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Chapter 1 GENERAL INTRODUCTION

Symbiosis is a strategy for living organisms to overcome challenges that alone would be
difficult. For plants, nitrogen nutrition is essential for growth. Leguminous plants adapt
to nitrogen-poor soils, by recruiting nitrogen-fixing bacteria into their roots and
accommodating them in de novo symbiotic organs called root nodules. The root nodule
symbiosis is found in plant families belonging to the nitrogen-fixing clade, a
monophyletic group, which consists of four orders: Fagales, Cucurbitales, Rosales, and
Fabales (Soltis et al. 1995) (Fig. 1). Fabaceae (legume) family and non-legume genus
Parasponia, possesses rhizobia as symbiotic partners. Among Fagales, Cucurbitales,
Rosales with the exception of Parasponia, those that engage in nodule symbiosis are
referred to as actinorhizal plants, with Frankia generally known as symbiotic bacteria
(Benson and Silvester 1993) (Fig. 1).

A predisposition for root nodule symbiosis is estimated to have acquired in the
common ancestor of the four orders more than 100 million years ago (Soltis et al. 1995;
Werner et al. 2014) (Fig. 1). However, root nodule symbiosis is found in only 10 of the
28 families in the four orders (Doyle 2011) (Fig. 1). Moreover, most genera in nine of
these 10 families does not form root nodule symbiosis, whereas most legume maintains
root nodule symbiosis (Doyle 2011). Phylogenomics in the nitrogen-fixing clades was
conducted to follow these questions, and suggests that at least eight independent losses
of nodule symbioses have occurred (Griesmann et al. 2018). Therefore, the scattered
distribution of root nodule symbiosis within the nitrogen-fixing clades can be explained
by independent losses after acquisition of root nodule symbiosis. On the other hand, it

remains unclear how most legumes retain root nodule symbiosis compared to species of



other families, and legumes appear to have somehow established an evolutionarily robust
symbiotic system. The phylogenomics also provides a clue of that: OrthoFinder (Emms
and Kelly 2015) did not detect any novel genes associated with evolution of the nitrogen-
fixing clade (Griesmann et al. 2018), which indicates possible co-options of existing gene
and rearrangement of signaling pathways during evolution in the nitrogen-fixing clade.

In general, the process of nodule formation of legumes consists of rhizobial
infection in root epidermis and subsequent primordium formation that occurs in the
underlying layer. Here it is described as to the regulatory system based on the findings
obtained through the model legume, Lotus japonicus (Fig. 2A). In epidermis, lipochitin
oligosaccharide (Nod factor) produced by rhizobia is recognized by the receptors on root-
hair cells of host plants (Broghammer et al. 2012; Madsen et al. 2003; Radutoiu et al.
2003). This allows the deformation and curling of root-hairs and the formation of
infection threads (ITs), plant-derived intracellular tubular structures. After being trapped
by the curling root hairs, rhizobia are taken up through ITs from epidermis into cortex.
The formation of nodule primordium is initiated by cortical cell division below the
infection site in epidermis. Rhizobia then invade the dividing cortical cells. Here,
epidermal infection and developmental program in cortex need to be spatiotemporally
coordinated by host plant. However, how this spatiotemporal synchronization is achieved
remains little understood. In addition, another important question is how, while epidermal
infection system has been developed especially in the legume lineages among the
nitrogen-fixing clade, this system could have been evolutionarily combined with the
developmental system acquired in the nitrogen-fixing clade.

Regarding the molecular mechanisms involved in the epidermal infection,

calcium influx occurs in response to Nod factor in root-hair cells, and periodic calcium



oscillations in nucleus are triggered by CASTOR/POLLUX (Imaizumi-Anraku et al.
2005; Sieberer et al. 2009). The oscillations are decoded by calcium/calmodulin-
dependent protein kinase (CCaMK) (Lévy et al. 2004; Tirichine et al. 2006). CYCLOPS,
a phosphorylation target of CCaMK, activates expression of key transcription factors that
govern downstream responses leading to infection (Cerri et al. 2017; Singh et al. 2014;
Yano et al. 2008) (Fig. 2B). For example, ERF REQUIRED FOR NODULATION 1
(ERNT), whose promoter is a binding target of CYCLOPS (Cerri et al. 2017), is required
for root-hair deformation and subsequent IT formation (Cerri et al. 2012, 2017;
Kawaharada et al. 2017; Middleton et al. 2007; Yano et al. 2017). ern/ mutant reduced
auxin accumulation (Nadzieja et al. 2018), and auxin biosynthesis and signaling in
epidermis are required for epidermal infection (Breakspear et al. 2014; Nadzieja et al.
2018).

A transcription factor NODULE INCEPTION (NIN) plays a central role in the
cortical cell division. NIN is expressed in both epidermis and cortex and is required for
both IT formation in epidermis and cell division in cortex. nin mutant is defective in IT
and primordium formation, and constitutive expression of NI/N induces cortical cell
division (Schauser et al. 1999; Soyano et al. 2013). The NIN promoter contains a
CYCLOPS binding site, a gibberellin response element, and cytokinin response elements,
which are located at 0.7 kb upstream (Singh et al. 2014), 1.2 kb upstream (Akamatsu et
al. 2021), and 15 kb ~ 20 kb upstream (Liu et al. 2019), respectively in L. japonicus. The
spatial expression and function of NIN can be explained by usage of these cis-regulatory
regions: the CY CLOPS binding site is important for IT formation (Akamatsu, Nagae, and
Takeda 2022), and symbiotic mutants daphne (in L. japonicus) or daphne-like (in

Medicago truncatula), lacking the upstream of >7 kb or >4 kb, respectively, display



epidermal ITs but does not produce nodule primordium in cortex (Liu et al. 2019; Yoro et
al. 2014). Application of cytokinin to L. japonicus roots induces NIN expression and
bump formation (Heckmann et al. 2011), and a gain-of-function mutant of a cytokinin
receptor spontaneously produces nodule-like structures (Tirichine et al. 2007). For
gibberellins, its application to legume roots can induce cell division in pericycle
(Kawaguchi et al. 1996), and also induces NIN expression (Akamatsu et al. 2021).
Regarding the mechanisms involved in the coordination of epidermal infection
and cortical development, regulation of callose turnover in plasmodesmata (channel-like
structures that connect neighboring cells and allow cell-to-cell molecular transport in
plant) is involved (Gaudioso-Pedraza et al. 2018). Induction of callose synthesis
suppresses NIN expression in cortex, highlighting the importance of intercellular
communication in the nodulation process. Interestingly, epidermis-specific expression of
early symbiotic genes such as CASTOR/POLLUX is sufficient for nodule formation in
cortex in their corresponding mutants (Hayashi et al. 2014), suggesting that unknown
signals from infected epidermis would induce cortical cell division. Therefore,
identification of the signaling across root tissues during the symbiotic process is important
for understanding the spatiotemporal synchronization of epidermal infection and cortical

development.
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Figure 1. The nitrogen-fixing clade and Nodule symbiosis. Nodule symbiosis is
observed in the nitrogen-fixing clade, which consists of four orders. Fabaceae and
Parasponia (Cannabaceae) have rhizobia as symbiotic partners (green boxes). Among
Fagales, Cucurbitales, Rosales, some have nodule symbiosis with Frankia (a brown box).
Nodule symbiosis is observed only in the 10 families marked in pink. An asterisk

indicates a presumed predisposition that led to the later acquisition of nodule symbiosis.
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Figure 2. Schematic illustration of nodulation process (A) and signaling (B).

(A) Nodule formation consists of two biological events: rhizobial infection in root
epidermis, and subsequent nodule formation with cell division in root cortex. Rhizobia
(pink oval) are trapped by deformed root-hairs, and then taken up from epidermis into

cortex through infection threads (IT; pink line). Cortical cell division occurs just below
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the infected epidermis, and provides an indispensable scaffold for IT progression from
epidermis to cortex. In this context, some kind of unknown signal, generated in the
infected epidermis, trigger cortical cell division (blue arrow). (B) Nod factor produced by
rhizobia is recognized by its receptors NFR1/5 at plasma membrane. CASTOR/POLLUX
is involved in Ca2+ spiking at nucleus. The Ca?" spiking is decoded by CCaMK, which
is subsequently autophosphorylated and phosphorylates CYCLOPS. CYCLOPS

orchestrates gene expression of symbiotic transcription factors, such as NIN and ERN1.



Chapter 2 Auxin methylation by IAMTI, duplicated in the legume

lineage, promotes root nodule development in Lotus japonicus

2.1 Introduction

Legumes develop de novo organs known as root nodules to accommodate symbiotic
bacteria called rhizobia. Nodule formation involves two distinct processes: rhizobial
infection involving host-microbe communication via signaling molecules in root
epidermis, and nodule primordium development accompanied by cell division in root
cortex. In epidermis, rhizobia-derived lipochitin oligosaccharide (Nod factor) binds to
LysM receptor-like kinases (NFR1/5) in host root-hair cells (Broghammer et al. 2012;
Madsen et al. 2003; Radutoiu et al. 2003). This triggers periodic calcium spiking, which
is decoded by CCaMK (Ehrhardt, Wais, and Long 1996; Lévy et al. 2004; Sieberer et al.
2009; Tirichine et al. 2006). CYCLOPS, a direct phosphorylation substrate of CCaMK,
acts as a transcription activator of NIN and ERNI (Cerri et al. 2017; Marsh et al. 2007;
Singh et al. 2014; Yano et al. 2008), which are necessary to form microcolonies in
infection chambers and infection threads (ITs) (Fournier et al. 2015; Kawaharada et al.
2017; Middleton et al. 2007; Schauser et al. 1999; Yano et al. 2017).

Cortical cell division, which occurs just below the site of rhizobial infection in
epidermis, is required for primordium development. Phytohormones are important for
cortical cell division. Exogenous cytokinin application induces ectopic cortical cell
division (Heckmann et al. 2011). Some cytokinin receptor genes, such as Lotus histidine
kinase (LHK), are induced in dividing cortical cells upon rhizobial infection (Held et al.

2014). Gain-of-function LHKI1 causes spontaneous nodulation (Tirichine et al. 2007).



Loss-of-function or knockdown of LHK or the homologous gene, Medicago truncatula
CRE1, inhibits nodulation (Gonzalez-Rizzo, Crespi, and Frugier 2006; Murray et al.
2007). Cortical cell division also provides an indispensable scaffold for IT progression
from epidermis to cortex (Suzaki et al. 2014), and rhizobia are released from intracellular
ITs ramified in nodule primordia, leading to successful nodule organogenesis. Recently,
it has been reported that symplastic communication by callose turnover at plasmodesmata
is important for coordinating epidermal infection and nodule development (Gaudioso-
Pedraza et al. 2018). These findings suggest that spatiotemporal coordination across
epidermis and cortex is essential for this symbiotic organogenesis. Epidermal expression
of genes required for calcium spiking, such as CASTOR and POLLUX (DOES NOT
MAKE INFECTIONS1 (DMI1) in Medicago) (Ané et al. 2004; Imaizumi-Anraku et al.
2005), NUPS5 (Saito et al. 2007), and NUP133 (Kanamori et al. 2006), is sufficient for
nodule formation (Hayashi et al. 2014), suggesting that some kind of signals generated in
epidermis trigger cortical cell division. However, little is known about the mechanism
that coordinates these two events.

Among various symbiotic mutants of L. japonicus, daphne is an intriguing non-
nodulation mutant in which epidermal infection is uncoupled from cortical cell division
(Yoro et al. 2014). In daphne, excess ITs are formed in the epidermis, but cortical cell
division is not activated. The daphne mutation is a chromosome translocation 7 kb
upstream of the NIN start codon, resulting in a lack of NIN expression in cortex, but not
in epidermis. NIN expression is involved in both epidermal IT formation and initiation of
cortical cell division (Marsh et al. 2007; Schauser et al. 1999; Soyano et al. 2013), and
the regulatory nucleotide sequences for NIN expression differ between root tissues (Liu

etal. 2019; Yoro et al. 2014). CYC-box, the CYCLOPS binding site, in the N/N promoter



is sufficient for IT formation. CE, Cytokinin response element, in the NIN promoter is
required for nodule formation in Medicago (Liu et al. 2019). Cortical NIN not only
induces cortical cell division, but also represses excessive infection in epidermis, and a
lack of cortical NIN expression causes the daphne phenotype (Yoro et al. 2014). Therefore,
in daphne, signals derived from infection in epidermis should be overproduced, and
signals after cortical NIN-derived cell division should be reduced. On the other hand,
signals that are not reflected in the daphne phenotype, including those that induce cortical
cell division upstream or independent of cortical N/N and derived from epidermal
infection, may be overproduced in daphne. Therefore, use of daphne to explore
transcriptional profiles may allow me to uncover genes and factors that coordinate these
two events, in addition to the molecular mechanisms of epidermal infection and cortical
cell division.

Here, I conducted a time-course transcriptome analysis of daphne, and identified
genes that showed different expression patterns in daphne and wild type (WT). Among
these genes, 1 found /A4 CARBOXYL METHYLTRANSFERASE 1 (IAMTI), which
encodes the enzyme that specifically converts auxin (indole acetic acid, [AA) into methyl-
IAA (MelAA) (D’Auria, Chen, and Pichersky 2003; Takubo et al. 2020; Zubieta et al.
2003). IAMT1 is essential for shoot development and differential growth in Arabidopsis
thaliana, a non-symbiotic plant (Abbas et al. 2018; Qin et al. 2005), but as far as [ know,
there have been no reports on detailed expression and function analysis of JAMT1 in roots.
In this study, I found that JAMT1] is duplicated in the legume lineage, and one of the
duplicates (named /AMT1a) is mainly expressed in epidermis, whereas reverse genetic
analysis showed that /JAMT1a is crucial for nodule development, rather than for epidermal

infection. A significant MelAA increase after rhizobial infection was detected by using
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daphne roots. Furthermore, expression of NIN in WT roots increased after MelAA
treatment, in contrast to IAA treatment. Based on these findings, herein I discuss how
MelAA properties differ from those of IAA and how MelAA may be a signaling molecule

that links different events in epidermis and cortex.

2.2 Results

Time-course transcriptome analysis of L. japonicus MG-20 and daphne.

I performed time-course RNA sequencing on L. japonicus WT MG-20 and daphne at
early time points after rhizobial inoculation. I set 4 time-points (0 Days After Inoculation
[DAI] (non-inoculation), 1, 2, and 3 DAIL): At 1 and 2 DAI, root hair deformation and
microcolony entrapment were observed. At 3 DAI, infection threads (ITs) were observed
in root epidermis and cortical cell division occurred in WT, while no cortical cell division
was observed in daphne, despite excessive I'T formation.

To identify significant differentially expressed genes (DEGs) for time-course,
maSigPro (Nueda, Tarazona, and Conesa 2014) was used. The time-course differential
expression patterns were extracted by comparing the patterns in WT with those in daphne.
Using a false discovery rate < (.05 as a cut-off, 4,871 genes were classified as time-course
DEGs. Hierarchical clustering of time-course DEGs that changed >2-fold (1,076 genes)
revealed four subgroups, based upon expression patterns (Fig. 3A): In Cluster 1 (473
genes), transcript levels increased at 1 DAI in WT, but increased to a greater extent and
more persistently in daphne (Fig. 3B). In Cluster 11 (204 genes), transcription was
activated at 1 DAI in daphne, whereas in WT, transcription was unchanged or attenuated

(Fig. 3B). Cluster III included 222 genes that were more highly up-regulated in WT than

11



daphne (Fig. 3B). Cluster IV grouped 177 genes that displayed temporal up-regulation in
WT, but for which expression was not altered in daphne (Fig. 3B). For example, genes
associated with infection events in epidermis, such as genes involved in IT formation
and/or that act from infected epidermis to cortex, may be included in Clusters I and III,
which show increased expression in WT. In addition, genes associated with excessive
infection in daphne are most likely to be included in Cluster I. On the contrary, genes that
positively regulate nodule primordium formation and/or act repressively from cortex to
epidermal infection can be included in Cluster IV, where no induction of expression

occurs in daphne.

Phylogenetic analysis and expression of L. japonicus indole-3-acetic acid carboxyl
methyltransferase 1

Lj2g3v3222870 was one of the most differentially expressed DEGs in Cluster I (p = 3.97
* 107). A phylogenetic tree showed that Lj2g3v3222870 is included in the IAMT]1
(Indole-3-acetic acid carboxyl methyltransferase 1) clade of the SABATH family, which
comprises a group of small-molecule methyltransferases (Fig. 4B). IJAMT1 encodes an
enzyme that specifically converts IAA into its methyl ester (D’ Auria et al. 2003; Takubo
et al. 2020; Zubieta et al. 2003) (Fig. 4A), and unlike other SABATHSs, it has an amino
acid substitution (Trp-256 to Gly-256 in AtIAMT]1) that is required for recognition and
binding of the IAA indole ring (Zhao et al. 2008; Zubieta et al. 2003). This amino acid
substitution was also confirmed in Lj2g3v3222870 (Fig. 5). Based on this feature and its
phylogenetic relationship, I conclude that 1j2g3v3222870 is an ortholog of A. thaliana
IAMTI1. A BLASTP search identified another /IAMTI gene (Lj6g3v0819010) in L.

Jjaponicus; hence, the two LjIAMTI genes (Lj2g3v3222870 and Lj6g3v0819010) were
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named LjIAMTIa and LjIAMTIb respectively. An analysis of a phylogenetic tree of
IAMTT proteins from various plant species suggested that the gene duplication of JAMT1
occurred in the common ancestor of legumes (Fig. 4C).

Although both LjIAMTI1a and LjIAMT1b share highly a conserved sequence
containing the amino acid substitution characteristic of IAMT1 (Fig. 5), IAMT1a but not
IAMTI1b was differentially expressed in time-course RNA-seq as well as quantitative
reverse transcription polymerase chain reaction (QRT-PCR) (Fig. 4D, 6, and 7). Despite
highly conserved similarity in the legume lineage, the mRNA abundance of IAMTla in
roots estimated from RNA-seq data was approximately 100 times higher than that of

IAMT1b (Fig. 4D).

IAMT1I1a expression pattern in the early infection stage

To determine the genetic dependency of transcriptional changes in IAMTla, we
conducted time-course qRT-PCR experiments on a series of symbiotic mutants after
rhizobial infection. In a nirn null mutant (nin-9), as well as in daphne, IAMTIa was
induced more highly and continuously than in WT (Fig. 6). This indicates that NIN is at
least unnecessary for induction of /AMTIa expression. In contrast, /AMTIa was not
induced in ccamk-14 or ernl-6 (Fig. 6), indicating that /JAMT1a is induced downstream
of CCaMK and ERNI on the symbiotic pathway.

To identify the expression site of /AMTIla during early rhizobial infection, I
performed a histochemical analysis. GUS signals driven by the 2.9 kbp /AMT1a promoter
in the WT background were detected in the rhizobia-susceptible region at 2 DAI. (Fig.
8B and 8H). Expression of prolAMTIa:tripleYFP-nls was observed in root epidermis of

the susceptible region at the same time (Fig. 81). However, the GUS signal was attenuated
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after epidermal ITs were formed (Fig. 8C, 8D and 8J). These changes in /JAMT1a promoter
activity were consistent with transient increases in its mMRNA levels in WT as detected by
RNA-seq and qRT-PCR (Fig. 4D and 6). In contrast, in the daphne background, the
susceptible window remains open (Yoro et al. 2014), and GUS signals were detected in
the broader root region after inoculation (Fig. 8F and 8G). Interestingly, GUS signals were
detected in the region in which epidermal IT formation was observed in daphne (Fig. 8K).
These patterns are consistent with persistent increases in its mRNA levels in daphne (Fig.

4D and 6).

IAMTI1a knockdown affected cortical events, but not epidermal infection

To examine involvement of /AMT1a in nodulation, I performed RNAi knockdown (KD)
analysis of /AMTIla in L. japonicus. 1 prepared three constructs for knockdown that
targeted different sequences (5° UTR or coding sequence). IAMTIa and IAMTIb
expression levels were analyzed in roots with real-time RT-PCR, 3 weeks after
inoculation. In roots transformed with RNAi constructs, /AMT1a transcription levels were
reduced to less than half of controls (10* < p < 10?) (Fig. 9). Transcription levels of
IAMTIb also tended to decrease (0.2 < p < 0.4) (Fig. 9). On average, IAMTIa-RNAi-2
reduced IAMT1a transcripts to 10% of control levels. IAMTIa-RNAi-2 was the most
effective for decreasing JAMTa transcripts, but JAMT1a-RNAi-2 had the weakest effect
on reducing IAMT1b transcripts (Fig. 9). When the number of nodules was measured 3
weeks after inoculation, the number of nodules decreased significantly in hairy roots
transformed with JAMT1a-RNA1 vectors (Fig. 10). Nodules were not observed in 21-33%
of plants with hairy roots harboring /JAMT1a-RNAI1 vectors, although nodules formed in

all controls (Fig. 10). /AMT1a-RNA1 also significantly inhibited formation of nodule
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primordia at 7 DAI (Fig. 11A). Interestingly, in /AMTIa-RNAi hairy roots without
nodules, I'Ts wandered in epidermis, but did not enter the cortex (Fig. 11B). This is similar
to the symbiotic phenotype of L. japonicus vagl and daphne mutants (Suzaki et al. 2014;
Yoro et al. 2014).

IAMTI1a-RNAIi seemed not to affect epidermal infection of rhizobia in WT (Fig.
11C). To further confirm this, I performed /AMT1a-RNA1 using a daphne non-nodulating
mutant, which has excessive ITs due to deficient negative feedback by cortical NIN. As a
result, excessive ITs of daphne were kept in IAMTIa-RNA1 hairy roots 2 weeks after
inoculation without reduction (Fig. 11C). These suggested that /AMT1a contributes more
to cortical events than to epidermal infection.

To assess IAMT]a function in nodule development, I performed /AMT1a-RNAi
in the absence of rhizobia, using spontaneous nodule formation (snf) mutants such as
constitutively expressing a gain-of-function CCaMK™%P (snfi-like) (Tirichine et al.
2006; Yano et al. 2008) or a gain-of-function LHK1 cytokinin receptor (snf2) (Tirichine
et al. 2007). IAMTI1a-RNA1 inhibited spontaneous nodulation in snf7-like (Fig. 12). This
indicated that JAMT1a acts downstream of CCaMK, consistent with the fact that IJAMTIa
expression was not induced in the ccamk mutant after rhizobial inoculation (Fig. 6). On
the other hand, JAMT1a-RNA1 did not affect spontaneous bump formation in snf2 mutant
(Fig. 12). This indicates that the function of IAMTIa is not under control of LHKI-

mediated cytokinin signaling in nodule development.

Overexpression of JAMTI1a promoted nodulation in tm/-4 mutant
To investigate whether JAMT1a positively regulates nodule development, I overexpressed

IAMTIla. IAMTIa overexpression had no effect on nodule number in WT (Fig. 13).

15



However, in tml-4 mutants, which produce excessive ITs and nodules due to lack of
autoregulation of nodulation (AON) (Magori et al. 2009; Takahara et al. 2013), an
increased number of nodules was observed in overexpressed IAMTIa (Fig. 13). In
addition, I confirmed the correlation between expression levels of JAMTIa and nodule
number (Fig. 14). These results show that /AMTla is a positive regulator of nodule

development.

Involvement of auxin methylation in nodule development

To clarify the presence of endogenous MelAA during nodulation, I tried to detect MelAA
before and after rhizobial infection. Identification of endogenous MelAA is generally
difficult, because the amount of MelA A is much less than that of [AA (Abbas et al. 2018).
Therefore, 1 used daphne, in which rhizobial infection and accumulation of IAMTIa
transcripts were enhanced (Fig. 4D and 6). The use of daphne could facilitate the capture
of quantitative change of MelAA during nodulation. First, I confirmed that
overexpression of /AMTIa in hairy roots increased MelAA levels (Fig. 15A). Then I
detected the critical MelAA peak especially in infected roots of daphne at 2 DAI (Fig.
16). I measured amounts of IAA and MelAA at 0 DAI (non-inoculation) and 2 DAI in
WT and daphne. Although no significant change in the amount of IAA or MelAA could
be detected in WT before or after rhizobial infection, a significant MelAA increase after
rhizobial infection was detected in daphne (Fig. 17A). Furthermore, I performed
constitutive expression of MES!7, which encodes the enzyme that converts MelAA to
IAA (Fig. 17B) (Yang et al. 2008), to counteract the catalytic function of /JAMT]a during
nodulation. Constitutive expression of Lj2g3v2171910, a gene homologous to 4. thaliana

MESI7 (Fig. 18), resulted in a statistically significant decrease in MelAA levels and
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nodule number compared to WT (Fig. 15B and 17C). These data indicate the importance
of auxin methylation in nodule development. Furthermore, to gain insight into the role of
auxin methylation, I tested the effect of exogeneous MelAA on NIN expression. NIN is a
key transcription factor of cortical cell division for nodule development (Soyano et al.
2013). Treatment with IAA did not induce NIN expression in L. japonicus roots (Fig.
17D), consistent with findings of Soyano et al. (2019) (Soyano et al. 2019). However,
treatment with MelAA did induce NIN expression (Fig. 17D). This induction of
expression was not detected in daphne (Fig. 17E), suggesting that MelAA affects cortical
NIN expression. Finally, NIN expression was induced at 7 DAI in hairy roots harboring
control vectors, but was poorly induced in hairy roots harboring I4AMTIa-RNAi
constructs (Fig. 17F). These findings indicate that auxin methylation by /IAMTIa is

involved in nodule development by affecting NIN expression.

2.3 Discussion

IAMTI has been characterized as a gene encoding carboxy methyltransferase, which
specifically converts IAA to MelAA in vitro (D’Auria et al. 2003; Takubo et al. 2020;
Zubieta et al. 2003). In A. thaliana, a non-symbiotic plant, IJAMT] participates in MelAA
biosynthesis in vivo (Abbas et al. 2018), and in shoot development and differential growth
(Abbas et al. 2018; Qin et al. 2005). On the other hand, the function of JAMTI in roots is
unknown. This study demonstrates that L. japonicus IAMTI functions in root nodule
development. I found an IAMTI gene duplication in the Fabaceae linecage and
characterized one of two IAMTI genes, named /AMT1a, induced in roots after rhizobial

infection, as a positive regulator of nodule development. Notably, I identified the increase
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of MelAA in roots after rhizobial infection using daphne (Fig. 17A). Because MelAA is
much less abundant than TAA (Abbas et al. 2018), a quantitative change of endogenous
MelAA in biological processes has not been reported. In this study, however, the use of
daphne allowed me to detect for the first time, a significant increase of MelAA levels
associated with induction of /JAMTa expression mediated by rhizobial infection.

I documented induction of /AMT1a expression in nodulation using time-course
RNA-seq in early symbiotic stages using daphne. IAMT1a is one of the most significant
genes in a cluster of DEGs that are transiently induced in WT roots, but continuously and
more strongly expressed in daphne roots after rhizobial infection (Fig. 3B). Consistent
with changes of IAMTIa transcript levels detected using RNA-seq and qRT-PCR, upon
epidermal infection, /AMTIla promoter activity is transiently observed in a local
infectable region, but not throughout entire roots in WT, whereas it is persistently
observed in wide regions of daphne roots (Fig. 4D, 6, and 8). daphne lacks the promoter
region of NIN expression in cortex (Yoro et al. 2014), and the nin null mutant shows
persistent expression of IAMTIla, as well as in daphne (Fig. 6), suggesting that
characteristic spatiotemporal expression patterns of /JAMT1a in daphne result from a lack
of cortical NIN. Cortical NIN provides negative feedback and suppresses persistent,
widespread epidermal infection (Liu et al. 2019; Suzaki et al. 2014; Yoro, Suzaki, and
Kawaguchi 2019). Early nodulin 11 is extensively expressed in Mtnin-1 mutant (Marsh
et al. 2007). Given this evidence, /AMT1a expression is probably under negative feedback
control by cortical NIN.

A BLAST search of legumes and phylogenetically closely related non-legumes
showed that legumes have two [AMTI genes, and a phylogenetic tree suggested

that [AMT1a and IAMTI1b genes originated from /AMTI duplication in the common
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ancestor of legumes (Fig. 4C). IAMT1b, which shares 90% amino acid sequence identity
with IAMT1a, also has a conserved amino acid sequence for the auxin-binding pocket
(Fig. 5). Although it is assumed that both have the same molecular function, mRNA levels
of IAMTIa are approximately 400-fold higher than those of JAMT1b in inoculated roots
(Fig. 4D). IAMTIa, but not IAMT1b, is induced after rhizobial infection (Fig. 4D, 6, and
7). The reason for JAMTIa's involvement in nodule symbiosis and not JAMT1b's may lie
in the IAMTI1a locus. Recently, the existence of genomic clusters, termed symbiotic
islands, where symbiotic genes are concentrated, has been found in Medicago (Pecrix et
al. 2018). The clustering of symbiotic genes is likely to contribute to coordinated gene
regulation in nodule symbiosis, as genes with coordinated expression tend to be linked
by location on the genome in eukaryotes (Hurst, Pal, and Lercher 2004). In the L.
japonicus MG-20 ecotype, IAMTIa is located on chromosome 2 while /AMT1b is on
chromosome 6. In the case of Gifu ecotype, IAMT1a is located on chromosome 1. There
is a translocation between chromosome 2 of MG-20 and chromosome 1 of Gifu (Hayashi
et al. 2001), where some symbiotic genes, such as NIN, NUPI133, and NFRI are
concentrated (Sandal et al. 2006). Therefore, the IAMT1a locus may be attractive for
involvement in nodule symbiosis. The establishment of a new gene locus through a gene
duplication in /[AMTI may contribute to auxin methylation in nodule symbiosis.
Considering that Arabidopsis IAMT] is required for development and differential growth
in shoots, and that its functions in leaf development and gravitropic reorientation in
hypocotyls (Abbas et al. 2018; Qin et al. 2005), JAMT1b may have inherited the function
of IAMT1 in shoots of non-legumes.

Auxin is involved in various processes in nodule symbiosis. During early

infection stages, auxin biosynthesis occurs in epidermis, and auxin signaling has been
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observed in infected epidermis (Nadzieja et al. 2018). Auxin response factor (ARF) 16a
participates in I'T formation (Breakspear et al. 2014). During the post-cortical cell division
stage, LjYUCCAI/MtYUCS and LjYUCCAI1I/MtYUC2, encoding auxin biosynthetic
enzymes, are expressed (Schiessl et al. 2019; Shrestha et al. 2020), and these are
downstream factors of SHORT INTERNODES /STYLISH (STY), required for nodule
emergence (Shrestha et al. 2020). GmYUC2a is induced after rhizobial infection and is
involved in nodule formation (Wang et al. 2019). Post-transcriptional control via miR 160
regulates ARF'10/16/17 in soybean (Nizampatnam et al. 2015) and Medicago (Bustos-
Sanmamed et al. 2013) in nodule developmental stages.

Considering that auxin biosynthesis occurs in epidermis during early stages of
infection, auxin accumulation in epidermis may provide a substrate for IAMT]1a in vivo.
As evidence to support this, MelAA levels showed an increasing trend in WT and were
significantly elevated in daphne due to rhizobial infection (Fig. 17A), where IAMTla is
extensively expressed (Fig. 8F). In the beginning, I assumed the involvement of IJAMTIa
in epidermal events, such as IT formation. However, unexpectedly, /AMTIa knockdown
had no effect on I'T number, but inhibited nodule and primordium development involving
cortical infection (Fig. 10 and 11). These findings indicate that /JAMTIa is involved in
cortical events for nodule development. Consistent with this result, spontaneous
nodulation with constitutive expression of CCaMK™%P (a gain-of-function type of
CCaMK (Tirichine et al. 2006; Yano et al. 2008)) was inhibited by /JAMT1a-KD (Fig. 12).
Since the ccamk mutant shows no induction of /JAMTIa expression after infection (Fig.
6), IAMTIa is positioned as a downstream factor of CCaMK. On the other hand,
spontaneous nodulation in the snf2 mutant (a gain-of-function mutant of LHK (Tirichine

et al. 2007)) was not significantly inhibited by /AMT1a-KD (Fig. 12). Given that LHK!
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expression in cortex, but not epidermis is sufficient to restore bump formation in /hkl
mutants in the absence of rhizobial infection (Miri et al. 2019), although LHKI 1is
expressed in epidermis and cortex (Held et al. 2014), /[AMTa can act either in parallel
with or upstream of cytokinin signaling via LHK in cortex.

A. thaliana MES17 has been identified as a MelAA esterase in vitro (Yang et al.
2008). Constitutive expression of the homolog in L. japonicus decreased endogenous
MelAA levels and nodule number (Fig. 15B and 17C). Nodule development was inhibited
by IAMTIa knockdown (Fig. 10) and further enhanced by its overexpression in tm/
background (Fig. 13 and 14). These results show that auxin methylation is an important
process during nodule development. It is interesting to note that MelAA has different
properties from those of IAA. Soyano et al. (2019) found that expression of NIN is not
induced by exogeneous [AA in L. japonicus (Soyano et al. 2019), and the present work
confirmed that finding (Fig. 17D). In contrast, exogeneous MelAA does induce NIN
expression (Fig. 17D). Expression induction does not occur in daphne (Fig. 17E), which
lacks the promoter region for cortical NIN expression, and /AMT1a knockdown inhibited
NIN expression during the nodule developmental stage (Fig. 17F), suggesting that MelAA
contributes to induction of cortical NIN expression for nodule development.

Results of these experiments suggest that auxin methylation is not simply due to
alteration of auxin homeostasis, and suggest following hypotheses. First, in intracellular
signaling, MelAA is a probable signaling molecule distinct from [AA. Since the IAA
receptor, TIR1, recognizes the carboxyl group of IAA (Tan et al. 2007), MelAA is not
likely to be recognized by TIR1, which supports my hypothesis. Second, in intercellular
signaling, MelAA could have different mobility characteristics, as previous studies have

noted (Li et al. 2008; Qin et al. 2005). MelAA is a nonpolar molecule, unlike auxin and
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other auxin conjugates. In general, non-polar molecules can penetrate cell membranes,
but molecules such as ABA and glycerol, move via transporters. MelAA rescues a part of
phenotype of Arabidopsis auxl mutant (Li et al. 2008), suggesting that MelAA can
traverse the membrane or that it moves via the AUX1-independent influx system into
cells, where it may work as a donor of [AA. During nodule development, it may be that
MelAA moves from epidermis into cortex and induces cortical NIN. MelAA could
migrate from epidermis to cortex, and be hydrolyzed in the cortex to produce 1AA.
Investigating this possibility and whether IAA can induce NIN in cortex are interesting
issues for future research. Cortical cell division just below the epidermal cells infected
with rhizobia is essential for symbiotic nodule formation. An analysis of auxin
methylation and MelA A function should open a new avenue for understanding the linkage

between infection and development in nodule symbiosis.

2.4 Materials and Methods

Plant material and growth conditions

L. japonicus Miyakojima MG-20 ecotype (Kawaguchi 2000) was used as WT and the
common genetic background for the following mutants: ccamk-14 (Suzaki et al. 2019),
daphne, ernl-6, nin-9, snf2, and tml-4 (Miyazawa et al. 2010; Suzaki et al. 2012; Takahara
et al. 2013; Yano et al. 2017; Yoro et al. 2014). 3-day-old seedlings were transferred to
culture vessels containing sterilized vermiculite with B&D medium (Broughton and
Dilworth 1971) and grown for 3 days for adaptation. Plants were then inoculated with
Mesorhizobium loti MAFF303099 (DsRed-labeled for microscopic observation;

(Maekawa et al. 2009)) suspended in B&D medium.
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Time-course RNA sequencing

Roots of WT and daphne cultured without (0 DAI) or with inoculation (1, 2, and 3 DAI)
were harvested. Total RNA was isolated using RNeasy Plant Mini Kit (QIAGEN) and
with DNA removed by treatment with DNase (QIAGEN). Three independent biological
replicates (each with n = 20 roots) were included for each time point. RNA-seq libraries
were prepared using NEBNext Ultra II RNA Library Prep Kit for [llumina (NEB) and
NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB). Libraries were sequenced
using an [llumina Hiseq 2000 and generated 66-bp single-end reads.

All RNA-seq reads were qualified by FastQC (ver. 0.11.3) and adapter trimmed
with Trimomatic (ver. 0.33, options: CROP:66 LEADING:30 TRAILING:30
SLIDINGWINDOW:4:15 MINLEN:36). Trimmed reads were mapped to the MG-20
genome (Lj3.0 gene models) using Tophat2 (v2.1.0). The number of reads was calculated
using HTseq (ver. 0.6.0), and was normalized using the trimmed Mean of M-values
method in edgeR. Time-course DEGs were extracted using maSigPro.

The raw reads have been deposited in the DDBJ Sequence Read Archive (DRA)

under accession number DRAO013121.

Alignment and Phylogenetic tree construction

Alignment of sequences retrieved from the NCBI genome database and Phytozome v12

(https://phytozome.jgi.doe.gov/pz/portal.html), was performed using Clustal X. Poorly
aligned regions were automatically removed by trimAl (Capella-Gutiérrez, Silla-
Martinez, and Gabaldon 2009). Phylogenetic trees were estimated by the maximum

likelihood method and constructed using the trimmed amino-acid sequence and IQ-TREE
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(Nguyen et al. 2015). ModelFinder (Kalyaanamoorthy et al. 2017) was used for model

selection.

Expression analysis

Primers used for qPCR are listed in Table 1. Roots were harvested for RNA extraction
using PureLink Plant RNA reagents (Invitrogen). After treatment with DNase I (Takara)
to remove genomic DNA, cDNA was synthesized from < 0.1 pg of RNA using ReverTra
Ace qPCR RT Master Mix (Toyobo). Quantitative PCR was performed with Thunderbird
SYBR qPCR Mix (Toyobo) on a Roche LightCycler 96 system (Roche) according to the

manufacturer’s protocol. Expression of LjUBQ was used as a reference.

Plasmid construction and Transformation
To effect knockdown (KD), overexpression (OX), and promoter-GUS reporter assay of
LjlAMTla (Lj2g3v3222870), partial-length or full-length cDNA and 2.9 kbp upstream
sequence were amplified by PCR with primers containing an extra 5'-CACC sequence
and cloned into the pENTR/D-TOPO vector (Invitrogen). The coding sequence of
LiMES17 (Lj2g3v2171910) was cloned as well. The primers are listed in Table 1. Entry
vectors were recombined into modified Gateway binary vectors proLjUBQ:GWS-GFP,
proLjUBQ:GW-GFP, or pMDC162-GFP.

Transgenic hairy roots were induced using Agrobacterium rhizogenes AR1193.
MG-20 4-day-old seedlings (grown for 3 days in the dark and for 1 day in 16 h light/8 h
dark, 24°C) were cut off below the hypocotyls while immersed in 4. rhizogenes
suspension carrying the corresponding vectors. These were co-cultivated in 1/2 strength

B35 medium (Wako) including 0.02 g L' sucrose, 0.5 g L' MES, and 0.9% agar at 24 °C
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in the dark for 3 days, and were transferred to hairy root induction medium (B5 medium
with 1% sucrose, Gamborg B5 vitamins solution, 0.5 g L' MES, 12.5 pg mL’!
meropenem (Sumitomo Pharmaceuticals), and 0.9% agar) for 10-14 days in 16 h light/8
h dark, 24°C. Plants with transgenic hairy roots were inoculated with rhizobia 3-5 days

after transfer to vermiculite.

Microscopy
Bright-field and fluorescence microscopy were performed with a BXS50 upright
microscope (Olympus) or with an AIR confocal microscope (Nikon). Images were

acquired and analyzed using DP Controller (Olympus), NIS Elements (Nikon).

Histochemical analysis

Hairy roots of WT and daphne were transformed with the B-glucoronidase (GUS)-
reporter gene fused to the JAMT1a promoter. Roots were incubated in the histochemical
GUS staining solution (100 mM NaPOs (pH 7.0), 0.5 mg mL™"' 5-bromo-4-chloro-3-
indolyl-B-glucuronic acid, 2 mM K4Fe(CN)s, 2 mM K3Fe(CN)s, and 0.1% Triton X-100)

for < 60 min at 37 °C after 10 min vacuum filtration.

Quantification of IAA and MelAA

Forty roots were harvested in each biological replicate of WT and daphne. For preparation
of plant extracts, frozen plant material was dissolved in 400 puL of 80% MeOH containing
60 pmol [*Hs]-MelAA in a tube, pulverized using a Multibead shocker (Yasui kikai) for
2 min at 1500 rpm and 4 °C. After centrifugation for 3 min at 13,000 rpm and 4 °C, 300

pL of the supernatant were transferred to another tube. Then 300 puL of hexane were added.
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After vortexing and centrifugation at 15,000 rpm for 5 min, the lower layer was collected,
dried using a centrifugal evaporator, and dissolved in 20 pL of 80% MeOH after
centrifugal evaporation. Mass spectroscopy analysis was performed using a Triple TOF
5600 mass spectrometer (AB SCIEX), coupled with a micro 200 LC system (SCIEX).
Metabolites were separated using a HALO fused Cis column (500 um id X 5 ¢cm, 2.7 um
particles) with gradient elution of mobile phase A (0.5% formic acid/H>O) and mobile
phase B (methanol) (0 min: 5% B; 10 min: 95% B; 13 min: 95% B) at an eluent flow rate
of 25 puL/min and RT. The mass spectrometer was operated in ESI positive-mode
ionization with Multiple Reaction Monitoring (MRM). MRM transitions are m/z 190.1 to
130.106 for MelAA, m/z 176.2 to 130.06 for IAA and m/z 195.1 to 135.11 for [?Hs]-
MelAA. Source parameters are curtain gas, 25psi; spray voltage, 5.5 kV; temperature,

550°C; ion source gas 1, 25psi; ion source gas 2, 35psi.

Application of MeIAA and IAA

With reference to Yang et al. (2008) (Yang et al. 2008), MelAA and IAA dissolved in 95%
ethanol were diluted 1:1,000 in medium to a final concentration of 107 M. 5-day-old
seedlings transferred to beakers containing either MelAA or IAA were incubated at RT in
dark, based on Murray et al. (2007) (Murray et al. 2007). After 24 h, roots were harvested

to analyze gene expression.

26
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oy

Cluster | Cluster Il
= [20 .
o daphne 20
g |15 15
A Expression levels (z-score) :ﬁ 1.0 1.0 .’.“.\odaphne
o | 05 0.5
o |00 0.0
L |05 WT 05
S |10 40 S ~o—e—eo WT
& 15 15
)
5 [0 20
X5 0 1 2 3 DAL 0 1 2 3 DAL
Cluster llI Cluster IV
o |20 2.0
o WT
S |15 15
P
N 1.0 1.0 /*QWT
o |05 daphne 0.5
Q |00 0.0
ﬁ 05 05
S |10 40 @—e—e—8daphne
é 15 15
S 20
M 0 1 2 3 DAL 0 1 2 3 DAL

Figure 3. Time-course RNA-seq in WT and daphne. (A) Classification of DEGs with

fold change > 2 (1181 genes) into four subgroups (I to IV) by hierarchical clustering. (B)

Expression modules of genes with significant differences between WT (black line) and

daphne (orange line) during early infection. Each dot in each cluster represents an average

value.

27



| o

=

IAMT1

————————

Tree scale: 0.1 —

C

Tree scale: 0.1

Figure 4. Expression patterns of two IAMT]1 genes in L. japonicus and phylogenetic
trees containing these genes. (A) 4. thaliana IAMT]1 specifically converts [AA into
MelAA in vitro (D’Auria et al. 2003; Takubo et al. 2020; Zubieta et al. 2003). (B)

Phylogenetic tree of 4. thaliana carboxyl methyltransferases in the SABATH family,

(methyltransferase)

| ==
S

Iz

Me-IAA

AT1G15125
AT1G68040
CIMT1
AT5G37970
AT5G38100
AT5G38780
AT1G66720
PXMT1
AT3G44840
AT3G44870
FAMT
GAMT1
GAMT2

Lj293v3222870
IMT

AT4G36470
SAMT1
AT3G21950
AT5G38020
AT5G04380
AT5G66430
BSMT1
NAMT1

O

OCHg 800

Lj2g3v3222870.1
(IAMT1a; DEG)

700

mRNA abundance

600
500
400
300
200
100
-

0 DAL

1DAI.  2DAI. 3 DAL
Lj6g3v0819010.1

(IAMT1b; non-DEG)

4.0
3.5
3.0

mRNA abundance

Naea

Oryza_sativa_XP_015636829.1_LOC_0Os04g56950.1

AtAMT1

Fragaria_) “Vesca_XP_004294422.1

Malus_domestica_RXH82795.1_MDP0000207554
Malus_domestica_XP_008364459.1_MDP0000290695
Prunus_persica_XP_007211413.1_Prupe.4G223700.1
Prunus_persica_ONI13302.1_Prupe.4G214300.1
Prunus_persica_XP_007221180.1_Prupe.4G223900.1
Prunus_persica_XP_007211410.1_Prupe.2G265900.1

Juglans_regia_XP_018810581.1
Juglans_regia_XP_018822430.1

Momordica_charantia_XP_022139710.1

Cucumis_melo_XP_008447710.1
Cucumis_sativus_XP_004151408.1

Lupinus_angustifolius_XP_019418327.1
Arachis_duranensis_XP_015948323.1

Arachis_ipaensis_XP_016173910.1

Lotus_japonicus_Lj6g3v0819010.1/IAMT1b
Medicago_truncatula_XP_013459902.1_Medtr3g054330.1

Cicer_arietinum_XP_004500113.1

Glycine_max_XP_003551758.1_Glyma.18G089800.1

Cajanus_cajan_XP_020230611.1

Phaseolus_vulgaris_XP_007146531.1_Phvul.006G048600.1

Vigna_angularis_XP_017435670.1
Vigna_radiata_XP_014517253.1

Lotus_japonicus_Lj2g3v3222870.1/IAMT1a
Lupinus_angustifolius_XP_019459735.1
Arachis_duranensis_XP_015973029.1

Arachis_ipaensis_XP_016163988.1

Medicago_truncatula_XP_003600145.1_Medtr3g052700.1
Medicago_truncatula_XP_003617647.1_Medtr5g093900.1

Cajanus_cajan_XP_020224326.1

Glycine_max_XP_003518536.1_Glyma.02G295300.1
Glycine_max_XP_003544750.2_Glyma.14G018100.1

0.0
O0DAI.  1DAL.  2DAI. 3 DAL
_XP_004244085.1_Solyc07g064990.2.1
_XP_004251920.1_Solyc129014500.1.1
mrna03485.1-v1.0-hybrid
Cucsa.056520.1

> g

= 5!

a2 @
ul (o

(e ) -
o
QO
o
8

> ]

<

—

N

Q0

Phaseolus_vulgaris_XP_007142346.1_Phvul.008G272800.1

Vigna_angularis_XP_017429513.1
Vigna_radiata_XP_014504045.1

28




including OsIAMT1 (Zhao et al. 2008), and Lj2g3v3222870. (C) Fabaceae lineage-
specific duplication of JAMT1. An asterisk indicates the duplication in the Fabaceae. (D)
Lj2¢3v3222870 (LjIAMTla), but not Lj6g3v0819010 (LjIAMTI1b) was detected as a
differentially expressed gene (DEQG) in time-course RNA-seq analysis. mRNA abundance
of WT (gray bars) and daphne (black bars) in LjIAMTIa and LjIAMTIb at 0 (non-
inoculation), 1, 2, and 3 DAI. Error bars indicate means+ SDs of three biological

replicates.
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Figure 5. Amino-acid sequences of full length IAMT]1 proteins in 4. thaliana and L.

japonicus. Residues with “#” interact with the aromatic moiety of the substrate and are

important for substrate selectivity, and residues with asterisks interact with the carboxyl

moiety of IAA (Zhao et al. 2008; Zubieta et al. 2003). Gly-256, surrounded by a yellow

rectangle, of A. thaliana IAMT]1 is characterized as a pocket for recognition and binding

of the indole ring of IAA (Zhao et al. 2008; Zubieta et al. 2003).
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Figure 6. Genetic dependencies of JAMTIa expression in the early infection stage.
Time-course qRT-PCR analysis of IAMTIa expression in WT, daphne, nin-9, ccamk-14,
and ernl-6 at 0 (non-inoculation), 1, 2, and 3 DAI. Data are means of three or more
biological replicates and displayed as values relative to WT at 0 DAI. Error bars indicate
means+ SDs (n=12 plants for each biological replicate). Statistical analysis was
performed using ANOVA followed by Tukey’s honest significant difference (HSD) test
(p < 0.05) in each genetic background. Different letters indicate significant differences.

There were no significant differences (n.s.) in ccamk-14 and ernl-6.
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2, and 3 DAI. Data are means of five biological replicates and displayed values are
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biological replicate). ANOVA followed by Tukey’s HSD test showed no significant

differences among groups of time series.
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Figure 8. Spatiotemporal profile of JAMTI1a expression in WT and daphne roots
inoculated with or without rhizobia. WT (A to D, and H to J) and daphne (E to G, and
K) roots were transformed with prolAMTI1a:GUS or prolAMTIa:tripleYFP-nls (I). GUS

activity was observed at 0 DAI (non-inoculation; A and E), 2 DAI (B), and after ITs
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developed (C and F). Arrowheads indicate active GUS sites in WT. DsRed-labelled M.
loti was infected in epidermis (D and G). Magnified images of the susceptible region of
WT at 2 DAI (H and I) and the root region where epidermal ITs were observed in WT (J)
and daphne (K). Images merged with DsRed fluorescence are shown. Scale bar = 0.5 mm

in (A to G); 100 pm in (H to K).
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Figure 9. Effects of IAMTIa-RNAi on
IAMTla and IAMTIb transcripts.
Relative expression levels of /AMTIa and
IAMT1b in hairy roots of WT harboring EV
controls (gray) or IAMTI1a-RNA1 vectors
(pink) at 2 DAI. Values are means + SDs
for three biological replicates). n > 10 hairy

roots for each biological replicate.
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Figure 10. JAMTI1a-RNAIi inhibits nodulation. (A) Representative phenotype of hairy
roots of WT harboring an empty vector (EV) as a control (left) and the /JAMT1-RNAi-2
vector (right) 3 weeks after inoculation. Roots expressing GFP as a transformation marker
were selected. Root nodules are indicted by arrowheads. Scale bar = 1 cm. (B) The nodule
number in hairy roots harboring EV (controls) and IAMT1-RNA1 vectors 3 weeks after
inoculation. Each dot represents the nodule number of each plant. n = 37 (control), 40

(RNAi-1), 40 (RNAi-2), and 28 (RNAi-3). Asterisks indicate that differences are

statistically significant (Welch’s t-test).
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Figure 11. IAMTIa-RNAi affects formation of nodule primordia rather than

epidermal infection. (A) The number of nodule primordia in hairy roots harboring EV

as controls (light gray, n = 17) or IAMT1a-RNAi-2 vectors (dark gray, n=16) in WT at 7

DAL (B) Representative images of an infection thread aborted in epidermis of /AMT]a-

RNA1 hairy roots with no nodules, 3 weeks after inoculation. Roots expressing GFP as a

transformation marker were selected. DsRed-labeled M. loti MAFF303099 was used for

microscopic observation. Scale bar = 100 pum. (C) The number of infection threads in

hairy roots harboring EV as controls or JAMTIa-RNAi-2 vectors in WT (light gray) and

daphne 10 days after inoculation (dark gray). n = 28 (control/WT), 29 (RNA1/WT), 28

(control/daphne), and 25 (RNAi/daphne).
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Figure 12. IAMTI1a-RNAI inhibited spontaneous nodule formation. snf/-like (left)
and snf2 (right) have transgenic hairy roots containing /AMTI-RNAIi vectors or EV
controls. Successful transgenic plants were transferred to vermiculite and grown for about

a month. Each dot represents the spontanecous bump number of each plant. n = 18

(control/snf1-like), 19 (RNAi/snf1-like), 20 (control/snf2), and 23 (RNA1/snf2). Asterisks
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indicate statistically significant differences (Welch’s t-test).
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Figure 13. IAMTIa overexpression promotes nodulation. Transgenic hairy roots
harboring the proLjUBQ:IAMT1a vector and EV control were generated in WT (left) and
tml-4 mutant (right). Nodules were counted 3 weeks after inoculation. Each dot represents
the nodule number of each plant. n = 28 (control/WT), 30 (ox/WT), 30 (control/tml-4),
and 22 (ox/tml-4). Asterisks indicate that differences are statistically significant (Welch’s

t-test).
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Figure 14. Correlation between the level of ZAMT]1a transcripts and the number of
nodules. Hairy roots of tml-4 harboring EV controls (lower, n = 6) and
proLjUBQ:IAMTla vectors (upper, n = 10). R? = 0.00265 and 0.743 in controls and

IAMTIa overexpression roots, respectively.
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Figure 15. Changes of MelAA amounts by IAMTI1a and MES17 overexpression.
Transgenic hairy roots that contained JAMT1a-ox vector (A), MES17-ox vector (B) or EV
control, were used. Error bars indicate means = SDs of three biological replicates (n =30

hairy roots for each biological replicate).
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Figure 16. MelA A detection with or without rhizobial infection. Mass spectra by mass
spectrometry analysis in standard (A), in WT (B and C), and daphne (D and E) at non-
inoculation (B and D) and 2 DAI (C and E). Peaks marked with a value correspond to

MelAA.
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Figure 17. Auxin methylation and NIN expression. (A) Relative amount of TAA and
MelAA at 0 DAI (non-inoculation) and 2 DAI in WT and daphne. Error bars indicate

means = SDs of three biological replicates (n=40 plants for each biological replicate).
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(B) MES17 demethylates MelAA in vitro (Yang et al. 2008). (C) Nodule numbers in
controls and constitutive expression of LjMESI7 3 weeks after inoculation. Each dot
represents the nodule number of each plant. n = 34 (control) and 36 (ox). (D) Relative
expression levels of NIN after treatment with DMSO as mock, IAA (107 M), or MelAA
(107M) for 24 h in WT. (E) Relative expression levels of NIN after treatment with DMSO
as mock or MelAA (107 M) for 24 h in WT and daphne. Error bars indicate means + SDs
of six biological replicates (n=10 plants for each biological replicate) (D and E).
Asterisks indicate that differences are statistically significant (Welch’s t-test) (A, C, D
and E). (F) Relative expression levels of NIN in hairy roots harboring EV as controls and
IAMTI1a-RNAi-2 vectors at 0 DAI (non-inoculation or 7 DAI. Error bars indicate means +
SDs of three or five biological replicates in control or RNAI, respectively (n > 10 hairy
roots for each biological replicate). Statistical analysis was performed using ANOVA,
followed by Tukey’s honest significant difference (HSD) test (p < 0.05) in each genetic

background. Different letters indicate significant differences.
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Figure 18. Phylogenetic tree and alignment of MES proteins. (A) Phylogenetic tree

displaying A. thaliana and L. japonicus MES17s and other MES proteins. (B) Amino-

acid sequences of full length MES17 proteins in A. thaliana and L. japonicus.
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Table 1. Primers used in this study.

Name Sequence (5’ to 3’)
UBQ gPCR (F) ATGCAGATCTTCGTCAAGACCTTG
UBQ qPCR (F) ACCTCCCCTCAGACGAAG
IAMT1a qPCR (F) TCCCTCTTTTGTGTGTTGTTTGTGT
IAMT1a qPCR (R) TCGTATTGTTTGTCACCACCAATCC
IAMT1b gPCR (F) TTCATGCCACTGACATCC
IAMT1b qPCR (R) GGGTGGAGTCCCAAAGC

NIN  gPCR (F)
NIN  gPCR (R)

IAMT1a -RNAi-1 (F)
IAMT1a -RNAi-1 (R)
IAMT1a -RNAi-2 (F)
IAMT1a -RNAi-2 (R)
IAMT1a -RNAi-3 (F)
IAMT1a -RNAi-3 (R)

IAMT1a -OX (F)
IAMT1a -OX (R)
MES17 -OX (F)
MES17 -OX (R)

prolAMT1a:GUS (F)
prolAMT1a:GUS (R)

CAATGCTCTTGATCAGGCTGTTGA
GAGTGCTAATGGCAAATTGTGTGTC

CACC CCAGCGACCAAATGAAAGTT
CTAGGATCACCCCAACTCCA
CACC CTACTTTGCTGCCGGAGTT
TCCCCAAGCAAACTAAGAACA
CACC TCCAAAATGGAACTTGAGAGG
ATTGCTGGGAAGGTCAGAGA

CACC CATCCTTGTAGCATGCATGCG

CTTCCACAAGATATGGACACTATCA
CACC ATGCAAATGACCCTGA
GCTTGTCCCCAAACAAATGT

CACCATTGCCCCAATGACACTACC
TCGGAGCCAGAATTAAATAG
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Chapter 3 GENERAL DISCUSSION

Evolution of nodule symbiosis, and a gene duplication of JAMTI in legume lineage
Nodule symbiosis is found in the nitrogen-fixing clade (Rosales, Cucurbitales, Fagales,
and Fabales). However, it is ubiquitous in Fabaceae (legume) but limited in the others. In
my study, a gene duplication of /AMT] in the legume lineages was suggested. Gene
duplication can be a driving force in evolution (Ohno 1970). Therefore, a gene duplication
of IAMTI in the legume lineage may have evolutionarily contributed to development of
nodule symbiosis in the legume.

While most duplicated genes usually disappear, the estimated half-life of which
is 3.2 million years for A. thaliana (Lynch and Conery 2000), some duplicated genes on
an evolutionary trajectories toward stable situations. Regarding gene duplication
scenarios, when duplicated genes become redundant, they can lead to pseudogenization,
sub-functionalization, or neo-functionalization. In addition to divergence in protein
function, divergence in expression pattern can be involved in the maintenance of
duplicated genes (Doebley and Lukens 1998), and divergence in expression patterns has
been suggested in experimental plant studies that leads to functional differentiation and
novel functionalization (Kramer, Jaramillo, and Di Stilio 2004). In my study, L. japonicus
IAMTIa shared a function with A. thaliana IAMTI in MelAA biosynthesis. In contrast,
expression patterns differed between the two: A. thaliana IAMTI is expressed and
functions in shoot, while L. japonicus IAMTIa, generated by a gene duplication, was
induced by rhizobial infection in roots and involved in nodule formation. L. japonicus

IAMTI1b was barely expressed in roots and not induced by rhizobial infection. Therefore,
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a gene duplication of /JAMT1 would contribute to the divergence in expression pattern of
IAMTI.

The evolutionary robustness of nodule symbiosis in legumes has been previously
speculated to be associated with root-hair infection via IT, because it has been developed
especially in the legume lineages. As for the entry modes of nitrogen-fixing bacteria
(Frankia) in non-legumes of the nitrogen-fixing clade, intercellular infection pathways,
such as those observed in Discaria trinervis (Rhamnaceae) (Imanishi et al. 2011), are the
main ones. Intracellular infection via IT is rather exceptional and observed specially in
root-hairs of Casuarina (Casuarinaceae) (Clavijo et al. 2015). Among legumes,
dalbergioid and genistoid, basal Faboideae, do not form IT and rhizobia invade the host
roots through breaks in epidermis or wounds where lateral roots emerge (so-called crack
entry). The entry modes appear primitive and ancestral compared to the mode via IT that
escort rhizobia from epidermis into the cortex (Sprent 2007). In my study, in L. japonicus,
given that JAMTIa was induced by rhizobial infection mainly in epidermis, I initially
assumed the involvement of /JAMT1a in IT formation in epidermis. However, knockdown
of IAMT1a did not affect IT formation. In addition, a dalbergioid legume Arachis ipaensis,
which is one of the diploid ancestors of peanut (Arachis hypogaea) (Bertioli et al. 2016),
and a genistoid legume Lupinus angustifolius also possess IAMTI gene each in the
IAMTIla and IAMT1b clades, as well as other legumes. Based on these results, it appears
that a gene duplication of /AMT] and acquisition of /AMT1a are not directly related to
the acquisition of epidermal IT formation. Given that /AMTIa is induced mainly in
epidermis but its function was required in cortical events, it is assumed that /JAMTla is
positioned in signaling to induce cortical development derived from infected epidermis,

and could contribute to the coordination between epidermis and cortex during nodulation.

49



If a model is true that after divergence of dalbergioid and genistoid within Faboideae the
others later acquired root-hair infection with IT (Sprent 2007), a gene duplication event
of IAMT1 would have occurred prior to the acquisition of the epidermal infection system;
then I can speculate the possibilities that acquisition of /4MT1a by a gene duplication of
IAMTI may have contributed to the establishment of an epidermis-cortex cooperative
system before acquisition of I'T formation. This scenario is consistent with my results that
IAMTIa expression is induced prior to epidermal IT formation during symbiotic process

and that JAMTIa is also induced in nin mutant, deficient in IT formation.

The system of nodule symbiosis is a new avenue for understanding auxin
methylation.

In the auxin secondary metabolism, auxin methylation stands as one of four processes:
amino acid conjugation, oxidation, glycosylation, and methylation. These reactions are
carried out by acyl amidosynthetases Gretchen Hagen 3s (GH3s) (Staswick et al. 2005),
DIOXYGENASE FOR AUXIN OXIDATION 1/2 (DAO1/2) (Porco et al. 2016; Zhang
et al. 2016; Zhao et al. 2013), UDP-Glucosyl transferase 84B1 (UGT84B1) (Aoi et al.
2020; Jackson et al. 2001), and IAMT1 (Abbas et al. 2018; Takubo et al. 2020; Zubieta
et al. 2003), respectively. Amino acid conjugation and subsequent oxidation have been
shown to be critical for auxin homeostasis (Fukui et al. 2022; Hayashi et al. 2021).
Regarding glycosylation, A. thaliana ugt84b1 mutant has decreased endogenous [AA-
Glucose and increased IAA (Aoi et al. 2020), suggesting that glycosylation is also
involved in the regulation of auxin homeostasis, although its role remains unclear as no
phenotypic changes were observed. Unlike these secondary metabolisms, as for

methylation, iamt] mutant does not decrease auxin levels and MelAA is characterized by
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extremely low amounts compared to other auxin secondary metabolites (Abbas et al.
2018). Another feature is that although application of other auxin secondary metabolites
does not show auxin phenotype, application of MelAA inhibits elongation of hypocotyl
and root and more strongly than IAA when administered at the same concentration (Qin
et al. 2005). In this context, administered MelAA would be demethylated and then affects
plant growth, because plants with a null mutation in AtMESI7, a MelAA esterase gene,
exhibits reduced sensitivity to MelAA and its overexpression enhances the sensitivity
(Yang et al. 2008). Exogenous MelAA rescues a part of phenotype of Arabidopsis aux!
mutant (Li et al. 2008), giving an insight that MelAA can work differently from [AA in
terms of physical properties, and auxin methylation may have a biological role in
providing IA A with those additional properties. Given that MelAA is a nonpolar molecule
unlike auxin and other auxin conjugates, MeIA A may be able to penetrate cell membrane
or move into cells via an AUX1-independent influx system, in which it may act as a donor
of [AA.

My study shows that auxin methylation is essential for nodule formation in roots
of a leguminous plant L. japonicus. This study is also the first example of capturing the
increases in endogenous MelAA in a biological process: Since MelAA is extremely low
in amount, it is difficult to detect quantitative changes in endogenous MelAA, but the use
of daphne allowed me to detect for the first time, a significant increase of MelAA levels
associated with induction of /AMTa expression mediated by rhizobial infection. In this
manner, the nodule symbiosis system is a new avenue for understanding auxin
methylation. The results of induction of NIN expression by treatment with MelAA rather
than IAA implicates that auxin methylation is at least not simply an auxin inactivation

process. Future functional analysis of MES!7 during the symbiosis process will provide
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new insights into the molecular function of MelAA.

Recently, non-canonical auxin signaling has again received attention: the cell
surface auxin receptor ABP1 and its interactor, a transmembrane kinase TMK1, serve
ultrafast phosphorylation of a large number of targets including H*-ATPase, and are
responsible for apoplastic acidification, cell required for expansion (Friml et al. 2022; Lin
et al. 2021). While MelAA is not likely to be recognized by a canonical auxin receptor
TIR1 (Abbas et al. 2018), association between MelAA and ABP1/TMK is unknown.
Future studies on various possibilities for function of /[AMTIa and MelAA in nodule
symbiosis are expected to advance study of the establishment of nodule symbiosis as well

as signaling of the auxin secondary metabolisms.
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