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Introduction

“Symbiosis” was defined by Albert Bernhard Flank in 1877 to describe the mutualistic
relationship in Lichenes, which is a composite organism that arises from algae or cyanobacteria
living among filaments of a fungus (Flank, 1877). “Symbiosis” originally means the living
together of two or more dissimilar organisms, as in mutualism, commensalism, amensalism, or
parasitism; however, the word is usually narrowed down to mutualism. Symbiosis benefits both
species. In the symbiotic relationship, one of the mutualists provides some kind of “service” that
its partner cannot provide for itself (e.g. carbon source, nutrients, or dispersal of pollen or seeds)
and receives some kind of “reward” (shelter or food) (Bronstein, 1994). It can be observed
everywhere; for instance, clownfish and sea anemones, aphids and Buchnera, plants with
entomophilous flowers and insects, and humans and its microbiome. Among these symbiotic
relationships, the relationship between leguminous plants and rhizobia has been researched for a
long time. This relationship is a good model for intracellular symbiosis of bacteria. Since the early
20" century, many researchers have tried to understand the relationship between leguminous
plants and rhizobia because it affects both agriculture and biological interactions across the globe

(Long, 1989).

Legume-rhizobium symbiosis
Rhizobia are heterotrophic obligate
microaerophiles that can assimilate various

carbon and nitrogen sources in the

rhizosphere to survive in  various :

environments. They are symbiotic nitrogen- Figure 1 | Legume-rhizobium symbiosis (a) Lotus
japonicus (Host legume). (b) Mesorhizobium loti. Scale

fixing bacteria that establish symbiosis with  bar: 1 um. (c) Root nodule (arrowhead).

many leguminous (Fabaceae) plants and several other plants by constructing nodules (Fig. 1).

This relationship is based on the reciprocal provision of a photosynthetic carbon source from

the host and fixed nitrogen sources from the symbiont (Udvardi and Poole, 2013).

Rhizobial infection of compatible legume strains leads to nodule formation through

complex signal exchanges. Leguminous plants release species-specific flavonoids in root



exudates, and compatible rhizobium species show strong chemotaxis towards specific
flavonoids (Hassan and Mathesius, 2011). The flavonoids induce the transcription of an
important set of nodulation (nod) genes of rhizobia, then nod genes produce rhizobial
symbiotic signal molecules [Nod factors (NFs)], which are lipopolysaccharides (LPS) unique
to each rhizobium species (Geurts and Bisseling, 2002; Fig. 2a). The NFs are caught by a
specific receptor kinase that contains LysM (lysin motif) domains, such as Nod Factor
Receptor 1 (NFR1) and NFR5 in Lotus japonicus, and this receptor transmits the signal for
symbiosis (Limpens et al., 2003). These unique NF structures determine the strict specificity
between rhizobium species and host legume species and elicit both the rhizobial infection
process and the initiation of nodule primordia in the roots of the compatible host legumes.

Next, the symbiosis signal is transmitted to a common signaling pathway, inducing Ca?
spiking and influx at the base of the root hair. These Ca?*-dependent signals allow the host
cells to support the infection thread (IT) elongation and penetration into cortical cells (Fig. 2b-
d). Initiation of ITs requires several sequential steps: attachment of bacteria on the root hairs,
root hair curling, and bacterial colonization at the tips of distorted root hairs (Kouchi et al.,
2010). The ITs then grow into the developing nodule tissue.
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Figure 2 | Nodule formation process (a) The initial signaling in legume-rhizobium interaction. (b)
Attachment of rhizobium to the root hair and curled root hair formation. (c) Root hair invasion by elongation
of the IT. (d) Endocytosis of bacteria into the plant cell. (e) Formation of symbiosome as an individual
bacterium with a surrounding endocytic membrane. (f) Differentiated bacteroid. (g) Nitrogen fixing nodule.




Rhizobia are released from ITs into the nodule cells during nodule appearance, then
covered by the peribacteroid membrane (PBM) which is derived from the host plasma
membrane. In the PBM, they differentiate into a symbiosis-specific form, the bacteroid, and
bacteroid-containing PBM are called ‘symbiosomes’ (Roth et al., 1988; Fig. 2e). Fully-
matured bacteoroids stop cell division and start nitrogen fixation, and nodule development
completes (Fig. 2f, g). Most Rhizobium species fix nitrogen only in the nodule cells after
differentiation into bacteroids. Therefore, bacteroid differentiation and nitrogen fixation are
strictly controlled by complex interaction between the host and symbiont.

However, this field of study has focused mainly on the leguminous physiology, and less
on rhizobia, whereas the physiology of rhizobia and the mechanisms underlying differentiation

of rhizobia into the bacteroid are still largely unknown.

Determinate and indeterminate nodule

There are two major types of leguminous nodules: determinate nodules and
indeterminate nodules (Sprent, 2007). Determinate nodules arise from divisions in the root
outer cortex, show spherical shape, lack the persistent nodule meristem, and are mainly
produced by tropical legumes such as soybean and L. japonicus. The mature nodules contain
a homogenous central tissue composed of infected cells fully packed with nitrogen-fixing
bacteroids and some uninfected cells (Fig. 3). Bacteroids are released after nodule decay, and
most of them revert to a free-living lifestyle.

In contrast, indeterminate nodules arise from divisions in the pericycle and root inner
cortex, show cylindrical shape, retain a Cortex

persistent nodule meristem (resulting in Aularbundles

elongated nodules), and are mainly

Infected tissue

produced by temperate legumes such as

pea, white clover, and Medicago

truncatula. The mature nodules contain

Determinate nodule Indeterminate nodule

five histological zones of sequential
developmental states (Fig. 3): an apical

meristem (zone 1), an infection zone

Figure 3 | Schematic representation of determinate
(left) and indeterminate nodules (right) I, meristemic
zone; ll, infection zone; Ill, nitrogen fixing zone; 1V,
senescence zone; V, saprophytic zone. This figure was
modified from Dupont et al., 2012



where ITs penetrate the plant cells and release rhizobia (zone I1), a zone of nitrogen fixation
(zone 111), a root proximal senescence zone (zone 1V), and a saprophytic zone containing
undifferentiated bacteria (zone V) (Vasse et al., 1990, Timmers et al., 2000).

While the nodule morphologies and cortical responses are somewhat distinct, almost all
known signaling elements have a conserved function between the two types of nodules as
described in the former section. However, responses against certain phytohormones appear to
have distinct or even opposite roles during the development of these two types of nodules

(Subramanian, 2013).

Mechanism and regulation of nodulation

Host do not

Nodule number is controlled to require nodules

balance nitrogen income and energy

loss. Appropriate nodule formation is a inadequate growth
very effective means of host survival in /?\ /?\
nitrogen-deficient soil; however, over-

nodulation consumes too much energy ® @) ®
for nitrogen fixation and nodule @Q 88
organogenesis (Fig. 4). To optimize the ® Q@

ratio Of nitrogen income to carbon- Suitable number Less nodules  Overnodulation

Nitrogen-deficient soil Nitrogen-rich soil
based energy loss, the host plant tightly  rigyre 4 | Regulation of nodule number Nodule number
is controlled to grow appropriately. Nodule deficiency and
over- nodulation lead to inadequate growth. No nodules
are formed in nitrogen-rich soil.

regulates  nodule  organogenesis.
Nodule development is locally and
systemically controlled (Ryu et al., 2012, Ferguson & Mathesius, 2014).

In local control, several phytohormones are induced in the plant in response to rhizobial
Nod-factors (NFs) such as LPS and exopolysaccharides secreted by rhizobia, then
phytohormones regulate several nodulation processes (Ferguson & Mathesius, 2014; Fig. 5a).
In the stage of nodule initiation, ethylene, Jasmonic acid (JA), and abscisic acid (ABA) inhibit
root hair response and Ca?* spiking (Nukui et al., 2000, Peters & Crist- Estes, 1989, Oldroyd
et al., 2001, Sun et al., 2006, Nakagawa et al., 2006, Suzuki et al., 2004, Ding et al., 2004).

Salicylic acid (SA) inhibits rhizobial association with root hairs and nodule primordium



formation only in indeterminate nodule-forming legumes (van Spronsen et al., 2003). In contrast,
gibberellic acid (GA) inhibits root hair deformation, nodule formation, and Ca?* spiking only in
determinate nodule-forming legumes (Maekawa et al., 2009). Cytokinin might play an important
role in cortex cell division during nodule development because the expression of key
transcriptional factors associated with nodule initiation such as Nodule Inception (NIN) and
Nodule Signaling Pathway 1 (NSP1) act downstream of cytokinin (Madsen et al., 2010). Auxin,
which is a central regulator of plant development, has a crucial role for nodule development
because auxin accumulation has been observed in early developing nodule primordia in both
determinate and indeterminate nodule-forming hosts (van Noorden et al., 2007, Suzaki et al.,
2012).

In systemic control, plants perform autoregulation of nodulation (AON), which is a long-
distance root-to-shoot-to-root negative feedback system (Caetano-Anolles & Gresshoff, 1991,
Oka-Kira & Kawaguchi, 2006, Ferguson et al., 2010; Fig. 5b). In this system, plants use
CLAVATA3/ESR (endosperm surrounding region)-related (CLE) glycopeptides as root-to-
shoot signal molecules in response to high nitrate conditions and infection of rhizobia
(Okamoto et al., 2009, 2013). Root-derived CLE peptides are transported to the shoot and are

then recognized by the hypernodulation aberrant root (HAR1) receptor kinase. Recognition by
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Figure 5 | Regulation of nodulation (a) Phytohormonal regulation of nodulation. Seven phytohormones
(Auxin, ABA, Cytokinin, Ethylene, GA, Brassinosteroid (BR), JA) and a phytohormone- like compound
(SA) are associated with the nodulation process. (b) Autoregulation of nodulation. NFs from rhizobia
induce the root-to-shoot-to-root signal, and the nodulation process is inhibited.



HAR1 results in cytokinin production in the shoot, and the produced cytokinins are transported
to the root, as a shoot-to-root signal, where they systemically suppress nodulation (Sasaki et
al., 2014).

In both cases, nodule organogenesis is reported to be controlled by plant-derived
phytohormones and peptides. In other words, regulation of nodulation has been thought to be
the plant-responsible event. However, symbiont-derived signals that regulate the host nodule

number have not reported.

Phytohormone biosynthesis in bacteria

Some soil bacteria promote plant growth by synthesizing phytohormones as well as other
regulatory chemicals such as siderophores and exo-polysaccharides. These bacteria are called
‘plant growth promoting rhizobacteria (PGPRs)’. It is reported that 80% of bacteria isolated from
the rhizosphere of various crops possess the ability to synthesize the phytohormone auxin (Patten
and Glick, 1996). Auxin affects various plant developmental processes such as plant cell division
and differentiation, root development, vegetative growth, biosynthesis of various metabolites, and
resistance to stressful conditions. Bacterial auxin interferes with the above events by altering the
endogenous pool of plant auxin (Glick, 2012, Spaepen et al., 2007). Rhizobium species also
synthesize auxin, and the artificially-prepared auxin-overproduction mutant of Sinorhizobium
meliloti increased nodulation in Medicago species, whereas the auxin-overproduction mutant of
Rhizobium leguminosarum had no effect on nodulation in Paseolus vulgaris (Pii et al., 2007).
Bradyrhizobium japonicum is reported to have the ability to synthesize indole acetic acid, (IAA;
auxin), zeatin (cytokinin), GA, ABA, and ethylene under cultivation (Boiero et al., 2007).

However, detailed knowledge of the function of rhizobial phytohormone is still mostly unknown.

Proteomics

Rhizobia are typical PGPRs, and it seems very important for agriculture and ecology to
clarify the physiology of rhizobia. In legume-rhizobium symbiosis, numerous studies have been
performed from the perspective of genetics, biochemistry, molecular biology, cell biology, and so
on. These studies have provided many beneficial findings but have focused mostly on clarifying

the physiology of the host plant, whereas the physiology of rhizobia is still largely unknown. For



example, elucidating the difference between free-living and symbiotic rhizobia as well as the
changes that take place during nodule maturation would be interesting research objectives.
Proteomics holds the potential to comprehensively disclose the physiology of rhizobia on
the molecular level. Proteomic studies of many Rhizobium species have already been performed.
Proteome analysis of Mesorhizobium loti in mid-growth phase has been reported (Kajiwara et al.,
2003), but it has not been performed for the symbiotic phase. Proteome analyses of other rhizobia,
such as B. japonicum (Nomura et al., 2010, Delmonte et al., 2010, Hampel et al., 2009, Sarma et
al., 2005, 2006) and S. meliloti (Barra-Bily et al., 2010, Chen et al., 2003, Djordjevic, 2004, Gao
et al., 2005, 2007, Torres-Quesada et al., 2010), have previously been reported. They employed
2-dimensional polyacrylamide gel electrophoresis (2D-PAGE)-based analysis combined with
matrix-assisted laser desorption and ionization time-of-flight mass spectrometry, but time-
consuming steps, such as gel spot isolation and individual measurement, are necessary with this
method. In addition, previous 2D-PAGE-based analyses have only identified up to 500 proteins
(Sarma et al., 2005). Another report employed liquid chromatography-tandem mass spectrometry
(LC-MS/MS)-based technology combined with prefractionation, such as multidimensional
chromatography (Larrainzar et al., 2007) or gel-based separation (Knief et al., 2011), but these
prefractionation steps decreased throughput. Furthermore, all of them included a complicated
isolation step of the bacteroid (a symbiotic form of rhizobia) from the nodule, and the step
required a large number of biological samples, such as 1-5 g nodules collected from
approximately 40 plants (Koch et al., 2010). Detection of small amount of proteins present in
complex biological samples remains difficult and requires a combination of prefractionation steps.
However, the recent development of shotgun proteomics approaches may hold the potential
for solving the problem. Orbitrap mass spectrometers (Shannon and Makarov, 2015) have been
used to identify small amounts of proteins by acquiring the mass-to-charge ratio in a high-
throughput manner with much higher resolution than conventional ion traps or other MS devices.
In addition, a long capillary monolithic column showed much higher separation ability than is
possible with conventional packed columns (lwasaki et al., 2010, Morisaka et al., 2012). Using
the equipment, | can perform proteomics of rhizobium in symbiosis with host plants by identifying
a large number of proteins including proteins in low abundance in complex biological samples.

The purpose of this study is to clarify the physiology of rhizobia during symbiosis on the



molecular level. | use L. japonicus and M. loti, both of which are model organisms for the study
of legume-rhizobia symbiosis. The entire genome structures of L. japonicus MG-20 and M.
loti MAFF303099 have been reported previously (Kaneko et al., 2000, Sato et al., 2008). In this
study, I mainly use proteomics as a tool for the clarification of rhizobial physiology, because it
enables me to comprehensively understand the physiological changes of M. loti during symbiosis
at the protein level and to find a novel phenotype of M. loti. Moreover, in this issue, | further

investigate the rhizobial biosynthesis of phytohormones revealed by proteomics.
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Chapter | Comparison of proteomes in Mesorhizobium loti
under free-living and symbiotic conditions

Rhizobia are nitrogen-fixing soil bacteria that show intracellular symbiosis with their host
legume. This symbiotic interaction has become a model system to identify and characterize the
attractive mechanism employed by invasive bacteria during chronic host interactions (Gibson et
al., 2008). Rhizobia have two physiological phases; free-living phase in soil, and the symbiotic
nitrogen-fixing phase. In nodule, host provides nutrients to the bacteroid (symbiotic form of
rhizobia), and bacteroid provides nitrogen sources. The lifestyle of rhizobia remains largely
unknown, although genome and transcriptome analyses have been carried out.

Lotus japonicus and Mesorhizobium loti are model organisms of legume-rhizobia symbio-
sis. In this chapter, | performed proteome analysis of M. loti to compare the protein profile
between M. loti under free-living and symbiotic phases to disclose the difference of the
physiology in the two phases. Especially, | used a liquid chromatography-tandem mass
spectrometry system, equipped with a long monolithic silica capillary column (Miyamoto et al.,
2008, Morisaka et al., 2012), which is superior to conventional columns. This high performance
proteomics system allowed me to perform proteomics of symbiotic M. loti without any additional

prefractionation prior to the separation and detection step by liquid chromatography- tandem mass
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weeks post inoculation)

Protein extraction
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o h T — Protein assay

AN ﬂ o= Proteome analysis
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Figure 1 | Analytical method in this study In conventional system, bacteroids were isolated from root
nodules with troublesome steps, then the extracted proteins were applied for low-throughput protein assays
such as two-dimensional polyacrylamide gel electrophoresis (2D-PAGE). In this study, proteins were directly
extracted from fractured nodules, and applied to the nanoLC-MS/MS system equipped with monolithic silica
capillary column.
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spectrometry (LC-MS/MS) different from the conventional system (Fig. 1). This approach can
simplify the workflow of shotgun proteomics and minimize the sample amount, as well as total

analysis time.

Materials and Methods

Strains and media

M. loti MAFF303099 was cultured in tryptone-yeast extract (TY) medium (Beringer, 1974)
at 28°C. Cells were harvested in the early stationary phase for 72 h. Cells were subjected to sample
preparation in the free-living condition.

For the symbiotic condition, L. japonicus MG-20 Miyakojima (Kawaguchi, 2000) seeds
were sterilized, germinated, and inoculated with M. loti and grown in minimal medium 1 (MM1;
Becard and Fortin, 1988) medium at 25°C with a 16-h light/8-h dark cycle. Root nodules from
several plants were harvested at 7 weeks post-inoculation. Nodules from 3 independently grown

pools of plants were collected and processed in parallel.

Sample preparation

Free-living cells were collected with centrifuge at 10,000 x g for 5 min. Less than 20 mg of
nodules were frozen with liquid nitrogen, homogenized with an ice-cold mortar, and subjected to
sample preparation. Collected cells or nodule homogenates were resuspended with 500 pL of lysis
buffer (2% (w/v) 3-(3-cholamidopropyl)dimethylammonio-1-propanesulfonate, 10 mM
dithiothreitol, 1% (v/v) protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA), 7 M
urea, and 2 M thiourea in 50 mM Tris—HCI (Nacalai tesque, Kyoto, Japan)). The solution was
mixed with an equal volume of 0.5-mm glass beads (Tomy Seiko, Tokyo, Japan). The cells were
then disrupted mechanically in triplicate by using BeadSmash 12 (Wakenyaku, Kyoto, Japan) at
4°C, 4,000 x g for 1 min. The solution was centrifuged at 14,000 x g for 10 min, and the
supernatant was collected. The supernatant was filtered by 0.45 um Ultrafree-MC (Millipore,
Billerica, MA, USA). The filtered solution was subjected to ultrafiltration using Amicon Ultra
YM-10 (Millipore) and buffer-exchanged by 200 mM triethylammonium bicarbonate (TEAB,;

Sigma-Aldrich). The proteins were reduced by adding 10 mM tris-(2-carboxyethyl)phosphine
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(Thermo Fisher Scientific, Waltham, MA, USA) and incubated at 55°C for 1 h. After the reaction,
20 mM iodoacetamide was added to the solution, and incubated for 30 min. The reactant was
mixed with 1 mL of ice-cold acetone and incubated at —20°C for 3 h to precipitate proteins. The
precipitated proteins were resuspended with 100 uL. of 200 mM TEAB and mixed with 2 ul
(1 pg uL'Y) of sequencing grade modified trypsin (Promega, Madison, WI, USA) at 37°C
overnight. The peptide concentration of the tryptic digests was measured using Protein Assay
Bicinchoninate Kit (Nacalai tesque). The concentrations of the injected digests were 1.06 +
0.12 ug pL* digest for free-living M. loti and 4.96 + 0.90 ug puL* digest for nodules, respectively.
(mean + SD, N =3).

LC-MS/MS analysis

Proteome analyses were performed by a liquid chromatography (UItiMate3000 RSLCnano
system (Thermo Fisher Scientific))/mass spectrometry (LTQ Velos mass spectrometer (Thermo
Fisher Scientific)) system equipped with a long monolithic silica capillary column (200-cm long,
0.1-mm ID) (Motokawa et al., 2002). 10 and 5 uL of tryptic digests were injected for free-living
and symbiotic conditions, respectively, and separated by reversed-phase chromatography at a flow
rate of 500 nL min. The gradient was provided by changing the mixing ratio of the 2 eluents: A,
0.1% (v/v) formic acid and B, 80% (v/v) acetonitrile containing 0.1% (v/v) formic acid. The
gradient was started with 5% B, increased to 50% B for 600 min, further increased to 95% B to
wash the column, then returned to the initial condition, and held for re-equilibration. The
separated analytes were detected on a mass spectrometer with a full scan range of 350-1,500 m/z.
For data-dependent acquisition, the method was set to automatically analyze the top 5 most
intense ions observed in the MS scan. An electrospray ionization (ESI) voltage of 2.4 kV was
applied directly to the LC buffer end of the chromatography column by using a MicroTee
(Upchurch Scientific, Oak Harbor, WA, USA). The ion transfer tube temperature was set to 300°C.
Triplicate analyses were done for each sample of 3 biological replicates, and blank runs were

inserted between different samples.

Data analysis

The mass spectrometry data of each sample were used for protein identification using
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MASCOT (Matrix Science, London, UK), working on Proteome Discoverer (Thermo Fisher
Scientific) against the database at Rhizobase containing 7,283 sequences with a peptide tolerance
of 1.2 Da, MS/MS tolerance of 0.8 Da, and maximum number of missed cleavages of 2. For
trypsin digestion, cysteine carbamidomethylation (+57.021 Da) and methionine oxidation
(+15.995 Da) were set as a variable modification. The data were then filtered at a g-value <0.01
corresponding to 1% false discovery rate on a spectral level. Moreover, proteins identified by at
least 2 peptides per protein or identified by a single peptide per protein at any 3 data points were
accepted as ‘identified proteins.’

The pathway analysis of identified proteins is performed by using the pathway mapping
tool on the Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/).
The functional classification of proteins was performed by using Rhizobase

(http://genome.microbedb.jp/rhizobase/) at Kazusa DNA Research Institute.

Results

Identification of proteins extracted from free-living and symbiotic M. loti

The tryptic digests were injected to a LC-MS/MS system equipped with a long monolithic
silica capillary column; 1,658 proteins were successfully identified by efficient separation.
Specifically, 1,533 proteins were identified under the free-living condition, and 847 proteins were
identified by the analytes extracted from nodules without bacteroid isolation and prefractionation
(Fig. 2a). Many proteins encoded in the symbiosis island were also identified. The symbiosis
island of M. loti MAFF303099 is one of the notable features, which occurs by integration of a
horizontally transferred DNA segment, and is located on a 610,975-bp DNA segment of the
chromosome at coordinates 4,644,702 to 5,255,766 (Kaneko et al., 2000). A total of 582 protein-
encoding genes were located on the symbiosis island. Mapping the identified proteins to the
symbiosis island showed that 74 proteins (8.7% of 847 proteins) were produced under the
symbiotic condition, whereas only 22 proteins (1.4% of 1,533 proteins) were produced under the
free-living condition. From the viewpoint of reproducibility, my data show highly-reproducible

result with the strict criteria for protein identification (Fig. 2b). As shown in this figure, 87% of
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Figure 2 | The Venn diagram of proteins identified in M. loti (a) A total of 1,658 proteins were identified.
Although 733 proteins were commonly identified under the free-living and symbiotic conditions, 811 and 125
proteins were uniquely identified under the free-living and symbiotic conditions, respectively. (b) Protein
identification at each measurement (N = 3). The number of identified proteins were shown in bold, and
percentages were indicated between brackets.

proteins were identified from 3 data set under the free-living conditions, although the previous
report indicated that protein profile of free-living M. loti in stationary phase was not reproducible
(Kajiwara et al., 2003). And identified proteins under the symbiotic condition also show high-
reproducibility because 84% of proteins were identified at all measurements. These results
indicated that the protein profile successfully obtained with my system reflected the free-living

and the symbiotic conditions.

KEGG pathway analysis

For further investigation about the lifestyle of rhizobia under each condition, the identified
proteins were classified according to KEGG, and metabolic pathways were compared under the
free-living and symbiotic conditions. The number of classified enzymes in each pathway is shown
in Figure 3a.

To investigate the functional distribution, identified proteins under each condition were
classified into 15 major functional categories according to Rhizobase (Fig. 3b). There was no
significant difference between the functional profiles under each condition. This indicated that
the metabolic pathways, which constitute the backbone of life, were commonly used under both

conditions.
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Pathway Symbiotic condition Free-living condition Genes*
Central carbon metabolism 49 56 77
Nitrogen fixation 8 2 6
Ubiquinone biosynthesis 6 5 9
Nucleotide sugar metabolism 1 6 13
Peptideglycan biosynthesis 2 7 15
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Figure 3 | Functional classification according to KEGG and Rhizobase (a) The number of classified
enzymes detected by proteome analysis. Asterisk shows the number of genes proposed by KEGG pathway
analysis. (b) Functional classification by Rhizobase. Relative frequency of proteins belonging to a category
is given for 2 data sets: the proteins detected under the free-living condition (1,533; closed black bar) and
in the L. japonicus nodule (847; open black bar). The relative frequencies are calculated by dividing the
number of proteins in each category by the total number of identified proteins.

Central carbon metabolism

Most enzymes classified in carbon metabolism, such as glycolysis, gluconeogenesis,
tricarboxylic acid (TCA) cycle, pentose phosphate (PP), and Entner-Doudoroff (ED) pathways,
were commonly identified (Fig. 4). It is assumed that the same pathways located in central carbon

metabolism remained largely unchanged, irrespective of condition.
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Nitrogen fixation

Nitrogenase complex core subunits (NifH, NifD, NifK) and the electron donor proteins
(FixA, FixB, FixC), which transfer electrons to the nitrogenase complex, were detected only under
the symbiotic condition (Fig. 5a). Fixation of atmospheric nitrogen is a characteristic feature of
rhizobia only under the symbiotic condition (Uchiumi et al., 2004). The proteins related to
nitrogen fixation, such as nitrogenase construction (NifN, NifX, NifS, Nifw) (Masson-Boivin et
al., 2009), electron donation (FixX, FixP), and symbiosis-unique ferredoxins (mlr5869, mlr5930,
msl8750), were also found to be unique to the symbiotic condition. In addition, NifA and RpoN,
which are known to cooperatively regulate nif and fix genes, were detected only under the
symbiotic condition (Shingler, 2011). The protein profile strongly reflected the phenotype that

was predicted by transcriptome analysis (Uchiumi et al., 2004).

Terpenoid biosynthesis

It is generally known that rhizobia provide ammonia and other amino acids as a nitrogen
source to the host (Prell and Poole, 2006), while no other compound is known to be provided.
However, the obtained protein profile suggested that terpenoid derivatives might be provided
from rhizobia to plant root cells. In the quinone biosynthetic pathway, the enzymes necessary to
farnesyl pyrophosphate (FPP) biosynthesis, such as isopentenyl pyrophosphate isomerase
(mlIr6371) and geranyltransferase (mlr6368), which are located in the rhizobia symbiosis island,
were uniquely detected under the symbiotic condition (Fig. 5b). These enzymes produce
isoprenoid precursors such as geranyl pyrophosphate (GPP), FPP, and geranylgeranyl
pyrophosphate (GGPP) from isopentenyl diphosphate and dimethyl allyl diphosphate. GPP, FPP,
and GGPP are the intermediates in the mevalonate pathway, which is present in all higher
eukaryotes and many bacteria. FPP is used for the biosynthesis of ubiquinone in M. loti. However,
the enzymes which catalyze the ubiquinone biosynthesis reactions from FPP (shown in asterisks
in Fig. 5b) were not detected at the protein level. Additionally, the symbiosis island does not
include genes encoding octaprenyl-diphosphate synthase (mlr7426) and 4-hydroxybenzoate
polyprenyltransferase (mll17442), which are involved in the pathway of ubiquinone biosynthesis.
On the other hand, both bacteria and higher plants utilize GPP, FPP, and GGPP as the

intermediates of many secondary metabolites, such as monoterpenes, sesqui terpenes, diterpenes,
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and sterols (McGarvey & Croteau, 1995). It is reasonable to suppose that a certain isoprenoid is

provided to the host legume from rhizobia.

Nucleotide sugar metabolism and peptidoglycan biosynthesis

On the other hand, the enzymes involved in uridine diphosphate (UDP) sugar metabolism
were not produced under the symbiotic condition (Fig. 5c), and lipopolysaccharide (LPS)
transporters (ml13197, mll7564, mll7866) were not produced under the symbiotic condition.
UDP-N-acetylglucosamine is the starting material for LPS biosynthesis. LPS is known as one of
the “nod factors,” which is secreted by the rhizobial body when it perceives the root through the
flavonoid groups secreted from host legume (Denarie et al., 1996). The secretion of LPS is likely
unnecessary under the symbiotic condition (after infection). In addition, UDP-N-acetylmuramic
acid, the end product of this pathway, is the starting material of peptidoglycan biosynthesis. The
enzymes of peptidoglycan biosynthesis were uniquely detected under the free-living condition

(Fig. 5d).

Flagellum and pilus component

| investigated structural proteins, such as flagellum and pilus component. The flagellum is
connected to bacterial motility and attachment of rhizobia to developing root hairs, which is one
of the first steps of nitrogen-fixing root nodule symbiosis (Smit et al., 1989). The pilus is a hair-
like appendage found on the surface of many bacteria and is related to the process of bacterial
conjugation. Rhizobia have not only conjugative pili but also type IV pili, which generate motile
forces called twitching motility, in which the pilus works as a grappling hook to bind to a variety
of surfaces (Mattick, 2002). The flagellum component proteins, FlaA (mIr2925, mir2927), FlgL
(mlr2939), FIgK (mlr2938), MotB (mlr3926), and FIiN (mll2902), were detected only under the
free-living condition. DNA microarray analysis has shown that the gene of flagellar L-ling protein
(FIgH; ml12921) is repressed at the mRNA level (Uchiumi et al., 2004). Therefore, the obtained
protein profile confirmed that under the symbiotic condition, rhizobia repress flagellum genes,
and it also indicated that structural proteins of the flagellum are not present under the symbiotic

condition. In addition, the pilus assembly proteins, CpaB (ml15595), CpaD (ml15598), and CpaE
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(ml115600), were also detected only under the free-living condition. Flagella and pili were lost
under the symbiotic condition because rhizobia under the symbiotic condition would have no
need for conjugation, infection, and motility in PBM. In contrast, rhizobia under the free-living

condition require the flagellum and pilus component proteins.

Discussion

In previous study, transcriptome analysis of M. loti by DNA microarray revealed that most
of the transposase genes and nif, fix, fdx, and rpoN on the symbiosis island were highly
upregulated under the symbiotic condition, while genes for cell wall synthesis, cell division, DNA
replication, and flagella formation were strongly repressed under the symbiotic condition
(Uchiumi et al., 2007). However, less information is available about M. loti than about other
genera of rhizobia, such as Sinorhizobium meliloti, Rhizobium leguminousarum, and Brady-
rhizobium japonicum. In addition to transcriptome analysis, proteome analysis has also been
applied to rhizobia. Proteome analysis of M. loti in mid-growth phase (Kajiwara et al., 2009), B.
japonicum (Hempel et al., 2009, Sarma & Emerich, 2005, 2006, Nomura et al., 2010, Delmotte
et al., 2010), and S. meliloti (Chen et al., 2003, Torres-Quesada et al., 2010, Djordjevic, 2004,
Barra-Bily et al., 2010, Gao et al., 2007, 2010) have been previously reported with 2-dimensional
polyacrylamide gel electrophoresis (2D-PAGE). Another report employed LC-MS/MS combined
with multidimensional chromatography (Larrainzar et al., 2007) or gel-based separation (Knief et
al., 2011). However gel-based separation and prefractionation steps decreased throughput.
Furthermore, all of them included a complicated isolation step of the bacteroid from the nodule,
and the step required 1-5 g nodules (Koch et al., 2010).

In this chapter, | used a LC-MS/MS system with a long monolithic silica capillary column
and performed high-throughput proteome analysis. By using this system, | identified 847 proteins
in M. loti under the symbiotic condition from less than 20 mg of root nodules without bacteroid
isolation step. The number of identified protein from low amount of crude biological samples
guaranteed the performance of my analytical system. On the other hand, I identified 1,533 proteins
from free-living M. loti. The difference of the number of identified protein between symbiosis

and free-living condition derived from following 2 reasons; (i) the variety of rhizobial proteins
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would decrease in nodule because M. loti reduced the activity of transcription and translation
during bacteroid differentiation (discussed in Chapter I1) and (ii) the sample crudeness decreased
the identification rate of M. loti proteins because the peptide sample contained abundant plant
proteins and the number of spectra used for rhizobial protein identification were relatively
decreased. In total, | identified 1,658 proteins which is corresponding to 22.8 % of all genes
encoded on M. loti genome. The number of identified protein is superior to the previous reports
of rhizobial proteomics (Afroz et al., 2013).

Under the symbiotic condition, rhizobia are differentiated into a bacteroid, and the
peribacteroid membrane (PBM)-enclosed bacteroids are essentially a nitrogen-fixing intracellular
organelle, termed the ‘symbiosome.” In PBM, bacteroids are stationary and become slightly larger
than the free-living rhizobia (Kouchi et al., 2010). Scanning electron microscopy (SEM) images
confirmed the structural changes in rhizobia between the 2 conditions (Fig. 6). However, the
remarkable structural changes have not been confirmed at the protein level. Proteome data could
detect the proteins involved in the structural changes, as well as changes in metabolic pathway;
thus, | focused on cell surface structure.

From my data, it was predicted that peptidoglycan was not biosynthesized under the
symbiotic condition described above (Fig. 5d). Peptidoglycan, which is the main material of
bacterial cell wall, plays an important role in the maintenance of structure by providing tolerance
to osmotic pressure and mechanical stress, and it is also involved in cell division during growth
(Young, 2003). The inactivation of the peptidoglycan biosynthetic pathway under the symbiotic
condition is supported by the following: (i) the neogenesis of peptidoglycan is unnecessary

because fully symbiotic rhizobia cease their cell division, (ii) symbiotic rhizobia are able to avoid

Figure 6 | SEM images of M. loti under the symbiotic and free-living conditions The SEM image of (a)
M. loti under the free-living condition and (b) M. loti bacteroid isolated from nodule under symbiotic condition
are shown. Scale bars indicate 1 um.
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mechanical stress because of enclosure by PBM and immobility, and (iii) the host legume might
control the surrounding environment not to impose an osmotic stress on rhizobia. The protein
profile indicates that the interruption of peptidoglycan biosynthesis in symbiotic M. loti occurs at
the protein level, and rhizobia under the symbiotic condition might lose its cell wall.

From the result of proteome analysis, | focused on the terpenoid biosynthesis. The genes
(mIr6368, mir6371) were encoded on symbiosis island and forms an operon. The operon is
consisted by 9 genes (mIr6364-mlr6372), which are 3 cytochrome P450 (mlIr6364, mir6365,
mlr6367), short-chain type dehydrogenase/reductase (SDR; mlr6366), geranyltransferase
(mIr6368), transport protein (mIr6372), and 3 hypothetical proteins (mIr6369, mIr6370, mir6371)

To investigate the function of focused operon, I analyzed it from one species from each
genus, specifically, examples of species for which complete gemone sequences have been
reported, Sinorhizobium fredii NGR234 (Schmeisser et al., 2009), Bradyrhizobium japonicum
USDAU110 (Kaneko et al., 2002), and Rhizobium etli CFN42 (Gonzalez et al., 2006). Accordingly,
the sequence of each gene was used in initial BLAST searches of the Rhizobase database to
identify bacteria from the Rhizobiales order that contain homologous genes. By BLAST search,
transport protein (mIr6372) was major facilitator superfamily (MSF) transporter, which is a
single-polypeptide secondary transporter capable only of transporting small solutes in response
to chemiosmotic ion gradient a hypothetical protein (mIr6371) was supposed to be isopentenyl
diphosphate isomerase (IDI), and geranyl transferase (mlr6368) presumably synthesized (GGPP).

In addition, homologs to all genes except MFS transporter (mlr6372) were present in S.
fredii, B. japonicum, and R. etli, with retention of relative gene order. In particular, homologs to
the three cytochrome P450s, an SDR, a geranyltransferase, and three hypothetical proteins (Fig.
7). Although in should be noted that some of these genes were divided and re-combined in certine
cases, i.e., mir6366 were divided into SDR and ferredoxin in B. japonicum and S. fredii, and
ferredoxin moiety were recombined with mir6365 in R. etli, these still exhibited clear homology
to the separate genes found elsewhere. And the relevant genes bir2149 and blr2150 in B.
japonicum were found to be encode ent-copalyl diphosphate synthase (CPS) and ent-kaurene
synthase (KS), respectively (Morrone et al., 2009). Thus, these genes define a core diterpenoid
biosynthetic gene cluster/operon that is conserved across all four of the major rhizobial genera,

sharing 80 to 95% nucleotide sequence identity. Notably, M. loti and R. etli have isopentenyl
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Figure 7 | Schematic of diterpenoid biosynthesis operon from the designated rhizobia The gene
designations are described on arrows. The numbers below each allow is accession number of each gene.

diphosphate isomerase, which balances the isoprenoid precursor supply and, thus, similarly has a
plausible role in terpenoid biosynthesis as well. Intriguingly, M. loti uniquely has a gene encoding
a MFS transporter immediately downstream of its IDI, and | speculate that this might be involved
in secretion of the terpenoid natural product. Accordingly, in M. loti and R. etli accessory genes

appear to have been appended to the core diterpenoid biosynthesis.

Summary

In order to detect the changes in M. loti between free-living and symbiotic conditions, |
performed proteome analysis of M. loti. | used my LC-MS/MS system, equipped with a long
monolithic silica capillary column, to successfully identify 1,658 proteins without bacteroid
isolation and prefractionation. This analytical system opens up a new horizon for symbiotic
proteome analysis from small amounts of unpurified crude biological samples. The protein profile
indicated some interesting and unexpected results associated with the cell surface structure and
metabolism, in accordance with the external environment of each condition (Fig. 8). The data set
revealed that M. loti under the symbiotic condition simplifies the components of the cell surface,
such as flagellum, pilus, and cell wall. In addition, | found that M. loti under the symbiotic
condition provided not only a nitrogen source but also isoprenoid, which is a source of secondary
metabolism. My data should be helpful in carrying out detailed studies on the change of these 2

conditions of rhizobia.
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Figure 8 | Schematic representation of the lifestyle under the symbiotic condition compared to the
free-living condition The illustration shows the changes in the lifestyles of M. loti: the lifestyle model under
the (a) free-living and (b) symbiotic conditions. The central carbon metabolic pathway is essential under
both conditions. Under the free-living condition, LPS is secreted extracellularly as a nod factor to infect the
host legume. Under the symbiotic condition, nitrogen is fixed by electrons from the TCA cycle or other
energy metabolism and is provided to the host legume or used for amino acid biosynthesis. Moreover,
terpenoid precursor is synthesized. In contrast, the flagellum and pilus are lost, and the cell wall, which is
mainly composed of peptidoglycan, may become thin or disappear.
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Chapter 11 Quantitative proteomics of Mesorhizobium loti
during nodule maturation

Omics analyses are important to characterize dynamic variations in complex biological
systems. In particular, proteome analysis is an ideal tool for the characterization of intracellular
conditions, as proteins play critical roles in nearly all cellular events (Tyers & Mann, 2003). We
reported a qualitative proteome analysis of M. loti under both free-living and symbiotic conditions
in Chapter I. These analyses revealed distinct protein profiles of M. loti and the expression of
distinct cell surface structures under each condition. Although the study described the protein
profiles between free-living M. loti and bacteroid, the specific physiological changes that occur
during the transition to the bacteroid state have yet to be fully elucidated.

In this chapter, | aimed to enhance my understanding of metabolic changes which M. loti
undergoes during the establishment of nitrogen-fixing symbiosis with the host plant L. japonicus.
To this end, | performed a quantitative time-course proteome analysis of M. loti during nodule

development to characterize the bacteroid differentiation process.

Materials and Methods

Strains and growth conditions

M. loti MAFF303099 was cultured in tryptone-yeast extract (TY) medium (Beringer, 1974)
at 28 °C. Cells were grown to mid log phase (ODsoo of approximately 0.9-1.1) for 36 h. Cells
from this free-living condition were then collected and sample preparation was performed.

To establish symbiotic conditions, L. japonicus MG-20 Miyakojima (Kawaguchi,
2000) seeds were sterilized, germinated, grown in minimal medium 1 (MM1) (Becard & Fortin,
1988) medium at 25 °C with a 16 h light/8 h dark cycle, and inoculated with M. loti. Root nodules
from several plants were harvested at 2, 3, and 4 weeks post-inoculation (WPI), frozen with liquid
nitrogen, and stored at —80 °C. Nodules from 3 independently grown pools of plants were

collected and processed in parallel.
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Bacteroids were isolated and purified from harvested nodules, as previously reported
(Kumagai et al., 2007). In brief, nodules were homogenized using a mortar and pestle in 5 mL of
100 mM MOPS-KOH buffer (pH 7.2) containing 375 mM mannitol, 5 mM MgSO., 10 mM
ethylene glycol tetraacetic acid, 3 mM 4-aminobenzamide, 10 mM dithiothreitol, 1% (w/v)
polyvinylpyrrolidone-40, 4% (w/v) Dextran T40, and 1% bovine serum albumin. Homogenates
were filtered through two layers of Miracloth (Millipore, Billerica, MA, USA), and centrifuged
at 4 °C, 100 g for 10 min using a Tomy MX-305 refrigerated centrifuge (Tomy Seiko, Tokyo,
Japan). The supernatants were harvested and then centrifuged at 4 °C, 700 g for 15 min. Pellets
were suspended in 200 ul. of phosphate-buffered saline (PBS) buffer solution (pH 7.4)
(Wakenyaku, Kyoto, Japan), placed on a stepwise gradient of 45%, 60%, and 80% (v/v) Percoll
(GE Healthcare, Waukesha, WI, USA), and centrifuged at 4 °C, 4200 g for 40 min. The pellets
were collected from the interface of 60% and 80% (v/v) Percoll and washed 5 times in 1 mL of

PBS buffer solution (pH 7.4). Isolated bacteroids were used for sample preparation.

Sample preparation

Proteins were extracted and digested, as described in Chapter 1. The tryptic digests were
labeled using the tandem mass tag (TMT) 6-plex labeling kit (Thermo Fisher Scientific, MA,
USA), according to the manufacturer's protocol. The TMT labeling reagents were dissolved in
41 pL of acetonitrile and mixed with 30 pL of each tryptic digest, as illustrated in Fig. 1. In brief,
the tryptic digests of samples from free-living M. lotiand bacteroids at 2, 3, and 4 WPI were mixed
with TMT 126, 127, 128, and 129, respectively. In addition, a mixture of tryptic digests of samples
from free-living and symbiotic organisms was treated with TMT-130 as an internal control for
quantification. The reactants were quenched by the addition of 8 uL of 5% hydroxylamine and
then lyophilized after mixing all reactants. The dried samples were reconstituted in 30 uL of 0.1%

formic acid.

LC-MS/MS analysis

Proteome analyses were performed using a liquid chromatography/mass spectrometry (LC;

UltiMate3000, MS; LTQ Orbitrap Velos mass spectrometer, Thermo Fisher Scientific) system
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equipped with a long monolithic silica capillary column (500 cm long, 0.1 mm ID) (Matsui et al.,
2013). Tryptic digests were injected and separated by reversed-phase chromatography at a flow
rate of 500 nL-min~1. The gradient was generated by changing the mixing ratio of the 2 eluents:
A, 0.1% (v/v) formic acid and B, 80% (v/v) acetonitrile containing 0.1% (v/v) formic acid. The
gradient was started with 5% B, increased to 45% B for 600 min, further increased to 95% B to
wash the column, then returned to the initial condition, and held for re-equilibration. The
separated analytes were detected on a mass spectrometer with a full scan range of 350-1500 m/z.
For data-dependent acquisition, the apparatus was set to automatically analyze the top 10 most
intense ions observed in the MS scan. A normalized collision energy of 40% in higher-energy C-
trap dissociation with a 0.1 ms activation time was used. An electrospray ionization voltage of
2.4 kV was applied directly to the buffer end of the LC column using a MicroTee (Upchurch
Scientific, Oak Harbor, WA, USA). The ion transfer tube temperature was set to 280 °C. Triplicate
analyses were performed for each sample of three biological replicates, and blank runs were

inserted between different samples.

Data analyses

The mass spectrometry data from each sample were used for protein identification and
quantification. It was performed using Mascot (Matrix Science, London, UK) working on
Proteome Discoverer 1.4 (Thermo Fisher Scientific) against the Rhizobase database, containing
7283 sequences, with a precursor mass tolerance of 50 ppm, a fragment ion mass tolerance of
50 mmu, and strict specificity allowing for up to 1 missed cleavage. For trypsin digestion, cysteine
carbamidomethylation (+ 57.021 Da), TMT 6-plex of N-term (+ 229.1629 Da), and TMT 6-plex
of lysine (+ 229.1629 Da) were set as variable modifications. The data was then filtered at a g-
value <0.01, corresponding to a 1% false discovery rate (FDR) on the spectral level. Protein
quantification was performed using the Reported lons Quantifier with the TMT 6-plex method on
Proteome Discoverer software. Three independent biological experiments for each sample were
performed, and proteins identified in every replicate with a number of used peptides per
protein > 3 were accepted. Proteins that were identified in every replicate were accepted. Global

median normalization was carried out to normalize the amount of tryptic digest injected into the
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LC-MS/MS.

Non-hierarchical K-means clustering, using the Hartigan—-Wong algorithm was performed
to identify clustered proteome changes. Principal component analysis (PCA) was used to
investigate similarities in the production profiles between the three biological replicates. Both
analyses were performed using R.

Functional classification of proteins was performed wusing the Rhizobase
(http://genome.microbedb.jp/rhizobase/) at Kazusa DNA Research Institute. The pathway
analysis of identified proteins was performed using the KEGG pathway-mapping tool
(http://www.genome.jp/kegg/).

To identify proteins that were differentially produced at distinct sampling points, an
empirical Bayes moderated t-test was performed. To address the issue of multiple comparisons
and to control the family-wise error rate, the threshold was set at P < 0.05 after adjustment of

FDRs, using the Benjamini—-Hochberg method.

Results

Protein identification and quantification

To quantify variations in the proteome of M. loti bacteroids during nodule maturation,
colonized L. japonicus nodules were harvested at 2, 3, and 4 WPI. While nodules harvested at
2 WPI, corresponding to the early stage of nodule development, were approximately 1 mm in
diameter and were white in color, nodules harvested at 3 and 4 WPI, corresponding to the
intermediate stage of nodule development, had grown to approximately 2—3 mm in diameter and
were red in color. Bacteroid samples were isolated from harvested nodules, and proteins were
extracted, tryptic digested, and TMT-labeled (Fig. 1). Mixtures of each sample (free-living, 2, 3,
and 4 WPI, and control) were then subjected to LC-MS/MS analysis, and 537 proteins were
successfully identified and quantified. This number of protein identification and quantification is
comparable to other reports focused on legume-rhizobium symbiosis (Barra-bily et al., 2010,
Chen et al., 2003, Delmotte et al., 2010, Djordevic, 2004, Gao et al., 2007, Hempel et al., 2009,

Larrainzar et al., 2007, Sarma & Emerich, 2005, 2006). Correlation analysis and principal com-
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cultured Mesorhizobium loti (free-living) and bacteroids isolated from root nodules at 2, 3, and 4 weeks
post-inoculation (WPI). Cells were disrupted using glass beads, and the resulting lysates were digested
with trypsin. Tryptic peptides were TMT labeled and subjected to LC-MS/MS analysis. A mixture of tryptic
digests of samples from free-living and symbiotic cells was used as a control. Details of the experimental
workflow are described in the Material and methods.
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ponent analysis (PCA) of the three biological replicates of each sample group were used to
evaluate experimental reproducibility. Pearson's correlation analysis (represented as “R”)
confirmed the reproducibility (Fig 2a), and plots of PCA scores indicated high levels of similarity
between the biological replicates (Fig 2b). These results indicate that | successfully quantified

proteome variance with high precision and accuracy.

Clustering analysis

The proteins quantified by LC-MS/MS were classified into five clusters, according to
changes in relative abundance to free-living M. loti, by non-hierarchical K-means clustering (Fig
3a). Relative abundances were calculated by dividing the average abundance of the three
biological replicates at each sampling point by the average abundance in free-living M. loti. Three
protein clusters were up-regulated at 4 WPI during nodule maturation: Group 1 (12-fold), Group

2 (7-fold), and Group 4 (2-fold). Conversely, the Group 5 cluster was down-regulated at 4 WPI
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Figure 3| Functional classification of K-means clustered proteome changes. (a) The individual protein
profiles classified by K-means clustering. Each cluster profile indicates the change in average abundance
of clustered proteins. (b) Functional classification of the cluster profiles of Groups 1, 2, 4, and 5. The relative
frequencies were calculated by dividing the number of proteins in each category by the total number of
proteins identified.
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(0.8-fold). Notably, Group 3, which contained only one protein, mll4247, was up-regulated at
2 WPI (16-fold) and then down-regulated at 3 and 4 WPI (5-fold and 4-fold, respectively). Groups
1,2, 4, and 5 included 12, 35, 104, and 385 proteins, respectively.

To assess the regulation of metabolic processes during bacteroid differentiation, | classified
the proteins in Groups 1, 2, 4 and 5 according to their physiological functions, as listed in the
rhizobase database (Fig. 3b). This classification revealed that up-regulated proteins (Groups 1, 2,
and 4) were generally involved in four functions: central intermediary metabolism, energy
metabolism, cellular processes, and transport and binding proteins. The majority of the proteins
in Group 1, including the nif and fix gene products, which are required for nitrogen fixation, were
involved in central intermediary metabolism. The expression levels of these proteins markedly
increased over the course of nodule maturation (Fig. 3a). These findings are consistent with
previous reports that nitrogen fixation by rhizobia occurs only during symbiosis (Uchiumi et al.,
2004). The energy metabolism category contained various enzymes involved in central metabolic
pathways, including glycolysis and the tricarboxylic acid (TCA) cycle. These findings likely
reflect the fact that these processes are crucial for supplying the large amount of ATP and reducing
power required for nitrogen fixation (Ronson et al., 1981, Finan et al., 1983). Meanwhile, proteins
included in the cellular processes category included enzymes involved in bacterial antioxidant
defense. The increase in ATP levels needed for nitrogen fixation by bacteroids requires a
concurrent increase in respiration rates, which results in the production of reactive oxygen species
(ROS) within the nodules (Hanyu et al., 2009, Becana et al., 2000). Antioxidant defense enzymes
would be required to scavenge ROS. Therefore, the observed up-regulation of proteins involved
in antioxidant defense is likely a response to prevent oxidative damage during this life stage.
Lastly, the transport and binding proteins category included proteins related to iron, sulfur, and
phosphorus transport. Iron and sulfur are essential for the proteins involved in nitrogen fixation.
Ferredoxins, which transfer electrons from the TCA cycle to the nitrogenase complex, contain
[2Fe-2S] clusters, while the nitrogenase complex composed of NifHDK (mlIr5905, mIr5906, and
mlr5907, respectively) contains [4Fe-4S] clusters, [8Fe-7S] clusters (P-clusters), and [Mo-7Fe—
6S] clusters (FeMo cofactors) (Seefeldt et al., 2009). Phosphorus is also required for the

production of ATP as an energy source during mutualism. Therefore, these elements likely play
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an important role in nitrogen fixation.

Meanwhile, Group 5, which was down-regulated in bacteroids, included multiple proteins
involved in transcription and translation. These results indicate that proteins related to gene
transcription and mRNA translation, such as RNA polymerases and ribosomal proteins, were
repressed during symbiotic growth. The repression of these proteins reflects the reduced
multiplication rates of bacteroids during the intermediate stage of nodule development (Ludwig,

1984, Verma, 1992).

Central metabolism

There was a marked change in the central metabolic profile of M. loti during the
differentiation into bacteroids (Fig. 4). Bacteroids receive carbon and energy sources from hosts
in the form of C,-dicarboxylates, particularly malate and succinate (Prell & Poole, 2006). Because
Cs-dicarboxylates are directly incorporated into the TCA cycle, | expected that the expression of
proteins involved in this cycle would fluctuate during the course of nodule maturation. Indeed,
my proteome analysis indicated that the majority of enzymes involved in the TCA cycle were up-
regulated during this period (Fig. 4). The only exception was a-ketoglutarate dehydrogenase
(ml114301), which was down-regulated at 2 and 3 WPI, but restored to normal levels at 4 WPI (Fig.
4 box (a)). a-Ketoglutarate dehydrogenase catalyzes the conversion of a-ketoglutarate to S-
succinyl-dihydrolipoamide-E. Furthermore, o-ketoglutarate is converted to glutamate by
Glutamine oxoglutarate aminotransferase (GOGAT; mll1646) and glutamate dehydrogenase
(GDH; mll4104), which were up-regulated at 2 and 4 WPI, respectively (Fig. 5a). My data
strongly indicate that the majority of a-ketoglutarate was converted to glutamate by GOGAT or
GDH, and then incorporated into amino acid metabolism during symbiotic growth (Fig. 5a). |
therefore suggest that biosynthesis of a-ketoglutarate dehydrogenase was down-regulated due to
this decrease in a-ketoglutarate.

Phosphoenolpyruvate carboxykinase (PEPCK; mir5096), which catalyzes the first step in
gluconeogenesis, was down-regulated during symbiosis (Fig. 4 box (b)). Reduced PEPCK
activity was previously observed in the bacteroids of Rhizobium leguminosarum, S. meliloti, and

Rhizobium sp. NGR234 (Mckay et al., 1989, Finan et al., 1991, Saroso et al., 1986). However,
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gluconeogenesis appears to be important for symbiotic nitrogen fixation in many rhizobia,
including S. meliloti, Rhizobium sp. NGR234, and Rhizobium etli, based on mutation in PEPCK
leading to reduced acetylene reduction (Finan et al., 1991, Tate et al., 2004, Osteras et al., 2004).
These results suggest that gluconeogenesis was less activated in bacteroids than in free-living M.
loti, although it was essential for symbiotic nitrogen fixation.

The expression level of branched-chain amino acid transferase (mll12664), which catalyzes
the synthesis of the branched-chain amino acids valine, leucine, and isoleucine, decreased during
nodule maturation (Fig. 4 box (c)). It has been reported that transporters for branched-chain amino
acids were required for effective nitrogen fixation in R. leguminosarum (Lodwig et al., 2003,
Hosie et al., 2002). These findings therefore suggest that rhizobia must obtain the branched-chain
amino acids from the host.

A previous report demonstrated that bacteroids provide ammonium as well as the amino
acids alanine and/or aspartate for the host (Allaway et al., 2000). The expression levels of two
aspartate aminotransferases, which produce aspartate from oxaloacetate, were quantified (Fig. 4
box (d)). One of these aminotransferases, mIr5883, is encoded within the M. lotisymbiosis island,
and was up-regulated at 3 and 4 WPI (the intermediate stage of nodule development) (Kaneko et
al., 2000). The other, mIr2541, is encoded in a region outside the symbiosis island and was
constitutively produced. It was reported that expression of the symbiosis island is highly up-
regulated during symbiotic growth (Uchiumi et al., 2004). While bacteroids likely used both of

the aspartate aminotransferases, aspartate aminotransferase mir5883 was specially produced

Figure 4 | Map of central metabolic pathways. The relative abundances of proteins involved in glycolysis,
the Entner-Doudoroff (ED) pathway, the pentose phosphate (PP) pathway, the tricarboxylic acid cycle, and
amino acid synthesis at each sampling point were shown. Values were calculated by dividing the average
abundance of the three biological replicates at each sampling point by the average abundance in free-living
Mesorhizobium loti. The values are presented as means + standard error of the mean (SEM), based on
three independent experiments. To compare the individual protein abundances in bacteroids at each
sampling point with those in free-living M. loti, false discovery rate (FDR)-adjusted P-values were determined
using an empirical Bayes moderated t-test and the Benjamini-Hochberg method: * P < 0.05, ** P < 0.01.
The vertical axes indicate the relative abundances of proteins at each sampling point. The relative
abundances of isozymes of each protein are depicted in thin-lined boxes. The relative abundances of
specific proteins examined in this study are shown in gray boxes as follows: (a) phosphoenolpyruvate
carboxykinase (mIr5096); (b) a-ketoglutarate dehydrogenase (mll4301); (c) branched-chain amino acid
transferase (mll2664); (d) alanine dehydrogenase (mll9089); (e) two aspartate aminotransferases (mir2541,
and mIr5883).

42



Phospho- | Glucose-1P

[e]] 5 6-phosphogluconate

deh,
(m\ITSQO) (rrulsds:gumﬁ;(nmmn atrndlh 21)
I 2
1
0 1]
|G]ucose-6P =} | D-gluconate-BP | ==} | Ribulose-5P
Isomerase
(mir5411) Phosphogluconate
3 degx ratase
2 (mI512)
1 3
ol 2 ((Xylulose-5P (Ribose-5P
Fructose-6P :
Fmewse 1 & 6-phospho- 0 -+ Transketolase
fructokinase (mir3749)
;mlmzs) (musoz.s) 2
2-Dehydro-3-deoxy-
1 I ‘ D-gluconate-6P
0
2-ket0-3-deoxy-5-
Fruclose-bisphosphate aldolase phasph uconale Sedoheptulcse-TP
(mH7273} (MIr3754)  (mir7221) ead
3| 2 2 Transaldolase
zm . (m‘monl
I 1
‘ I
. : ’ m
GI raldehyde
Tnow -phosphate ptmsphalu
e bk o ED pathway (Erythrose-4P) (Fructose-6P |
mil010) 9
2
1
1 o PP pathway
Glycerate-1,3P2 '
- kinase
(mir3753)
= 2
Glycolysis W
1
| Glycerate-3P
- mulase
(mirdB43)
2
1
+ 0
Glycerate-2P
-~ Enoclase

® e
b

z

1

(il
2

1
0

M

3 (mirg378)

(e)

il

o
.-m
Y N Ls
? | Valine
Pyruvate Pyruvate (c) Branched-chain Leucine
alpha subunit be!asubunn acetytransferase H
??n‘?msa) o ?’“1 e Isoleucine

i

0

2
1
QI

o..nu

Acaritate )
S m\ 8 2‘9hase ’d\ 43535 :ydml:!;
P ) (mird335) (mira33s)

1 [ Oxaloacetate | C|s-Acon itate

’
Malate

4
3
2
1
0

(d) Aspartate aminotransferase dety nase ¥

Ascarikioes LT id30e)

aipha and bela 2 A 3 NADF'?enpendenl isocitrale
lehydrogenase

) . 8 (mnanz) f m iodse

2]

y ol 0 0 I I 2
1

o TCA cycle o

Aspartate- o "

semialdehyr iron- sul[ur ?r |n subumt ﬂavoprotem sunumt

dehydrogenase

RULEE) (a)

2 m Alpha-ketoglutarate
1 1 Dihydrolipoamide
0 succirw\ transferase
ol ottt
- Suoclny\ CoA  Succinyl-CoA
ol it B ot 1‘
2,4-diamino butanoate ks (i 306) (Succinyl-CoA | 1 ('s-Succinyl-dihydrolipoamide-E |
f-._‘.'____,a

Lysine biosynthesis
Threonine metabolism

2 2
| 1
1] 1]

43



specifically produced at the intermediate stage of nodule development. Conversely, the
biosynthesis of alanine dehydrogenase (mlII9089), which produces alanine from pyruvate,
decreased at the early stage of nodule development. However, production of this protein was
restored to levels similar to that observed in free-living M. loti at the intermediate stage of nodule
development (Fig. 4 box (e)). The fold change (symbiosis/free-living) of aspartate
aminotransferase (mIr5883) was higher than that of alanine dehydrogenase (mI19089) (Fig. 4
boxes (d, €)). As a result, bacteroids likely biosynthesized excessive amounts of aspartate during
symbiosis, and may therefore secrete larger amounts of aspartate than alanine in the host. This
idea is supported by previous reports that aspartate aminotransferase mutants of S. meliloti did

not fix nitrogen in nodules (Lodwig et al., 2003, Watson et al., 1993).

Nitrogen-deficiency at the early stage of nodule development
The loading scatter plot displays the principal components of the loadings, which are the
correlation between the original variables and the factors, and therefore the key to understand the

underlying nature of a particular factor (Fig. 5b). Analysis of this figure indicated that the
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Figure 5 | Adaptation of nitrogen metabolism to symbiotic conditions. (a) The relative abundances of
proteins involved in ammonium assimilation. (b) The loading scatter plots corresponding to PCA sore plots
in Fig. 2b. (c) The relative abundance of the nitrogen regulatory protein P-Il; GInK. (d) The relative
abundances of nitrogenase complex core subunits (NifHDK). Values were calculated by dividing the average
abundances of three biological replicates at each sampling point by the average abundance in free-
living Mesorhizobium loti. The values are presented as means + SEM, based on three independent
experiments. To compare individual protein abundances in bacteroids at each sampling point with those in
free-living M. loti, false discovery rate (FDR)-adjusted P-values were determined using an empirical Bayes
moderated t-test and the Benjamini—Hochberg method: *P < 0.05, **P < 0.01. Abbreviations are as follows:
GDH, glutamate dehydrogenase; GOGAT, glutamine oxoglutarate aminotransferase; GSI, glutamine
synthase I.
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nitrogen regulatory protein P-I1; GInK (mll4247) had the largest effect on bacteroid development
at 2 WPI (Fig. 5¢). GInK is uridylylated under nitrogen-deficiency resulting in the activation of
nitrogen stress response (Patriarca et al., 2002, Coultts et al., 2002, Bueno et al., 1985, Atkinson
& Ninfa 1998). Previous studies in E. coli demonstrated that GInK production was enhanced
under nitrogen-deficient conditions (Atkinson & Ninfa 1998, van Heeswijk et al., 1996).
In Corynebacterium glutamicum, GOGAT production was enhanced under nitrogen-deficient
conditions. Conversely, GOGAT and GDH were down- and up-regulated under nitrogen-rich
conditions, respectively (Beckers et al., 2001). Interestingly, my data demonstrated that GInK and
GOGAT were up-regulated in bacteroids at 2 WPI (the early stage of nodule development). Then
GInK expression returned to the levels observed in free-living M. loti at 3 and 4 WPI (the
intermediate stage of nodule development) (Fig. 5¢). Meanwhile, the expression levels of GOGAT
and GDH were low and high in bacteroids at 4 WPI compared to the levels present in free-
living M. loti, respectively (Fig. 5a). Accordingly, my results strongly indicate that M. loti may
enter a nitrogen-deficient condition at the early stage of nodule development, and then change to

a nitrogen-rich condition at the intermediate stage of nodule development.

Discussion

This study aimed to characterize variations in the physiological conditions of bacteroids
during nodule maturation. To the best of my knowledge, this is the first report describing a time-
course of proteome variations in M. loti bacteroids. | quantitatively identified 537 proteins, which
comprise only 32.3% of a total of identified proteins in a qualitative proteome analysis of M. loti
in chapter 1. However, my data provide novel insights into molecular mechanisms of L.
japonicus—M. loti symbiosis because | described the intracellular variations of M. loti bacteroids
during nodule maturation, which have never been revealed.

My quantitative proteome analysis demonstrated that GInK and GOGAT, which have been
reported to be produced at high levels under nitrogen-deficiency (Atkinson & Ninfa 1998, van
Heeswijk et al., 1996, Beckers et al., 2001), were up-regulated in bacteroids at 2 WPI (Fig, 5a, c).

These results suggest that M. loti undergoes nitrogen-deficiency during the early stage of nodule
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development. While nodules harvested at 3 and 4 WPI were red, the nodules harvested at 2 WPI
were white. This white phenotype is a strong indicator that at 2 WPI, nodules contained
significantly less leghemoglobin than at 3 and 4 WPI. In the nitrogen-fixing nodules,
leghemoglobin is induced by host plants to avoid inactivation of oxygen-labile nitrogenase and
to maintain a sufficient oxygen flux for respiration (Appleby, 1984, Ott 2005). In addition,
nitrogenase complex core subunits (NifHDK) were slightly up-regulated (less than 3-fold) at
2 WPI, but highly up-regulated (more than 7-fold) at 3 and 4 WPI (Fig. 5d). These results
indicated that bacteroids were associated with lower levels of nitrogenase activity during the early
stage of nodule development than during the intermediate stage of nodule development. Therefore,
nitrogen-deficiency would likely occur in the nodule at the early stage of development.
Meanwhile, nitrogen fixation resulted in nitrogen-rich conditions in bacteroids at the intermediate
stage of nodule development. Furthermore, GInK and GOGAT levels were similar to those in
free-living M. loti at this stage of nodule development (Fig. 5a, c).

Although it was generally accepted that bacteroids shut down ammonium assimilation
during the symbiotic growth stage (Prell & Poole, 2006, Patriarca et al., 2002), | observed high
expression levels of enzymes involved in ammonium assimilation during the intermediate stage
of nodule development, indicating that bacteroids assimilated ammonia during this period.
Ammonium assimilation occurs through the glutamine synthase (GS)/GOGAT or GDH/GS
pathways (Patriarca et al., 2002). GS plays an important role in ammonium assimilation by
catalyzing the condensation of glutamate and ammonia to yield glutamine. GSI (mll0343)
deficiency in M. loti has been reported to reduce nitrogen-fixing activity per nodule and induce
early nodule senescence (Chungopast et al., 2014). My data indicated up-regulations of GSI
(ml10343) and GDH (ml14104) production in bacteroids at 4 WPI (Fig. 5a). These results suggest
that M. loti assimilates ammonia through the GDH/GS pathway during the intermediate stage of

nodule development.
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Summary

In conclusion, quantitative time-course proteome analysis of M. loti bacteroids revealed
that the protein production profiles of M. loti varied greatly over the course of bacteroid
differentiation, and provides a comprehensive characterization of the intracellular conditions of
bacteroids (Fig. 6). Based on these data, | propose three characteristics regarding the cellular
conditions of M. loti during mutualism. First, M. loti experiences nitrogen-deficiency at the early
stage of nodule development resulting from low levels of nitrogenase expression. Second, high
levels of nitrogenase production induce nitrogen-rich conditions in M. loti at the intermediate
stage of nodule development. Third, M. lotiassimilates ammonia produced by nitrogen fixation at
the intermediate stage of nodule development. These characteristics were hard to find by previous
individual researches focused on several genes or proteins. | found some important phenomena

by using proteomics approach, and next | have to prove these phenomena at gene or protein level

analysis.
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Figure 6 | Overview of transport and metabolism in Mesorhizobium loti bacteroids. The production of
proteins involved in nitrogen fixation, antioxidant defense, iron, sulfur, and phosphorus transporters, the
tricarboxylic acid cycle, glycolysis, and nitrogen assimilation were enhanced in M. loti bacteroids. Red words

indicate metabolic pathways focused in this study.
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Chapter 111 Rhizobial gibberellin negatively regulates host
nodule number

Rhizobia establish symbiotic relationships with legumes in host nodules. The number of
nodules is controlled to balance the cost (carbon provision)-to-benefit (nitrogen taking) ratio of
the host. In Lotus japonicus, the nodule number has been considered to be tightly regulated by
phytohormones, and glycopeptides produced by the host plant (Caetano-Anolles & Gresshoff,
1991, Ferguson et al., 2010, Ferguson and Mathesius, 2014, Oka-Kira & Kawaguchi, 2006, Ryu
etal., 2012).

While nodule number is presumed to be under control of host plant-derived signal
molecules, | have discovered a ‘symbiont-driven’ mechanism for the regulation of nodulation in
Mesorhizobium loti. | have found that terpenoid synthetic enzymes encoded on an operon were
produced in bacteroid by proteomic study in Chapter 1. In this chapter, | characterized the function
of the enzymes, and found that M. loti synthesized gibberellin (GA) with symbiosis-specific
expressing operon. Furthermore, | found that the GA produced by already-incorporated rhizobia
have the function to reduce the host nodule number. Moreover, | found the clear relationships
between distribution of GA-synthetic genes and host nodule types. My results suggest that
rhizobial GA negatively regulates the host nodule number to be beneficial to already-incorporated
rhizobia. This is the first report suggesting that incorporated rhizobia negatively affect the nodule

number via synthesis of phytohormone.

Materials and Methods

Strains, culture media and culture conditions

M. loti MAFF303099 and L. japonicus MG-20 Miyakojima (Kawaguchi, 2000) were
purchased from National Institute of Technology and Evaluation (Japan) and National
BioResource Project (Japan), respectively. Signature-tagged mutagenesis (STM) mutant of

mlr6364 (Clone ID: 36 T01f03), mIr6365 (Clone ID: 10T05d07), mIr6367 (Clone ID: 05T04el1),
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mlr6368 (Clone ID: 10T01h01 as gib™ mutant), mIr6370 (Clone ID: 01T03h03) and miIr6371
(Clone ID: 14T06b04) were purchased from F1National BioResource Project (Japan). Bacterial
cells were grown in Trypton—Yeast extract (TY) medium at 28 °C. Phosphomycin (100 pg/mL),
tetracyclin (5 pg/mL), spectinomycin (100 pg/mL), streptomycin (100 pg/mL) and isopropyl B-
D-1-thiogaractopyranoside (IPTG; 1 mM) were added if needed. For nodule collection to perform
fractured nodule assay, L. japonicus MG-20 Miyakojima seeds were sterilized, germinated and
inoculated with M. loti and grown in MM1 (Becard & Fortin 1988) medium at 25 °C with a 16-h
light/8-h dark cycle.

Plant assays

M. loti wild-type and STM mutants were cultured in TY medium with suitable antibiotics
until the ODeoo reached approximately 1.0. Cells were washed and resuspended in B & D
nitrogen-free medium to an ODsqo of 1.0, then 20 mL of bacterial suspension was inoculated at 3
week after L. japonicus seedlings were planted on vermiculite in Incu tissue (SPL Life Sciences,
Korea). To measure the colony forming unit (CFU), roots from each plant were homogenized in
PBS and plated onto TY agar plates containing phosphomycin. Colonies were counted on the
plates after 7 days of incubation at 28 °C. Nodule number was visually confirmed. For addition
of GAs, water-dissolved GAs; was exogenously added at 107 mole per Incu Tissue at 2WPI.
Significant differences between two groups were determined by student t-test. Multiple
comparisons were corrected using the Holm—Bonferroni t-test. Nodule positions were measured
using over 200 nodules from 20 (gib~) and 30 (WT) plants. Significant difference was determined
by Mann-Whitney U-test.

Genetic recombination of M. loti

Insertion of the lac promoter cassette in front of the gibberellin operon was performed using
the suicide vector pSUP202 and primers (Table 1). Six hundred base pair regions just upstream
of the translation-initiating sequence of the target operon were amplified from M. loti genomic
DNA using primers gibpromoter-f/r, and 1466 base lac promoter cassette were cloned from
pPMAL-plll vector (New England Biolabs, MA, USA) with the primers lac-f/r. PCR products were
then cloned into the pSUP202 EcoRlI site by In-Fusion HD Cloning Kit (Takara-Bio, Japan)
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Table 1 | Primers used in this chapter

Primer

Sequence (from 5’ to 3’)

plasmid construction

gibpromoter-f
gibpromoter-r
lac-f

lac-r
pET21a-mlr6364-f
pET21a-mlr6364-r
pET21a-mlr6365-f
pET21a-mIr6365-r
pET21a-mIr6366-f
pET21a-mIr6366-r
pET21a-mIr6367-f
pET21a-mIr6367-r
pET21a-mIr6368-f
pET21a-mIr6368-r
pET21a-mIr6369-f
pET21a-mIr6369-r
pET21a-mIr6370-f
pET21a-mIr6370-r
pET21la-mlr6371-f
pET21a-mIr6371-r

CAGGAAACAGCCAGTATGTCCGAACAACCCTTGCCGAC
TTTCATTGCCATACGCTTGTCCCACATCTTGCCGCG
ATGAATGCTCATCCGTGGTGCAAAACCTTTCGCGGTATGG
ACTGGCTGTTTCCTGTGTGAAATTGTTATCC
AGAAGGAGATATACATATGTCCGAACAACCCTTGCCGAC
GTGGTGGTGGTGGTGCCAGAGCACCGGGAACTCCTC
AGAAGGAGATATACATATGGACGTGCAAGAAACCACGGC
GTGGTGGTGGTGGTGGCCCCCCTGAGCATGCAGTC
AGAAGGAGATATACATATGCGCGTCGTGATCGATCAGG
GTGGTGGTGGTGGTGGCAGCGCGGCCCCGC
AGAAGGAGATATACATATGGACATGCTGCTCAACCCGC

GTGGTGGTGGTGGTGTGAGAATCCGATGCGGATTTTCATGGAC

AGAAGGAGATATACATGTGAACGCGCTGTCCGAACAG
GTGGTGGTGGTGGTGTGGCGCCGCTCCTGCTCC
AGAAGGAGATATACATATGATCCAGACCGAACGCGCGC
GTGGTGGTGGTGGTGGGCGGGCGCACGCTGG
AGAAGGAGATATACATGTGGGCGGGGAGAAATCTCATAC
GTGGTGGTGGTGGTGACGCCGGAAAAAGAACCGCATCG
AGAAGGAGATATACATATGTCCGAACAACCCTTGCCGAC
GTGGTGGTGGTGGTGCCAGAGCACCGGGAACTCCTC

RT-qgPCR

mlr2466-f GCCAGATGCTGCACGAGAT
mlr2466-r TTCAAGACCTTGCGCACTTTT
mlir6364-f GAAAATCCGCACCTGACGTT
mlir6364-r CGCCATGCCGATGCA
mlir6365-f TGGACCTGCATTGGGAATTC
mIir6365-r GAGCCCGAACATGTCATCCT
mir6366-f CATGCCGCGAAAGACCAA
mlr6366-r GGTCACCACGGCCACCTT
mlr6367-f CCTGGTATGGCTGGAAATGG
mlr6367-r CCCCGGCCTTGTGCAT
mlir6368-f GGCGCGTGCTTGAACAG
Primer Sequence (from 5’ to 3’)
mIir6368-r GGAACGGTTGGCGCAGAT
mlir6369-f TCTGGCCGATCAATGTGTTC
mir6369-r GCCCGGCCAGATGCA
mlr6370-f TGCACAACGGCATCGATT
mlir6370-r AGCAACGACAGGCAACAGAA
mlr6371-f TGGAGGCCGATGGACTCA
mlir6371-r CCGGCTGTACCGCTTCCT
mlir6372-f CGGAGCGCGCTTCACT
mlir6372-r ACCGCGGGCAATTGCT
LjATPS-f ACATGCTTGCACCATACCAA
LjATPS-r TCCCCAACTCCAGCAAATAC
NSP2-f CATCGACTCCATGATTGACG
NSP2-r GGTTGTTGTTGTCGTGGTTG
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and confirmed by sequencing. pSUP202 constructs were transferred from E. coli strain S17-1
into M. loti by conjugation, and transconjugants were selected on TY + phosphomycin
(100 pg/mL) + tetracyclin (10 pg/mL) agar plate 3 times before confirmation by sequencing of

genomic DNA.

Isolation of RNA and preparation of cDNA

M. loti bacteroids were prepared using the method of Uchiumi et al. (2004). Total RNAs
were extracted from bacterial cells at log phase (ODgo = 1.0), and 50 mg of plant roots using the
RNeasy Mini Kit (QIAGEN, Hilden, Germany) or RNeasy Plant Mini Kit (QIAGEN),
respectively, according to the manufacturer’s protocol. cDNA synthesis was performed using a
High Capacity DNA Reverse Transcription kit (Applied Biosystems by Life Technologies,
Carlsbad, CA, USA) with 2 pg of the total RNAs as a template. The reaction was performed

according to the manufacturer’s protocol.

Real-time reverse transcription polymerase chain reaction (RT-PCR) analysis

For the guantitative PCR, sigA (mll2466) or LJATPS (ATP synthase) was used as an
endogenous control for bacteria or plants to normalize the expression data for each gene,
respectively. The primers (Table 1) were designed using Primer Express software (Applied
Biosystems, Foster City, CA). Amplification was performed using Power SYBR Green PCR
Master Mix (Applied Biosystems) in the 7500 Real-Time PCR System (Applied Biosystems).

The reporter signals were analysed using the 7500 Real-Time PCR System.

Identification and quantification of GAs by LC-MS

From the 10 mL of M. loti (WT and gib*) culture supernatant, organic compounds were
extracted using equal volumes of ethylacetate (EtOAC) thrice after acidification to pH 3 by HCI.
The organic phase was collected, dried by evaporation and dissolved in 100 uL of water
containing 1% acetic acid. Approximately 50 mg of nodules was ground in 3 mL of 80% (v/v)
acetone containing 1% (v/v) acetic acid, and incubated for 24 h at 4 °C and then centrifuged at
3000 x g for 20 min at 4 °C. The supernatant was concentrated to dryness, dissolved in 0.5 mL of

water containing 20% methanol and 1% acetic acid and analysed by LC-MS. Exact mass analysis
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was performed using a nano-LC (Ultimate 3000, DIONEX)-MS system (LTQ Orbitrap Velos,
Thermo Fisher Scientific). Extracts (5 pL) were injected and separated by reversed-phase
chromatography using a monolithic column (Miyamoto et al., 2008) (2000 mm, 0.1 mm 1.D.,
Kyoto Monotech Co., Ltd., Kyoto) at a flow rate of 500 nL/min. The gradient was 10% (0—10 min),
10-99% (10—40 min) and 99-100% (40—45 min) 80% acetonitrile/water containing 0.1% formic
acid in water containing 0.1% formic acid. The MS was operated with an ESI voltage of 2.3 kV
and a transfer tube temperature of 280 °C. MS data acquisition was set from 20 to 65 min. For
non-target analysis, the acquired data were delimited by each 50 spectra and 1.0 Th at mass-to
charge ratio, and the intensities in each compartment were totaled up. Then the data were analyzed
by principal component analysis (PCA) after global median normalization. Kazusa MFSearcher
(http://webs2.kazusa.or.jp/mfsearcher/index_jp.html) was used for prediction of molecules
picked up by PCA. For acquinsion of extracted ion chromatogram, the chromatograms of mass
range at m/z=315.155-315.165 and m/z=345.165-345.175are extracted to focus on GAg and
GA.

Plasmid construction and protein production in E. coli

The full-length coding sequences of 8 genes were amplified using each primer pair (Table
1). The PCR products were cloned into the pET-21a expression vector (Novagen) using the In-
Fusion HD Cloning Kit (Takara Bio) to generate fusions with 6-His-tags at the C termini. The
vectors were then introduced into E. colicells strain BL21 Star (DE3) (Stratagene). For protein
production, the culture (5 mL) was incubated at 37 °C to OD 0.5 at 600 nm. The temperature was
then decreased to 16 °C, and IPTG (0.1 mM) was added. The culture was incubated for 24 h and
then centrifuged at 4 °C. The pellet was washed using phosphate buffer (100 mM, pH 7.0) and
then resuspended in lysis buffer (S0 mM HEPES pH 7.4, 10% (w/v) glycerol, 5 mM MgCl,). The
samples were sonicated and the supernatants were used for the reactions. Protein concentration

was measured by Protein Assay Bicinchoninate Kit (Nacalai Tesque, Kyoto, Japan)
Reaction conditions of enzyme assays

For functional validation of mlr6uchi mir6369, mir6370 and mlr6371, in vitro enzyme

assays were performed in the following buffer: 50 mM HEPES (pH7.4), 10% (w/v) glycerol and
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5mM MgCl,. For each assay, 100 uL of E. coli lysate (containing 10 mg/mL protein) was
incubated in 0.5 mL buffer with 20 uM of each substrate [isopropyl pyrophosphate, dimethylallyl
pyrophosphate, geranyl pyrophosphate (GPP), farnesyl pyrophosphate (FPP), and geranylgeranyl
pyrophosate (GGPP); Sigma-Aldrich] and incubated at 37 °C for 6 h. The reaction products were
dephosphorylated by adding 20 units of alkaline phosphatase (intestinal calf; New England
Biolabs) for 1 h at 37 °C. Terpene alcohols produced by dephosphorylation were then extracted
with an equal volume of hexane. The organic phase was then dried, resuspended in hexane and
analysed using a gas chromatography-mass spectrometry (GC/MS; GCMS-QP2010 Ultra,
Shimadzu, Japan) in electron ionization (70 eV) mode, equipped with a 30 m x 0.25-mm diameter
with 0.25 pm film of HP-1 MS column (Agilent Technologies, Santa Clara, CA). Samples (1 pL)
were injected in splitless mode at 50 °C. After holding for 3 min at 50 °C, the oven temperature
was raised at a rate of 14 °C/min to 300 °C, where it was held for an additional 3 min. MS data
were collected by selected-ion monitoring mode focused on m/z corresponding to each product.
Geranylgeraniol (GGOH) and ent-kaurene were identified by comparison of their mass spectra
retention times with authentic standards (GGOH, Sigma Aldrich; ent-kaurene, Olchemim Ltd.,
Czech Republic). Selected ion monitoring (SIM) mode were used to draw the chromatogram of
GGOH and ent-kaurene. SIM parameters were set at m/z 290 for GGOH, and 272 for ent-kaurene.

For the functional validation of MIP450-1,2,3 and MISdr, in vitro enzyme assays were
performed using the following procedure. E. coli lysates (100 uL) were mixed with 3.5 uM
spinach ferredoxin, 0.1 U spinach ferredoxin reductase, 2mM NADPH and 2 mM NADP*
(Sigma-Aldrich) in a final volume of 1 mL of 100 mM Tris-HCI, pH 7.5. Substrates were added
at a final concentration of 100 uM, and the reaction was incubated overnight at 30 °C. Control
incubations were performed with the addition of E. coli lysates bearing the empty pET21a vector.
The reactions were stopped by adding 50 uL HCI and 1 mL EtOAc and centrifuged at 3000 rpm
for 10min. Kaurenoic acid and gibberellic acids were methylated using trimethylsilyl-
diazomethane (TMS, Nacalai Tesque) in toluene containing 20% methanol. Samples were then
trimethylsilylated using N-methyl-N-(trimethylsilyDtrifluoroacetamide for addition to hydroxyl
groups. GC-MS analysis was performed as described in bacteroid assays using authentic
standards (GAs, Sigma-Aldrich; Kaurenoic acid (KA), GA1, GAs4, GA7, GAg, GA1,, GAss and
GA:4; Olchemim Ltd.).
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Reactions using fractured nodules

Isolated nodules (1 g) were homogenized in a mortar with extraction buffer (10 mL, 50 mM
KHPQO4 pH 7.0, 200 mM sodium ascorbate and 1.2 g polyvinyl pirrolidone). The homogenate was
centrifuged at 8500 x g for 20 min, washed and resuspended in reaction buffer (50 mM TES pH
7.5, 2.5mM MgCl, and 1 mM KHPO,). Substrates (100 uM) were then added to the 1-mL
suspensions and incubated for 48 h at 28 °C with shaking at 200 rpm. For product extraction,
suspensions were extracted with an equal volume of EtOAc after acidification to pH 3.0. The
extracts were methylated using TMS-diazomethane and measured by GC-MS as described above.
SIM parameters were set at m/z 418, 506, 416 and 504 to detect GAs, GA1, GAs and GAs,

respectively.

Acetylene reduction assay

The whole-plant nitrogenase activity was determined by acetylene reduction assay. An
individual plant was packed into a 5-mL headspace vial (GL Science, Tokyo, Japan) in which
20% of the air was replaced by acetylene gas generated by CaC; (Sigma-Aldrich). After a 3-h
reaction at 25 °C, the atmosphere (1 mL) was injected into a GC-MS (30 m x 0.32-mm diameter
HP-PLOT Q column with 0.20 pm film) (Agilent Technologies) at 40 °C, followed by a gradient
from 40 °C to 80 °C at 5 °C/min and then from 80 °C to 180 °C at 50 °C/min.

Co-inoculation assays

Wild-type and gib™ were cultured in TY + phosphomycin medium until the ODggo reached
approximately 1.0. Cells were then washed and resuspended in B & D nitrogen-free medium
(Broughton & Dilworth, 1971) to an ODgg of 1.0. Both wild-type and gib™ suspensions were
mixed, and 20 mL of bacterial mixture was inoculated into the culture. To measure the CFU, roots
from each plant were homogenized in PBS and plated onto TY agar plates containing
phosphomycin with or without streptomycin and spectinomycin. Colonies were counted on the
plates after 7 days of incubation at 28 °C. The percentage of gib™ in the population was calculated

as (output streptomycin and spectinomycin-resistant colony count)/(output of all colony count).
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Phylogenetic trees

The phylogenetic trees were referred from Doyle (1998). The bacterial phylogeny which
was based on the 16S rRNA gene sequence (Table 2) was constructed by neighbour-joining
method using Clustal X (http://www.clustal.org/). The parameters were set to 111 for ‘random
number generator seed’” and 1000 for ‘number of bootstrap trials’. Whether a bacterial species has
GA-synthetic genes was determined by the presence of both ent-copalyl pyrophosphate synthase
(mIr6369) and ent-kaurene synthase (mIr6370) by BLAST search (Table 3). On the other hand,
phylogenetic relationships of legumes (and some non-legumes) which are based

on rbcL sequence (Table 3) were also constructed using Clustal X.
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Table 2 | Bacterial strains and sequences used for phylogeny

) Source of 165 rRNA sequence 165 rRNA
name strain name
NCBI RefSeq Genbank sequence
Strains described in Figure 4 Strains not described in Figure 4
Rhizobium trpoici CIAT 889 R_102511.1 Brucella abortus X13695
Agrobacterium rhizogenes IFO 13257 NR_043398.1 Bartonella bacilliformis 711683
Rhizobium leguminosarum bv. viciae USDA 2370 NR_044774.1 Agrobacterium rubi X67228
Rhizobium leguminasarum bv. trifolii R6-1 AB721425.1 Rhizobium aggregatum X73041
Rhizobium lequminosarum bv. phaseoli LPA1410 1F792192.1 Sinorhizobium saheli X68390
Rhizobium etli CFN42 NR_074499.1 Sinorhizobium terangae X68387
Agrobacterium fabrum C58 NR_074266.1 Mesorhizobium ciceri uo7934
Rhizobium galegae LMG6214 NR_118990.1 Mesorhizobium huakuii D12797
Agrobacterium vitis LMG8750 NR_118989.1 Phyllobacterium myrsinacearum D12790
Sinorhizobium fredii NGR234 NR_102919.1 Mycoplana dimorpha D12786
Sinorhizobium fredii USDA205 NR_112784.1 Afipia clevelandensis M69186
Sinorhizobium meliloti LMG6133 NR_118988.1 Afipia felis M65248
Mesorhizobium loti MAFF303099 NR_074162.1 Nitrobacter hamburgensis 111663
Bradyrhizobium japonicum USDA110 1233311 Nitrobacter winogradskyi 111661
Rhadopseudomonas palustris ] EU531568.1 Bradyrhizobium denitrificans 546917
Bradyrhizobium elkanii USDAG1 AB231916.1 Methylobacterium arganophilum D32226
Azorhizobium caulinodans NBRC14845 NR_113675.1 Beijerinckia indica M539060
Aquabacter spiritensis SPL-1 NR_104747.1 Starkeya novella D32247
Ancylobacter aquaticus M62790
Rhaodoplanes elegans D25311
Blastochloris viridis D25314
Rhodomicrobium vannielii M34127
Rhodospirillum rubrum D30778

Table 3 | Plants and their rbcL sequences used for phylogeny

genus species Genbank
Galega officinalis KM360795.1
Vicia sativa NC_027155.1
Pisum sativum NC_014057.1
Melilotus  officinalis JX848463.1
Trifolium subterraneum NC 011828.1
Medicago truncatura  NC_003119.6
Lotus japonicus NC_002694.1
Anthyllis  vulneraria KF602115.1
Sesbania vesicaria KI773882.1
Phaseolus vulgaris NC_009259.1
Vigna unguiculata  NC _018051.1
Glycine max NC_007942.1
Cajanus cajan 795535.1
Lupinus albus NC 026681.1
leucaena  trichandra  NC_028733.1
Parasponia  parviflora AF500342.1
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Results

Functional analysis of a putative GA operon in M. loti

I have found that M. loti possesses a putative GA-synthetic operon. | found a terpenoid
biosynthetic operon with symbiosis-specific expression in Chapter | (Fig. 1a). The operon exists
on ‘symbiosis island’, which is horizontally-transferable chromosomal region existing in all
rhizobia and contains many genes required for symbiosis such as nodulation (nod) genes and
nitrogen fixation (nif) genes (Uchiumi et al., 2004, Freiberg et al., 1997, Kaneko et al., 2000).
Real-time RT-PCR and quantitative proteomics also validated the symbiosis-specific expression
of the genes (Fig. 1b,c). Thus, | hypothesized that these symbiosis-specific genes play some
important roles in legume-rhizobia symbiosis. This operon was predicted to control GA synthesis
because some rhizobia are reported to produce GA (Atzorn et al., 1988, Boiero et al., 2007), and
four enzymes (encoded by mir6368, mlr6369, mIr6370 and mir6371) were confirmed to

participate in the synthesis of ent-kaurene, a major GA intermediate, from dimethylallyl

a
mir6364  mir6365 mir6366  mir6367 mir6368 mir6369 mir6370  mir6371 mir6372
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Accession number 2WPI 3WPI 4WPI
mir6364 1+ 0.36 1.85 + 0.20 243 +0.27
mir6365 1+ 0.07 2.06 *0.36 238 +0.16
mir6366 1+£013 1.59 + 0.49 149 + 026
mir6369 1+0.20 1.68 + 0.09 3.09 +0.27
mir6371 1+ 0.03 219 +0.26 392 +0.39

Figure 1 | Symbiosis-specific expression of GA-synthetic operon in M. loti (a) The operon consists
of 9 genes with accession numbers mir6364—-mir6372. (b) Relative expression levels of the operon genes.
The fold-change values are relative to M. loti bacteroids at 4 weeks post-inoculation (WPI) (expression
level = 1). Error bars indicate the SEMs from 3 independent experiments. (c) Protein expression levels
from quantitative proteomics in Chapter Il. Expression levels are relative to M. loti at 2 WPI (expression
level = 1). Values show mean + SEM.
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Figure 2 | In vitro confirmation of the enzymes encoded by mIr6368, mIr6369, mIr6370 and mlr6371
(a, b) GC-MS analysis (SIM; m/z = 290) of dephosphorylated products resulting from in vitro assays using
prenyl alcohols as a substrate and lysates isolated from mir6368-expressing E. coli (a) and miIr6371-
expressing E. coli (b). (c) GC-MS analysis (SIM; m/z = 272) of ent-kaurene rom in vitro assays using GGPP
as a substrate and lysates isolated from mIr6369- and mir6370-expressing E. coli. (d) The confirmed ent-
kaurene synthetic pathway reported by Hershey et al. (2014) (mIr6369 and miIr6370) and predicted by
genetic information (MmIr6368 and mir6371). Note that GGPP was dephosphated to GGOH by alkaline
phosphatase to detect by GC-MS, because GGPP is hard to be detected by GC-MS. GGOH,
geranylgeraniol; DMAPP, dimethylallyl pyrophosphate; IPP, isopentenyl pyrophosphate; GPP, geranyl
pyrophosphate; FPP, farnesyl pyrophosphate; GGPP, geranylgeranyl pyrophosphate; CPP, ent-copalyl
pyrophosphate; IDI, isopentenyl-diphosphate isomerase; GGPPS, geranylgeranyl pyrophosphate synthase;
CPS, ent-copalyl pyrophosphate synthase; KS, ent-kaurene synthase.

pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) (Fig. 2) (Hersheys et al., 2014).
Next, | found that GA produced by rhizobia negatively regulates the host nodule number.
To investigate the effect of this putative rhizobial GA on the host plant, six M. loti STM mutants
(Shimoda et al., 2008) with transposon insertions into the operon (Fig. 3a) were inoculated into
host L. japonicus. Hosts inoculated with STM mutants increased its nodule number without
affecting their growth (Fig. 3b—c). For further investigation, an STM mutant with a transposon
insertion into mlr6368 (gib~ mutant; Fig. 3a) was inoculated into host L. japonicus, and the
phenotypic changes were observed from 2 to 8 WPI. In these plants, the number of days taken to
flower, the length of the shoot and the number of rhizobial cells per plant were unchanged (Fig.
3d-f). However, from 4 WPI, nitrogen fixation activity per nodule and nodule weight significantly

decreased, the nodule number significantly increased, and nodules formed at significantly lower
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position. (Fig. 3g—j). These results suggest that putative rhizobial GA is the symbiont-derived
signal for regulation of nodule number to reject delayed infection and that the optimal nodule

environment for nitrogen fixation is established by GA-associated regulation of the host nodule

number.
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Figure 3 | GA-synthetic operon in M. loti and time-course plant assays (a) The operon consists of 9
genes with accession numbers mIr6364—mir6372. The arrowhead indicates the transposon insertion site of
each STM mutant. (b) Number of nodules and (c) Shoot weight of the host plants inoculated with 6 STM
mutants were measured at SWPI. (d) Flowering period from the day of inoculation. (e) Shoot length of the
host plant when flowering. (f) Number of rhizobia grown in roots. (g) Nitrogen fixation activity determined by
acetylene reduction assay. (h) Number of nodules. (i) Weight per nodule at 5WPI. Bars indicate the average
weights of 30 nodules. (j) Relative frequency of nodule position from root-stem boundary at 8WPI.
Significance was determined by Mann-Whitney U-test (p-value =5.52 x 10713). Relative frequencies were
calculated by 210 for wild-type and 245 nodules for gib™ mutant, respectively. Significances were determined
by student t-test (d,e,i). Multiple comparisons were corrected using the Dunnett’s test (b,c) and the Holm—
Bonferroni t-test (f,g,h). *p <0.05, **p <0.01, ***p <0.001. WPI, weeks post inoculation. Error bars indicate
SEMs from 3 plants (f), 8-9 plants (b,c,g), >15 plants (d,e,h) and 3 biological replicates (i).
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Identification of GA produced in nodule

Candidate GAs produced by M. loti under symbiosis are numerous because >130 GAs have
been found thus far (Hedden & Sponsel, 2015). To identify the rhizobial GA product, | constructed
an M. loti mutant in which the operon was inductively expressed by IPTG-inducible promoter
cassette in front of the gene operon (gib* strain, Fig. 4a—c). After gene induction by 1 mM IPTG
and cultivation for 24 h, the secreted products in liquid media were extracted with acidic ethyl
acetate and analyzed using LC-MS equipped with a long monolithic column. Non-target
metabolomics approach revealed that the metabolic profile of the induced gib* strain was differ
from the other three profiles (Fig. 4d), and the characteristic components in the secreted product
of induced gib* strain were corresponding to the peaks of m/z=m/z=315.16 [M-H] at 56.5 min
and m/z=345.17 [M-H] at 53.7min (Fig. 4e-g), which were finally identified as GAs and
GA:z4 by comparison with authentic standards (Fig. 4h,i). GAg and GA24 are both intermediates in
GA synthesis in plants and fungi (Bomke & Tudzynski, 2009) and are produced by M. loti bearing

a symbiosis-specific gene set.

Identification of GA synthetic pathway

Next, | sought to identify the GA-synthetic pathway in M. loti. Although plants and fungi
synthesize various GAs using various pathways (Bomke & Tudzynski, 2009), GAs and GAz4 are
synthesized by almost similar pathway and | predicted that the pathway used by M. loti would be
similar. To identify the pathway, lysates from E. coli expressing each of the functionally unknown
4 enzymes (encoded by mlr6364—-mlr6367) were assayed in vitro with potential substrates. Three
of the 4 enzymes were cytochrome P450s, and the other was a short-chain dehydrogenase
reductase. For convenience, | named these enzymes MIP450-1 (mlr6364), MIP450-2 (mlr6365),
MISdr (mlr6366) and MIP450-3 (mIr6367). The products were analysed by (GC-MS). MIP450-
3 converted ent-kaurene into KA, indicating that it functions as an ent-kaurene oxidase (Fig. 5a,f).
Assays of MIP450-2 and MISdr together converted KA into GAiz, whereas MIP450-2 or MISdr
alone did not (Fig. 5b,g). This result indicates that GAi.is synthesized from KA by the
cooperative function of MIP450-2 and MISdr, although KA oxidases from plants and fungi
enzymatically convert KA into GA1.. MIP450-1 converted GA1 into GAg through GAs and GAy4,

66



a c
Free-living Bacteroid m gib*
10000
c
o
2 __ 1000
pSUP202 & 83
(7,830 bp) e 25
]
2= 10
S
E;
EcoRl site o 1
«
t Jac! ¢ d ? € | >
romoter aci terminator ptac_ATG <o ' 40
B e | Bl g : :
. z 0 = ) o o i 30
lac promoter cassette from pMAL-plll  Homologous region z } ° : Ay, 20
(1,466 bp) (600 bp) et --——--—- R A ey . | GA, =g P
o | - @ . .
o~ ] - _ _ _ _ T _ _ ____ 06
bt | t o
b S« | v 10
romoter  lacl __terminator tac ATG o9 : o wr : -20
| O gib* | -
lac promoter cassette gibberellin operon o e, : ® gib' + IPTG : -40
! L] | g 50
T T T T
0.5 0 05 10 40 20 0 20 40 60 80 100
f h PC1(41.9%) PC1
(x10°)
207 56.4 min 315.160 gib* culture medium
@
o
159 % 333.206
> o
ﬁ g 271170 Srd 244
8 10 GA, & -
= 56.5 min @ 315.158 GA, Standard
c ( =
8 J{ £
5 gib® @
14
271.169
0 = WT 1
40 45 50 55 60 65 200 300 ; 400 500
miz
g i
(%x10%) 53.7 min
20 345.170 gib* culture medium
1 : @
151] 53.7 min §
P | b
2 \ 3
o 10 GA,, Q
£ ] o 345.168 GA,, Standard
= i [ >
E ] =
5 ——J gib* %
] 'a
0 WT
40 45 50 55 60 65 200 300 miz 400 500

Figure 4 | GA-synthetic operon in M. loti and time-course plant assays (a) Plasmid vector for
homologous recombination of the M. loti genome. Lac promoter cassette in front of the homologous region
(600 bp) is inserted into EcoRI restriction site. (b) Lac promoter insertion site. Note that gib* mutant is a
single-crossover mutant. (c) Relative expression levels of the operon genes. The fold-change values are
relative to wild-type grown in liquid culture with 1 mM isopropyl B-b-1-thiogaractopyranoside (expression
level = 1). Error bars indicate the standard error from 3 independent experiments. (d,e) Principal component
analysis (PCA) of the metabolic profiles of wild-type and gib* supernatant. Scatter plot (d) and loading plot
(e) of PCA are shown. (f,g) NanoLC-MS chromatograms of culture medium of wild-type and gib* mutant
and authentic GAs. The chromatograms of mass range at m/z=315.155-315.165 (f) and m/z=345.165—
345.175 (g) are extracted to focus on GAg and GAza. (h,i) Mass spectra of gib* culture medium and GA
standards at 56.5 min (h) and 53.7 min (i). Insets show the structure of GAg and GA2a.
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Figure 5 | In vitro enzymatic assays of MIP450s and MISdr. (a—e) Total ion chromatograms of reaction
products from in vitro assays. (a) Reaction of ent-kaurene with lysates isolated from MIP450-3-expressing
E. coli and empty-vector control E. coli. (b) Reaction of ent-kaurenoic acid with lysates isolated from MIP450-
2 and/or MISdr-expressing E. coli and empty-vector control E. coli. (c—e) Reaction of GA12 (c), GA1s (d) and
GA2z4 (e) with lysates isolated from MIP450-1-expressing E. coli and empty-vector control E. coli. (f-j) Mass
spectra of peaks 1-5 compared with authentic gibberellin or ent-kaurenoic acid.

indicating that MIP450-1 functions as a GA20-oxidase (Fig5, c-e,h-j). These results show that M.
loti synthesizes GAg via a pathway similar to that of higher plants and fungi with a slightly
different enzymatic function (Fig. 6a, inside the broken-line box).

How do rhizobia regulate nodulation by GAg? Although GAs are major phytohormones
that affect various plant development events, including nodulation, GAg is one of the inactive
GAs in higher plants. Only 3-hydroxylated GAs (GA1, GAs, GAs and GA;) are known to be
bioactive in higher plants, so | predicted that rhizobial GAg was converted into bioactive GAs in
nodules using the GA-synthetic pathway. In vitro, GAg incubated with fractured nodule was
converted into GA; and GAs via GA; (Fig. 6a-€). GA; and GA3 were elevated in plants inoculated
with wild-type M. loti and not with the gib™ mutant (Fig. 7a). Therefore, | concluded that rhizobial

GA, functions in the host through its conversion into GA: and GAs mediated by the cooperative
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Figure 6 | GA synthesis mechanism in nodules. (a) GA-synthetic pathway in nodules. Reactions
mediated by enzymes encoded on the GA-synthetic operon are shown inside the broken-lined box.
Fractured nodules were incubated with substrate (GAg, GA4 or GA7). (b-e) GAs were extracted with acidic
ethylacetate. Extracts were methylated and trimethylsilylated and measured by GC-MS. Selected ion
monitoring modes of m/z = 418 (b), 506 (c), 416 (d) and 504 (e) were used to detect GA4, GA1, GA7 and
GAgs, respectively.
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action of host and symbiont enzymes. Moreover, addition of GAs;to host with gib mutant

decreased the nodule number (Fig. 7b).
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Figure 7 | GA quantification and exogenous application of GA (a) The amount of GA1 and GAs in plants
inoculated with wild-type and gib™ mutant rhizobia were determined by LC-MS. GA4 and GA7 were below
the detection limit under both conditions. Significant differences were determined using student t-test.
*p <0.05. Error bars indicate SEMs from 3 biological replicates. (b) Number of nodules. Water-dissolved
GAz was exogenously added at 1077 mole per Incu Tissue at 2WPI. Multiple comparisons were corrected
using the Holm-Bonferroni t-test. ***p <0.001. WPI, weeks post inoculation. Error bars indicate SEMs from
9 plants.

Distribution of GA synthetic gene

To investigate the gene distribution among various rhizobial species, | performed BLAST
(http://blast.ncbi.nIm.nih.gov/Blast.cgi) homology search against the genes in GA operon. |
searched amino acid sequence similarities against two key genes for GA synthesis; ent-copalyl
pyrophosphase synthase (mIr6369) and ent-kaurene oxidase (mIr6370). | chose these genes
because ent-kaurene synthesis is powerful indicator for gibberellin synthesis and soil bacteria
have some cytochrome P-450s irrelevant to GA synthesis (Kelly SL & Kelly DE, 2013).
Interestingly, the genes for GA synthesis are found in species of rhizobia that inhabit the host in
determinate nodules, including M. loti, Bradyrhizobium japonicum, Sinorhizobium (Ensifer)
fredii and Rhizobium etli. Such genes are not found in rhizobial species, such asS. meli-
loti and R. leguminosarum biovar. viciae, which construct indeterminate nodules (Fig. 8).
Among R.  leguminosarum, GA  synthetic genes were found only inR.

leguminosarum biovar. phaseoli, but not in R. leguminosarum biovar. viciae and R. legumino-
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sarum biovar. trifoliae although they belong to the same species. This result indicated that

existence of GA-synthetic genes strongly correlated with the host nodule type.
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Figure 8 | Phylogenies of legumes and bacteria, nodule types and distribution of GA synthetic genes
(a) Phylogenetic trees are modified from Doyle (1998). The bacterial phylogeny (left) is based on the 16S
rRNA gene sequence. Representative symbiotic bacteria are shown; lineages of non-symbiotic bacteria are
indicated by boxes. The bacteria possessing putative GA synthetic genes are shown in red bold characters
and the bacteria without are shown in blue bold characters. Whether a bacterial species has GA-synthetic
genes was determined by the presence of both ent-copalyl pyrophosphate synthase and ent-kaurene
synthase by BLAST search. The phylogenetic relationships of legumes (and some non-legumes) based
on rbcL sequence (right) are indicated for selected legume genera nodulated by bacteria that are shown on
the bacterial tree. Nodule type and taxonomy are shown to the right of the tree. Arrows connect bacterial
symbionts with their plant host. The wide host-range of NGR234 is shown by its ability to
nodulate Parasponia. (b) Nodule structure of determinate and indeterminate nodules. Rhizobia lose the
ability to reproduce after differentiation into bacteroids in indeterminate but not determinate nodules.
Rhizobia tvpicallv possess the aibberellin oneron onlv in hosts with determinate nodules.

Competition assay of wild-type and gib™ mutant

GA-synthetic genes are held by the rhizobia which construct determinate nodules (Fig. 8a).
However, GA-synthetic genes are not necessary for symbiosis with host forming determinate
nodules, because gib™ mutant which lacks the function of GA synthesis could infect into L.

japonicus (Figs 3d—f and 7). Therefore, | hypothesized that possession of GA-synthetic genes
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bring some advantages over non-possessor of the genes. To demonstrate the advantage of
possessing GA-synthetic genes, wild-type and gib~strains were used in competition assays. Co-
inoculation of equal amount of wild-type and gib™ mutants demonstrated that the gib mutant
gradually decreased in the population, without increasing nodule number (Fig. 9a,b), although
such co-culture in liquid medium did not show this result (Fig. 9¢) and individual inoculation
assays of wild-type and gib™ mutants showed similar patterns of increasing numbers of rhizobial
cells (Fig. 3f). These results show that possession of GA-synthetic genes is beneficial for growth

in nodule.
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Figure 9 | Competition between M. loti WT and gib~ (a) Number of nodules in co-inoculation assays.
Nodule numbers for gib™ are shown in grey, taken from Fig. 3h. Error bars represent SEMs from > 8
plants. (b) The number and percentage of rhizobia in roots. The number above each bar indicates the
percentage of gib~colonies compared with the total colonies. Error bars indicate the SEMs from 3 plants.
T: at this point, bacteria are isolated from soil (1 g) immediately after co-inoculation of WT and gib~. (c)
Co-cultivation assay in liquid medium. Error bars indicate the SEMs from 3 independent experiments.
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Discussion

In this chapter, | showed the phytohormonal regulation of nodule number from already-
incorporated rhizobia in legume-rhizobia symbiosis. Nod factors (NFs) or exopolysaccharides are
symbiont-derived signals for nodulation (Spaink, 1995, Kawaharada, 2015), however, rhizobial
GA-dependent regulation of nodule number is different from the signals of NFs. Rhizobial GA
regulates the nodule number under symbiotic condition, in contrast, NFs mainly initiate the
nodulation process (Limpens, 2003). NFs are produced in response to flavonoid secreted from
legume root hair, then induce the host nodule formation. There is a report that nodC and
nodD genes were expressed during nodulation in S. meliloti (Sharma & Singer, 1990). It may play
some roles in nodule development, however, the function of these bacterial genes inside the
nodule are still functionally unknown, even if the NF receptors MtNFP and MtLYK3 were shown
to be produced and required for bacterial release in the nodule, as Moling et al. (2014) mentioned.
Okazaki et al. (2013) showed that Bradyrhizobium elkanii used type Ill secretion system to
promote symbiosis by independent pathway of NF-dependent manner. This system also affects
nodule number by activating host symbiosis signalling, however it is used when free-living
rhizobia infect into host. Tianet al. found that already-incorporated Sinorhizobium
meliloti inhibited the formation of infection thread by using cCAMP signalling cascade (Tian et al.,
2012). This study showed that rhizobia played an active role in the control of infection, however,
defective mutant of cAMP signalling did not show the significant difference in nodule number.
Thus I conclude that regulation of nodule number by rhizobial GA is a hew regulation mechanism
which benefits the already-incorporated rhizobia.

Then what is the meaning of negative regulation of host nodule formation by rhizobia?
Results of time-course nodulation assay (Fig. 3h) showed that rhizobial GA decreased the nodule
number at 4 WPI when primary nodules developed into a mature state, and nodule formed at
lower position in gib™ mutant (Fig. 3j). Lower nodule positions in gib™~ indicate that nodules were
formed at younger portion of root, i.e. delayed nodule formation. These results suggest that
rhizobia in mature nodules prevented the delayed nodule formation. This hypothesis is supported

by my previous quantitative proteomic data in Chapter 11, showing that the amount of protein
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produced through the operon gradually increased during nodule maturation (Fig. 1c).
Evolutionarily, the acquisition of nodule number control by rhizobia is presumed to be driven by
the obstructive effects of delayed nodule formation by the following reasons: (i) too many nodules
result in the decreased distribution of the carbon source per nodule from the host and (ii) rhizobia
infecting the host after primary nodule maturation differ in genotype from those in primary
nodules (Sullivan et al., 1995). Thus, I considered that already-incorporated rhizobia are likely to
reject delayed infection by other rhizobia, leading to the evolutionary acquisition of nodule
number regulation.

How rhizobia regulate the host nodule number by synthesizing GA? Previous report
showed that exogenously-added GAs decreased the nodule number in L. japonicus (Maekawa et
al., 2009). The root hair curling triggered by rhizobia was inhibited by exogenous GA treatment.
Exogenously added GA suppressed gene expression of nodule signalling pathway 2 (NSP2),
which functions upstream of NIN, a gene required for the onset of nodule development (Schauser
etal., 1999). In this study, the expression level of NSP2 in hosts inoculated with gib™ M. loti was
just slightly higher than that in hosts with wild-type M. loti at 5 WPI (Fig. 10) like Maekawa et
al. (2009). The result suggests that rhizobial GA inhibits infection of other rhizobia via similar
pathway which exogenous GA does. On the other hand, the relationship between rhizobial GA-
dependent regulation of nodule number and AON is still obscure. In P. sativum, regulation of
nodulation by host GA is predicted to act independently of AON (Ferguson et al., 2011). If it is
applicable to Lotus japonicus, regulation by rhizobial GA also predicted to be independent from

AON.

NSP2

Relative transcription
nN
T

Figure 10 | Relative expression levels of NSP2 Fold-change values are
WT  gib relative to host inoculated with M. loti wild-type (expression level = 1) at 5
WHPI. Error bars indicate the standard error from 3 plants.
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Then why are GA-synthetic genes distributed among rhizobia which inhabit determinate
nodule? The answer to this question lies in the developmental process of determinate and
indeterminate nodules. Within indeterminate nodules, bacteroids are deprived of duplication
capability by nodule-specific, cysteine-rich peptides secreted by the host (Kaneko et al., 2000,
Atzorn et al., 1988). In contrast, bacteroids in determinate nodules still have the capacity for
duplication, and they can escape from the nodule after the host plant dies (Fig. 8b) (Denison,
2000). The characteristic of determinate nodule gives rhizobia advantage to reject delayed
nodulation and to increase the population in nodule. Therefore, GA synthesis in rhizobia is
presumably acquired in symbiont pairs involving a rhizobium and a host legume that does not kill
its symbiont. This hypothesis of evolutionary acquisition of the genes is supported by the process
of leguminous evolution. Now, the origin of nodulation is predicted to be approximately 60
million years ago, when all nodules were indeterminate nodules (Doyle, 2011). Determinate
nodules arose from indeterminate-type ancestor in legume evolution, supporting that GA-
synthetic genes were evolutionarily acquired after rhizobial symbiotic modules (symbiotic island
or plasmid) were developed. Moreover, it was reported that the cytochrome P-450 cluster on
NGR234 was 10% richer in G + C content than the rest of the symbiotic plasmid (Freiberg et al.,
1997), and had proteins with >80% similarity to those of other rhizobia (e.g. Table 4), indicating
that these genes have been selectively integrated into the symbiotic modules of rhizobia
constructing determinate nodule. Furthermore, the micromolar concentrations of exogenously
applied GA were reported to decrease the nodule number inL. japonicus, which forms
determinate nodules (Maekawa et al., 2009), but increase the nodule number in P. sativum, which
forms indeterminate nodules (Ferguson et al., 2005). These observations indicate that GA plays
opposing roles in the formation of the two types of nodules. The negative effect of host with

determinate nodule by GA allows rhizobia to decrease the nodule number.
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Table 4 | Distribution of GA synthetic genes among rhizobia

ent-kaurene oxidase

species ent-copalyl pyrohposphase synthase
name NCBI Reference Sequence ID  homology(%)  NCBI Reference Sequence ID  homology(%)
Mesorhizobium loti (reference) WP_010913996.1 100 WP_010913997.1 100
Rhizobum tropici WP_004120019.1 90 WP_004120017.1 88
Rhizobium leguminosalum bv. viciae - - - -
Rhizobium leguminosalum bv. trifoliate - - - -
Rhizobium leguminosalum bv. phaseoli WP_037145548.1 86 WP_037145551.1 88
Rhizobium etli WP_040140636.1 88 WP_020923331.1 91
Sinorhizobium fredii WP_014857759.1 95 WP_014857758.1 94
NGR234 (wide host-range) WP_010875301.1 94 WP_010875302.1 94
Sinorhizobium meliloti - - - -
Bradyrhizobium japonicum WP_026312707.1 93 WP_028153675.1 93
Bradyrhizobium elkanii WP_028350654.1 93 WP_028350655.1 94

Azorhizobium coulinodans

Co-inoculation assay revealed that rhizobia which lacks GA synthesis were decreased
gradually (Fig. 9b), although the growth rate in liquid medium was similar to wild-type (Fig. 9c).
The mechanism of this phenomenon remains obscure, but | suggest that the rhizobial GA also
affects rhizobial population in nodules. As many studies indicate plant-derived GA plays an
important role in nodule formation reviewed in Hayashi et al. (2014), rhizobial GA might also
affect proper nodule formation. Reduction of nitrogen fixing activity (Fig. 3g) and slightly smaller
nodules in gib- mutant (Fig. 3i) support this idea. In gib™ dominant nodule, nitrogen fixing
activity maybe lower or nodule formation maybe slower than wild-type dominant nodule, then
sanctioned by host plant when considering the sanction hypothesis (Denison, 2000, Kiers et al.,
2003). Or rhizobial gibberellin may promote the bacterial release from the infection threads. Yet,

this hypothesis have to be further experimentally proved.

Summary

In this chapter, | show for the first time that M. loti synthesizes GA during symbiosis using
enzymes unigue to this condition and that synthesized GA maintains optimal nodule number and
eventually optimizes the amount of nitrogen fixation per nodule. This finding is the first
demonstration that a symbiont-derived hormonal signal regulates the host nodule number. These
results enable me to propose a model of nodule number regulation by rhizobial GA (Fig. 11) and

suggest that GA synthesis gives an evolutionary advantage for rhizobia in determinate nodules as
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it enables indigenous rhizobia to restrain delayed infection by other rhizobia. My findings show

the potential of symbionts to co-evolutionarily acquire the ability to regulate the host’s phenotype.

with mature nodules
M

without mature nodule
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’ c?,,‘
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o bacteroid  Figure 11 | Model of nodule number
CAzignaing regulation by rhizobial gibberellin In the early

gy --7 -7
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by other rhizobia.
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Conclusion

The present study has been performed to describe the symbiotic phenotype of M. loti under
symbiosis with L. japonicus with my original analytical system of proteomics. | first found
‘symbiont-driven’ control of nodulation in L. japonicus-M. loti symbiosis.

In Chapter I, 1 compared the protein profile of M. loti MAFF303099 under free-living
conditions to its profile under symbiotic conditions by using small amounts of crude extracts. The
obtained protein profiles appeared to reflect differences in the phenotypes under both conditions.
In addition, KEGG pathway analysis revealed that the cell surface structure of rhizobia was
largely different under each condition, and surprisingly, that rhizobia might provide some kinds
of terpenoid to the host as a source of secondary metabolism. M. loti changed its metabolism and
cell surface structure in accordance with the surrounding conditions.

In Chapter I, | performed quantitative proteomics of M. loti during nodule maturation. The
results revealed significant changes in the carbon and amino acid metabolisms of M. loti upon
differentiating into bacteroids. Furthermore, my findings suggested that M. loti enters into a
nitrogen-deficient condition during the early stages of nodule development, and then a nitrogen-
rich condition during the intermediate stages of nodule development. In addition, my data
indicated that M. loti assimilated ammonia during the intermediate stages of nodule development.

In Chapter 111, I studied the symbiosis specific expressing operon which was found in my
previous proteomics. | showed for the first time that M. loti synthesizes gibberellic acid (GA)
during symbiosis using enzymes unique to this condition and that synthesized GA maintains an
optimal nodule number and eventually optimizes the amount of nitrogen fixation per nodule. This
finding is the first demonstration that a symbiont-derived hormonal signal regulates the host
nodule number. These results enable us to propose a model of nodule number regulation by
rhizobial GA and suggest that GA synthesis gives an evolutionary advantage for rhizobia in
determinate nodules as it enables indigenous rhizobia to restrain delayed infection by other
rhizobia.

In summary, the findings of the present study revealed that M. loti under symbiosis shows

various responses other than nitrogen fixation and controls the host nodulation.
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