTMCCCVCRC-3') fused to Illumina
adapters. The primers were specific for bacterial DNA and did
not amplify plastidial and mitochondrial plant DNA (Dorn-In
eral., 2015). Amplification reaction volumes were 25 pl using
1 unit of Phusion polymerase, 5ul 5x High-Fidelity Phusion
buffer, 7.5 ul of 1% BSA, 0.5 pl of 10 mM dNTPs, 0.5 pl of
50 mM MgCl,, 0.5 pl of 10 pmol pl ™" primer and 5 ng of tem-
plate DNA. The assay was conducted in triplicate under the fol-
lowing conditions: template was denatured at 98°C for 1 min,
then 25 cycles of 98°C for 10's, 55°C for 30 s and 72°C for 30s,
followed by a final step at 72°C for 5 min. PCR products were
verified via gel electrophoresis, pooled, and cleaned using
CleanPCR beads (CleanNA, Waddinxveen, the Netherlands).
Fragments were then indexed with 10 nucleotide barcode
sequences using the Nextera XT Index Kit v.2 Set D primers
(Illumina, San Diego, CA, USA). Indexing PCR reactions were
run in triplicate with a volume of 25 pl using 12.5 ul NEB Next
High-Fidelity Master Mix, 2.5 ul of each delegated primer and
20 ng of amplicon under the following conditions: template was
denatured at 98°C for 30's, then eight cycles of 98°C for 105,
55°C for 30 s and 72°C for 30's, followed by a final step at 72°C
for 5min. PCR products were pooled and cleaned with
CleanPCR beads (CleanNA). Quantification and quality control
were conducted using an AATT Fragment Analyser (Santa Clara,
CA, USA). All samples were pooled at an equimolar concentra-
tion for paired-end 2 x 300-bp sequencing via the MiSeq system
(Illumina) using the MiSeq Reagent Kit v.3 (600 cycles), as per
the manufacturer’s recommendation.
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Sequence and statistical analysis

An average of ¢. 141 000 raw Illumina reads per sample were
obtained, which were then demultiplexed and had adapter and
barcode sequences removed using CuTADAPT v.3.1 (Martin,
2011). Reads were then trimmed, merged and filtered using
DapA2 (Callahan e 4/, 2016) in R. The criteria for filtering were
minimum lengths of 280 bp for the forward reads and 160 bp for
the reverse, as these lengths corresponded to a minimum quality
score of 25. Merged sequences had chimeras and chloroplastic
and mitochondrial sequences removed. Amplicon sequence vari-
ants (ASVs) were assigned in R using the Silva database v.132
(Quast et al., 2012).

The PHYLOSEQ v.1.26.1 package in the R (McMurdie &
Holmes, 2013) pipeline was used to infer alpha diversity of ASVs
rarefied corresponding to the sample with the lowest number of
reads. Multidimensional Scaling using Bray—Curtis (Bray & Cur-
ts, 1957) distance was performed using the PHYLOSEQ v.1.26.1
package in R (McMurdie & Holmes, 2013) to assess the beta
diversity of microbial communities. Comparisons were visualised
using GGPLOT2 (Wickham, 2009) in R and tested for statistical
significance (adonis test, P<0.01) via permutational multivariate
analysis of variance (PERMANOVA) utilising 999 permutations
in the VEGAN package (Oksanen ez al., 2018). Relative abundance
of each genera per sample was calculated using transformed count
data. To further specify the composition of the sample micro-
biome the relative abundance of the most prevalent ASVs (abun-
dance >0.1%) was calculated for each sample. All abundance
levels were calculated using the PHYLOSEQ v.1.26.1 package
(McMurdie & Holmes, 2013) in R.

Machine learning model

A support vector machine learning model by svm.SVC (ker-
nel=linear) in PYTHON SCIKIT-LEARN (Pedregosa ez al., 2011) was
used to discriminate between starved and healthy plant samples
of L. burttii on relative abundance filtered ASVs using five-fold
cross-validation. The ASV tables were filtered to ASVs present at
>50 reads in soil suspension 2 inoculated L. burttii nodule sam-
ples. The svm.SVC.coef function was used to calculate the coefhi-
cient value of the ASVs. These values were then used to identify
signature ASVs characteristic of certain sample types. The model
was trained with 70% of the data and evaluated by 30% of the
data five times (mean of accuracy = 0.89) with the average coefhi-
cient value of each ASV being used to select for important fea-
tures.

Microbial correlation networks

Filtered ASV tables comprised of samples of L. burttii inoculated
with soil suspension 2 (ASV raw abundances) were used to calcu-
late microbial correlation networks among ASVs using the
SpARCC (Friedman & Alm, 2012) algorithm in FasTSpaR (Watts
etal., 2019). This algorithm uses log-ratio variances of ASV frac-
tions to calculate pairwise correlations between ASVs in an itera-
tive manner. The filtered tables were used to calculate the
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correlation between ASVs using the FasTSPAR implementation
and the default parameters. Pseudo P-values were inferred from
1000 bootstraps. Only correlations with 2<0.01 were kept for
further analyses. Network visualisation was performed in Cysto-
SCOPE v.3.8.2 (Shannon eral, 2003). Analysis of interactions
between and within ASVs of different genera were carried out
using the same methods.

Isolation of strains

Strains were isolated from crushed nodules on a variety of media.
Nodules from either L. burttii, L. corniculatusor L. japonicus inoc-
ulated with either soil suspension 1 or 2 were sterilised as
described above (see ‘Harvesting and nodule sterilisation’ in the
Materials and Methods section). Individual nodules were crushed
in 10 mM MgSOy and the content was then spread onto 20Q
agar plates supplemented with mannitol, lysogeny broth (LB)
(Bertani, 1951), yeast mannitol (YM) (Vincent, 1970), Pseu-
domonas minimal medium (PMM) (Sandman & Ecker, 2014),
and tryptone soy (TS) (Sigma, Darmstadt, Germany). Plates were
incubated at 28°C for up to 3 wk and further isolation of single
colonies was carried out 7-9 times until pure cultures were
attained. The taxonomy of each strain was determined by ampli-
fying the 16§ rRNA gene using primers 41f (5'-
GCTCAGATTGAACGCTGGCG-3') and  1488r  (5'-
CGGTTACCTTGTTACGACTTCACC-3') (Herrera-Cervera
etal., 1999) and Phusion polymerase. Amplicons were purified
using a 1:0.8 ratio of PCR product to CleanPCR beads
(CleanNA) and sequenced using 765 rRNA gene-specific primers,
41f and 1488r (Herrera-Cervera et al., 1999), by Sanger sequenc-
ing. Sequences were aligned to DNA sequences from the NCBI
Nucleotide collection online database using BrLastn (Altschul
et al., 1990). The sequences of the isolates were aligned with ASV
sequences using CLC Main Workbench 7 (Qiagen, Hilden, Ger-
many). Strains were stored in 40% glycerol at —80°C.

Isolate inoculations

Bacteria were streaked and grown until single colonies formed.
Single colonies were inoculated into 2 ml of the appropriate lig-
uid medium and grown at 28°C for 2, 3 or 5 d for Pseudomonas
sp. strains, Rhizobium sp. BW8-2 and Mesorhizobium sp.
Qb1E3-1, respectively. Bacteria were then washed in sterile water
and resuspended in FAB medium to allow for a final ODgqq of
0.005. Each plant was inoculated with 1 ml of bacterial suspen-
sion. Plants were prepared as described above.

Conjugation

Strains used in this work are listed in Supporting Information
Table S1. Escherichia coli ST18 transformed with pFAJ-GFP and
pFAJ-DsRed plasmids (Kelly et L, 2013) and E. coli S17.1 trans-
formed with pABC-Cerulean were grown at 37°C overnight in
LB supplemented with appropriate antibiotics. Pseudomonas sp.
Lb2C2, Rhizobium sp. BW8-2 and Mesorhizobium sp. Qb1E3-1
were grown at 28°C in 20Q liquid with the appropriate antibiotics
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for 2, 3 and 5 d, respectively. Conjugations were conducted as in
Liang et al. (2019). Successful conjugation was confirmed via fluo-
rescence microscopy and 768 rRNA gene sequencing.

Section preparation and microscopy

Lotus burttii seeds were sterilised, germinated, potted and inocu-
lated with fluorescent strains as described above (see ‘Plant
growth and inoculation conditions” and ‘Isolate inoculations” in
the Materials and Methods section). Plants were harvested 2 wk
after inoculation and the nodules were excised and embedded in
6% low melting agarose. The nodules were then sliced into
100 um-thick sections using a VT1000S vibratome (Leica
Biosystems, Wetzlar, Germany) and visualised with a TCS SP5
confocal microscope (Leica Microsystems, Wetzlar, Germany)
equipped with a x20 HCX PL APO water immersion lens. GFP
and Cerulean were excited with an argon laser line at 488 and
433 nm, and the emissions were detected at 492-515 and 455—
474 nm, respectively. DsRed was excited with a diode pumped
solid-state laser at 561 nm and detected at 580—620 nm.

Statistical analyses

The nodule and root phenotype of plants inoculated with nodule
isolates were recorded. Statistical significance was assessed using
analysis of variance (ANOVA) and Tukey honestly significant
difference (HSD) tests in R (Graves ez al., 2015).

Results

Species-specific effect of soil inoculum on Lotus plant
growth

Two different soil suspensions were used to inoculate L. burttii,
L. japonicus, and L. corniculatus plants. These Lotus species were
selected as they all belonged to the L. corniculatus clade (Kramina
etal., 2016), but nodulated with a different range of microsym-
bionts (Gossmann ez /., 2012; Sandal ez al., 2012). The first soil
(soil 1) was collected at a site that contained healthy wild growing
L. corniculatus plants, while the second soil (soil 2) site contained
no leguminous plants at all. The soils had minor differences in
mineral content and grain size (Table S2). The quantity of soil
bacteria present in the soil suspensions used as inputs was com-
pared by qPCR. Soil suspension inputs 1 and 2 contained
1.62 x 10° and 2.28 x 10° molecules of the 765 rRNA gene per
nanogram of extracted DNA, respectively.

Lotus japonicus, L. burttii and, to a lesser extent, L. corniculatus,
produced exclusively healthy plants (green leaves, elongated shoots)
when inoculated with soil 1 suspension (Soil S1; Fig. 1). Contrast-
ingly, there was marked variation in the shoot growth phenotype
seen in all species when inoculated with the soil 2 suspension (Soil
S2). Growing alongside the healthy plants was a large contingent
of starved plants presenting with shorter shoots and yellow leaves
(Fig. 1). Similar results were observed across five independent
experiments (Fig. S1). Nodule number also varied dependent on
soil suspension inoculum. Plants inoculated with soil 1 suspension
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Fig. 1 Shoot growth phenotype of Lotus plants inoculated with Munich soil suspensions. Shoot growth quantification of Lotus burttii (a), Lotus japonicus
(b) and Lotus corniculatus (c) plants 5 wk post inoculation with soil suspensions 1 (51) and 2 (52) and a mock (M) treatment. Green and yellow dots
indicate plants with healthy and starved phenotypes, respectively. Box plots display the results of 50-150 plants per condition. The bold black line and the
box depict the median and the interquartile range, respectively. In total, 49 mock treated plants were included. (d) Scanned images of L. burttii 5-wk post
inoculation with soil suspension 2. Starved plants exhibited pale green leaves despite having nodules on their roots. The shoots of healthy dark green plants
varied in length. Phenotypic variation is depicted in  and 2. White arrowheads indicate the position of nodules on plant roots. Plots show the results from
one representative experiment. Bar, 1 cm. (e) Principal coordinates analysis plot of L. burttii nodules based on beta diversity calculated using the Bray—
Curtis dissimilarity index (Bray & Curtis, 1957) revealed a clustering of common sample types and a separation of dissimilar sample types.

consistently developed a higher number of nodules per plant across
all species (Fig. S2a—c). Starved plants inoculated with the soil 2
suspension exhibited roots either with or without nodules. In
L. burttii, 73.8% of starved plants contained nodules, while in
L. japonicus and L. cornicularus, 45.2% and 59.3% exhibited nod-
ules, respectively (Fig. S2d). However, the most striking difference
was that in L. burttii 88.4% of the nodules on starved-nodulated
plants were white, whereas in the other species most of the nodules
were pink (Fig. S2¢). These results showed that the microbiota of
the soil 2 suspension is capable of mediating both effective and
ineffective symbiosis, although the frequency at which each plant
succumbs to an ineffective nodulation differs.

Richness, diversity and community structure of the Lotus
nodule microbiome

The microbiome of an effective plant nodule is typically domi-
nated by the respective symbiont, although there can also be
colonisation by other microbes (Martinez-Hidalgo & Hirsch,
2017). To investigate how the nodule microbiota varied depend-
ing on the plant host, inoculum, and nodule phenotype we
sequenced the microbiome of nodules collected from healthy and
starved Lotus of different species inoculated with different soil sus-
pensions. A variable region of the /65 rRNA gene was sequenced
and the output reads were processed, sorted into ASVs and
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assigned a taxonomy. ASV's were used as they provide a finer reso-
lution than Operational Taxonomic Units (Callahan ezal, 2017),
which is important as the 16S rRNA gene of some rhizobia, such
as Mesorhizobium, can be more than 99% identical between differ-
ent species (Marcos-Garcia eral., 2015). Sequencing produced
13989 700 paired-end reads after quality filtering, which clustered
into 67 442 unique ASVs. Sequence coverage varied between sam-
ple types with the nodule samples having an average of 148 679
reads per sample and the soil suspension input samples having an
average of 67 618 reads per sample (Dataset S1). All rarefaction
curves reached a saturation plateau (Fig. S3).

To assess the effect of the host genotype and the inoculum on
the nodule microbiome diversity, the alpha and beta diversities of
the different nodule samples from all three species were deter-
mined. Within sample variation (alpha diversity) was calculated
using the Shannon diversity index, which was found to be much
higher in the soil suspension input samples compared with the
nodule samples (Fig. S4a). The soil suspensions 1 and 2 did not
significantly vary in their alpha diversities (Welch two sample #
test, P=0.749), although it was found that plants inoculated
with soil 1 suspension produced nodules with a much higher
alpha diversity compared with those inoculated with soil 2 sus-
pension. This observation was most pronounced in L. japonicus
and L. corniculatus (Fig. S4). A similar trend in alpha diversity
was seen when considering observed ASVs (Fig. S4b).
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To analyse the diversity between sample types (beta diversity),
principal coordinate and PERMANOVA analyses were con-
ducted using the Bray—Curtis dissimilarity. A global comparison
of the nodule diversity showed an overall separation based on soil
suspension input (Fig. S5; Soil S1 vs Soil S2, Pr(> F)=0.001;
Table S3), despite the two soil suspension inputs showing
insignificant differences between one another (Soil S1 vs Soil S2
(input suspension), Pr(> F) =0.072; Table S3). The most pro-
nounced difference was between nodules of L. burttii plants. At
the species level, L. burttii and L. japonicus showed a significant
difference in beta diversity based on soil suspension input (Lb
healthy plants — Soil S1 vs Soil S2, Pr(> F) =0.001; L;j healthy
plants — Soil S1 vs Soil S2, Pr(>F)=0.002; Table S3). Lozus
burttii nodules showed a significant difference in beta diversity
based on plant health (L4 Soil S2 — healthy vs starved plants, Pr
(> F)=0.001; Fig. 1d; Table S3), however this was not the case
in L. japonicus or L. corniculatus (Lj Soil S2 — healthy vs starved
plants, Pr(> F) = 0.097; Le Soil S2 — healthy vs starved plants, Pr
(> F)=0.742; Table S3). As a control, we compared the micro-
biome of laboratory grown L. corniculatus plants to the micro-
biome of nodules collected from L. corniculatus plants growing
on site 1 (Le Soil S1 — laboratory grown vs wild plants, Pr
(> F)=0.342) (Table S3). These did not significantly differ, sup-
porting that nodules produced in this growth/inoculation system
are representative of nodules grown in the wild.

Bacterial composition of the nodule microbiome

Both soil suspension types were dominated by Alphaproteobacte-
ria and Gammaproteobacteria. To determine the bacterial com-
position of the nodule microbiome we estimated the relative
abundance at an ASV level. The nodule microbiome of all Lotus
species was dominated by ASVs belonging to the order Rhizo-
biales. Nodules of healthy plants were largely dominated by
Mesorhizobium, independent of the host and soil suspension
input. However, while nodules from plants inoculated with soil 1
suspension were colonised with a variety of different Mesorhizo-
bium ASVs, the nodules of healthy plants inoculated with soil 2
suspension were almost exclusively colonised by Mesorhizobium
ASV1 (Fig. 2). This disparity in Mesorhizobium ASV presence is
despite the observation that there is no significant difference
between the Mesorhizobium ASVs present in the two suspensions
(Meso. Soil S1 vs Meso. Soil S2, P(> F)=0.479). Nodules of
starved L. burttii plants were largely colonised by bacteria belong-
ing to what was taxonomically defined as Allorhizobium—Neorhi-
zobium—Pararhizobium—Rbizobium and will be referred to as
Rhizobium (Fig. 2a). This suggests that L. burttii plants are less
selective compared with L. corniculatus and L. japonicus and
develop an ineffective symbiosis with Rhizobium strains.

Pseudomonas are more prevalent in healthy plant nodules
and negatively correlate with ineffective Rhizobium

Support Vector Machine (SVM) is a machine learning method
used to separate a data set using a linear or nonlinear surface
(Noble, 2006). In this instance we used a linear-kernel to
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transform the data and then based on this transformation defined
a boundary separating data points, ASVs, based on the nodule
phenotype of L. burttii plants inoculated with soil 2 suspension.
The SVM model revealed that Mesorhizobium ASV 1 (M.1) was
by far the most dominant indicator of a healthy nodule (Fig. 3),
which is not surprising as Mesorhizobium is the typical symbiont
of L. burttii (Rodpothong ezal., 2009). The second two most
influential indicators of a healthy microbiome were Pseudomonas
ASVs 28 and 57 (P.28 and P.57), which were present in both soil
suspension inputs. The three ASVs most indicative of a starved
L. burttii nodule microbiome were Rbizobium ASVs. Once we
had identified the genera most characteristic of healthy and
starved L. burttii nodules we wanted to predict how they inter-
acted. A microbial network was constructed with soil suspension
2 inoculated L. burttii samples by using SPARCC (Friedman &
Alm, 2012) which analysed interactions between and within
ASVs from different genera (Figs 4, S6). The ratios of negative to
positive interactions within Rhizobium and Mesorhizobium ASV's
were 1.13 and 1.05, respectively. Pseudomonas ASVs all correlated
positively with one another (number of edges =8). The ratio of
negative to positive interactions between Rhizobium and Mesorhi-
zobium (ratio = 1.64) was higher compared with this ratio among
Pseudomonas and Mesorhizobium (ratio=0.77), indicating that
symbiotically beneficial Mesorhizobium ASVs co-occur with Pseu-
domonas. Strikingly, between Pseudomonas and Rhizobium ASVs,
all correlations were negative (number of edges=37) also sup-
porting the SVM analysis, which showed that these ASVs were
characteristic of healthy and starved L. burttii nodules, respec-
tively.

Pseudomonas isolate co-colonises Mesorhizobium but not
Rhizobium-induced nodules

To validate sequencing data, we inoculated Lotus plants with bac-
terial strains isolated from Lozus nodules (Table S1). To deter-
mine the nodule colonisation pattern of Pseudomonas sp.
PLb11B, we co-inoculated a fluorescently tagged strain with
either Mesorhizobium sp. Qb1E3-1, which induces effective nod-
ules or Rhizobium sp. BW8-2, which induces ineffective nodules,
onto L. burttii. Fluorescence microscopy revealed that 32.5%
(14/43) of nodules induced by Mesorhizobium sp. Qb1E3-1 con-
tained Pseudomonas sp. PLb11B. The Pseudomonas nodule
colonisation was intracellular and was confined to particular areas
of the nodule, only infecting a minority of nodule cells (Fig. 5).
Conversely no plant nodules (0/22) induced by Rhizobium sp.
BW8-2 contained Pseudomonas sp. PLbl1B after a co-
inoculation (Fig. 5).

Co-inoculation of a Pseudomonas isolate decreases
ineffective nodulation by a Rhizobium but not a
Mesorhizobium isolate in a species-specific manner

To investigate if the negative correlation between Pseudomonas
and Rhizobium ASVs in nodules underlay an antagonistic interac-
tion, Lotus plants were co-inoculated with nodule isolates Pseu-
domonas sp. Lb2C2 and Rhizobium sp. BW8-2 representing the
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(taxonomy could only be defined to a Family level).

ASVs in question. Rhizobium sp. BW8-2 induced a large number
of ineffective nodules and nodule primordia on the roots of
L. japonicus. Co-inoculation with Lb2C2 significantly decreased
the number of nodule structures (Fig. 6). No significant differ-
ence was observed regarding root weight and shoot length
(Fig. S7). This inhibitory effect was host specific, as no variation
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in nodule number was observed in L. burttii upon co-inoculation
with BW8-2 and Lb2C2. By contrast, co-inoculation of Lb2C2
with the effective symbiont Mesorhizobium sp. Qb1E3-1 saw no
reduction in the nodulation of L. burttii or L. japonicus (Fig. 6)
and only minimal variation in shoot length and root weight
(Fig. S7). Inoculation with all three strains did not induce a
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Fig. 3 Indicator amplicon sequence variants (ASVs) of samples. Support
Vector Machine linear model from scikiT-Learn packages were used to
identify separator ASVs between healthy and starved Lotus burttii plants
inoculated with soil 2 suspension. Histogram represents the coefficient
scores of top 20 ASVs form healthy and starved plants. Negative
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different phenotype compared with co-inoculations with
Mesorhizobium sp. QblE3-1 and Rhizobium sp. BWS8-2
(Fig, $8).

Discussion

Nodules of legumes are not only colonised by rhizobia.
Despite this, little information is known about how microbes
other than rhizobia affect the root-nodule symbiosis, in par-
ticular nodule function and plant health. Here, we charac-
terised variation in the bacterial microbiome of nodules
dependent on plant species and soil suspension inoculum and
determined correlations between the microbiome makeup and
plant health using 765 rRNA gene amplicon sequencing. Our
study revealed that (1) the nodule microbiome of L. japonicus,
L. corniculatus and L. burttii is dependent on soil suspension
inoculum, (2) the nodule microbiome of starved L. burttii
plants differs from that of the healthy plants, (3) Pseu-
domonas strains are more prevalent in healthy plant nodules
than in starved-plant nodules; co-colonise effective nodules;
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and reduce the formation of ineffective nodules in a host-
specific manner.

Soil suspension input influences Lotus spp. nodule
microbiome

The nodule microbiome of Lotus plants is dependent on the soil
suspension inoculum (Fig. S5; Table $3). Soil is the main influ-
encing factor on the rhizosphere, root or nodule microbiomes in
nonlegumes (Simonin ez al., 2020; Thiergart eral, 2020) and
legumes such as M. truncatula (Brown et al., 2020) and soybean
(Liu et al., 2019; Han et al., 2020). However, many of these stud-
ies cite the vast differences in the diversity of the microbial com-
munities or the physicochemical properties of the soil suspension
inputs as the reason for the disparity in plant microbiomes
(Brown et al., 2020; Han et al., 2020; Simonin ez /., 2020). Our
results showed that the nodule microbiomes of plants inoculated
with different soil suspensions varied significantly (Table S3).
This difference is highlighted by soil 1 suspension-inoculated
nodules being colonised by a range of Mesorhizobium ASVs and
soil 2 suspension nodules almost colonised exclusively by
Mesorhizobium ASV M.1 (Fig. 2). Also, plants grown in soil 1
suspension produced, on average, more nodules and had a
broader range of shoot growth than those inoculated with soil 2
suspension (Figs 1, S2). However, the original soil suspensions
inoculated onto the plants showed no differences in alpha diver-
sity and only slight, although not significant, differences in beta
diversity (Fig. S4; Table S3). The soils from which the suspen-
sions were produced also had no noteworthy differences in their
microbiome diversity or physicochemical properties (Fig. S4;
Table S2). This suggests that lowly abundant soil microbes that
do not sway diversity measures, may play a pivotal role in how
the microbiome functions as a whole. Such a phenomenon has
been described in peat soil, where a Desulfosporosinus sp., which
comprised only 0.006% of the total microbiome, acted as an
important sulphate reducer in the biogeochemical process that
diverts carbon flow from methane to CO, (Pester etal, 2010).
Also, Bacillus species, typically found at a low abundance in the
rhizosphere compared with rhizobia, increase the number of nod-
ules and/or the size of nodules in legumes (Rajendran ez al., 2008;
Mishra et al., 2009; Schwartz et al., 2013).

Starved L. burttii plant nodules harbour a microbiome
different to that of healthy plants

Lotus burttii is the only species that we tested that showed a sig-
nificant difference between the nodule microbiome of heathy and
starved plants. Nodules of starved L. burttii plants were domi-
nated by Rhizobium ASVs, while the nodules of healthy plants
were predominantly colonised by Mesorhizobium ASVs. Lotus
burtii is known to form infected but ineffective nodules upon
inoculation with Rhizobium leguminosarum Norway, however
this does not form nodules on L. japonicus or L. corniculatus
(Gossmann et al., 2012). This correlates with the observation that
starved L. japonicus and L. corniculatus harboured nodules that
were not dominated by Rhizobium, but rather by Mesorhizobium

New Phytologist (2022) 234: 242-255
www.newphytologist.com



250 Research

ANPR ©
Mesorhizobium @ .
Pseudomonas @ by
Positive interaction O

Negative interaction «--wsswesseeeeee

New
Phytologist

Fig.4 Microbial co-occurrence network of Lotus burttii. An amplicon sequence variant (ASV) table of soil suspension 2-inoculated L. burttii samples was
used to infer a correlation network SparCC (Friedman & Alm, 2012) algorithm implemented using the FastSpar (Watts et al., 2019) tool. The nodes (dots)
of this network corresponding to ASVs are grouped and coloured by genus. Node size indicates the relative abundance. Each edge (line) between two
ASVs represents either a positive (orange line) or negative (grey-dashed line) correlation. Only significant correlations (|R|>0.2, P < 0.01) between
Rhizobiaceae and Pseudomonadaceae families and first neighbours of Pseudomonadaceae are shown in the network.

ASVs, similar to the microbiome of healthy plants (Fig. 2). The
variation in the starved-plant nodule microbiomes of Lotus
species may be explained by how readily each plant is nodulated.
Liang ezal. (2019) described that ineffective R. leguminosarum
Norway colonises nodules of L. burstii via cracks in the epider-
mis. Lotus burttii is more susceptible to less-specific infections
(Zarrabian et al., 2021), which is likely to increase its vulnerabil-
ity to forming an ineffective symbiosis. This reduced specificity
by L. burtii is also highlighted in the number of starved plants
that contained nodules. In total, 73.8% of starved L. burttii
plants grew nodules, much more than in L. japonicus and L. cor-
niculatus (Fig. S2). The higher frequency of nodulation coupled
with the reduced specificity that L. burttii exhibits in choosing a
nodulation partner might leave the plant susceptible to expend-
ing energy on ineffective symbiotic processes, resulting in the
starvation of the plant. Conversely, L. corniculatus and L. japoni-
cus do not exhibit this same level of promiscuity, which is evi-
denced by their nodules being dominated by Mesorhizobium in
all sample types. The reason as to why a starved plant would har-
bour a nodule microbiome similar to that of a healthy plant
remains to be elucidated. We postulate that it may be simply a
delay in the establishment of a successful symbiosis or due to
being colonised by nonnitrogen-fixing Mesorhizobium strains.
Rodpothong et al., came to similar conclusions when inoculating
Mesorhizobium loti Nod factor synthesis mutants onto different
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Lotus species. Nodulation of L. burttii was unaffected, while
L. japonicus and L. corniculatus exhibited delayed nodulation and
reduced infection (Rodpothong ezal, 2009). Taken together,
our results support the idea that the reduced specificity exhibited
by L. burtrii during root—nodule symbiosis allows for a broader
range of bacteria to colonise its nodules.

Pseudomonas ASVs are more prevalent in healthy L. burttii
nodules and can reduce ineffective nodulation in
L. japonicus

Although the microbiota of all nodule types were dominated
by Rhizobiales bacteria, there was a small contingent of non-
Rhizobiales ASVs detected as well (Fig. 2). This is not uncom-
mon in legume nodules, as non-Rhizobiales bacteria are often iso-
lated from nodules. Alphaproteobacteria, Betaproteobacteria,
Gammaproteobacteria and Actinobacteria have all been found in
various legumes nodules (Benhizia eral, 2004; Dey ez al., 2004;
Cummings et al., 2009; Ibanez etal., 2009; Ampomah & Huss-
Danell, 2011; Zhao etal, 2013; Dobritsa & Samadpour, 2016;
Ferchichi ezal, 2019). Of the non-rhizobia that were present in
Lotus nodules, Pseudomonas was the most prevalent. We found
that Pseudomonas ASVs were characteristic of healthy, but not of
starved, L. burttii nodules (Fig. 3) suggesting that they have the
potential to support plant health. Previous studies have shown that
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Fig.5 Pseudomonas sp. PLb11B-GFP colonisation in nodules induced by
Mesorhizobium sp. Qb1E3-1-cerulean and Rhizobium sp. BW8-2-DsRed.
Nodules were prescreened for signs of fluorescence before sectioning.

(a) Overview and (b) zoomed-in confocal microscopy image of
Pseudomonas sp. PLb11B-GFP (green) and Mesorhizobium sp. Qb1E3-1-
cerulean (magenta) colonisation in an effective Lotus burttii nodule.
Overview image bar, 50 um. Zoomed image bar, 20 pm. (c) Overview and
(d) zoomed-in confocal microscopy image of Pseudomonas sp. PLb11B
(green) and Rhizobium sp. BW8-2 (red) colonisation in an ineffective

L. burttii nodule. Overview image bar, 50 pm. Zoomed image bar, 20 pm.

Pseudomonas can influence plant growth directly by producing
siderophores, solubilising phosphate and producing indoleacetic
acid (Dey ezal., 2004; Ibanez et al, 2009; Zhao et al., 2013; Fer-
chichi eral., 2019) or indirectly via antagonistic behaviour towards
phytopathogenic fungi (Sindhu & Dadarwal, 2001; Chandra
etal, 2020). A Pseudomonas strain isolated from Sophora
alopecuroides also promotes plant growth upon reinoculation with
Mesorhizobium (Zhao etal, 2013). We posit that potential
microbe-microbe interactions involving Pseudomonas also influ-
ence the outcome of the root—nodule symbiosis. To analyse any
potential microbe-microbe interactions within the nodules we
looked for interactions between nodule ASVs. Network analysis
comparing the nodule microbiome of healthy and starved L. burt-
tii plants revealed significant negative correlations between Pseu-
domonas ASVs and multiple Rhizobium ASVs, as well as positive
and negative interactions with Mesorhizobium ASVs (Fig. 4).
These predicted interactions were supported by co-inoculating
cither an ineffective symbiont, Rhizobium sp. BW8-2, or an effec-
tive symbiont, Mesorhizobium sp. Qb1E3-1 with Pseudomonas sp.
PLb11B. Each isolate had been previously isolated from L. burttii
nodules, however it was found that Psexdomonas sp. PLb11B was
only present in Mesorhizobium-induced nodules. Using fluores-
cently tagged strains and microscopy we found that 32.5% of nod-
ules formed by the Mesorhizobium and 0% of nodules formed by
Rhizobium contained Pseud: . Pseud,
been shown to colonise root hairs (Berggren ezal., 2005) or nod-
ules intercellularly (Pastor-Bueis ezal, 2021). But in contrast, we

bacteria have
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found that Pseudomonas sp. PLb11B infection was intracellular
and typically confined to small regions of each nodule with only a
small number of cells showing extensive colonisation (Fig. 5). The
lack of Pseudomonas sp. PLb11B in Rhizobium sp. BW8-2 induced
nodules aligned with the sequencing data and interaction network
observations. This negative interaction was further highlighted
when observing another Pseudomonas isolate, Lb2C2, co-
inoculated with Rhizobium sp. BW8-2 on L. japonicus. There was
a significant reduction in the number of nodules and nodule pri-
mordia in L. japonicus compared with the single inoculation with
the Rhizobium sp. BW8-2. Noticeably, this effect was host and
inoculum specific, as no reduction in nodule number was observed
in L. burttii or in co-inoculations of Pseudomonas with Mesorhizo-
bium (Figs 6, S8). This contrasts with publications that suggested
that Pseudomonas and Rhizobium strains interact synergistically
(Tilak ez al, 2006; Egamberdieva ez al., 2010, 2013; Sanchez et al.,
2014). Interactions can be direct, for example filtrates from Rbizo-
bium sp. increasing the cell density of Pseudomonas fluorescens
(Samavat ezal, 2011), or mediated via the plant, for example
indoleacetic acid produced by Pseudomonas sp. resulted in a more
extensive root system in Galega officinalis and an increased number
of potential infection sites for the compatible Rhizobium sp.
(Egamberdieva eral., 2013). The negative correlation we observed
between Pseudomonas and Rbizobium ASVs in L. burttii nodules
may also have been due to an indirect effect mediated by Mesorhi-
zobium. Negative correlations were also seen between Mesorhizo-
bium ASVs and Rhizobium ASVs. This can be explained by both
bacteria competing for nodule colonisation. Significant positive
correlations were apparent between Pseudomonas and Mesorhizo-
bium ASV M.1, which was dominant in the healthy nodules of
plants inoculated with soil suspension 2 (Fig. 2). Positive interac-
tions have already been seen after the co-inoculation of Pseu-
domonas sp. isolates with a Mesorhizobium sp., which led to an
increase in nodule number in chickpea (Malik & Sindhu, 2011).
Positive correlations between Mesorhizobium and Pseudomonas
coupled with the reduction in ineffective nodulation by cheater
rhizobia upon co-inoculation with Pseudomonas supported the
hypothesis that these Pseudomonas ASVs have a beneficial role in
root—nodule symbiosis.

Odur results add to the growing assertion that the soil micro-
biome, including non-Rhizobiales bacteria, greatly shape the
overall functionality of root—nodule symbiosis and healthy plant
growth (Martinez-Hidalgo & Hirsch, 2017). The ability for
Pseudomonas to selectively colonise healthy plant nodules and
reduce the number of ineffective nodules in L. japonicus indicated
that root—nodule symbiosis is influenced by the broader soil
microbiota. This research will aid the construction of synthetic
communities capable of recreating observed patterns in a bid to
narrow down which soil microbes and which microbe—microbe
interactions are pivotal in forming the ideal microbiome to max-
imise plant growth.
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Table S1. Strains and plasmids used.

Strains used Derivation and relevant genotype Reference
Mesorhizobium sp.
ceCr.)L:JI (13 52-1 - y:;grf;lé(;%ﬁlén SQpr’l E3-1 containing the This work
DC-15 \Z\Qltcbjl St);)piﬂ?itir:?dluslglated from a healthy This work
Pseudomonas sp.
wocz Mo st meledtomaheathy 1o
Lb2C2-GFP ’; lfiﬂdg’g’g’ﬁ:;nﬁl | e conaming e his work
PLb11B-GFP ’; lfz‘d’dggg';"’l'gssrf]’l dF’"%téy B containing the g \york
Rhizobium sp.
awez ot ieestmnsasedions g yon
BWS8-2-DsRed Rhizobium sp. BW8-2 containing the This work

Escherichia coli
ST18

Plasmids
pFAJ-GFP
pFAJ-DsRed
pABC-cerulean

pFAJ-DsRed plasmid, TcR

S17 Apir AhemA, TpR, SmR

pFAJ1708 carries the GFP encoding gene,
TcR

pFAJ1708 carries the DsRed encoding
gene, TcR

pABC-cerulean plasmid, TcR

(Thoma & Schobert,
2009)

(Kelly et al., 2013)

(Kelly et al., 2013)

Prof. Dr. Anke Becker

Fm, fosfomycin; Sp, spectinomycin; Tc, tetracyclin; Sm, streptomycin; Rf, rifampycin;

R, resistance.

44



Table S2. Physicochemical analysis of soil samples.

Site 1 Site 2
Soil type huL uL
pH-value 71 7.2
P20s (mg/100g) 23 14
K20 (mg/100g) 33 19
Mg (mg/100g) 27.8 15.3
Mn (mg/Kg) 258 136
Cu (mg/Kg) 4.1 4.1
Zn (mg/Kg) 4.3 4.3
Na (mg/Kg) 3 3
B (mg/Kg) 0.62 0.12
Fe (CAT) (mg/100g) 13.1 9.7
S (mg/Kg) 5.6 5.1
Ksix (mg/100g) 2 3
Org. matter % 4.7 3.5
Ntot % 0.27 0.2
CIN 10 10
Ca (mg/100g) 199 231
% ton 26 24
% silt 23 45
% sand 52 31

*The analysis was conducted by AGROLAB
Agrarzentrum GmbH. h = humus soil; uL = silty

clay.
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Table S3. PERMANOVA analysis of beta diversity in all nodule microbiome
sample types. The Bray-Curtis dissimilarity index (Bray & Curtis, 1957) was used to
provide dissimilarity measures between the samples. PERMANOVAs were then
performed with 999 permutations using the vegan V 2.5.2 package in R (Oksanen et
al., 2018). ** indicate p-values < 0.001. * indicate p-values < 0.05. Soil S, soil

suspension.
Mean Sum

Compared sampled types Pr(>F) R2 F.model Sgs Df  OfSqgs
Soil S1 v Soil S2 (input suspension) 0.072 0.215 1.919 0.431 1 0.4317
Soil S1 v Soil S2 (all plant nodules) 0.001***  0.213 23.843 3.535 1 3.535
Soil S1 healthy plants - Lb v Lj 0.273 0.056 1.252 0.151 1 0.151
Soil S1 healthy plants - Lc v Lj 0.042* 0.219 4.206 0.418 1 0.418
Soil S1 healthy plants - Lc v Lb 0.1 0.116  2.635 0.286 1 0.286
Soil S2 healthy plants - Lb v Lj 0.001**  0.160 5.552 0.306 1 0.306
Soil S2 healthy plants - Lc v Lj 0.093 0.088 1.753 0.120 1 0.120
Soil S2 healthy plants - Lc v Lb 0.249 0.052 1.162 0.067 1 0.067
Lb healthy plants - soil S1 vsoil S2  0.001***  0.429 21.82 1.808 1 1.808
Lj healthy plants - soil S1 v soil S2  0.002***  0.461 17.98 1.489 1 1.489
Lc healthy plants - soil S1 v soil S2  0.109 0.175 2.562 0.210 1 0.210
Lb soil S2 - healthy v starved plants 0.001***  0.525 30.95 3.055 1 3.055
Lj soil S2 - healthy v starved plants  0.097 0.051 0.869 0.061 1 0.061
Lc soil S2 - healthy v starved plants  0.742 0.050 0.428 0.025 1 0.025
Lc soil S1 - lab grown v wild plants ~ 0.342 0.112  0.891 0.080 1 0.080
Meso S1 v Meso Soil 2 (input

suspension) 0.41 0.128  1.028 0.162 1 0.162
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Fig S1. Reproducibility of plant growth experiments. Shoot phenotype of L. burttii
(a) and L. japonicus (b) inoculated with either soil suspension 1 (S1) or soil suspension
2 (S2) from independent inoculations. Experiments were carried out in the months
indicated with independent soil samples collected in October 2018 and May 2019.
Between 50-100 plants per condition were grown in closed jars and harvested at 5
weeks post inoculation for each independent experiment. The bold black line and the

box depict the median and the interquartile range, respectively. Black circles represent
outliers.
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Fig S2. Number of nodules per plant after inoculation with soil suspensions.
Quantification of pink and white nodules of Lotus burttii (a), Lotus japonicus (b), and
Lotus corniculatus (c) plants grown in closed jars for 5 weeks after inoculation with soil
suspensions 1 and 2. Each plot consists of results from two independent experiments.
Each point represents the number of nodules in one plant. The bold black line and the
box depict the median and the interquartile range, respectively. Plants that contained
no nodules are not represented. Each sample type contains between 50-150 plants.
(d) Percentages of starved plants of L. burttii (n=42), L. corniculatus (n=27), and L.
Jjaponicus (n=42) including both pink and white nodules. (e) Percentages of pink and
white nodules formed according to species and phenotype after soil suspension 2
inoculation. Plants were inoculated with either soil suspension 1 or 2, grown in closed
Weck jars and harvested 5 weeks post inoculation. The plot consists of results from
two independent experiments.
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Fig S3. Rarefaction curves of sequencing data. Rarefaction curves of nodule
samples from soil suspension input (a), Lotus burttii (b), Lotus japonicus (c), Lotus
corniculatus (d) showing the number of unique amplicon sequence variants (ASVs)
per total reads. Calculated using the vegan package in R (Oksanen et al., 2018). Soil
suspension input for each sample is discerned by colour.
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Fig S4. Nodule microbiome alpha diversity plotted by species and soil
suspension input. (a) Shannon diversity measures and (b) observed amplicon
sequence variants (ASVs) of all 99 samples were calculated using unfiltered data.
Each point represents a nodule sample or a soil suspension input sample. The bold
black line and the box depict the median and the interquartile range, respectively.
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Fig S5. Global principal coordinate analysis (PCoA) of all samples. PCoA plot of
all soil suspension input and nodule samples based on beta diversity calculated using
the Bray-Curtis dissimilarity index (Bray & Curtis, 1957).
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Fig S6. Overview network analysis. An amplicon sequence variant (ASV) table of L.
burttii samples inoculated with soil suspension 2 was used to infer a correlation
network using the SparCC algorithm (Friedman & Alm, 2012) implemented in
FastSpar (Watts et al., 2019). The nodes (dots) of this network corresponding to ASVs
are grouped and coloured by Family. Node size indicates the relative abundance.
Each edge (line) between two ASVs represents either a positive (orange line) or
negative (grey-dashed line) correlation. Significant correlations (|R|20.2, P < 0.01) are
shown in the network. NA indicates taxonomy of ASV could not be assigned at a family
level.
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Fig S7. Root weight and shoot length phenotype of Lotus plants inoculated with
Rhizobium sp. BW8-2, Mesorhizobium sp. DC-1.5, and Pseudomonas sp. Lb2C2.
Box plots of the shoot length and wet root weight of Lotus japonicus (a, ¢) and Lotus
burttii (b, d) plants. 20 plants were inoculated with Rhizobium BW8-2, Mesorhizobium
sp. DC-1.5, and Pseudomonas Lb2C2 nodule isolates. L. burttiiand L. japonicus were
harvested at 4 and 5 weeks post inoculation respectively. Each point represents one

plant. The bold black line and the box depict the median and the interquartile range,
respectively. Significance calculated using ANOVA and Tukey HSD is indicated as

lower-case letters.
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Fig S8. Nodule organogenesis phenotype of Lotus plants inoculated with
Rhizobium sp. BW8-2, Mesorhizobium sp. DC-1.5, and Pseudomonas sp. Lb2C2.
Box plot of the number of nodules and nodule primordia formed on Lotus japonicus
(a) and Lotus burttii (b) roots. 20 plants were inoculated with Rhizobium sp. BW8-2,
Mesorhizobium sp. DC-1.5, or Pseudomonas sp. Lb2C2 nodule isolates. L. burttii and
L. japonicus were harvested at 4 and 5 weeks post inoculation, respectively. Each
point represents the number of nodules in one plant. The bold black line and the box
depict the median and the interquartile range, respectively. Significance calculated
using ANOVA and Tukey HSD is indicated as lower-case letters.
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Dataset S1. Metadata of all samples. All plants were grown in closed jars for 5
weeks. Total reads indicate the number of reads given after MiSeq sequencing.
Shannon and Simpson diversity measures were calculated using the phyloseq
package in R (McMurdie & Holmes, 2013). NA = not applicable. (See separate file).
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Discussion

Plant nodules are colonised by symbiotic rhizobia as well as soil bacteria from other orders
(Martinez-Hidalgo & Hirsch, 2017). Many of these non-rhizobia exhibit plant-health promoting
traits (Tariq et al., 2014; Cardoso et al., 2018). Despite this, little is known about the degree
to which nodule microbial assemblages can vary under certain conditions and the impact that
this variation can have on the plant health. Studies into the plant-health promotion capability
of nodule microbiota typically involve isolating a range of bacteria from soil inoculated or wild
nodules and carrying out in vitro testing of potential plant growth promoting traits (Ahmad et
al., 2008; Selvakumar et al., 2008; Fan et al., 2018; Soares et al., 2020). While this is a good
method for identifying potentially beneficial bacteria, it does not consider the broader nodule
microbial community and the interactions therein that would influence the overall function. We
decided to use a more investigative approach and utilise natural variation to do comparative
nodule microbiome analyses to identify potentially beneficial nodule bacteria. By identifying
differences in nodule bacterial communities between variant sample types and contextualising
this variation with network and supervised learning models we endeavoured to pinpoint

candidates for further in planta experiments.

The assemblage of nodule microbiota is known to vary based on a range of external
influences, both biotic and abiotic (Zhang et al., 2011; Li et al., 2016; Leite et al., 2017; Hakim
et al., 2020; Mayhood & Mirza, 2021; Shah et al., 2021). In this project we examined the
microbiome in nodules of three Lotus species, inoculated with different soil suspensions and
showing variant health phenotypes. The experimental procedure involved sequencing the V3-
V4 regions of the 16S rRNA gene of DNA extracted from surface-sterilized nodules.
Subsequent bioinformatic analyses were run to compare the variable sample types in a bid to
find trends and key taxa. These results then informed synthetic inoculations comprised of
nodule-isolated strains that aimed to identify the potential influence and role of the strains-of-
interest in root-nodule symbiosis. The plethora of microbes that inhabit the range of plant
niches available facilitates a borderline infinite number of potential interactions. For this
reason, we decided to take a reductionist approach and focus exclusively on nodule
endophytes. For a similar reason we also only analysed the bacterial contingent of the nodule
microbiome as, compared to fungi and other microorganisms, they are the most often isolated

members of nodules, even when excluding rhizobia (Martinez-Hidalgo & Hirsch, 2017).
Our results showed that (1) the microbiome of Lofus nodules is dependent on the soil

inoculum, (2) nodule microbiome of starved Lotus burttii plants differ to those from healthy

plants, (3) that Pseudomonas are more prevalent in healthy plant nodules than in starved and
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(4) Pseudomonas sp. strain Lb2C2 reduces ineffective Rhizobium nodulation of Lotus

Japonicus upon co-inoculation.

1. The nodule microbiome varies between healthy Lotus plants inoculated with

different soil suspensions

In this project we looked at the variance in nodule microbiome between plant species, soil
inoculum and plant health phenotype. The soil samples used for inoculation varied in that soil
1 was taken from a site where wild Lotus corniculatus grew and soil 2 was taken from a site
uninhabited by legumes. The most apparent phenotypic difference between soil suspension
inoculation types was the variation in plant health. Soil suspension 1 inoculated plants were
consistently healthy, while those inoculated with soil suspension 2 produced both healthy and
starved plants (Fig. 1; Crosbie et al., 2022). Abiotic factors can impact soil microbial
community function, such as depth (Sokol et al., 2022), tillage (Kraut-Cohen et al., 2020),
temperature (Adamczyk et al., 2019) and moisture (Sharaf et al., 2019). The most influential
abiotic factor controlling bacterial communities is pH (Lauber et al., 2008; Geyer et al., 2014;
Zhalnina et al., 2015). Some bacteria have a narrow pH tolerance whereby the acidification of
the cell interior compromises the function of enzymes and overall metabolism (Beales, 2004).
Another reason is that pH indirectly affects bacterial community structure by altering a range
of soil characteristics like nutrient availability and cationic metal solubility (Lauber et al., 2009).
Alterations in pH can favour certain bacteria, for example, abundance of some soil
Acidobacteria and Firmicutes positively correlate with acidic pH (Zhalnina et al., 2015). Before
assessing which biotic influences can shape the soil microbiota, it is important to control for
these abiotic influences. Therefore, we adjudged it important to use experimental methods
that limit variations in abiotic factors. To this end we used a gnotobiotic system and inoculated
plants with soil suspensions that contained defined pH and nutrient levels. The soil substrate
was a consistent sand:vermiculite mixture and incubation was in controlled light and

temperature conditions to limit microbial community variation due to abiotic factors.

Our first aim was to check whether our laboratory growth conditions were representative of
those in nature. We sequenced the microbiome of wild L. corniculatus nodules and found that
plants growing at soil site 1 did not have a statistically dissimilar nodule microbiome to those
grown under laboratory conditions (Table S3; Crosbie et al., 2022). We next checked if the
healthy plants across both soil inoculants had a similar nodule microbiome. The first indication
that there was variance in nodulation phenotype between the soil suspension inocula was the
number of nodules produced. Lotus plants inoculated with soil suspension 1 had, on average,

more nodules per plant than those inoculated with soil suspension 2 (Fig. S2; Crosbie et al.,
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2022). Several studies have cited the presence of particular Pseudomonas and Bacillus in the
rhizosphere as a reason for an increase in nodule number in Cicer arietinum (chickpea) and
Glycine max (soybean) respectively, although the precise mechanism with which this occurs
is yet to be elucidated (Bai et al., 2003; Malik & Sindhu, 2011; Egamberdieva et al., 2013).

Soil is often the main determining factor for microbial communities in nodules of Medicago
truncatula (barrel clover) and G. max (Liu et al., 2019; Brown et al., 2020; Han et al., 2020).
These studies cite differences in the microbial community and physicochemical properties of
the soil as the cause for the disparity seen between nodule microbial communities (Brown et
al., 2020; Han et al., 2020). A physicochemical analysis of the soils used in this project found
a minor mineral variation between them and both were classified as silty-clay, although soil
site 1 contained humus (Table S2; Crosbie et al., 2022). Humus facilitates drainage by
loosening the soil while also retaining moisture, conditions which correlate with high bacterial
diversity (Mayer et al., 2019). Despite these differences the microbiome of the soil
suspensions did not significantly vary in alpha diversity and there was only a slight, but
insignificant, variation in beta diversity (Fig. S4; Table S3; Crosbie et al., 2022). This indicates
that the influence these abiotic dissimilarities did impart were not enough to restructure the

bacterial community in a statistically significant way.

The lack of significant difference between soil microbial communities does not indicate that
the function will be the same. Minor species that do not shift diversity measures may still have
a disproportionate influence over the functionality of a microbial community (Shade et al.,
2014; Jousset et al., 2017). For example, a Desulfosporosinus sp. in peat soil, which makes
up 0.006% of the total microbiome, acts as an important sulphate reducer in a biochemical
process that diverts carbon flow from methane to CO- (Pester et al., 2010). Even in activating
conditions the Desulfosporosinus sp. still remains at low abundance, although it does increase
ribosomal content (Hausmann et al., 2016). Scarce bacteria can also have a less specific,
albeit important, role in protecting against the invasive success of pathogens (Mallon et al.,
2015). An increase in community diversity increases resource competition and can therefore
decrease invasion potential through niche pre-emption, thus giving less abundant species a
disproportionate influence (Mallon et al., 2015). Bacterial diversity in soil has also been shown
to correlate with the production of antifungal volatiles. The loss of less abundant species in
soil microbiota can result in the loss of antifungal activity shown against the phytopathogen
Fusarium oxysporum (Hol et al., 2015). The implication being that the microbe-microbe
interactions they provided were pivotal in assisting the production of the antifungal volatiles,
not that they were directly responsible (Hol et al., 2015). A more diverse microbial community

has the potential for a greater number of unique microbe-microbe interactions. The overall

58



function of the microbiome may be reliant on these interactions and therefore the removal of

a certain species may result in an altered function.

As well as the variation in nodule number, healthy L. burttii and L. japonicus plant nodules
also had a significantly different diversity of amplicon sequence variants (ASVs) based on soil
inoculum (Table S3; Crosbie et al.,, 2022). The main variation being the number of
Mesorhizobium ASVs. Both inoculants produced nodules dominated by Mesorhizobium ASVs,
however those inoculated with soil suspension 1 contained an array of ASVs while the plants
inoculated with soil suspension 2 were almost exclusively colonised by ASV M.1 (Fig. 2;
Crosbie et al., 2022). This is despite there being no significant difference in the diversity of the
Mesorhizobium contingent of the soil suspensions (Table S3; Crosbie et al., 2022). One
hypothesis is that lowly abundant taxa distinct to one soil site, that do not sway diversity
measures, serve a function that assists Mesorhizobium sp. to colonise nodules.
Mesorhizobium loti gains a competitive advantage when nodulating Lotus spp. upon the
introduction of ACC deaminase gene acdS (Conforte et al., 2010; Nascimento et al., 2012).
ACC deaminase is an enzyme that degrades the ethylene precursor 1-cyclopropane-1-
carboxilate (ACC) (Glick, 2005). Ethylene is produced by plants as a response to stress and
interacts with other signalling molecules, however excess ethylene can trigger plant
senescence and impede nodulation (Oldroyd et al., 2001; Abeles et al., 2012; Mller & Munné-
Bosch, 2015). The breakdown of ethylene by ACC deaminase reduces the harm caused by
excess ethylene (Glick, 2005). If a member of the soil site 2 microbiota, or the Mesorhizobium
representative of ASV M.1, demonstrates ACC deaminase activity then this could favour the
nodulation of a particular Mesorhizobium sp. that closely associates with it. Conversely the
presence of ACC deaminase also leads to an increase in nodule number (Nascimento et al.,
2012), an observation seen in soil suspension 1 inoculated plants, perhaps indicating the
presence of bacteria that produce the enzyme in this soil inoculum. Future experiments
addressing the ACC deaminase production of nodule isolates will be needed to address this

hypothesis.

Mesorhizobium-Mesorhizobium competition is known to vary dependent on soil conditions.
Mesorhizobium muleiense was found to outcompete Mesorhizobium mediterraneum and
Mesorhizobium ciceri for nodulation of Cicer arietinum L. (chickpea) when grown in its native
soil. However, when grown in a non-indigenous soil or a gamma radiation-treated sterile soil
the latter two Mesorhizobium spp. were able to outcompete M. muleiense (Zhang et al., 2014).
This indicates that successful nodulation by M. muleiense is also dependent on the indigenous

soil organisms. Whether this is the reason for the limited number of Mesorhizobium ASVs
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seen in nodules of soil suspension 2 inoculated Lotus plants will need further evidence to be

validated.

The plant genotype had a lesser impact on the nodule microbial community structure
compared to the soil inoculum. Similarly, Vigna unguiculata (cowpea) also has a nodule
microbial community shaped more by soil than plant genotype (Leite et al., 2017) and M.
truncatula genotypes vary in the composition, but not in the diversity, of nodule endophytes
(Burns et al., 2021). The three Lotus species used in this project all belong to the same
phylogenetic branch and the same cross-inoculation group, being effectively nodulated by
Mesorhizobium (Degtjareva et al., 2008; Gossmann et al., 2012). Pairwise comparisons of
healthy plants addressing distinctions due to genotype only saw a significant difference
between L. japonicus vs L. corniculatus inoculated with soil suspension 1 and L. burttii vs L.
Japonicus inoculated with soil suspension 2 (Table S3; Crosbie et al., 2022). The latter of which
is likely due to the number of non-Mesorhizobium present in L. burttii soil suspension 2
samples. Most non-Mesorhizobium strains isolated in this project were from L. burttii nodules,
which hints at the level of stringency that L. burttii imposes on potential nodule colonisers
(Table S1; Crosbie et al., 2022).

2. Only Lotus burttii showed a variation in nodule microbiome based on health

of the plant

Lotus burttii was the only Lotus species tested that exhibited a difference in nodule microbiome
between plant health phenotypes (Fig. 1e; Fig. 2; Crosbie et al., 2022). Like both other
species, healthy L. burttii nodules were found to be dominated by Mesorhizobium ASVs,
however the starved plant nodules were mostly occupied by Rhizobium-like ASVs (Fig. 2;
Crosbie et al., 2022). The difference in starved plant nodule community between the Lotus
species tested may be attributed to the variation in promiscuity of symbiotic partner selection.
L. burttii is known to be a more promiscuous plant, in terms of symbiotic pairing, than the other
two Lotus spp. tested (Rodpothong et al., 2009; Zarrabian et al., 2021). For example, L. burttii
is known to form ineffective nodules with Rhizobium leguminosarum Norway, a strain that
does not nodulate L. corniculatus or L. japonicus (Gossmann et al., 2012). L. burttii is also
able to form nodules with 5 distinct genera (Zarrabian et al., 2021). The promiscuity of L. burttii
in this project was evidenced by observing the nodulation rate of the starved plants. Of the
starved L. burttii plants, 73.8% contained nodules, while only 59.3% and 45.2% of L.
corniculatus and L. japonicus starved plants contained nodules respectively (Fig. S2d; Crosbie

et al., 2022). The remaining starved plants had no nodules. The ability for L. burttii to form
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nodules with both Mesorhizobium sp. and Rhizobium sp. facilitates the variation seen between

the starved and healthy plants that is not seen in the other Lotus species.

Another observation that sheds light on the difference between the starved plant phenotypes
of Lotus is seen in the nodule colour. Starved L. burttii plants contained a much higher
percentage of white nodules than starved L. comiculatus and L. japonicus plants (Fig. S2e;
Crosbie et al., 2022). The white colour comes from the lack of leghemoglobin, an oxygen-
carrying protein important for successful nitrogen fixation (Viands et al., 1979). nifH mutants
of Rhizobium leguminosarum bv. viciae, that do not fix nitrogen, produce white nodules on
Pisum sativum cv Avola (pea) indicating a lack of leghemoglobin (Westhoek et al., 2017). G.
max co-inoculated with a nitrogen-fixing Bradyrhizobium and a non-fixing mutant produced
nodules that showed pink and white regions, indicating that the leghemoglobin localises with
nitrogen-fixing bacteria (Hahn & Studer, 1986). Presumably the plant forgoes the production
of leghemoglobin when a sub-optimal colonisation occurs. Whether the lack of fixation is due
to the bacteria not producing nitrogenase or the plant creating an environment not conducive

to effective nitrogenase function remains to be elucidated.

The comparative lack of symbiotic promiscuity that L. comiculatus and L. japonicus exhibited
in this experiment is highlighted by the similarity seen between the nodule microbiomes of the
healthy and starved plants (Table S3; Crosbie et al., 2022). Despite the variation in plant health
phenotype all nodules were predominantly occupied by Mesorhizobium ASVs (Fig.2b-c;
Crosbie et al., 2022). Whether these plants contain a Mesorhizobium strain that does not fix
nitrogen or the plants showed a delay in nodulation, and have therefore not yet reaped the
benefits of fixed nitrogen, remains unclear. One indication that the former may be the case
was seen when running a support vector machine (SVM) analysis to find the ASVs typical of
starved and healthy plant nodules. “SVM is a machine learning method used to separate a
data set using a linear or nonlinear surface (Noble, 2006). In this instance we used a linear-
kernel to transform the data and then based on this transformation defined a boundary
separating data points, ASVs, based on the nodule phenotype of L. burttii plants inoculated
with soil 2 suspension” (Crosbie et al., 2022). Rhizobium ASVs were found to be most
indicative of a starved L. burttii nodule, although there were also several Mesorhizobium ASVs
that were more prevalent in starved nodules than in healthy (Fig. 3; Crosbie et al., 2022). It
must be noted that this analysis was just run on L. burttii samples, so only similarities can be
drawn, not conclusions. The pink colouration of the L. japonicus and L. corniculatus nodules
indicates the presence of leghemoglobin and therefore suitable conditions for nitrogenase to
function. Mutants of Mesorhizobium loti MAFF 303099 that have an approximately 45%

reduction in nitrogenase activity, as measured by acetylene reduction assay, showed a
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significant decrease in shoot growth and nodule mass after inoculation on L. japonicus
(Quides et al., 2017). A decrease in nitrogenase activity may explain the starved plant

phenotype despite the presence of pink nodules.

The experimental design of this project necessitated that nodules be pooled together before
extracting DNA. Therefore, the observation that starved L. japonicus and L. comiculatus
nodules contain Mesorhizobium may be an indication that effective nodules were pooled with
ineffective ones (Fig. 3; Crosbie et al., 2022). However, these may also be symbiotically
ineffective Mesorhizobium. This hypothesis aligns with the explanation that the lack of
difference seen between starved and healthy plant nodule microbiomes of L. corniculatus and
L. japonicus is due to some Mesorhizobium being ineffective nitrogen fixers. A similar case is
seen with Mesorhizobium opportunistum WSM20277, a strain that has been found to nodulate
Biserrula pelecinus but is ineffective at fixing nitrogen (Reeve et al., 2013). The ineffective
nature of some Mesorhizobium may have evolved and persisted due to plants generally being
colonised by multiple lineages at once, lessening any negative impact from a cheater
(Douglas, 2008; Ling et al., 2013; Moyano et al., 2017). An alternative hypothesis is that
cheaters can accrue more resources and gain a competitive advantage through the energy
saved by not fixing nitrogen (Kiers et al., 2003; Ling et al., 2013). Introduced M. ciceri has
been found to genetically diversify over time, with new strains becoming more competitive, in
terms of nodule occupancy, and some ineffective at fixing nitrogen in B. pelecinus (Nandasena
et al., 2007). This observation that some Mesorhizobium can diversify into non-nitrogen-fixing
strains lends credence to the hypothesis that ineffective strains are responsible for the starved
phenotype of L. corniculatus and L. japonicus. The overwhelming majority of Mesorhizobium
ASVs that colonised soil 2 plants belonged to ASV M.1. As the ASV sequence is quite short it
is possible that genetic variations explaining the ineffective variant were not captured.
However, the above described M. opportunistum had a significantly different 16S rRNA gene
to those isolated from the same region and plant (Nandasena et al., 2009). Alternatively, the
genetic reason for the lack of effective nitrogen-fixation is not visible in the 16S rRNA gene,

instead being due to the loss or mutation of genes vital to the process of nitrogen-fixation.

3. Mesorhizobium and Rhizobium nodule co-colonisation is species and strain

dependent

SVM analysis revealed that Rhizobium ASVs were most indicative of starved L. burttii nodules
(Fig. 3; Crosbie et al., 2022). The frequency of Rhizobium ASVs seen in starved L. burttii
nodules is in stark contrast to the lack of Rhizobium ASVs found in L. corniculatus and L.

Japonicus (Fig. 2; Crosbie et al., 2022). Despite this, Rhizobium strains have been found to
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co-colonise L. corniculatus nodules with Mesorhizobium (Gossmann et al., 2012; Liang, 2020).
Forinstance, R. leguminosarum Norway was originally isolated from L. corniculatus along with
a novel Mesorhizobium strain, Mesorhizobium norvegicum (Gossmann et al., 2012;
Kabdullayeva et al., 2020). Despite the inability to nodulate L. corniculatus alone, R.
leguminosarum Norway was found to contribute to the root colonisation of the beneficial
nodulator, M. norvegicum. R. legquminosarum Norway enhanced the distribution of the rhizobia
on plant roots and also formed biofilms in vitro (Kabdullayeva, 2019; Liang, 2020). This benefit
to the successful symbiosis of Lotus and Mesorhizobium may indicate why a strain that cannot
directly benefit the plant may still colonise the nodule. The novel M. norvegicum was also
physiologically and chemotaxonomically characterised in this project (Kabdullayeva et al.,
2020). R. leguminosarum Norway grows almost twice as fast as M. norvegicum therefore
forming a biofilm together could aid the Mesorhizobium in colonising the root faster (Liang et
al., 2018; Kabdullayeva et al., 2020).

4. Pseudomonas ASVs are typical of healthy L. burttii nodules

After we discovered that only L. burttii showed variation in microbiome based on plant health
phenotype, we then wanted to see which ASVs were characteristic of these sample types.
Many plant growth-promoting bacteria (PGPB) that benefit legume plant growth are also able
to colonise nodules (Martinez-Hidalgo & Hirsch, 2017). Legume nodules have been found to
contain Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria and Actinobacteria
(Benhizia et al., 2004; Dey et al., 2004; Cummings et al., 2009; Ampomah & Huss-Danell,
2011; Zhao et al., 2013; Ibanez et al., 2017; Ferchichi et al., 2019). The low abundance and
inconsistent presence of particular PGPB in nodules suggests that they are not essential for
a successful symbiosis (Mayhood & Mirza, 2021), however several co-inoculation experiments
have exhibited a clear benefit to plant growth (Argaw, 2012; Egamberdieva et al., 2013; Zhao
et al., 2013; Velazquez et al., 2017). It is unclear how frequently non-rhizobial PGPB colonise
healthy plant nodules. By using support SVM learning we found that, aside from the
Mesorhizobium ASV M.1, two Pseudomonas ASVs (P.28 and P.57) were the most indicative
of a healthy L. burttii nodule microbiome inoculated with soil suspension 2 (Fig. 3; Crosbie et
al., 2022). The precise role of the Pseudomonas inside the nodule is unclear. Pseudomonas
are commonly found to have plant-growth promoting traits and are often co-isolated from plant
nodules (Glick, 2012; Sanchez et al., 2014; Kumawat et al., 2019). Pseudomonas co-
inoculation experiments on legumes with the respective symbiont have seen plant growth-
promoting traits such as, among other benefits, relief from salt stress, protection from
phytopathogens and the availing of nutrients (Sindhu & Dadarwal, 2001; Argaw, 2012;
Egamberdieva et al., 2013; Chandra et al., 2020). Some Pseudomonas that endophytically
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colonise L. corniculatus contain alkB, an alkane monooxygenase involved in hydrocarbon
degradation, indicating that they play a role in lessening the negative impact of pollution
(Pawlik et al., 2017).

Further evidence suggesting that Pseudomonas could contribute to plant health was obtained
through a co-occurrence network analysis of ASVs in the healthy and starved plant
microbiomes of L. burttii nodules. This showed that Pseudomonas ASVs had many positive
significant correlations with Mesorhizobium ASVs (Fig. 4; Crosbie et al., 2022). Synthetic
inoculations with strains representative of these correlating ASVs could be conducted to
uncover potential phenotypes that would add context to the observed network correlations. An
issue translating in silico observations into inoculation experiments was encountered when
discerning which nodule isolates were truly representative of the ASVs of interest. Many
Pseudomonas isolates with distinct morphologies and 16S rRNA gene sequences aligned with
ASV P.28 (data not shown), as the V3-V4 region of the 16S rRNA gene that was used for
microbiome profiling does not cover all polymorphisms that distinguish the isolated strains.
This makes it impossible to identify which Pseudomonas isolates are truly representative of
the ASVs found to be significant in the SVM analysis. To discern which Pseudomonas isolates
are most likely to be representative of ASV P.28, we will characterise the strains in terms of
plant growth-promoting traits and nodule colonisation ability with the aim of narrowing the pool
of isolates of interest. Pseudomonas sp. Lb2C2 and PLb11B isolated from healthy L. burttii
nodules have both exhibited phosphate solubilisation ability and siderophore production
(Preinsberger, 2021).

5. Pseudomonas sp. PLb11B colonises L. burttii nodules intracellularly

Over the course of this project a broad array of nodule colonising bacteria were isolated for
plant inoculation experiments. We first wanted to see if the non-Rhizobiales endophytes could
still colonise nodules with only the symbiont as a co-inoculation. We found that Pseudomonas
sp. PLb11B co-colonises 32.5% of Mesorhizobium sp. Qb1E3-1-induced nodules on L. burttii
(Fig. 5a-b; Crosbie et al., 2022). Typical symbionts of legumes infect nodules via infection
threads or cracks in the root (Sprent, 2007). Infection threads occur when the root hair
encircles a bacterial symbiont and creates an invagination up the middle of the hair that the
bacteria traverse. This pathway guides the bacteria to the nodule being concurrently formed.
Here the bacteria then stay and begin the process of nitrogen fixation (Gage, 2004). It is
estimated that 25% of bacterial symbionts can enter nodules via intercellular cracks at the root
surface (Sharma et al., 2020). While the entry process for symbionts is well understood, the

methods with which non-rhizobia infect the nodule are less clear. Some non-rhizobia are
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suspected to ‘hitchhike’ on the infection pathway of the symbiont. Pandya and colleagues
reported that fluorescently tagged Pseudomonas could be seen traversing the infection
threads of Vigna radiata when co-inoculated with its symbiont, Ensifer adherens (Pandya et
al., 2013). However, nodule occupancy was only confirmed via re-isolation from infected
nodules, so no information was gleaned about whether the Pseudomonas colonised intra- or
intercellularly. Confirmation of Pseudomonas sp. PLb11B nodule colonisation in this project
was done microscopically as well as via re-isolation from surface sterilised nodules. Whether
this Mesorhizobium-Pseudomonas co-colonisation indicates a potential microbe-microbe

synergism or independent resourcefulness from the non-rhizobial endophyte is unclear.

One key piece of evidence that may shed light on the co-infection of Pseudomonas with
Mesorhizobium is the localisation of these non-rhizobia once inside the nodule. Whether the
bacteria can colonise nodules intracellularly or intercellularly may provide evidence as to
whether they piggy-back on infection threads triggered by symbionts, indicating a potential
close association, or if they infiltrate independently of the Mesorhizobium via crack entry. Both
Pseudomonas sp. PLb11B and Mesorhizobium sp. Qb1E3-1 appear to colonise intracellularly,
however they do not seem to co-colonise in the same nodule cells, with the Pseudomonas
only colonising a low number of adjacent cells (Fig. 5a-b; Crosbie et al., 2022). A similar
sectioned colonisation pattern of a nodule has been reported when two rhizobia infect a plant
(Hahn & Studer, 1986; Regus et al., 2017), however this same pattern has not been described
for non-rhizobial nodule colonisation. Intracellular nodule infection of L. japonicus is typically
infection thread mediated (Markmann et al., 2012; Montiel et al., 2021) and M. loti also
colonises L. burttii nodules via infection threads (Acosta-Jurado et al, 2016). If the
Pseudomonas enter nodules via the same infection threads as the Mesorhizobium then it
would be expected that they would co-colonise the same cells, which they do not. Another
possibility is that the Pseudomonas enter via crack entry before becoming intracellular. Some
bacteria that intercellularly infect nodule primordia can proceed to an intracellular nodule
colonisation via infection threads that form after invasion of the root tissue (James et al., 1992;
Subba-Rao et al., 1995). Uncovering the mode of nodule infection by non-rhizobia will provide
insights into the level of cooperation the plant provides when accommodating them. The
confocal microscopy used in this project does suggest that the Pseudomonas infect nodules
intracellularly (Fig. 5a-b; Crosbie et al., 2022), however other Pseudomonas nodule
endophytes have a different colonisation pattern. Pseudomonas neoaurantiaca, which
exhibits plant growth-promoting characteristics and improves yield in Phaseolus vulgaris,
colonises the intercellular space inside the nodule while the symbiont, Rhizobium
leguminosarum bv. Phaseoli, colonises intracellular space (Pastor-Bueis et al., 2021).

Whether the nodule colonisation of these Pseudomonas spp. is plant influenced or
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opportunistic from the bacteria also remains unclear. The inability for Pseudomonas to
nodulate Lotus alone, as well as the general low abundance and inconsistent presence of
particular non-rhizobial endophytes in nodules indicates that the latter may be the case
(Mayhood & Mirza, 2021).

Unlike the Mesorhizobium-Pseudomonas co-colonisation pattern seen in L. burttii nodules,
ineffective Rhizobium-induced nodules did not see the same co-colonisation. Confocal
microscopy indicated that Rhizobium sp. BW8-2-DsRed colonised nodules intracellularly,
however 0% of these nodules contained a GFP signal in co-inoculations with Pseudomonas
sp. PLb11B-GFP (Fig. 5¢c-d; Crosbie et al., 2022). This is in congruence with the network
analysis that showed only negative interactions between Rhizobium and Pseudomonas ASVs
(Fig. 4; Crosbie et al., 2022). Liang and colleagues described that R. leguminosarum Norway
colonises L. burttii via cracks in the epidermis and then colonises cells both inter- and
intracellularly without forming transcellular infection threads (Liang et al, 2019). If
Pseudomonas sp. PLb11B co-colonises with Mesorhizobium sp. Qb1E3-1-cerulean by
hitchhiking on infection threads, then the mode of nodule-entry the Rhizobium use may be the
limiting factor for Pseudomonas nodule co-colonisation. To fully elucidate the colonisation

method of the Pseudomonas, further experiments tracking tagged bacterium are required.

6. The contrasting influence of Pseudomonas on Lotus when co-inoculated

with Mesorhizobium or Rhizobium

Evidence suggesting that Pseudomonas could contribute to plant health was obtained through
a co-occurrence network analysis of ASVs between the healthy and starved plant
microbiomes of L. burttii nodules. This showed that Pseudomonas ASVs had exclusively
negative significant correlations with the ineffective Rhizobium ASVs and a mix of positive and
negative reactions with Mesorhizobium (Fig. 4; Crosbie et al., 2022). We investigated these
correlations between the ASVs of beneficial Mesorhizobium, ineffective nitrogen-fixing
Rhizobium, and Pseudomonas by inoculating combinations of representative isolates onto L.
burttii and L. japonicus. Mesorhizobium sp. DC-1.5 co-inoculated with Pseudomonas sp.
Lb2C2 saw only a slight, but statistically significant, increase in L. burttii shoot growth and L.
Japonicus root wet weight with no increases in nodule number (Fig. 6, Fig. S7; Crosbie et al.,
2022). Pseudomonas strains isolated from nodules have been commonly described to
produce indoleacetic acid, an auxin that can aid in root elongation (Khalid et al., 2004; Malik
& Sindhu, 2011; Zhao et al., 2013), which may explain the increased growth of L. japonicus
roots. Other studies have found a significant increase in several phenotypic traits such as pods

per plant, seeds per pod and weight of seeds (Yadegari & Rahmani, 2010; Gopalakrishnan et
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al., 2015). The plants in this experiment were harvested at 5 weeks after inoculation which
meant that the plant had not reached maturity and no seed pods had formed. Therefore,

changes in these parameters were not considered.

The most striking phenotype observed was in co-inoculations of the ineffective Rhizobium sp.
BW8-2 with the Pseudomonas sp. Lb2C2. There was a significant decrease in ineffective
nodulation events on L. japonicus when the Pseudomonas was included in the inoculation
(Fig. 6; Crosbie et al., 2022). This observation was plant- and inoculum-specific as the same
impediment to nodulation was not seen in L. burttii nor in the Pseudomonas-Mesorhizobium
inoculations (Fig. 6; Crosbie et al., 2022). Whether this variation in nodulation is due to a
microbe-microbe interaction or a plant-mediated indirect interaction is unclear. There are
many examples of Pseudomonas contributing to plant growth when co-inoculated with
beneficial Rhizobium symbionts, many of which highlight antagonistic behaviour towards
pathogens as a contributing factor (Sindhu & Dadarwal, 2001; Goel et al., 2002; Gu et al.,
2020). Typically, microbe-microbe Pseudomonas antagonism in the rhizosphere is directed
towards fungal phytopathogens. Direct antagonism is seen in pyocyanin-producing
Pseudomonas aeruginosa TO3 that inhibit the growth of phytopathogen Macrophomina
phaseolina whilst also increasing the nodule mass and nitrogenase activity of Arachis hypogea
L. (Khare & Arora, 2011). Hydrolytic enzymes produced by rhizospheric Pseudomonas strain
MRS23 have been shown to inhibit phytopathogenic fungal growth, leading to a suppression
of plant disease in Cicer arietinum L. (Sindhu & Dadarwal, 2001; Goel et al., 2002). Some
Pseudomonas produce phenazines or rhamnolipids, which can have and antibacterial effect
on Bacillus sp. and other bacteria (Mezaache-Aichour et al., 2013; El-Sheshtawy & Doheim,
2014), however this kind of activity is yet to be conclusively found in the rhizosphere (Tapia-
Garcia et al., 2020).

Another observation that supports the hypothesis that Rhizobium nodulation is inhibited by
Pseudomonas, is that the starved L. japonicus plants from the soil suspension inoculations
often had no nodules or primordia at all (Fig. S2d; Crosbie et al., 2022). This suggests that
there may be other soil components that contribute to achieving, not only a reduction in
ineffective L. japonicus nodulation by Rhizobium, but a complete inhibition. The increased
nodulation inhibition in more complex communities indicates there may be other bacteria that
cumulatively add to the effect. A mixture of Pseudomonas marginalis, Klebsiella pneumoniae,
Enterobacter aerogenes, and Acinetobacter sp. suppressed root colonisation and nodulation
of Sinorhizobium meliloti on Medicago sativa L. (Li & Alexander, 1986). The rate of growth
was suggested to be the cause of the nodulation suppression as other slower growing bacteria

did not have the same effect. Pseudomonas sp. Lb2C2 has a much faster growth rate than
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Rhizobium BW8-2 so nodulation inhibition may be due to the Pseudomonas outcompeting the
Rhizobium for root colonisation or nutrients. One issue with this hypothesis is that the inhibition
is not seen in L. burttii. Therefore, if growth rate is the determining factor, then the broad
promiscuity of L. burttii negates any obstructing effect that the Pseudomonas has on the

Rhizobium.

Other forms of antagonism Pseudomonas exerts towards pathogens are due to the
competition for resources. Many Pseudomonas species produce siderophores, which can
sequester iron from the surrounding environment, often leading to iron becoming limiting and
inhibiting the growth of other competing bacteria or phytopathogenic fungi (Sayyed et al.,
2013; Scott et al., 2019; Gu et al., 2020). Preliminary results indicate the Pseudomonas sp.
Lb2C2 also has considerable siderophore production (Preinsberger, 2021). However, as with
the growth rate hypothesis mentioned above, if siderophore activity is indeed a part of the
mechanism with which Pseudomonas sp. Lb2C2 antagonise Rhizobium sp. BW8-2, then it
remains unclear why the same phenotype is not seen in L. burttii. One hypothesis is that the
plant may also influence this outcome. For example, if certain bacteria can trigger an immune
response in L. japonicus that is not induced in L. burttii then this may lead to a variation in
nodulation phenotype. Dissimilarity in response to bacterial effectors, proteins secreted by
pathogenic bacteria into a host cell, is not uncommon between Lotus genotypes. L. japonicus
and L. burttii have differing responses to the Bradyrhizobium elkanii USDAG1 effector protein
NopF. NopF triggers an inhibition of infection in L. japonicus but not in L. burttii (Kusakabe et
al., 2020). Some bacteria can also induce a systemic immune response in certain plants
against plant-pathogens. The flagellin polypeptide flg22 of the nodule endophyte
Pseudomonas fragi Sneb1990 can trigger an immune response in Solanum lycopersicum L.
(tomato) against the plant-parasitic Meloidogyne incognita (Wang, S et al., 2021). Similarly,
the immune response of S. lycopersicum L. in response to Botrytis cinerea is stronger after
prior inoculation with nodule endophytic strains of Micromonospora (Martinez-Hidalgo et al.,
2015). To ascertain if Pseudomonas sp. Lb2C2 triggers an immune response in L. japonicus
that is not triggered in L. burttii and that nodulation inhibition is plant-mediated, further

experiments monitoring plant response are required.

7. Significance and application of this work

The use of PGPB-containing biofertilizer as an alternative to industrial fertilizers, which can be
environmentally harmful, is garnering more interest as environmental health becomes more
salient. Not only are biofertilizers more sustainable, it is also forecast to be significantly less

expensive (Herridge, 2008). One obstacle in designing appropriate biofertilizers is that the
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plant growth promotion may be plant- or bacteria-specific and therefore not universally
applicable (Herrmann & Lesueur, 2013). We have demonstrated that different species of Lotus
are not only differently susceptible to ineffective nodulation but also differently receptive to
benefits from plant growth-promoting Pseudomonas. Other challenges that biofertilizers face
comes from competition with indigenous soil bacteria as well as sub-optimal environmental
conditions, both of which may compromise the plant growth promoting effects (Bashan, 1998).
We therefore focused our comparative analysis on nodule microbiomes from soil suspension
inoculated plants. This means that any nodule inhabiting strain significantly indicative of a
particular phenotype has become so whilst in a microbially complex and competitive
environment. We also found that plants grown in different soil inoculants harboured different
nodule communities, illustrating that the plant holobiont will vary depending on the
environment. By focusing on nodule endophytes from soil inoculated plants we aim to identify
strains that can cooperate with the plant and the bacterial symbiont whilst also being
competitive in a microbial niche as complex as soil. Further investigation is required to
understand the mechanism behind Pseudomonas inhibiting ineffective nodulation. However,
including bacteria that are antagonistic towards sub-optimal symbionts whilst also being
synergistic with the desired symbiont is an avenue of research we deem worth pursuing in soil

inoculant development.

8. Conclusion

In summary, we found that the nodule microbiome of healthy Lotus plants is mainly dependent
on soil inoculum rather than genotype and that variations based on health phenotype are
strictly species-specific. A specificity that is likely due to the difference in promiscuity that each
plant shows in establishing symbiotic pairings. The explanation for starved L. japonicus and
L. corniculatus having a similar nodule microbiome to that of healthy plants remains unclear,
however an ineffective Mesorhizobium or a delay in reaping the benefits of nitrogen-fixation

are hypotheses that can be further investigated.

Our results also add to the growing body of evidence that nodule colonising non-Rhizobiales
bacteria can affect root-nodule symbiosis. The intracellular accommodation of Pseudomonas
inside exclusively healthy L. burttii nodules suggests there might be some benefit to
associating with these non-nodulating bacteria. The presence of plant-growth-promoting traits,
coupled with the antagonism that strain Lb2C2 shows towards parasitic Rhizobium suggests

that benefits for the plant may be both direct and indirect.
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In conclusion the nodule has a diverse bacterial contingent that is susceptible to variation
based on plant genotype, plant health and inoculum. The precise mechanism with which this
this diversity emerges requires further investigation, although we propose that plant growth-

promoting Pseudomonas play a role to mitigating sub-optimal symbiotic infections.
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