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Propositions

1. NIN (NODULE INCEPTION) plays a key role in all nodule developmental stages.
(this thesis)

2. The function of NIN depends on its concentration.
(this thesis)

3. Salt-tolerant microbiomes do not necessarily promote salt tolerance of plants
(Santos et al., 2021).

4. Synthetic microbial communities are like traditional Chinese medicine: complex
components produce obvious effects, while the mechanism remains a mystery.

5. Making progress in what is causing worries is the best way to relieve these
worries.

6. Marriage for the purpose of symbiosis is fading out of human society, due to
sufficient social supply.

Propositions belonging to the thesis, entitled
NIN: the key to nodulation

Jieyu Liu
Wageningen, 3 December 2021







NIN: the key to nodulation

Jieyu Liu



Thesis committee

Promotor
Prof. Dr T. Bisseling

Professor of Molecular Biology, Wageningen University & Research

Co-Promotors

Dr O. Kulikova

Researcher, Laboratory of Molecular Biology,
Wageningen University & Research

Dr W. Kohlen

Assistant professor, Laboratory of Molecular Biology,

Wageningen University & Research

Other members

Prof. Dr F. P. M. Govers, Wageningen University & Research

Prof. Dr D. Weijers, Wageningen University & Research

Prof. Dr G.E.D. Oldroyd, University of Cambridge, United Kingdom

Dr P. Ratet, Institute of Plant Sciences Paris-Saclay (IPS2); Centre National de
la Recherche Scientifique (CNRS), France

This research was conducted under the auspices of the Graduate School
Experimental Plant Sciences.



NIN: the key to nodulation

Jieyu Liu

Thesis
submitted in fulfilment of the requirements for the degree of doctor
at Wageningen University
by the authority of the Rector Magnificus
Prof. Dr A. P. J. Mol,
in the presence of the
Thesis Committee appointed by the Academic Board
to be defended in public
on Friday December 3, 2021

at 4 p.m. in the Aula.



Jieyu Liu
NIN: the key to nodulation
180 pages

PhD thesis, Wageningen University, Wageningen, NL (2021)
With references, with summary in English

ISBN: 978-94-6447-003-1

DOI: https://doi.org/10.18174/555575



Dedicated to my dear father
MABRENEE






CONTENTS

CHAPTER 1
General Introduction 9
CHAPTER 2
A remote cis-regulatory region is required for NIN expression in the pericycle to
initiate Medicago nodule primordium formation 23
CHAPTER 3
Nod factor signaling controlled genes in Medicago nodule 59
CHAPTER 4
NIN is essential for development of symbiosomes, suppression of defence and
premature senescence in Medicago truncatula nodules 77
CHAPTER 5
Changesin NINrelated toits recruitmentin nodulation 113
CHAPTER 6
Evolution of NIN and NIN-like genes in relation to nodule symbiosis 129
CHAPTER 7
General Discussion 149
REFERENCES 157
SUMMARY 173
ACKNOWLEDGMENTS 176
ABOUT THE AUTHOR 178
LIST OF PUBLICATIONS 179

EDUCATION STATEMENT 180






CHAPTER 1

General Introduction

Jieyu Liu

Laboratory of Molecular Biology, Department of Plant Sciences, Wageningen
University, Droevendaalsesteeg 1, 6708 PB Wageningen, The Netherlands.



1. Introduction

As a major plant nutrient, nitrogen is essential for plant growth and development.
Despite nitrogen gas is abundant in the atmosphere, the accessible forms of
nitrogen for plants, such as nitrate and ammonium, are often limited in soil and
restrict plant growth. To overcome this, about 110 million years ago, plants
evolved a symbiosis with nitrogen fixing bacteria (Griesmann et al., 2018; van
Velzen et al., 2018). In this symbiosis, bacteria are accommodated intracellularly
in a specialized root organ named nodule. Inside the root nodules, bacteria
convert the atmospheric nitrogen into ammonia, which is provided to the plant
in exchange for carbon resources.

The nodule symbiosis only occurs in plant species which belong to the nitrogen
fixation clade (NFC). This clade consists of four orders: Fabales, Rosales,
Cucurbitales and Fagales. The ability to form nodules frequently occurs within
species of the legume family (Fabales) (Soltis et al., 1995). This makes legumes
important crop plants that are able to grow with low input of nitrate fertilizer
and produce protein-rich seeds. In the other three orders, nodulation occurs
in markedly fewer species. Legumes and Parasponia (Rosales) establish the
nodule symbiosis with Gram-negative bacteria, which belong to different genera
collectively called rhizobia (Peter et al., 1996). The other plant species that form
the nodule symbiosis with Gram-positive Frankia bacteria are called actinorhizal
plants (Santi et al., 2013).

Plant species in the different orders of the NFC use a conserved signaling
pathway to initiate the nodule formation. This pathway is activated by lipo-
chitooligosaccharides (LCOs, also called Nod factors (NFs)) that are secreted
by rhizobia (Denarie and Debelle, 1996). Although the nature of the Frankia-
secreted signal is still not clear, components of this signaling pathway have
also been shown to be required for the nodule formation in the actinorhizal
plants (Gherbi et al., 2008; Markmann et al., 2008; Svistoonoff et al., 2013; Den
Camp et al., 2011). Interestingly, this signaling pathway is shared with a much
older and far more widespread endosymbiosis: the arbuscular mycorrhizal (AM)
symbiosis (Oldroyd, 2013). AM symbiosis is thought to have evolved ~450 million
years ago (Remy et al., 1994; Bonfante and Genre, 2008). AM fungi are able to
colonize 72%-80% of vascular plants and facilitate the uptake of micronutrients,
phosphate and fixed form of nitrogen in exchange of plant carbon sources
(Brundrett and Tedersoo, 2018). In addition to the common symbiotic signaling
pathway, both microsymbionts from the AM and nodule symbiosis are hosted
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General Introduction

intracellularly and surrounded by a specialized host membrane to avoid direct
contact between the two partners and facilitate the exchange of, for example,
nutrients in a controlled manner (Parniske, 2000). For both interactions, the
formation of this symbiotic membrane interface require the specific exocytotic
vesicle-associated membrane proteins (VAMP721d&e) of the host plant (lvanov
et al., 2012; Gavrin et al., 2016). As the AM symbiosis is more ancient, the
common symbiotic signaling pathway as well as the VAMPs are most likely
recruited from the AM symbiosis when nodulation evolved. However, although
AM and nodule symbiosis share the common symbiotic signaling pathway,
the downstream transcriptional network is different. In nodule symbiosis, this
signaling pathway transcriptionally activates the key transcription factor NIN
(NODULE INCEPTION) (Oldroyd, 2013; Singh et al.,, 2014). As a nodule
specifically expressed gene, NIN distinguishes nodule symbiosis from AM
symbiosis (Schauser et al., 1999; Marsh et al., 2007; Borisov et al., 2003;
Wang et al., 2019; Bu et al., 2020; Clavijo et al., 2015; Kumar et al., 2020).
NIN is essential for nodulation and this has been shown in legumes species,
Parasponia andersonii (Parasponia) and in the actinorhizal species Casuarina
glauca (Casuarina) (Schauser et al., 1999; Marsh et al., 2007; Borisov et al.,
2003; Wang et al., 2019; Bu et al., 2020; Clavijo et al., 2015).

Recently, phylogenomic studies showed that the genes, which function in
establishing nodule symbiosis are independently lost in the non-nodulating
species of the NFC (Griesmann et al., 2018; Van Velzen et al., 2018). This
supported the hypothesis that a single origin of nodulation was followed by
massive loss of this special ability (van Velzen et al., 2019). Noticeably, all
the (studied) nodulating species possess NIN, while the species that lost the
nodulation ability in general lost NIN. This indicates that in addition to recruitment
of the common symbiotic signaling pathway and symbiotic VAMPs from the AM
symbiosis, nodule symbiosis specifically recruited NIN.

Root nodule initiation involves multiple developmental processes: root hair
curling, infection thread formation, the start of nodule organogenesis, and a
negative feedback loop that regulates nodule number (Kosslak and Bohlool,
1984; Downie, 2014). These processes occur at different time points and
locations. Strikingly, NIN plays a key role in all these processes (Schauser et al.,
1999; Marsh et al., 2007; Borisov et al., 2003; Wang et al., 2019; Bu et al., 2020;
Clavijo et al., 2015; Soyano et al., 2014; Laffont et al., 2020). However, although
the importance of NIN has been demonstrated in many aspects of nodulation,
how it achieves these versatility remains elusive.
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Understanding the molecular mechanisms by which NIN controls different steps
is important in understanding nodulation. In this thesis, | focused on this. Here,
| will first summarize the current knowledge concerning NIN.

2. Nod factor signaling pathway

Genetic studies on model legumes Medicago truncatula (Medicago) and Lotus
Japonicus (Lotus) identified a signaling pathway, which later was shown to be
conserved within the NFC in establishing nodule symbiosis. In response to
root exudates, including flavonoids, rhizobia synthesize and secrete the NFs.
NFs can be perceived by the membrane located heteromeric complex of LysM-
domain receptor kinases (LYK3/NFP in Medicago; NFR1/NFR5 in Lotus) and
leucine-rich repeat receptor kinase (DMI2 in Medicago and SYMRK in Lotus)
(Stracke et al., 2002; Limpens et al., 2005; Madsen et al., 2004; Radutoiu et al.,
2003; Limpens et al., 2003; Arrighi et al., 2006; Mulder et al., 2006; Smit et al.,
2007; Endre et al., 2002). The NF receptor complex activates the downstream
cascade resulting in calcium oscillations in the nucleus. This requires HMGR1
(3-hydroxy-3-methylglutaryl CoAreductase 1), an enzymeinvolved in mevalonate
production (Jayaraman et al., 2015; Kevei et al., 2007); nuclear membrane-
located cation channels (DMI1 in Medicago; CASTOR and POLLUX in Lotus),
and calcium channels (CNGC15a-c in Medicago) (Ané et al., 2004; Kanamori
et al., 2006; Charpentier et al., 2008, 2016). The calcium signal is decoded
by a calcium calmodulin-dependent kinase (DMI3 in Medicago and CCaMK in
Lotus) (Mitra et al., 2004; Tirichine et al., 2006). Further, CCaMK/DMI3 activates
transcription factor CYCLOPS (IPD3 in Medicago) by phosphorylation after
which, it is able to induce the transcription of downstream genes (Messinese et
al., 2007; Yano et al., 2008).

The signaling pathway described above (except the LysM receptors) is shared
with AM symbiosis. However, downstream of CYCLOPS, the signaling pathway
required for AM and nodulation is diverged. In AM symbiosis, CYCLOPS
directly induces the expression of REDUCED ARBUSCULAR MYCORRHIZA1
(RAMT), a GRAS-type transcription factor that functions as a central regulator
of arbuscule development (Gobbato et al., 2012; Pimprikar et al., 2016). In
contrast, in nodule symbiosis, CYCLOPS induces the expression of NIN (Singh
et al., 2014). As a direct target of CYCLOPS, NIN is among the first induced
nodule symbiotic genes. NIN is specifically expressed during the nodulation
process and essential for nodule development, but not for AM symbiosis
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General Introduction

(Schauser et al., 1999; Marsh et al., 2007; Borisov et al., 2003; Wang et al.,
2019; Bu et al., 2020; Clavijo et al., 2015; Kumar et al., 2020).

3. Function of NIN during nodule development

3.1 NIN is a network hub in Infection thread formation

To reach the developing nodule primordia, bacteria have to traverse the
root epidermis, sometimes also cortical cell layers. There are several ways
to achieve this such as: crack entry through the lateral root base, or via
intercellular infection between epidermal cells and the most common mode
by an intracellular infection thread (Sprent, 2007). Infection thread formation
has been well-studied in Medicago and Lotus. Upon exposure to rhizobium
secreted NF, the microtubule skeleton starts to rearrange within a few minutes,
the root hair tip (or branch of the root hair) curls around the bacteria by which
they become entrapped (Timmers et al., 1999). This curling stops when the tip
reaches the shank of the root hair, forming an enclosed infection chamber. The
entrapped bacteria divide within this chamber, forming a colony that is referred
to as infection focus (Oldroyd et al., 2011). By targeting of vesicles to this site,
local cell wall hydrolysis occurs and the plasma membrane starts to invaginate.
It forms a tube-like structure and a new cell wall is formed inside this tube. This
intracellular tube-like structure is named infection thread (IT) (Oldroyd et al.,
2011). The IT leads bacteria inside the plant cell, traverses the root hair and
grows towards the nodule primordium, where rhizobia are released (Daniel J.
Gage, 2004; Oldroyd et al., 2011).

NIN is transcriptionally induced in the root epidermis within hours upon
NF perception (Yoro et al., 2014; Vernié et al., 2015a; Van Zeijl et al., 2015;
Breakspear et al., 2014). The role of NIN in IT formation has been studied in
several legumes. Knockout mutants of nin showed excessive root hair curling in
response to NF (Marsh et al., 2007; Schauser et al., 1999; Borisov et al., 2003).
This improper root hair curling makes it impossible to form a closed infection
chamber. In actinorhizal species Casuarina, NIN expression has been shown to
be correlated with infection by Frankia and knockdown mutants were impaired
in root hair deformation (Clavijo et al., 2015). So most likely, the function of NIN
in controlling IT formation is conserved within the NFC.
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NIN protein induces IT formation by triggering expression of genes required
for this process. A recent root hair transcriptome study identified NIN as a
transcriptional network hub controlling growth modules required for IT formation
(Liu et al., 2019a). It has been shown that the expression of 54% of the induced
genes involved in infection are NIN dependent. These genes are involved in
multiple molecular processes, including cell cycle, cell wall remodeling, hormone
metabolism, nutrient uptake and assimilation. For example, NIN directly binds
to the promoter of the gene encoding the cell wall modifying enzyme NPL
(Nodulation Pectate Lyase) (Xie et al., 2012). NIN also regulates the CCAAT
box-binding transcription factor NF-YA1 (Nuclear Factor-Y Subunit A1), and
the nuclear-localized long coiled—coil protein RPG (Rhizobium-directed Polar
Growth) (Soyano et al., 2013; Liu et al., 2019a; Soyano et al., 2014). Mutations
in these direct target genes lead to the abnormal IT formation, underlining the
importance of NIN in controlling IT formation.

3.2 NIN is required for the initiation of nodule organogenesis

Concomitant with the rhizobia infection in the epidermis, mitosis is activated in
the pericycle/cortical cells below the site of infection to form a nodule primordium,
which further develops into a nitrogen fixing nodule. This nodule organogenesis
process is fully blocked in knockout mutants of nin in legumes and Parasponia
(Schauser et al., 1999; Marsh et al., 2007; Borisov et al., 2003; Bu et al.,
2020; Wang et al., 2019). In Casuarina, nodule organogenesis is impaired in
knockdown mutants (Clavijo et al., 2015). In addition, overexpression of NIN
can induce the formation of a nodule like structure in the absence of rhizobia
(Soyano et al., 2013). Therefore, NIN plays a key role in nodule organogenesis
and most likely this role is conserved within the NFC.

At 24 hours post inoculation with rhizobia, when IT formation has been initiated
in the epidermis, cell divisions already occur in the pericycle of the Medicago
roots (Xiao et al., 2014). At this stage, bacteria are only present in the root
epidermis. NFs are immobile molecules, therefore, NF signaling could have
only occurred in the epidermis (Goedhart et al., 2000). It is puzzling how NIN
controls nodule organogenesis in the inner root cell layers. It has been proposed
that NIN expression in the inner root cell layers is activated by a mobile signal
which is generated by the NF signaling in the epidermis (Deinum et al., 2016).
Alternatively, it has been postulated that the epidermal produced NIN protein
might be transported to the inner root cell layers and activate cell division there
(Figure et al., 2015).
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General Introduction

In addition to NF, expression of NIN can also be induced by cytokinin. Application
of the exogenous cytokinin induces NIN expression and can form a nodule like
structure in the absence of rhizobia (Gauthier-Coles et al., 2019; Cooper and
Long, 1994). Cytokinin is accumulated upon NF perception and the induction of
NIN by either cytokinin or NFs requires the cytokinin receptor MtCRE1 (ortholog
of LjLHK1) (van Zeijl et al., 2015; Gonzalez-Rizzo et al., 2006a; Plet et al.,
2011). For these reasons cytokinin might be the mobile signal that triggers NIN
expression in the inner layers.

Studies on the nin weak allele daphne of Lotus, provide a valuable insight in
how NIN simultaneously controls IT formation and nodule organogenesis
(Yoro et al., 2014). The daphne mutant forms an excessive number of ITs, but
nodule organogenesis is blocked. This showed that the regulation of these two
processes by NIN can be uncoupled. The daphne mutant phenotype is caused
by a chromosomal translocation about 7kb upstream of the NIN start codon
(Yoro et al., 2014). This suggests that the regulatory region required for NIN
controlled nodule organogenesis is located upstream of this 7kb promoter.

The regulatory sequence of NIN in controlling nodule organogenesis has been
a long standing mystery. In Chapter 2, we identified a remote cis-regulatory
region which is required for NIN expression in the pericycle to initiate nodule
primordium formation in Medicago.

3.3 The function of NIN in later developmental stages

Legume nodules have been divided into two types: indeterminate and
determinate nodules (Franssen et al.,, 1992). The model legume Medicago,
which the study in this thesis focused on, forms indeterminate nodules as they
have a persistent meristem at their apex. The other model legume Lotus forms
determinate nodule, as it has a meristem that is only transiently present.

Nodule development has been studied in detail in Medicago (Xiao et al., 2014).
It starts with anticlinal cell divisions in pericycle cells opposite the protoxylem
poles (Heidstra et al., 1997). Subsequently, cell divisions are induced in the
most inner two cortical cell layers (C5 and C4). This is followed by cell division
in the middle (third) cortical cell layer (C3) and endodermis. When C4/5 formed
about eight cell layers and endodermis and pericycle formed six to eight cell
layers, mitotic activity stopped in these cells. In contrast, C3-derived cells kept
on dividing and developed into a nodule meristem which continuously adds
cells to the nodule tissues. The C4/5 derived cells become penetrated by the
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infection threads from which rhizobia are released. The released bacteria are
surrounded by a host derived membrane, a process controlled by a nodule
specific exocytotic pathway (Ilvanov et al., 2012; Gavrin et al., 2016). These
organelle-like structures are called symbiosomes (Roth and Stacey, 1989).
The infection and release processes continue in the mature nodule in the
cell layers adjacent to meristem. These one/two adjacent cell layers are also
the place where NF receptors accumulated, so the place where NF signaling
occurs (Moling et al., 2014). Upon release, symbiosomes divide, which results
in massive colonization of the host cell. In addition, both the infected host cell
and bacteria undergo endoreduplication and become enlarged (Vinardell et
al., 2013). Bacterial differentiation is controlled by a number of nodule-specific
cysteine-rich peptides (NCRs) which are produced by the host and delivered
into bacteria (Van de Velde et al., 2010; Alunni and Gourion, 2016; Mergaert et
al., 2003).

The meristem derived cells form a distinct zone called infection zone. The
infection zone is followed, along the longitudinal axis, by the fixation zone where
nitrogen fixation take place. The transition from infection zone to the fixation zone
(interzone II/lll according to Vasse et al., 1990) occurs rapidly. This transition is
accompanied with many changes in both gene expression and cell morphology
(Gavrin et al., 2014; Vasse et al., 1990). For example, induction of rhizobial
nif genes which encode components of nitrogenase (the enzyme responsible
for nitrogen fixation); the accumulation of starch in the non-infected cells and
at the periphery of the infected cells; bacteria markedly enlarge and fill most
space of the host cell; rhizobia become radially aligned; vacuoles collapse; and
cytoskeleton rearranges (Gavrin et al., 2014; Vasse et al., 1990; Timmers et al.,
1998; Kitaeva et al., 2016; Franssen et al., 1992). The cells derived from C4 and
C5 of the nodule primordia form the basal part of the fixation zone. The nodule
meristem adds cell to the central tissue and after differentiate they become part
of the fixation zone. In the older nodules, a senescence zone is formed at the
basal part of the nodule (Van De Velde et al., 2006). In this zone, both host cell
and bacteria are degraded by highly induced proteolytic activities. So, along the
longitudinal axis a developmental gradient is formed with the youngest cells in
the apex (meristem) and the oldest cells in the basis, near the root attachment
point.

Interestingly, although massive intracellular infection by the rhizobia, the defense
response of the host plant is well suppressed. This is due to the induction
of defense suppressing genes, such as Symbiotic Cysteine-rich Receptor
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Kinase (SymCRK), Regulator of Symbiosome Differentiation (RSD), Defective
in Nitrogen Fixation 2 (DNF2) and NODULESWITH ACTIVATED DEFENCE
1 (NAD1) (Bourcy et al., 2013; Sinharoy et al., 2013; Berrabah et al., 2014b;
Wang et al., 2016; Domonkos et al., 2017). Mutants of these genes showed
strong defense responses and/or a premature senescence phenotype.

In contrast to the intensive studies of the function of NIN during nodule
initiation, the role of NIN in later nodule developmental stages has hardly been
investigated. Two Medicago nin weak alleles, NF10547 (nin-16) and NF0440,
have been reported to form the nitrogen fixing deficient nodules (Pislariu et al.,
2012; Veerappan et al., 2016). However, it is not clear what caused the nitrogen
fixing deficient phenotype. In Chapter 4, we studied these two mutants in detail.

3.4 NIN systemically controls nodule number through autoregulation
of nodulation (AON)

Symbiotic nitrogen fixation is an energy consuming process. Therefore, plants
must evaluate the costs and benefits and make an economically optimal decision.
To do this, plants developed a mechanism called autoregulation of nodulation
(AON) to control the nodule number (Kosslak and Bohlool, 1984; Krusell et
al., 2002; Nishimura et al., 2002; Okamoto et al., 2013, 2009). AON involves
communication between root and shoot. Along with nodule initiation, CLAVATA3/
ENDOSPERMSURROUNDING REGION (CLE) peptides (CLE12/13/34/35 in
Medicago, CLE-RS1/2/3 in Lotus, GmRIC1/2 in Glycine max, and PvRIC1/2
in common bean (Phaseolus vulgaris)) are produced in roots (Okamoto et al.,
2013, 2009; Soyano et al., 2014; Mortier et al., 2010; Lim et al., 2011, 2014;
Reid et al., 2011; Ferguson et al., 2014; Nishida et al., 2016; Mens et al., 2021).
They act as mobile signals and are transported through xylem to the shoot
where they are perceived by their receptor CLAVATA1 (CLV1)-like leucine-rich
repeat receptor-like kinase (LjHAR1/MtSUNN/PsSYM29/GmNARK/PvVNARK)
(Krusell et al., 2002; Nishimura et al., 2002; Searle et al., 2003; Schnabel et
al., 2005; Ferguson et al., 2014). Mutations in these receptor genes result in
a hyper nodulation phenotype. Perception of CLE peptides by the receptors
results in downregulation of the shoot produced signal miR2111 (Tsikou et al.,
2018; Gautrat et al., 2020). miR2111 can move to the root where it cleaves
the nodulation inhibitor TOO MUCH LOVE (TML). So, upon perception of CLE
peptides, less miR2111 is transported to the root, enabling TML to block the
formation of new nodules. In this way the number of nodules that are formed
is controlled. In addition to miR2111, perception of CLE peptides activates the
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biosynthesis of iP-type cytokinin which is transported from shoots to roots where
it suppress nodulation also in a TML dependent manner (Sasaki et al., 2014).
So, the robust negative feedback loops are formed to control the number of
nodules.

Studies in legumes showed that during nodulation the expression of CLE genes
are induced in a NIN-dependent manner. In Lotus and Glycine max, LjNIN and
GmNINa directly bind to the NIN-binding sequence (NBS) in LjCLE-RS1/2 and
GmRIC1/2 promoter and induce their expression, respectively (Wang et al.,
2019; Soyano et al., 2014). In Medicago, the expression of MtCLE12/13 is also
dependenton MtNIN (Mortier et al., 2010). In Lotus, constitutively expressed NIN
systemically represses the induction of NIN expression in the non-transgenic
roots, and this suppression is dependent on the Lotus CLE peptides receptor
HAR1 (Soyano et al., 2014). This further results in systemic suppression of
nodule formation in untransformed roots of the same plant. So NIN, as both
inducer and responder has a central role in this feedback loop, which ensures
that an optimal number of nodule is formed.

4. NIN has evolved from a NIN-like Protein (NLP)

As the first cloned nodulation gene, NIN was first identified in Lotus in 1999
(Schauser et al., 1999). With NIN as the founding member, NIN-like proteins
(NLP) were later identified as master regulators of nitrate signaling. NLPs are
wide spread in the plant kingdom and regulate multiple plant developmental
processes in response to nitrate state (Mu and Luo, 2019a). NINs and NLPs
share two conserved domains, the RWP-RK DNA binding domain and Phox and
Bem1 (PB1) protein-protein interaction domain (Schauser et al., 2005). RWP-
RK domain is highly conserved between NINs and NLPs, indicating they might
bind to similar cis-regulatory elements. Indeed, it has been shown in Lotus
that both LjNIN and NRSYM1 (LjNLP4) can bind to the NIN-binding sequence
in the LjCLE-RS2 promoter (Nishida et al., 2018). Recently, a more detailed
comparison was performed between LjNIN and LjNLP4 (Nishida et al., 2021).
This showed that they bind to both identical and distinct cis-elements, indicating
that changes in their DNA binding properties has been evolved. The PB1 domain
can mediate the interaction between NIN and NLPs and it is necessary for the
full induction of nitrate-dependent expression of target genes of NLPs (Konishi
and Yanagisawa, 2019; Lin et al., 2018a; Nishida et al., 2021).
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Unlike NINs, which are transcriptionally activated during nodule symbiosis,
NLPs are constitutively expressed and are post transcriptionally regulated by
nitrate signaling (Liu et al., 2017; Chardin et al., 2014; Lin et al., 2018a; Nishida
et al., 2018; Marchive et al., 2013; Cao et al., 2017). Under low nitrate condition,
most studied NLPs are retained in the cytoplasm, while they are translocated to
the nuclei when a high nitrate level is sensed (Marchive et al., 2013; Guan et al.,
2017; Lin et al., 2018a; Cao et al., 2017; Nishida et al., 2018). In some special
cases, NLPs are constitutively located in the nucleus, but its transcriptional
activity is still regulated by nitrate (Alfatih et al., 2020; Yan et al., 2016; Nishida
et al., 2021). In response to nitrate, nuclear localized NLPs negatively regulate
nodule symbiosis by (Lin et al., 2018a; Luo et al., 2021; Nishida et al., 2018,
2021). This can be mediated by competitive interaction with NIN through the
PB1 domain. For example, under high nitrate conditions, co-transformation of
MtNLP1 with MtNIN significantly reduced the MtNIN activation of proCRE1:GUS
expression in tobacco leaves and the interaction between MtNLP1 and MtNIN
has shown to be depended on the PB1 domain (Lin et al., 2018a).

RWP-RK and PB1 domain both are close to the C-terminus of the protein.
Notably, the N-terminal region is not conserved between legume NINs and
NLPs (Chardin et al., 2014; Suzuki et al., 2013b). A nitrate-responsive domain
(NRD) is present in NLPs, but not in legume NIN (Suzuki et al., 2013b). Within
this domain, there is a serine (S205 in AtNLP7) which can be phosphorylated
in response to nitrate and this is essential to mediate translocation of NLP from
cytoplasm to nucleus (Liu et al., 2017). This serine is conserved in NLPs, but
lost in legume NINs. However, it is not known whether the change in this region
was essential for the recruitment of NIN in the nodulation process. In Chapter 5
and 6, we focused on NIN and NLP in an evolutionary perspective. We showed
that NLPs are not functional equivalence with Medicago NIN and studied the
minimal changes required for NIN recruitment in nodulation in both its promoter
and protein sequences.
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Outline

In Chapter 2, we studied how NIN controls multiple processes during nodule
initiation. We showed that the regulatory sequences sufficient for the infection
process in epidermis are located within a 5kb region directly upstream of the
NIN start codon in Medicago. Furthermore, we identif a remote upstream cis-
regulatory region, which required for the expression of NIN in the pericycle to
initiate nodule organogenesis. This remote region contains putative cytokinin
response elements, and it is conserved in legume species. This together with
cytokinin signaling genes are expressed in the pericycle in the non-inoculated
roots strongly suggest that NIN expression is first triggered by cytokinin signalling
in the pericycle to initiate nodule primordium formation.

In Chapter 3, we analysed NF signaling controlled genes in Medicago
nodules. We made use of spontaneous nodules formed by overexpression of
NF signaling gene. These spontaneous nodules showed wildtype (WT)-like
tissue organization. Transcriptome analysis showed that many genes, which
are especially expressed in infection and fixation zone of WT nodules, are
induced in the spontaneous nodules. Further, to study late stage NF signaling
controlled genes and distinguish them from genes that are activated upon
bacterial release, we made use of the mutants involved (TE7) and independent
(Vamp721d&e RNAI) of NF signaling. Combined with laser microdissection and
transcriptome analysis, we identified the late stage NF signalling controlled set
of genes. These genes turned to be markedly different from the genes activated
in roots upon NF application.

In Chapter 4, we studied the functions of NIN in Medicago nodules. We found
both NIN mRNA and protein accumulated at the highest level in the proximal
part of the infection zone and suddenly dropped to a lower level when transition
to fixation zone. Two nin weak allele mutants, nin-13/16, form a rather normal
nodule infection zone, but failed in transition to fixation zone. Instead, a zone
with defence responses and premature senescence occurred and symbiosome
development gets arrested. Mutations in nin-13/16 resulted in a truncated NIN
lacking the conserved PB1 domain. However, this did not cause the nodule
phenotype as nin mutants expressing NIN, ... formed wild-type-like nodule. The

APB1

phenotype is likely caused by reduced NIN mRNA levels in the cytoplasm.

In Chapter 5, we studied changes in NIN related to its recruitment in nodulation.
We showed that NIN is neither functionally equivalent with its orthologues
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outside the NFC nor with its paralogues. The main reason for this could be that
most NLPs are nuclear localized only when high nitrate is sensed, whereas
NIN is constitutively nuclear localized. Further, we identified a few amino acid
differences between NIN and its orthologues outside the NFC. These changes
are important for the function of NIN in nodule formation. They probably were
introduced in NIN when it was recruited in the nodulation process and might
contribute to its constitutive nuclear localization.

In Chapter 6, we discuss how NIN has diverged from the ancestral NLP, what
minimal changes would have been essential to become a key transcription
controlling nodulation and which adaptations might have evolved later.

In Chapter 7, | integrated the findings described in this thesis and the knowledge
from literature and proposed a model that can explain how NIN functions in
multiple steps of the nodulation process.
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Abstract

The legume-rhizobium symbiosis results in nitrogen fixing root nodules, and
their formation involves both intracellular infection initiated in the epidermis and
nodule organogenesis initiated in inner root cell layers. NODULE INCEPTION
(NIN) is a nodule-specific transcription factor essential for both processes.
These NIN-regulated processes occur at different times and locations in the
root, demonstrating a complex pattern of spatiotemporal regulation. We show
that regulatory sequences sufficient for the epidermal infection process are
located within a 5 kb region directly upstream of the NIN start codon in Medicago
truncatula. Furthermore, we identify a remote upstream cis-regulatory region
required for the expression of NIN in the pericycle, and we show that this region
is essential for nodule organogenesis. This region contains putative cytokinin
response elements, and is conserved in eight more legume species. Both the
cytokinin receptor CRE1, which is essential for nodule primordium formation,
and the B-type response regulator RR1 are expressed in the pericycle in the
susceptible zone of the uninoculated root. This, together with the identification
of the cytokinin responsive elements in the NIN promoter, strongly suggests
that NIN expression is initially triggered by cytokinin signalling in the pericycle to
initiate nodule primordium formation.

Introduction

The formation of nitrogen-fixing nodules is induced by rhizobium bacteria on
the roots of legumes. It involves several processes: the induction of intracellular
infection by rhizobia; nodule organogenesis; and a negative feedback loop
that determines the number of nodules (Downie, 2014; Kosslak and Bohlool,
1984). Strikingly, the transcription factor NODULE INCEPTION (NIN), which
is specifically expressed during nodulation, plays a key role in all of these
processes (Schauser et al., 1999; Marsh et al., 2007; Soyano et al., 2014).
These processes occur at different time points and locations, suggesting that
NIN has a complex spatiotemporal regulation of expression that is regulated
by distinct cis-regulatory sequences in its promoter. However, although NIN
was identified almost two decades ago in Lotus japonicus (Lotus) (Schauser
et al., 1999) and more than ten years ago in Medicago fruncatula (Medicago)
(Marsh et al., 2007), the promoter regions required for full complementation of
nin knockout mutants have not been identified. Currently, it is unclear how NIN
is involved in the multiple steps of the nodulation process.
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In Medicago, nodule organogenesis starts with the local mitotic activation of
pericycle cells, and subsequently cell division extends to the more outward
located endodermis and cortex (Xiao et al., 2014). Sinorhizobium meliloti
bacteria invade roots through tube-like structures called infection threads.
Formation of infection threads in root hairs requires the prior induction of root
hair curling. A tight curl is formed when the tip of the curling root hair touches
the shank of the hair and the root hair stops growing and forms an infection
chamber. Microcolonies of rhizobia then develop within these chambers, in
which the rhizobia can induce formation of the infection thread.

In nin null mutants, extensive root hair curling and deformation are induced
by bacteria, a proper infection chamber fails to be established and only few
bacteria are present within curled root hairs (Fournier et al., 2015; Schauser et
al., 1999; Marsh et al., 2007). Wild-type NIN induces infection thread formation
by triggering expression of genes required for infection thread formation such
as NF-YA1, which encodes a subunit of a nuclear factor Y complex, and
NPL, which encodes a nodulation pectate lyase (Soyano et al., 2013; Laporte
et al., 2014; Xie et al., 2012). Subsequently, infection threads grow towards
the nodule primordia. There, rhizobia are released into nodule primordium
cells derived from the cortex. These cells become infected cells which host
thousands of nitrogen-fixing bacteria. NIN is also required for autoregulation of
nodulation, a negative feedback system involving root-to-shoot communication
to determine the optimal number of nodules. This autoregulation mechanism
includes the induction of CLAVATA3/ESR-RELATED (CLE ) genes by NIN, and
the CLE-encoded peptides induce systemic signalling between root and shoot,
suppressing the formation of new nodule primordia (Soyano et al., 2014).

Expression of NIN is induced in the epidermis upon perception of nodulation
(Nod) factors, which are lipochitooligosaccharides(LCOs) secreted by rhizobia
(Vernié et al.,, 2015; Van Zeijl et al., 2015). Nod-factor signalling induces
Ca2+ spiking, which activates the nuclear-localized calcium and calmodulin-
dependent kinase (CCaMK) (Ehrhardt et al., 1996; Mitra et al., 2004). CCaMK
phosphorylates CYCLOPS, a transcription factor that activates NIN expression
(Yano et al., 2008; Singh et al., 2014). At about 24 h post inoculation (hpi),
formation of both infection threads and nodule primordium, are initiated in
Medicago roots (Xiao et al., 2014). At this developmental stage, Nod factor
signalling occurs exclusively in the epidermis because rhizobia are present
only there and Nod factors are immobile molecules (Goedhart et al., 2000).
Therefore, NIN can induce infection thread formation in a cell-autonomous way
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in the epidermis, but it remains unclear how NIN can induce nodule primordium
formation in inner root cell layers. It has been postulated that NIN expression
can be induced in these root layers by a mobile signal that is generated upon
Nod factor signalling in the epidermis (Hayashi et al., 2014). Alternatively, NIN
proteins produced in the epidermis may be transported to the inner root layers
(Vernié et al., 2015; Jardinaud et al., 2016).

In addition to regulation of NIN by CYCLOPS, NIN expression depends
on cytokinin signalling. Exogenous application of cytokinin is sufficient to
trigger NIN expression and also formation of structures resembling nodules
(Heckmann et al., 2011; Gonzalez-Rizzo et al., 2006; Plet et al., 2011). Notably,
Nod factor application results in the accumulation of cytokinin (Van Zeil et al.,
2015). Furthermore, the induction of NIN expression by either Nod factors
or cytokinin requires the cytokinin receptor CRE1, which plays a key role in
nodule organogenesis (Van Zeijl et al., 2015; Gonzalez-Rizzo et al., 2006; Plet
et al., 2011). Studies of the weak nin allele of the Lotus daphne mutant (Yoro
et al.,, 2014) have provided valuable insight into the involvement of different
cis-regulatory sequences in the NIN promoter that regulate infection and
nodule organogenesis. In daphne roots, rhizobium infection and primordium
formation are uncoupled. Formation of nodule primordia is completely absent,
and increased numbers of infection threads are formed in the epidermis. The
daphne mutation is caused by a large insertion that is ~7 kb upstream of the NIN
start codon. This suggests that this 7-kb region includes essential cis-regulatory
regions that are required for infection thread formation in the epidermis but are
insufficient for the activation of cortical cell divisions. To determine how NIN
induces these processes, we must identify the precise cis-regulatory regions in
the NIN promoter that drive proper spatiotemporal NIN transcription.

Here, we have identified a conserved NIN promoter region that is essential
for nodule organogenesis in Medicago. This region contains several putative
cytokinin response elements and regulates NIN expression in the pericycle,
where the cytokinin receptor (CRE1) and a B-type response regulator (RR1) are
constitutively expressed. This reveals a key role for the pericycle in formation of
nodule primordia, in which NIN expression is most likely activated by cytokinin
signalling.
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Results

Isolation of a Medicago nin Mutant in which Infection and Nodule
Organogenesis Are Uncoupled

By screening a plant population obtained from Medicago seeds that were
mutagenized by fast neutron bombardment (Noble Research Institute, LLC.,
Ardmore USA), we identified a Nod- mutant which we have named FN8113.
Three weeks post inoculation (wpi) with Sinorhizobium meliloti, the FN8113
mutant formed excessive numbers of infection threads, but nodulation was
strongly impaired (compare Figures 1A and 1B with Figures 1C and 1D). We
quantified the infection thread number in FN8113 and wild type roots at 2 wpi.
The number of infection threads in FN8113 roots was more than tenfold the
number in wild type roots (Figure 1E). Root hair curling in FN8113 resembled
that of wild type, as entrapped bacteria formed colonies and infection threads
were formed (compare Figure 1F and 1G). The majority of infection threads
were arrested in root hairs, but longitudinal sections of roots showed that a
few infection threads could reach cortical cell layers (Figure 1H). Occasionally,
some cortical cells had divided locally around infection threads. However, cell
divisions were not induced in the inner root cell layers, where nodule primordia
are initiated in wild type Medicago plants.

Asegregating F2 population resulting from a cross between FN8113 (cv Jemalong
A17) and Jemalong A20, showed an approximately 3:1 ratio of Nod+:Nod- plants
(118 F2 plants; 84 Nod+: 34 Nod-). This indicates that FN8113 has a single
recessive mutation that is responsible for its Nod- phenotype. Simple sequence
repeat markers were used to determine the position of the mutation, which was
localized to the end of chromosome 5, where NIN is located. Next, whole-genome
sequencing was used to identify the mutation in this region, and this revealed
a translocation of a ~2.49 Mbp region from chromosome 2 into chromosome 5.
This was inserted 4120 bp upstream of the NIN start codon (—4120). In addition,
a small deletion of 15 bp between —4121 and —4135 was detected (Figure 11).
No mutations were found in the NIN coding sequence. FN8113 was shown to
be a nin mutant because its Nod- phenotype could be complemented with a
biologically functional NIN promoter driving NIN (described below). Because the
phenotype of FN8113, as well as the nature of its mutation, are strikingly similar
to Lotus daphne, we named the FN8113 mutant daphne-like.
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CTTACACTAACGGTG AATTCCTCGTAAGAC TGAAGAACCTTTT GFEFCGAATATIFTTACCAACCAAGAAC
chr.5--- --- chr.2 chr.2--- --- chr.5

Figure 1. A new Medicago nin Mutant daphne-like in which Infection and
Nodule Organogenesis Are Uncoupled.

(A) to (D) Images of wild-type and mutant roots. These transmitted light stereo
macroscopy images (A) and (C) and corresponding green fluorescence stereo
macroscopy images (B) and (D) were taken at 3 weeks post inoculation (wpi). Roots
of daphne-like (FN8113) mutant plants (C) and (D) have an excessive number of
infection threads in comparison to wild type A17 roots (A) and (B). Bars= 2 mm. (E)
Quantification of infection thread number. The number of infection threads per root
was counted at 2 wpi in both A17 roots (n = 12) and FN8113 roots (n = 12). Data are
mean x SD. (F) and (G) Infection thread formation in a mutant and a wild type roots.
These confocal images of roots stained with propidium iodide at 1 wpi show that a
bacterial colony (arrow head) is formed inside a daphne-like curled root hair and
an infection thread (arrow) is initiated (F) like in a wild type root hair (G). S. meliloti
containing constitutively expressed GFP was used as inoculum. ep, epidermis; C4,
C5, cortical cell layers 4 and 5; ed, endodermis; pc, pericycle. Bars = 10 ym (H)
Longitudinal plastic section of daphne-like root at 3 wpi. The section stained with
toluidine blue displays infection thread (arrow). The infection threads in a mutant can
occasionally reach cortical cell layers and induce some cell divisions (arrowhead).
Bars = 50 ym. (I) Schematic representation of the chromosome translocation at the
NIN locus in the daphne-like mutant. The strikethrough indicates a 15 bp deleted
sequence.
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The 5kb Upstream Region of Medicago NIN Contains Discrete
Regulatory Sequences that Affect Root Hair Curling and Infection

The phenotype of daphne-like strongly suggests that NIN regulatory sequences
required for primordium formation are located more than 4120 bp upstream of
the NIN start codon. In addition, this phenotype indicates that the regulatory
sequences located within this 4120-bp region are sufficient for proper root
hair curling and infection thread formation. We tested this by using a construct
containing the 5-kb region upstream of the start codon to drive expression of
NIN. We introduced this construct, ProNIN,, :NIN, into Medicago nin-1 (null
mutant, Marsh et al., 2007) roots by Agrobacterium rhizogenes-mediated root
transformation. At 4 wpi, 41 of 44 analyzed transgenic roots showed excessive
infection thread formation (Figure 2B to 2D). Despite the numerous infections,
these roots did not form nodules, except for one root on which four nodules were
observed. As other transgenic roots of this composite plant have no nodules,
we assume that this is caused by transgene insertion. Longitudinal sections of
infected transgenic roots confirmed that cell divisions were not induced in the
pericycle, endodermis and inner cortical cell layers (Figure 2A). Infection threads
were arrested in the epidermis, but occasionally some of these reached the
cortex. Thus, the 5 kb promoter region is sufficient for infection thread formation,
but it lacks regulatory sequences for primordium formation.

Interestingly, a single putative CYCLOPS/IPD3 binding site is located about
-3 kb upstream of the start codon (Figures 3 and 4A, Supplemental Figure
1, Supplemental Table 1) (Singh et al., 2014). We therefore checked whether
the function of NIN in the epidermis fully depends on this putative CYCLOPS
binding site by using the —2.2 kb region (Figure 4A) to drive NIN expression. The
ProNIN, ,,.:NIN construct was introduced into nin-1 by A. rhizogenes-mediated
root transformation. The nin-1 null mutant has excessive root hair curling
but fails to form infection threads (Figure 2H to 2J). Although all 37 analysed
transgenic roots at 4 wpi showed tight root hair curls that enclosed bacterial
colonies, infection threads were rare (Figure 2E to 2G). Of 298 curled root hairs
in ProNIN,,,.:NIN transgenic roots containing a bacterial colony, only ~3%
had an infection thread. This shows that root hair curling and establishment
of infection chambers do not rely on the putative CYCLOPS binding site. By
contrast, ~70% of these curled root hairs (n = 324) formed infection threads in

ProNIN,, :NIN transgenic roots.
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ProNIN,,,:NIN

Empty vector

ProNIN,,,,:NIN

ProNINskb( ACYCL 0PS):NIN

Figure 2. The Infection Process in Medicago nin-1 Roots Is Partially Rescued
by Introducing ProNIN,,,:NIN or ProNIN, , . :NIN.

2.2kb"
(A) to (D) Phenotype of nin-1 roots transformed with ProNIN,,,:NIN at 4 weeks post
inoculation (wpi) with S. meliloti constitutively expressing GFP. The transmitted
light microscopy image of longitudinal plastic section of transgenic root stained
with toluidine blue displays infection threads (arrow) that occasionally can reach
cortical cell layers (A). Bar = 50 ym. The transmitted light stereo macroscopy
image (B) and corresponding green fluorescence stereo macroscopy image (C)
show excessive infection thread formation in transgenic root. Bars = 2mm. Confocal
image of transgenic root stained with propidium iodide shows infection thread
initiated in the curled root hair (D). Bar = 10 um. (E) to (G) Phenotype of nin-1 roots
transformed with ProNIN, ,.:NIN at 4 wpi with S. meliloti constitutively expressing
GFP. The transmitted light stereo macroscopy image (E) and corresponding green
fluorescence stereo macroscopy image (F) display numerous curled root hairs with
bacterial colonies in transgenic root. Bars = 2mm. Confocal image of transgenic
root stained with propidium iodide (G). Colonies are formed inside the chamber
of the root hair curl, but infection thread is not developed. Bar = 10 ym. (H) to (J)
Phenotype of nin-1 roots transformed with empty vector at 4 wpi with S. meliloti
constitutively expressing GFP. The transmitted light stereo macroscopy image (H)
and corresponding green fluorescence stereo macroscopy image (I) show that
transgenic root forms neither infection threads nor bacterial colonies. Bars = 2mm.
Transgenic root stained with propidium iodide shows excessive root hair curling (J).

Continued on next page
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These results indicate that the —5 kb to —2.2 kb region contains regulatory
sequences thatare critical for infection thread formation. The observed phenotype
is reminiscent of that of Lotus and Medicago cyclops-3/ipd3-2 mutants (Yano et
al., 2008; Horvath et al., 2011), which do not form infection threads but show
formation of bacterial colonies in tightly curled root hairs. Therefore, the —2.2
kb region can activate NIN expression in the epidermis, and the expression
level is sufficient for tight root hair curling, allowing rhizobia to form a colony
inside the curl. However, additional regulatory sequences located between -5
kb and —-2.2 kb, probably involving the putative CYCLOPS binding site, are
required for efficient infection thread formation. To test this, we analysed nin-1
roots transformed with NIN driven by the —5 kb promoter in which the putative
CYCLOPS binding site was deleted (ProNIN,,, .. ..., ’NIN) (Figure 2K to 2M).
Due to this mutation, the number of curled root hairs with a colony (similar in size
to the one formed in wild type roots) that initiated an infection thread dropped
from 70% to 7% (n = 434). This shows that the putative CYCLOPS-binding site
within the NIN promoter is essential for efficient infection thread formation.

A Conserved Region with Putative Cytokinin Response Elements
is Located ~18 kb Upstream of the NIN Coding Region in Medicago
truncatula

The daphne-like mutant, as well as nin-1 transformed with ProNIN,,,:NIN, can
induce formation of infection threads but not nodule primordia. Based on this,
we hypothesized that the regulatory elements required for NIN-induced nodule
primordium formation are located upstream of —5 kb. This resembles the Lotus
daphne mutant, which contains a chromosomal insertion at ~7 kb upstream of
the NIN start codon. Therefore, we expected that such remote regulatory regions
would be conserved in Lotus and Medicago and probably in other legumes. To
test this, we compared the genomic DNA sequences spanning from the NIN
coding region to the first upstream gene in eight legume species (Medicago

Bar=10um. (K) to (M) Phenotype of nin-1roots transformed with ProNlN5kb(ACyc,ops):NlN
at 4 wpi with S. meliloti constitutively expressing GFP. The transmitted light stereo
macroscopy image (K) and corresponding green fluorescence stereo macroscopy
image (L) display many bacterial colonies in transgenic root hairs. Bars = 2mm.
Confocal image of transgenic root stained with propidium iodide shows that colony
is formed inside the chamber of the root hair curl but infection thread is not initiated

(M). Bar =10 ym.
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Figure 3. mVISTA Alignment of Genomic DNA Sequences Including 2 kb from
the Start Codon of the NIN Gene and 5’-Upstream Regions from Eight Legume
Species.

Peaks indicate the level of identity with Medicago on a scale of 50%- 100%. Identities
lower than 50% were not scored. The figure represents 2 kb of each NIN sequence
downstream of the start codon (blue) and 5’- upstream DNA sequence (orange).
The red rectangle on the right next to the NIN coding sequence indicates the -5 kb
promoter region. The red rectangle on the left indicates the 3 conserved regions
(3C). The grey arrow shows the putative CYCLOPS binding site.

truncatula, Lotus japonicus, Arachis duranensis, Cicer arietinum, Glycine max,
Lupinus angustifolius, Cajanus cajan and Trifolium pratense). Based on the
high level of identity (50%- 100%) among all these species we identified DNA
sequences with three conserved regions (3C) far upstream of the NIN start
codon (Figure 3 and Supplemental Table 1). In Medicago, 3C is located 15 to
20 kb upstream of the NIN start codon, and in Lotus it is located between 42
to 49 kb upstream (Supplemental Table 1). The levels of identity in conserved
regions of 3C are similar to that of the NIN coding region (Figure 3). The
second region in 3C is most conserved and includes about ten putative B-type
cytokinin signalling RESPONSE REGULATOR (RR) binding sites (Figure 3 and
Supplemental Figure 2) (Sheen, 2002; Heyl and Schmiilling, 2003; Hosoda et
al., 2002; Imamura et al., 2003). Therefore, we named this middle region the
CE region (for cytokinin response elements-containing). Because cytokinin
signalling is essential for nodule organogenesis and induction of N/IN expression,
the CE region may be involved in regulation of NIN expression during initiation
of nodule primordium formation.
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The CE Region Contains Regulatory Elements Required for Nodule
Organogenesis

To determine whether 3C (~4 kb) contains regulatory sequences necessary
for nodule primordium formation, we fused it to the (upstream) —5 kb region
(ProNIN,_ ,.-NIN), as the latter is sufficient for infection. ProNIN, ,,:NIN was
introduced into nin-1 by A. rhizogenes-mediated root transformation. 21 of 26
analysed transgenic roots (at 4 wpi) formed, on average, eight nodules per
root (Figure 4B). As the CE region (~1 kb) contains several putative cytokinin
response elements, we tested whether this region is sufficient to trigger
primordium formation. To this end, we transformed nin-1 with the CE region
fused to the -5 kb region driving NIN (ProNIN__ ,.:NIN). This resulted in 18 out
of 37 transgenic roots forming on average eight nodules per root (Figure 4B).
This demonstrates that the CE region contains regulatory sequences that are
required for primordium formation. Furthermore, the number of nodules formed
on ProNIN,,.-NIN expressing roots was similar to the number on wild type
roots transformed with an empty vector control (Figure 4B). This suggests that
the autoregulation of nodulation mechanism is also activated (Soyano et al.,
2014). In addition, 12 out of 22 nin-1 roots transformed with ProNIN._,,.:NIN
displayed wild type like infection thread numbers, indicating that the excessive
infection phenotype can be partially rescued by including the CE region in NIN

promoter.

Normal nodules are pink due to the presence of leghemoglobin, which keeps the
oxygen level low in the infected cells of the fixation zone so that the anaerobic
process of nitrogen fixation can proceed. Pink nodules were formed on nin-1
roots transformed with either ProNIN,_ ,,.:NIN or ProNIN ., .:NIN. Longitudinal
sections of these nodules showed a zonation similar to wild type nodules: a
meristem at the apex; the infection zone, where rhizobia are released from the
infection thread and subsequently divide and begin to enlarge; and the fixation
zone, where rhizobia have reached their fully enlarged shape and are able to
fix nitrogen (Figure 5A to 5D). Nodules formed by inoculation with S. meliloti
carrying the PronifH:GFP reporter, showed that nitrogenase nifH was expressed
in the fixation zone, confirming that these nodules are functional (Supplemental
Figure 3). Thus, CE in combination with the —5 kb region is sufficient to induce
wild type-like nodule organogenesis.
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Figure 4. The CE Region in the NIN Promoter Is Essential for Nodule
Organogenesis.

(A) Schematic illustration of the Medicago truncatula NIN promoter. Three conserved
remote regions (3C) (orange) were identified among eight legume species studied
here. The second region of 3C is most conserved, it includes about ten putative
B-type cytokinin signalling RESPONSE REGULATOR (RR) binding sites and
named the CE region (for cytokinin response elements-containing). CE region in its
turn contains a highly conserved 472 bp sequence that was divided into three parts
named domains D1, D2 and D3. D1 and D3 (purple) contain six and three putative
cytokinin response elements, respectively, whereas D2 (green) contains a putative
AP2-binding site and a single putative cytokinin response element. (B) Number of
nodules formed on wild type (A17) roots transformed with empty vector and nin-1
roots transformed with the constructs carrying the NIN gene driven by different parts
of the NIN promoter as indicated. S. meliloti containing constitutively expressed
GFP was used as inoculum. Nodule numbers per nodulated root were counted at 4
wpi. Data are means + SD.
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nin-1 daphne-like
NIN ProNIN NIN ProNIN :NIN

CE-35Smin”

ProNIN

3C-5kb" CE-5kb"

Figure 5. Non-Nodulating Phenotypes of nin-1 and daphne-like are Rescued
by A. rhizogenes-mediated Transformation with ProNIN !NIN, ProNIN_

3C-5kb”

s-NIN and ProNIN NIN.

(A) to (D) Nodules formed on nin-1 roots transformed with the indicated constructs
at 4 wpi with S. meliloti. Transmitted light macroscopy images of nodules (A)
and (C). Nodules are pink due to the presence of leghemoglobin. Bars = 2mm.
Longitudinal plastic sections of these nodules stained with toluidine blue display
normal zonation. (B) and (D). M, meristem; IF, infection zone; FX, fixation zone.
Bars =200 um. (E) fo (H) Nodules formed on daphne-like roots transformed with the
indicated constructs at 4 wpi with S. meliloti. Transmitted light macroscopy images
of nodules (E) and (G). Bars = 2mm. Longitudinal plastic sections of these nodules
stained with toluidine blue display normal zonation (F) and (H). M, meristem; IF,
infection zone; FX, fixation zone. Bars = 200 ym.

CE-35Smin”

NIN Expression Cannot be Induced by Cytokinin in the daphne-like
Mutant

Because the ProNIN_.,.:NIN construct can fully restore nodulation ability in

nin-1 roots, we used it to verify that daphne-like is indeed a nin allele. Therefore,
daphne-like was transformed with ProNIN, ,,.:NIN (Figures SE and 5F), and 15
of 17 transgenic roots analyzed at 4 wpi formed on average about seven nodules
per root. The excessive infection phenotype in the daphne-like background
was rescued by ProNIN . .. :NIN in 11 of these 17 transgenic roots. This result
shows that daphne-like is a nin mutant. Its phenotype is most likely caused by

the 2.49 Mbp insertion by which the CE region is positioned too far away from
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the transcription start to contribute to the correct expression of NIN for nodule
primordium formation.

To test whether the CE region is sufficient to complement nodule organogenesis
in daphne-like, we used a minimal —46 bp CaMV 35S promoter (Benfey and
Chua, 1990) fused to the CE region (ProNIN_ ... :NIN) (Figures 5G and 5H).
We found that 37 out of 45 transgenic daphne-like roots had formed on average
four nodules per root at 4 wpi. This indicates not only that the CE region is
sufficient to induce nodule organogenesis, but also that, in combination with
the =5 kb region, more nodules (about seven per root) can be formed. The
ability to form nodules can be rescued in daphne-like by the CE region driving
NIN expression. Therefore, it is likely that the CE region in daphne-like cannot
regulate the expression of N/IN. Because the CE region contains several putative
response elements, we hypothesised that NIN expression would not be induced
by cytokinin in daphne-like. To test this, we compared the induction of NIN
expression by cytokinin vs. water (as control) in wild type (A17) and daphne-
like. We found that 16 h after 10-7M benzylaminopurine (BAP) application, NIN
expression level increased 37 fold compared with the control, and NF-YA1
expression level increased over a hundred fold in wild-type, while both NIN
and NF-YA1 expression levels in daphne-like were not changed (Figures 6A
and 6B). This suggests that the CE region is required for the induction of NIN
expression by cytokinin.
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A Domain with Six Putative Cytokinin Response Elements is Essential
for Nodule Primordium Formation

Because cytokinin is known to be a positive regulator of nodule primordium
formation (Suzaki et al., 2013), we tested whether the putative cytokinin
response elements within the CE region are essential for primordium formation.
To this end, we made several deletions in the CE region, which contains a
472-bp region that is highly conserved in all eight legume species studied here
(Figures 3 and 4A and Supplemental Figure 2). We divided this 472-bp region
into three parts named domains one to three (D1 to D3). D1 and D3 contain six
and three putative cytokinin response elements, respectively, whereas domain 2
(D2) contains a putative AP2-binding site as well as a single cytokinin response
element (Figure 4A and Supplemental Figure 2).

Several studies have shown that transcription factors of the AP2 family, including
ERN (ethylene response factor required for nodulation) are involved in regulating
nodulation (Andriankaja et al., 2007; Middleton et al., 2007; Wang et al., 2014).
To investigate their respective contribution to nodule primordium formation, the
D1, D2 or D3 regions were separately deleted from the 1-kb CE region (Figure
4A and Supplemental Figure 2), and the modified CE regions were fused to the
-5 kb region to drive NIN expression. These three constructs were introduced
into nin-1 by A. rhizogenes-mediated root transformation. Our results show that
deletion of D1 eliminated nodulation ability (Figure 4B and Supplemental Figure
4A), whereas deletion of D2 had no significant effect on nodulation (Figure 4B
and Supplemental Figure 4B). Deletion of D3 caused a reduction of the relative
number of roots with nodules from 49% to 21% and also reduced the average
nodule number per root from eight to five (Figure 4B and Supplemental Figure
4C). These results show that regulatory sequences in D1 are essential for NIN-
regulated nodule primordium formation and suggest that the putative cytokinin
response elements within D1 are likely responsible. In contrast, the putative
AP2 binding site in D2 is not essential for nodule organogenesis.

Induction of NIN expression in Inner Root Cell Layers Occurs in a Non-
Cell-Autonomous Manner

It was shown that the 2.2 kb upstream region of Medicago NIN is activated in
the epidermis, 24 h after Nod factor application (Vernié et al., 2015). Because
this promoter region lacks the regulatory sequences required for nodule
organogenesis, we wanted to determine whether expression of NIN is induced
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in inner root cell layers during primordium formation. We studied the localization
pattern of NIN mRNA in nodule primordia via in situ hybridization. Plants were
grown on plates and spot inoculated with S. meliloti. We analyzed a primordial
stage at 2 dpi in which the pericycle cells have divided and some anticlinal
divisions have occurred in the inner cortical cell layers C4 and C5 (Figure 7A
and 7B). We also analyzed cells at a slightly later stage at 3 dpi when cortical
cells have divided more extensively (Figure 7C and 7D). At both stages, the
infection thread had not yet reached the primordia. At the younger stage, NIN
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Figure 7. NIN and NF-YA1 Expression Patterns in Medicago Wild Type (A17)
Nodule Primordia and daphne-like Mutant.

(A) to (D) RNA in situ localization of NIN (A) and (C) and NF-YA1 (B) and (D) in
nodule primordia at 2 days post inoculation (dpi) (A) and (B) and at 3 dpi (C) and
(D). The arrow indicates an infection thread. (E) RNA in situ localization of NIN in
roots of the daphne-like mutant at 2 dpi. Hybridization signals are visible as red dots
(arrowheads). ep, epidermis; C4, C5, cortical cell layers 4 and 5; ed, endodermis;
pc, pericycle. Bars = 50 ym.
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mMRNA occurred in pericycle and epidermis, but it was hardly detectable in the
divided cortical cells (Figure 7A). The highest expression level occurred in the
pericycle-derived cells. At the stage, when cortical cells have divided more
extensively, the expression level of NIN in cortex derived cells was similar to
that in the pericycle (Figure 7C). This shows that expression of NIN was first
strongly induced in the pericycle after which it extends to the other inner cell
layers. NF-YA1 is a known direct target of NIN (Soyano et al., 2013). Like NIN,
it is expressed in the epidermis, where it regulates rhizobial infection (Laporte
et al., 2014). To test whether NIN might also regulate NF-YA1 expression in the
primordia, we performed RNA in situ hybridization using NF-YA1 as a probe.
This analysis showed that NF-YA1 expression is similar to NIN expression, as
it is also first induced in pericycle and most likely cortical cell division precedes
NIN and NF-YA1 expression (Figure 7B and 7D). This suggest that NF-YAT is
regulated by NIN in both pericycle and other nodule primordium cells.

Therefore, rhizobia present in the epidermis induce NIN and NF-YA1 expression
in the pericycle-derived cells. Furthermore, because Nod factors are immobile
molecules (Goedhart et al., 2000) that do not diffuse to the inner cell layers, NIN
and NF-YA expression in the inner cell layer is most likely induced by a mobile
signal generated in the epidermis where Nod factor signaling takes place.

The CE Region is Required for Induction of NIN Expression in the
Pericycle

We wanted to test whether the CE region is required for NIN expression in
the inner cell layers, we compared expression patterns of ProNIN_,,..GUS
and ProNIN,,,:GUS in roots. We first introduced these constructs into wild type
Medicago (A17) roots by A. rhizogenes mediated transformation. We analyzed
an early stage of primordium development when pericycle cells have divided and
some anticlinal divisions have occurred in the inner cortical cell layers similar to
the early stage tested for in situ. Both constructs were expressed in epidermis,
pericycle, and endodermis and a lower signal was detected in some cortical
cells (Figure 8A and 8B). This result is surprising considering that ProNIN,,,:NIN
is not sufficient for primordium formation in the nin-1 background. Therefore, we
hypothesized that expression of ProNIN,,,:GUS in inner cell layers is induced
by endogenous NIN that is produced in the wild-type background. This implies
that NIN expression in the inner layers is regulated by a positive feedback loop
involving NIN itself, and that the essential cis-regulatory elements required for

this are located in the -5 kb promoter region.
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A17

daphne-like

nin-1

Figure 8. The CE Region Is Required for Rhizobium-Induced NIN Expression
in the Pericycle.

(A) to (F) Tissue-specific ProNIN,,..GUS and ProNIN :GUS expression patterns

5kb® CE-5kb"
in wild type and nin mutants at 2 dpi. Arrowheads indicate GUS expression (light

blue) in wild type (A) and (B), in daphne-like (C) and (D) and in nin-1 (E) and (F)
roots. ep, epidermis; C4, C5, cortical cell layers 4 and 5; ed, endodermis; pc,
pericycle. Bars = 50 uym.

To test this hypothesis, we introduced ProNIN,,,..:GUS and ProNIN,, :GUS
into daphne-like by A. rhizogenes mediated transformation. In daphne-like,
infection threads can be formed indicating that NIN is induced in the epidermis
and the production of the mobile signal might not be affected. However,
nodule primordium formation is impaired, indicating there is no NIN production
in the inner cell layers. Indeed, ProNIN, :GUS transgenic roots showed
GUS expression only in epidermis and outer cortex (Figure 8C), whereas no
expression was observed in the pericycle cells. In contrast, ProNIN__,,,.GUS
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transgenic roots showed GUS expression in epidermis, outer cortex and in the
pericycle (Figure 8D). In this case, cell division was not induced in the pericycle,
due to the absence of NIN. Taken together, these results demonstrate that the
CE region regulates NIN expression in the pericycle prior to cell division in wild
type roots. This means that the CE region is required for the initial induction of
NIN expression in the pericycle. In addition, the expression of ProNIN . ,,:GUS
in the pericycle of daphne-like is weak which is consistent with the involvement
of NIN in a feedback loop by (directly or indirectly) positively regulating its own
expression.

To further demonstrate that the CE region is required for NIN expression in the
pericycle, we studied NIN expression in daphne-like roots using RNA in situ
hybridization at 2 dpi with rhizobia. In contrast to wild type (Figure 7A), NIN is
expressed in the epidermis and outer cortex but not in the pericycle (Figure 7E).
This result supports the idea that that CE region is required for NIN expression
in the pericycle.

Induction of NIN in the Pericycle Depends on NIN Expression in the
Epidermis

It is likely that a mobile signal generated by Nod factor signaling in the epidermis
induces NIN expression in the pericycle. If true, NIN expression in the pericycle
would depend on NIN induction in the epidermis. To test this, we introduced
ProNIN . ,,-GUS and ProNIN,,,:GUS into nin-1 by hairy root transformation. In
both cases, GUS was present only in the epidermis and outer cortex, and not
in the pericycle at 3 dpi (Figure 8E and 8F). This suggests that NIN is required
in the epidermis, probably for the generation of the mobile signal, in order to

induce NIN expression in pericycle cells.

CRE1 and RR1 are Expressed in the Pericycle of Uninoculated roots

Rhizobium-induced NIN expression in the pericycle is dependent on the CE
region and formation of precedes nodule primordia. The occurrence of multiple
B-type RR response regulatory elements in the CE region suggests that the
cytokinin signalling machinery is important for NIN transcriptional activation
in the pericycle. To examine this, we determined the expression pattern of
the cytokinin receptor CRE1 and its putative target the B-type RESPONSE
REGULATOR RR1, which is known to be expressed during nodule formation
(Gonzalez-Rizzo et al., 2006). Using RNA in situ hybridization, we found that
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Figure 9. CRE1 and RR1 are Expressed in the Pericycle of Uninoculated roots.

RNA in situ localization of CRE1 (A) and RR1 (B) in susceptible zone of uninoculated
roots. For in situ hybridization root tips of ~1 cm of 4 days old seedlings were used.
Hybridization signals are visible as red dots (arrowhead). ep, epidermis; C4, C5,
cortical cell layers 4 and 5; ed, endodermis; pc, pericycle; vb, vascular bundle.
Bars = 50 um

CRET1 is actively transcribed in pericycle and vasculature cells of uninoculated
roots, but not in endodermal or cortical cells (Figure 9A). Also, mRNA of the
B-type RR1 was present at the highest level in pericycle cells, and to a lower
extent in root vasculature cells (Figure 9B). Therefore, both CRE71 and RR1
have been already expressed in the pericycle by the time rhizobial signalling
starts, suggesting that, initially, only this layer is responsive to cytokinin.

Discussion

In this study, we show that remote upstream regulatory sequences (the CE
region) are required for proper regulation of NIN expression and Medicago
truncatula nodule organogenesis. By contrast, regulatory sequences required
for the infection process are located within a 5 kb region directly upstream of
the start codon. The CE region contains several putative cytokinin response
elements and domain 1 (D1), which contains six of these elements, is essential
for nodule primordia formation. The CE region appears to be important
for cytokinin induced expression of NIN, as daphne-like has lost this ability.
Formation of nodule primordium initiates with NIN induction in the pericycle,
and subsequently it extends to the cortical cells. The fact that CRE71 and RR1
are expressed in the pericycle supports the idea that cytokinin perception is
necessary for the induction of NIN at the start of primordium formation.
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In animals, many genes have been identified that are regulated by remote cis-
regulatory elements that can be megabases away from the transcription start
site. By contrast, in plants only a few remote cis-regulatory sequences are
known (Shlyueva et al., 2014; Weber et al., 2016; Symmons and Spitz, 2013).
One of the best characterized remote cis-regulatory sequence is the enhancer
of booster1 (b1) in Zea mays, which is located 100 kb upstream of the gene
(Stam et al., 2002). It has been shown that gene activation by remote enhancers
can be associated with chromatin loop formation that brings the enhancer
in close proximity to the promoter, a process that can facilitate assembly of
transcription complexes (Cook, 2003; Nolis et al., 2009; Deng et al., 2012). The
distance between the CE region and the transcription start site varies in the
legume species studied here. In L. angustifolius it is about —7 kb, whereas in
Lotus it is about —45 kb. We demonstrated that the CE region fused to the —5-kb
promoter can rescue nodule organogenesis in Medicago. This shows that the
sequences between the CE region and the -5 kb region are not essential for
nodule organogenesis. However, we cannot exclude the possibility that in this
region there are regulatory sequences required for fine tuning NIN expression.

During the infection process, NIN participates in a mechanism wherein root
hair growth stops when a proper curl is formed. Regulatory sequences required
for this process are located within the —2.2 kb promoter region. The fact that
this region lacks the putative CYCLOPS binding site implies that in addition
to CYCLOPS (IPD3 in Medicago), another transcription factor or factors is
involved in regulating NIN expression in the epidermis. Because this —2.2 kb
region is not sufficient for efficient infection thread formation, we assume that
the expression level of NIN in the epidermis remains below the threshold level
required for infection thread formation, whereas this level can be reached by
the =5 kb promoter region which includes the putative CYCLOPS binding site
(Figure 10).

We present a model for the regulation of expression of NIN in Figure 10. After
the rapid induction of NIN in the epidermis, NIN is subsequently induced in the
pericycle. The latter most likely precedes the mitotic activation of pericycle cells.
The induction of NIN in the pericycle requires the presence of the CE region and
involves a positive feedback loop including NIN itself. The proposed feedback
loop was based on our observation that expression of ProNIN,,,:GUS in the
Medicago wild type background was induced in nodule primordia, despite the
fact that this promoter region is not sufficient to trigger primordium formation.
This result is similar to what was found in Lotus where a promoter region of NIN
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Figure 10. Proposed Model of NIN Function during Initiation of Nodule
Primordia.

After perception of the Nod factor, NIN expression is induced in the epidermis.
The —5-kb regulatory region of the NIN promoter is sufficient for both tight root hair
curling and infection thread formation. By contrast, expression driven by the —2.2
kb region is sufficient only for the tight root hair curling and formation of bacterial
colonies inside the curl. A mobile signal is generated in the epidermis in a NIN-
dependent manner, and this signal translocates to the pericycle. Whether or not this
mobile signal is cytokinin or an unknown signal, it causes cytokinin accumulation
in the inner root cell layers. The CRE1 receptor in the pericycle perceives cytokinin
and activates the B-type RR1, which further activates NIN expression. NIN directly
or indirectly regulates its own expression via a positive feedback loop, and the -5
kb promoter region is sufficient for this. NIN directly activates NF-YA1 expression
and stimulates further cell divisions. Later, the NIN-induced response in pericycle
contributes to cell division and NIN expression in the endodermis and cortical cells.
ep, epidermis; C4, C5, cortical cell layers 4 and 5; ed, endodermis; pc, pericycle.

that does not trigger primordium formation was sufficient to drive expression of
GUS in primordia (Yoro et al., 2014; Heckmann et al., 2011; Kosuta et al., 2011).

Our conclusion that nodule primordium formation requires the induction of NIN
expression in inner root layers is consistent with the observation that nodule
organogenesis is restored in the Lotus daphne mutant by NIN driven by a
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heterologous Arabidopsis enhancer that is active in endodermis and cortex
(Yoro et al., 2014). When we transformed the Medicago nin null mutant with the
ProNIN, ,,.:NIN construct, nodule organogenesis was not restored. By contrast,
Vernie et al. 2015 reported the formation of nodules on a Medicago nin null
mutant transformed with a similar construct. However, the nodule number was
very low and nodules were observed a long time (50 d) after inoculation. To
determine whether these structures are indeed genuine nodules and not simply

modified lateral roots, analysis of sections is required.

Deletion of sequences within the CE region, which contains six putative cytokinin
response elements, blocks primordium formation. We hypothesize that cytokinin
signalling in the pericycle induces NIN expression. This hypothesis is supported
by the fact that the expression of the cytokinin receptor (CRE7) and the B-type
response regulator (RR1) is observed in the pericycle before rhizobial signalling
is initiated. This agrees with a previous study showing that a CRE7 promoter
region driving GUS expression is specifically expressed in endodermis/pericycle
cells opposite the protoxylem poles (Boivin et al., 2016), the sites where nodule
primordia are formed (Heidstra et al., 1997). The involvement of the CE region
in cytokinin induced NIN expression is indicated by the daphne-like mutant,
which has lost this ability. However, it remains to be proven that the CE region
is sufficient for the cytokinin induced NIN expression. Our attempts to show this
in Agrobacterium-mediated hairy root transformation were inconclusive due to
high basal levels of NIN expression in the absence of applied cytokinin in hairy
roots.

The CE region is conserved in the eight legume species that we studied. They
belong to different clades of the legume Papilionoideae subfamily, representing
the Genistoids, IRLC, Robinioids, Milletioids and Dalbergioids clades. This
suggests that the regulation of NIN expression by cytokinin is conserved in this
subfamily. After the induction of NIN in the pericycle, NIN expression extends
to the endodermis and inner cortex. In young nodule primordia in which cortical
cells have divided anticlinally (Figure 7A and 7B), expression of both NIN and
NF-YA1 are highest in pericycle, and it is hardly detectable in the divided cortical
and endodermal cells. This suggests that NIN-induced responses in the pericycle
contribute to cell division in endodermis and cortical cells (Figure 10). At a later
stage of development, NIN is expressed in the dividing cortical cells (Figure 7C
and 7D). How NIN expression is regulated in these cells remains to be studied.
Expression of cytokinin biosynthesis genes as well as bioactive cytokinin
accumulation is induced by Nod factor signalling (Van Zeijl et al., 2015). Asiitis a
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mobile molecule, it is likely that this results in the accumulation of cytokinin in (at
least) the pericycle. Whether cytokinin biosynthesis in the pericycle is triggered
by an as yet unknown mobile signal generated in epidermis or whether cytokinin
itself is this mobile signal that accumulates in the pericycle is not known.

Cell division in nodule primordia correlates with auxin accumulation, and this
occurs before the first cell division (Mathesius et al., 1998; Suzaki et al., 2012).
Auxin accumulation (DR5 expression) depends on NIN, as it does not occur in
a nin null mutant (Suzaki et al., 2012). Furthermore, ectopic expression of both
NIN and NF-YA1 is sufficient to induce abnormal cell division during lateral root
development (Soyano et al., 2013), suggesting that their expression causes
the local accumulation of auxin. Therefore, we hypothesize that cytokinin
signalling in the pericycle triggers NIN expression and that this results in the
local accumulation of auxin, which subsequently triggers mitotic activity (Figure
10). This is supported by a previous study showing that STY genes are targets
of NF-YA1 (Hossain et al., 2016). STY genes encode transcription factors that
have been shown to regulate YUCCA auxin biosynthesis genes in Arabidopsis
(Eklund et al., 2010; Sohlberg et al., 2006). If this is the case, then during nodule
primordium formation, NIN induced NF-YA expression in the pericycle might
induce the local production of auxin which subsequently induces cell division in
pericycle, endodermis and cortex.

Materials and Methods

Plant Material and Growth, Hairy Root Transformation and Inoculation
with Rhizobia

Medicago (Medicago truncatula) ecotype Jemalong A17 was used as the
wild type. Agrobacterium msu 440-mediated hairy root transformation was
performed according to Limpens et al., 2004. Medicago plants were grown in
perlite saturated with low nitrate [0.25 mM Ca(NO3)2] Farhaeus (Fa) medium
(Catoira et al., 2000) at 21°C under a 16h light/8h dark regime. After one week
of growth, plants were inoculated with S. meliloti 2011 constitutively expressing
GFP or carrying the PronifH:GFP reporter (OD600 = 0.1, 1 mL per plant). Plants
growing on Fa plates were spot inoculated with 0.5 L of rhizobium suspension
per root.
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DNA Constructs

DNA fragments of NIN including the 3'UTR and promoter regions were
generated by PCR using Medicago genomic DNA as a template and
Phusion high-fidelity DNA polymerase (Finnzymes) with the specific primers
listed in Supplemental Table 2. The DNA fragments used for pENTR-D-
TOPO cloning (Invitrogen) were amplified with forward primers containing
an extra 5-CACC sequence. Forward primers containing an attB4 site
(GGGGACAACTTTGTATAGAAAAGTTGNN) and reverse primers with an attB1
site (GGGGACTGCTTTTTTGTACAAACTTGN) were used to generate DNA
fragments for cloning into pPDONOR P4-P1 by BP recombination (Invitrogen).
The forward primers with attB2 (GGGGACAGCTTTCTTGTACAAAGTGGAA)
and reverse primers with attB3 (GGGGACAACTTTGTATAATAAAGTTGC) were
used to amplify DNA fragments for cloning into pDONOR P2-P3. To generate
deletions (D1/D2/D3) in the CE region and deletion of the putative CYCLOPS
binding site in the -5 kb region, two rounds of PCR were performed. In the first
round, two DNA fragments that are separated by the deletion were amplified
with specific primers to introduce a 15 bp overhang (Supplemental Table 2).
Subsequently, the PCR products were purified and mixed and 5 pL of this
mixture was used as a template in a second round of PCR with ProNIN-CE-F
and ProNIN-CE-R or ProNIN-5kb-F and ProNIN-Okb-R primers (Supplemental
Table 2). This allowed creation of a single amplicon with a deletion in either the
CE or the -5 kb regions. The Entry vectors were recombined into the modified
Gateway binary vector pKGW-RR-MGW (Ovchinnikova et al., 2011) using
Multisite LR recombination (Invitrogen).

Histological Analysis and Microscopy

Transgenic roots carrying the ProNIN:GUS constructs were incubated in GUS
buffer [3% sucrose, 10 mM EDTA, 2 mM k-ferrocyanide, 2 mM k-ferricyanide,
0.5mg/mL X-Gluc in 0.1M phosphate buffer (pH = 7)] at 37°C for 1 to 2 h.
Embedding of plant tissue in plastic, sectioning and tissue staining were
performed as described in Xiao et al., 2014. Sections were analysed using a
DM5500B microscope equipped with a DFC425C camera (Leica). Bright-field
and fluorescence images of transgenic roots and nodules were taken using a
stereo macroscope (M165 FC, Leica). Confocal images were taken with an SP8
(Leica) microscope, using excitation wavelengths of 488 nm and 543 nm for
GFP and propidium iodide respectively.
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RNA Isolation and qRT-PCR

RNA was isolated from one-week-old A17 and daphne-like roots using the
EZNA Plant RNA mini kit (Omega Bio-tek, Norcross, GA, USA). For cDNA
synthesis, 1 ug of this RNA was used with the iScript cDNA synthesis kit (Bio-
Rad). Real-time gPCR was performed in 10 pL reactions using SYBR Green
Supermix (Bio-Rad) and a CFX real-time system (Bio-Rad). Gene expression
levels were determined using the primers listed in Supplemental Table 2. The
gene expression was normalized using ACTIN2 as a reference gene.

Quantification of Colonies, Infection Threads and Nodules

To quantify the number of curled root hairs containing colonies or infection
threads, more than 20 transgenic roots (5 to 10 cm long) were cut into fragments
of ~1 cm and randomly selected for counting. To quantify the nodule number per
root, 5 to 10 cm long transgenic roots were selected.

RNA in situ Hybridization

Medicago roots were fixed with 4% paraformaldehyde mixed with 3%
glutaraldehyde in 50 mM phosphate buffer (pH = 7.4) and were then embedded
in paraffin (Paraplast X-tra, McCormick Scientific). Root sections (7 pm)
were prepared using a RJ2035 microtome (Leica). RNA in situ hybridization
was conducted using Invitrogen™ ViewRNA™ [SH Tissue 1- Plex Assay kits
(ThermoFisher Scientific) and was performed according to the user manual,
which can be accecced at https://cdn.panomics.com/. RNA ISH probe sets were
designed and synthesized by request at ThermoFisher Scientific. Catalogue
numbers of probes for Medicago genes: VF1-20312 for NIN, VF1-6000865
for CRE1, VF1-6000866 for RR1 and VF-20311 for NF-YA1. A typical probe
set consisted of ~20 pairs of oligonucleotide probes (20-nt long) that hybridize
to specific regions across the target mMRNA. Each probe was composed of a
region of ~20 nucleotides, a short linker region, and a tail sequence. The two
tail sequences (double Z) together form a site for signal amplification. This
design controls increased background by reducing the chance of a nonspecific
hybridization event being amplified. For the nodulation specific genes, we used
uninoculated roots as a negative control. For ISH with CRE1 and RR1 performed
on non-inoculated roots of 4-d-old seedlings, we used ENODZ2 (nodule-specific
gene) probe set as a negative control. Images were taken with an AU5500B
microscope equipped with a DFC425c camera (Leica).
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Map-Based Cloning of daphne-like

A segregating F2 populations resulting from a cross between FN8113 (cv
Jemalong A17) and Jemalong A20 (118 plants) was made. DNA was extracted
using a standard CTAB DNA miniprep method (Taylor and Powell, 1982).
Initially, simple sequence repeat markers based on Mun et al. 2006 (Mun et al.,
2006) were used to determine the global chromosomal location of the FN8113
locus. Subsequently, additional SSR markers were developed for the FN8113
locus on chromosome 5, and were used for chromosome walking. PCR was
performed using 100 ng of genomic DNA and was analysed on 2.5 % agarose
gels. The SSR marker JH5.17 (Supplemental Table 2) on BAC clone CU424494
showed the closest linkage to the FN8113 locus. No crossovers were found
at the distal end of chromosome 5. Next, whole genome sequencing (lllumina
Hiseq2000, paired-end) was used to identify mutations in the genomic region
identified from the genetic mapping. The genomic sequence of the mutated
region is provided in Supplemental Data Set 1. Cleaned DNA sequence reads
were mapped against the Medicago genome (Young et al., 2011) using the bwa_
mem algorithm (Li and Durbin, 2010). Clipped reads and mismapped mate pairs
revealed an interchromosomal translocation, and this was further confirmed by
aligning reads spanning the mutation to the genome using BLASTN (https://
blast.ncbi.nim.nih.gov/Blast.cgi).

Alignment of Upstream Regions of NIN

Most of the alignment work used Geneious v8.1.9 (https://www.geneious.com)
(Kearse et al., 2012). The Medicago NIN protein sequence was analyzed using
custom BLAST databases and Geneious v8.1.9 (Altschul et al., 1990; Kearse et
al., 2012). A diverse selection of legume species with a good quality of publicly
available genomic sequences were used: Medicago truncatula (Young et al.,
2011; Tang et al., 2014), Lotus japonicus (Sato et al., 2008), Arachis duranensis
(Bertioli et al., 2016), Cicer arietinum (Varshney et al., 2013), Glycine max
(Schmutz et al., 2010), Lupinus angustifolius (Hane et al., 2017), Cajanus cajan
(Varshney et al., 2012) and Trifolium pratense (De Vega et al., 2015). Selected
NIN scaffolds (Supplemental Table 1) and up to 80 kb of upstream sequence and
10 kb of downstream sequence of NIN were extracted. Selected sequences were
custom aligned using the mVISTAs web-based alignment tool (http://genome.lbl.
gov/vista/mvista) (Frazer et al., 2004). The alignment program selected was the
shuffle-lagan global alignment program, which detects rearrangements (Brudno
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et al., 2003). In addition to this larger scale alignment, individual alignments
were made using MAUVE as a Geneious plugin (Darling et al., 2004) . This
better allowed for more precise determination of conserved sequences relative
to the NIN start codon in all species. A complete overview of detected conserved
regions can be found in Supplemental Table 1.

Alignment of CE Regions and Prediction of Binding Sites

Detected conserved sequences of CE regions for selected scaffolds
(Supplemental Table 1)were aligned using MAFFTv7.017 as Geneious plugin
(Katoh, 2002). Conservedbinding sites were predicted by using PlantPAN2.0
(Chow et al., 2016). Some sites were manually added based on homology with
known putative B-type RR binding sequences (Heyl and Schmiilling, 2003;
Hosoda et al., 2002b; Imamura et al., 2003).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL or Mt4.0v1
databases under the following accession numbers: NIN (Medtr5g099060), CRE1
(Medtr8g106150), NF-YA1 (Medtr1g056530), and RR1 (Medtr3g102600).
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Palindromic sequence (CYC-box)

Medicago truncatula GA C GC C A&T G G GIA GC A

Arachisduranensi IWAGA GllC [daNldldedT'CACGACHE
C/cera?rletmlum GAC GCCAT GT GGC GIAAC G
Lotus japonicus C GmT GC C A T GT GGC AIC GC A

Glycine max (GM02) INAGGNET [ddN€ilddd GC GCAEGE
Lupinus angustiorus (NLL-02) - [T GININC T [d{efNIEINde@ A GAC GlENd

Cajanus cajan (scaffold 133201) GG T GC C AET G GC GC AC A
Trifolium Pratense T A[EAT @MGCCAT GT GGCleYNeldeliA G|

Supplemental Figure 1. MAFFT Alignment of the CYCLOPS Binding Site of
Eight Legume Species. (Supports Figures 3 and 4A).

Conservation of nucleotides is indicated by shades; black - 100% identity, grey -
80-100% identity, light grey - 60-80% identity and white - less than 60% identity.
Two red rectangles indicate the palindromic sequence (CYC-box) within CYCLOPS
responsive cis element (CYC-RE).
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Q

Medicago truncatula |AT6ATTAAATKC AAR GACGATAAAA ATATAGAAAARG TTCRGATGATTINT TGAG TBACACATCCCTATA LRAGA TA SRS G SAAA TC UBIAA NCA LIAGC BRIV A C TG TA TCTA TGATTIEN RTATCACAATCT]
Trifolilum Pratense |CCATATAAATAAATGAAATTIATGA - - - TTIATCAACCCGCANIAAGAATTIEAGTA TBACACATCC CTATA - - REACATAS BRG A AA TC IIAAYCA LIAGC BB >> ACTGTATCTATGATTLNIEIIEN TUTGAGAA TC T]
Cicer arietinum |76 TIATAGC BAAADGAAAAGTA - -~~~ BADAT TAGAAMAATATVIWCAAGA THT TGAG TRACACATECCTATA - - RAAGATALR G GAAA TCIIAATCA LAY B AN B TETGAGAA TC 1]
Lotus japonicus |AATHATTGCHGAAN AAAAGXC TAG TCAATTATTATTTTAATAAA TGAANAGAANIAAA CAATIG T TGC TMACATCCCTA - - RURACATAIR ?§>Egg>mn> ACTGTATCTATGATTY RTITGAGAATCT]

Glycine max |TTAWTTTTABTATIA TAATAD - << - -« oo ee o ATBATCATGARG GGG YMAATAATTIGC GGAABACATCCCTATTA -
Cajanus nm\m: ATATATA TADA TAITATAAG TG TTA - -
Lupinus angustifolius |cAATAAGCATTGATTAGAAGXGA - -
Arachis duranensis |ATABACTG THA TCNTATGAATAGGG

RV AGATASE ,.,oa,nqm;:;a)i,;,j?@%
BRRCIoh A 817G TA TCTA TGA TT.V.VRRIE(eh TANTGAGAA TC T
ERRRIEY A TC T}

I

Medicago truncatula WWICATIEACGATTECCIEATCICAT - WACHNIEBATA T TTGTATTTGTATTTG TACGAG - -CATTATTACTTARGCAGNIY - GTTANCAC TG NATTWUEERNIAA {14 A TAA TAA TCIYAG IITTA G - - - AN AN (RIS A oS ORHS Tik oA Taeiic
Trifolium Pratense WWXCATIZACGATTECCIFATC LiCATA WACERISWATAC TTGTTTG TT6 TACGAGACGACGAGAGCA TTACTTANGCIANIY TA TTANCAC G Ml A Tedd-wiAA if LYVNIA AT R G TTIREN T TTTGG TITCC TG TTNTCAGACA TERITG CLETGC T
Cicer arietinum YIANCATITACGATTACCEATCIICAT - NCHNTHBATA TATATAT TACACTTAATTARGATG M@ TG TTANCAC UG MAACHAdT A - - - - - TAAT TNATIATASHEI - - - DA NIRRT NGA VG WNL: Ti C INCTEiA

Lotus japonicus MTCATIECGATTATCENTCLCAT- N ENIHUATAC TTATCT - - GTTANCET UG M M EANACTH - - FY AT/ CTTRRR Y\ T TN T TTCCIC T T INTCAGACA TSIITC (I TCC TS
Glycine max WA-NCATIF GAGC ACCITATCIITGC - W FNTERCH- - - - - - - - - - - - - VT CNG TN TG TC C ACACTHA N IAWVEAWNAC - - - - - - - - CCIVNG EFTC C RN - - i AT GRRIA G (VX RR: TILe{oC TN A
Cajanus cajan - TG DOCHMIEAT- e CGAGCATATCA NN EANNIGCH- - - COMAC TITTAGRIT - - i AT (A G (1o XN C Tefic [ WA
PQUSQM mz@:mgao\:\m WIANCATIFACGAG Td- AlZNTCLICA T - W ¥ NETWATA T TTATAT - m._:_.»HEnagwgnﬁ ,,,,,,,,,,,,,,,,, IVVATTTGG TATIC §G TT/ NN GACA TeN I YTGC T

Arachis duranensis WANTGCIFICCGGASCCITAATICC ii- En!ﬁ»?;di TNV, 816G 111CCT6 1T YATCAGECA 1o QITGC T

D1 | D2 l<D3

Medicago truncatula TGN AC TANETIRIC TITIRE- - - - - = = -« = = = = == = == = == = == = == = = = &= = e & o e & o et o e e o e e e e onaa s AWTIHTA - -GGADIT-AAGAIRIIGY- - - - - - GGGG - - - - VNHITCHVACIL NG GAC VG - -
Trifolium Pratense T T¥:AC TANTTIRIT TICNEl ATTTTAATATTAANEA AAAATITATALG TTANTGIIA NIGIATAG TINTG TAGAGCCTAAICHNT T - -ATAIT-ATGA q GAG A TTIEGAA GT8GA AL GAATY

Cicer arietinum WTCYAGTANT TIRIA THCMEE- - - -~~~ -~~~ -------=------ = ATTTTAATAC TAANGAAAAATITATGLIG TTC TGO NS TAG TIITA TAGAGCCTAAIICHA T - -A - ATIT-ACGAITIGA- - - - - - GAG- - - - - A TTIECAA BT 8GA . GAA SN

PONEM.\.NEOB\OEm TCAMAGG TATNT THIA C i Nl - - -AATTAAACAATAANATATAATITATGIIGC T - NTGINZANISIATAG TINTCG TG TGCCTAAICH- - - -AGATIT-GCAATA G- - - - - - GGG ----- NG INNCICINGGATTIACG

Glycine max ITGIAAGGANTAIRITAICE- - - - - - -~ -~ - === == - -mmmmoeoo oo NATTAATITATTIIG - TTATGIISN MISATC TTIITG TEGATCCTCGICHK C - - TACTKC TACA TIGITMA TATG TATAA T TC ATNRNEIAA HEVATGA WA TABG G AA
Cajanus cajan WT6MAGG T ATRITACNE- - ACTTAAATG TG TTANSAAATTIIC ATTIK C TTITGII RIGIATAA TIITG TGGATCC TCGHATKC CC TTGCIK TACA TIGE- - - - - - GTAAAATTCATNE AN ST T & T - AAGAA
Lupinus angustifolius B T8------- - - - CMEE----------mmmeneseemeoeemen ACTTAAATAC TAANNSTAAAATE- - - ATIGTC - A OO IAGATICC TAC TAA TC TADATET T - -ATATITTATGATRIGA- -- - - - GAG- - - - - A TTHEGAA STOGA (- GAAYY
Arachis duranensis G AGTAXNTTIRIA ATCEIA CTTAAATAC TAAACTTG TTTTCG T TCA TCAG TTAAACAC TAANETAAAATITATGIIG TT - TG MIshiG i A TITTTAGA TCCTAAICH' - - -AGATIT-GGGATRIIGACATATGAGGE - - - - WNHAGHNACICENGGC FYIACA
D3
Medicago truncatula --- - - - GGA L ANAICC AT GGAACCTTECAAGCTYACTTC Y CHIGGTCCACTRAATIN T - -ATTC TCATRIACTHMAATITTT - - - - - - - om e e ACTTITGA TTIGC C ACATACACCATTGGATGGATC
Trifolium Pratense BRG GA o, ATVA LICC o8 - - - STV XSO TYX SAC WRICEA - - - - - - CIIGGTCCACATACATAT - - - TATT TANEIAATIEA THACTTATTTTT- - - - - - - - - - - TTACTHTTIGC T TG CCACATAG TAG TACATG TAAT]
Cicer arietinum - - - SANTEWATEECW - - - - - - STV WG TIVEYG WAC SRICORA- - - - - - GG GTCC ACTWA C WA CCA TIXC TA TNHEGC THENT THIC TTTATTTATTAATTAAA TATTC TATHTTHTTRTT TAGT TTTTC T
Lotus japonicus A N----- -- - GICHNGATEECG CC - - TCCAAG HE: Yool ¥ SAC SEICHG CIGGTCCACMAT TCWAC -ACHTACCCIIATTITA - - - - - - cm oo mma i ATTTIC THGC TG CCACATGCACTTG TGGAACAA]
Glycine max AATCAASICNA-- - - - - - - CGA L AT SCCY R YN YATATTHEITE-GT - - -GG THTTATTTTRATTT-TGAG TCIA - - TAAIAAATENTATITTA TGG TGTAAAGAAA TTTT - -ATATHACTATIETAG TTACAAAATATTAAA TATGAA
Cajanus cajan AMACAACTICNA-- - - - -- - GGAN A A e 1Y S XaoC 86 X ATTREITATAT - - - TATHTAA TTTTRAT TTATGAAA TRAAG TNIAAATEIA TIRTTAAAC TTTG TATAAA TCTA - - TAGATITTHATIRTC AATATATAC TATAAG TTATTGA|
Lupinus angustifolius 6A-- - -8 - - - - - - - GTGCEGATEICA T SENCETIC CTNN-BATGCCATTATTTTTAAATATTTC TRTCAANATT - TCITGCANMK TTANTAMIC- - - - - - - - - - -- - -CCAATITCIICCIGGGACCGACCGATTCAG TAACCAT
Arachis duranensis AAACAASIICYNTTAAGCTAA 86 THGGATEE G MG GAGA TC C CAA SEYXSeNiC #.¥NTHAC SRICEATC CACACTACTCTACIAA TTWAC - - CXTGC CNMICATIENT THTA - - - - - << - == -- - - - oo - ACTCCTTIITTCG TAGTC TTCCGTCACTTGCACAGC
D3 {

putative B-type RR binding element: (A/G)GAT(T/C/A)

putative AP2 binding element: TGCCGGC

Supplemental Figure 2. MAFFT Alignment of the 472 bp Conserved Region of Eight Legume Species. (Support Figure 4A).

Conservation of nucleotide is indicated by shades; black - 100% identity, grey - 80-100% identity, light grey - 60-80% identity and
white - less than 60% identity. 472-bp region was divided into three parts named domains one to three (D1 to D3). D1 and D3
contain six and three putative cytokinin response elements, respectively, whereas domain 2 (D2) contains a putative AP2-binding
site and a single cytokinin response element.
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Supplemental Figure 3. nifH Expression Is Induced in ProNIN,,  :NIN
Transgenic nin-1 Root Nodules. (Support Figure 5A and B).

(A) to (B) Confocal images of a nodule formed on the ProNIN,, .:NIN Transgenic
nin-1 root at four days post inoculation with rhizobial strain carrying nifH:GFP.
Transgenic nodule showed that nifH is switched on in fixation zone (A). Bar = 200
pum. IF, infection zone; FX, fixation zone. Magnified image of infected cells in fixation
zone (B). Bar = 50 ym. S, symbiosome.
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ProNIN NIN

CE(AD1)-5kb’ CE(AD2)-5kb’

NIN ProNIN :NIN ProNIN

' 4

Supplemental Figure 4. Phenotype of nin-1 Transformed with ProNIN
:NIN Constructs. (Support Figure 4).

D3)-5kb"
Longitudinal plastic sections of inoculated nin-1 root transformed with ProNIN ..,
s NIN (A). Bar =50 pum. Nodule plastic sections of nin-1 transformed with

ProNINCE(ADZ)_m:NIN (B) and ProNINCE(ADS)_5kb.'NIN (C). Bar =200 um. Plastic sections
are stained with toluidine blue.

CE(AD1/D2/
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Supplemental Table 2. Primers Used in This Study.

Name Sequence (5'—3')

JH5.17-F GACATCTTTCGTTGGTGGCAA

JH5.17-R TCGATGTTTTTCGGGGGTGT

NINg-F gg _(I_; %,Gé(_:rAéG CTTTCTTGTACAAAGTGGAAATGGAATATGGTGGTG-
NINg-R GGGGACAACTTTGTATAATAAAGTTGCGAACAAAATAGTTTATG-

TAATCACAAAGAC

ProNIN-2.2kb-F

CACCGTGGTACCCACTCAATGGTA

ProNIN-5kb-F CACCTACTCTATTAGTGCTACCTT

ProNIN-Okb-R CCTTATAATTAAAGTTGTTTCTCAGATC
GGGGACAACTTTGTATAGAAAAGTTGGTCATGGCTTGTCCAA-

ProNIN-3C-F CAAC

ProNIN-3C-R GGGGACTGCTTTTTTGTACAAACTTGCTTTCCCGCATGATACT-
CAACG
GGGGACAACTTTGTATAGAAAAGTTGGCAACAACGCACAACTCG-

ProNIN-CE-F TAC
GGGGACTGCTTTTTTGTACAAACTTGGTTGCTAACGAGTGCCT-

ProNIN-CE-R
TCATG

ProNIN-AD1-R CAATCAGTGTTAACGTTCTATTATACTATA

ProNIN-AD1-F TATAGTATAATAGAACGTTAACACTGATTG

ProNIN-AD2-R GTCTCAAGAGCAGTGGATCTGCTTAAGTAA

ProNIN-AD2-F TTACTTAAGCAGATCCACTGCTCTTGAGAC

ProNIN-AD3-R TTTTAGTTATAATAGGAACATGTCTGATCA

ProNIN-AD3-F TGATCAGACATGTTCCTATTATAACTAAAA

ProNIN-ACYCLOPS-R

GGGCCATCTCTCTGCTTCTACAAATTTTCT

ProNIN-ACYCLOPS-F

AGAAAATTTGTAGAAGCAGAGAGATGGCCC

NIN-gPCR-F ATTGCAAGGCGATTTAACCTAACA
NIN-gPCR-R GAGAGGGGAAGCTTGAAAAAGAGA
NF-YA1-qPCR-F TATGGAGGAGACTCTTGTGG
NF-YA1-gPCR-R GGTTGCTTGATGATTTGGTG

ACTIN2-qPCR-F

TGGCATCACTCAGTACCTTTCAACAG

ACTIN2-gPCR-R

ACCCAAAGCATCAAATAATAAGTCAACC

Sequences designated in boldface were added to primers for TOPO cloning or BP recombination
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Abstract

Legume nodule formation is induced by lipo-chito-oligosaccharides, known as
Nod factors (NFs), that are secreted by the rhizobia. Transcriptional changes
induced in roots upon application of NFs have been intensively studied.
Although it has been shown that the NF receptors also accumulate in mature
Medicago truncatula (Medicago) nodules, the transcriptional changes induced
by this late stage NF signaling have never been investigated. To study the NF
signaling controlled genes in nodules, we made use of spontaneous nodules
which were formed by overexpression of an auto-active CCaMK (Calcium/
calmodulin-dependent kinase) gene. These spontaneous nodules showed
wildtype (WT)-like tissue organization with a developmental gradient along their
longitudinal axis. Transcriptome analysis showed that many genes which are
especially expressed in infection and fixation zone of WT nodules are induced
in the spontaneous nodules, such as some NCR (Nodule-specific Cystein-
Rich Peptide) genes and leghemoglobin genes. Further, to study late stage NF
signaling controlled genes and distinguish them from genes which are activated
upon bacterial release, we made use of the mutants involved (TE7) and
independent [Vamp(Vesicle-associated membrane proteins)721d&e RNAI] of
NF signaling. Combined with laser microdissection and transcriptome analysis,
we identified the late stage NF signalling controlled set of genes. These genes
turned to be markedly different from the genes activated in roots upon NF
application.

Introduction

By establishing a root nodule symbiosis with nitrogen-fixing rhizobia legumes
can grow in nitrogen-poor soil. In most legumes the formation of these nodules
are induced by lipo-chito-oligosaccharides, known as Nod factors (NFs) that
are secreted by the rhizobia (Denarie and Debelle, 1996). NFs are perceived in
the root epidermis by two LysM domain containing receptor like kinases, which
activate a specific signal transduction cascade (reviewed in Downie, 2014). This
sets in motion the nodule formation process. Transcriptional changes induced
upon perception of NFs in the epidermis (early stage NF signaling) have been
intensively studied. In Medicago truncatula (Medicago) it has been shown
that the NF receptors also accumulate in the mature nodules (Moling et al.,
2014). This strongly suggests that NF signaling also regulates gene expression
in mature nodules. However, the transcriptional changes induced by this late
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stage NF signaling have never been studied. In root nodules numerous genes
are upregulated in comparison to roots. In this study we will focus on the genes
that are induced in Medicago nodules as a result of late stage NF signaling.

After perception of NFs, a signaling cascade is activated that involves the
following components: a leucine-rich repeat receptor kinase [DMI2 in Medicago
and SYMRK in Lotus japonicus (Lotus)] (Stracke et al., 2002; Endre et al.,
2002), an enzyme involved in mevalonate production (HMGR1) (Jayaraman
et al.,, 2015; Kevei et al., 2007), nuclear membrane-located cation channels
(MtDMI1, MtCNGC15a-c, LjCASTOR and LjPOLLUX) (Ané et al., 2004;
Kanamori et al., 2006; Charpentier et al., 2008, 2016). These lead to nuclear
calcium oscillation which can be decoded by a calcium calmodulin-dependent
kinase (MtDMI3/LjCCaMK) (Mitra et al., 2004; Tirichine et al., 2006). Further,
MtDMI3/LjCCaMK activates the transcription factor CYCLOPS (IPD3 in
Medicago) by phosphorylation (Messinese et al., 2007; Yano et al., 2008). Upon
phosphorylation, CYCLOPS induces the expression of NIN (Singh et al., 2014),
the transcription factor that plays a key role during nodule formation.

NF signaling activates two main processes during nodule initiation: the infection
process that starts in the epidermis and the mitotic activation of inner root cells
resulting in the formation of a nodule primordium (Oldroyd and Downie, 2008).
Infection often involves the formation of a tube-like structure, named infection
thread, by which the rhizobia enter the plant. Infection threads grow towards the
primordia and enter the primordium cells. Subsequently, rhizobia are released
from the infection thread. Medicago forms indeterminate nodules which have a
persistent apical meristem that adds cells to the nodule tissues (Hirsch, 1992;
Sprent, 2007). This are the central tissue containing the infected cells and
the peripheral nodule cortex and parenchyma. The latter contains the nodule
vascular bundles. Due to the persistent activity of the meristem a developmental
gradient is formed along the longitudinal axis of the nodule. Cells added by
the meristem to the central tissue can be penetrated by infection threads after
which rhizobia are released. This occurs in about two cell layers adjacent to the
meristem and in these cell layers the two NF receptors accumulate (Moling et
al., 2014).

The co-occurrence of NF receptors and rhizobial release indicate that NF
signaling might control this process. Indeed, knockdown of the NF receptor gene
MtNFP or downstream gene MtDMI2 causes a block of bacteria release (Moling
etal., 2014). Furthermore, the type Il nodules formed on the TE7 mutant, a weak
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allele of CYCLOPS/IPD3, also shows a block of rhizobia release (Ovchinnikova
et al., 2011; Benaben et al., 1995). In addition to NF signaling, rhiziobial release
requires processes independent of NF signaling. For example, rhizobial release
is hampered in Medicago Vamp721d&e RNAi roots whereas NF signaling is not
affected (Ilvanov et al., 2012).

Upon release, bacteria divide, differentiate and subsequently colonize the
infected cells. Bacterial differentiation involves endoreduplication by which they
become elongated. This is controlled by a number of nodule-specific cysteine-
rich peptides (NCRs) which are produced by the host and delivered to the
rhizobia (Van de Velde et al., 2010; Alunni and Gourion, 2016; Mergaert et al.,
2003). The infected host cells also undergo endoreduplication and become
enlarged (Vinardell et al., 2013).

Due to the developmental gradient, indeterminate nodules can be divided in
zones. Using laser capture microdissection it has been shown that these zones
have distinct transcriptomes (Roux et al., 2014). Adjacent to the apical meristem
(zone 1) is the infection zone (zone Il). This zone can be further divide into
the distal fraction zone Il (Flld) and proximal fraction zone Il (Fllp), according
to Roux et al, 2014. The infection zone is followed by the fixation zone (ZIl),
where nitrogen fixation take place. The transition from infection zone to the
distal part of the fixation zone (interzone 1Z according to Roux et al, 2014 and
Vasse et al., 1990) occurs rapidly and is accompanied by many changes in
both gene expression and cell morphology (Gavrin et al., 2014). For example,
NIN accumulates to the highest level in the most proximal part of the infection
zone and its level markedly drops at the transition to the fixation zone (Liu et
al., 2021). Further, the rhizobial nif genes, encoding nitrogenase subunits are
induced at this transition (Yang et al., 1991; Gavrin et al., 2014).

The crucial role of NF signaling in nodule formation is further underlined by
spontaneous nodules formed by auto-activate NF signaling pathway genes. For
example, in both Lotus and Medicago, mutations in the autoinhibitory domain
of CCaMK resulted in the formation of spontaneous nodules, in the absence of
rhizobia (Tirichine et al., 2006; Gleason et al., 2006). The peripheral vascular
bundles and expression of some nodule specific genes in these spontaneous
nodules support that they are genuine nodules.

As spontaneous nodules are the result of NF signaling, they are ideal material for
studying the NF induced genes in nodules. Here, we analyzed the transcriptome
of spontaneous nodules formed by overexpression of an auto-active CCaMK
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gene. The tissue organization and a developmental gradient resembling
wildtype nodules, and the transcriptome data support this observation. Further,
by using laser microdissection coupled to RNA sequencing, we analysed the
transcriptome from NF signaling related (TE7) and independent (Vamp721d&e
RNAI) mutants nodule apexes. This allow us to identify late stage NF signalling
controlled genes.

Results

Spontaneous nodules have a tissue organization and a developmental
gradient resembling wildtype nodules

In root nodules numerous genes are upregulated in comparison to roots. Asubset
of these genes will be part of the nodule developmental program that is set in
motion by NF signaling. To identify these genes, we made use of spontaneous
nodule that are formed by overexpression of the auto-active form of NF signaling
gene CCaMK?*, in the absence of rhizobia. When spontaneous nodules have
a similar tissue layout and a developmental gradient along their longitudinal
axis as wildtype (WT) nodules, they likely have gone through a developmental
program closest to that of WT nodules. To select such spontaneous nodules,
we compared spontaneous nodules formed by overexpressing dominant
active forms of CCaMK®*. Rice (Oryza sativa) OsCCaMK has been shown to be
functionally equivalent to MtCCaMK (Chen et al., 2007). Therefore, we used a
dominant active form of rice OsCCaMK* (1-303 aa) as well as of MtCCaMK™* (1-
311 aa) to test which construct induces spontaneous nodules most similar to WT
nodules. The constructs were driven by an enhanced CaMV35S promoter and
were introduced in Medicago ccamk/dmi3 mutant (Lévy et al., 2004) through
Agrobacterium rhizogenes mediated hairy-root transformation. Expression of
pCaMV35S:MtCCaMK™ resulted in small, round shaped spontaneous nodules
(Figure 1A). In contrast, the spontaneous nodules formed on roots transformed
with pCaMV35S5:0sCCaMK* were more elongated (Figure 1B), indicating
that a persistent meristem is present. Therefore, we decided to focus on the
spontaneous nodules formed by the rice construct.

Semi-thin sections showed that these spontaneous nodules have a similar tissue
layout as WT nodules (Figure 1C). The central tissue, displayed a zonation like
WT nodules and itis flanked by peripheral tissues containing nodule vasculature.
A meristem is present at the apex. Cells proximal to the meristem are relatively
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Figure 1. Spontaneous nodules formed by overexpression of auto-active
CCaMK™* on Medicago ccamk/dmi3 mutant roots.

(A) Spontaneous nodules formed on pCaMV35S:MtCCaMK* transgenic roots are
small, round shaped.

(B) Spontaneous nodules formed on pCaMV35S:0sCCaMK* transgenic roots are
more elongated.

(C) Longitudinal section of spontaneous nodule induced by pCaMV35S:0sCCaMK*
shows a tissue organization and a developmental gradient resembling WT nodules.
M, meristem; “IF”, a zone resembling WT infection zone; “FX”, a zone resembling
WT fixation zone; V, vasculature.

(D) Magnification of “FX” in (C) shows large cells (L) containing enlarged nuclei
(indicated by arrows) interspersed with smaller sized cells (S) which contain starch
granules (indicated by arrowheads).

Bars: 2mm in A and B; 100 ym in C; 20 ym in D.
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small. The basal part of the central tissue is composed of relatively large cells
that are interspersed with smaller sized cells (Figure 1C and 1D). The big cells
contain enlarged nuclei (Figure 1D) suggesting that these cells went through
rounds of endoreduplication, similar as occurs in infected cells of WT nodules.
The small cells contain starch granules (Figure 1D), similar to uninfected cells in
WT nodules. The zone with relatively small cells close to the meristem could be
similar to the infection zone, whereas the basal part with large cells interspersed
with the smaller cells has some similarity with the fixation zone of WT nodules.

In WT nodules NIN mRNA as well as NIN protein gradually accumulate in the
infection zone and their level suddenly drops at the transition from infection to
fixation zone (Liu et al., 2021). Therefore, we tested whether the NIN expression
pattern in spontaneous nodules could support the conclusion that they have
a similar zonation as WT nodules. We analyzed NIN expression by RNA in
situ hybridization in spontaneous nodules formed on J5 (WT) roots transformed
with pCaMV35S:0sCCaMK*. Similar to the rhizobia infected WT nodules, NIN
is highest expressed in a zone at the apex of the nodule and its mMRNA level
increased towards the proximal part of this zone (Figure 2). Then the mRNA
level suddenly decreased. This expression pattern supports the idea that an
“infection zone” and a “fixation zone” were formed in the spontaneous nodules.
A low level of NIN mRNA was also detected in the meristem and vasculature of
the spontaneous nodule (Figure 2), similar as in WT nodules (Liu et al., 2021).

So, the spontaneous nodules formed by overexpression of auto-active
OsCCaMK*resemble WT Medicago nodules, albeit without rhizobia. Therefore,
it seems to be a suitable material for identifying NF signaling induced genes.

Figure 2. NIN expression pattern in
spontaneous nodules is similar to
that in WT nodules.

Hybridization signals are visible as red
dots. NIN is highest expressed in a zone
at the apex of the nodule and its mMRNA
level increased towards the proximal
part of this zone. M, meristem; “IF”, a
zone resembling WT infection zone;
‘FX”, a zone resembling WT fixation
zone; V, vasculature. Scale bar: 100 pm.
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Genes induced in infection and fixation zone of WT nodules are induced
in the spontaneous nodules

To identify the genes that are upregulated in spontaneous nodules, we
compared the transcriptome of spontaneous nodules, formed on Medicago
J5 roots transformed with pCaMV35S:0sCCaMK?*, to that of transgenic root
tips. To exclude upregulated genes that are not related to nodulation, the list
of identified genes was compared with the list of genes upregulated in rhizobia
infected WT nodules in comparison to roots. Genes that occurred in both lists
were maintained. In this way, we identified 1923 genes which are upregulated
in spontaneous nodules. In line with the in situ hybridization experiment, NIN is
among these induced genes. In addition to NIN, there are many nodule specific
genes related to different nodule developmental stages that are induced in
the spontaneous nodules. This include 464 genes especially (more than 50%
of the total number of reads) expressed in the infection zone of WT nodules
(Flld and Fllp, according to Roux et al, 2014). Examples are nodule specific
transcription factors NF-YA1 and EFD; a component of the nodule-specific
signal peptidase complex DNF1; nodule-specific remorin SYMREM; early
nodulin genes ENOD11 and ENOD12; and nodule specific peptides, including
13 GRPs and 76 NCRs. Among the genes upregulated in spontaneous nodules,
893 genes are especially expressed in the fixation zone of WT nodules (I1Z and
ZIll, according to Roux et al, 2014). Examples are six leghemoglobin genes,
66 NCRs, seven GRPs, seven papain family cysteine protease (CPs) and the
defense suppressing genes NAD1, RSD, SymCRK, and DNF2. Induction of
these genes supports the idea that a developmental gradient has been formed
in spontaneous nodules. However, compared with WT nodules, which have 735
genes especially expressed in the infection zone and 2722 genes especially
expressed in the fixation zone, there are markedly fewer genes upregulated in
spontaneous nodules. For example, in WT nodules, there are 11 leghemoglobin
genes induced, whereas only six leghemoglobin genes are induced in the
spontaneous nodules and their induction level is markedly lower (Table 1).
Similarly, only 143 out of 527 NCR genes, which induced in WT nodule, which
are induced in spontaneous nodules, and induction level of most of these genes
is also reduced. These data imply that the interaction with rhizobia might be
required for a higher level of induction of nodule enhanced genes and to induce
the expression of all WT infection and fixation zone related genes.

The genes upregulated in spontaneous nodules are the result of NF signalling.
This can be NF signalling at an early stage which sets the nodule developmental
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Table 1. Six out of 11 leghemoglobin genes are induced in spontaneous nodules.

wigenomeuso | Ve | e | fort
MtrunA17Chr5g0435991 3018 165 4
MtrunA17Chr5g0427351 23755 80 13
MtrunA17Chr1g0197501 394 57 1
MtrunA17Chr1g0197531 1471 23 1
MtrunA17Chr1g0148751 6880 22 3
MtrunA17Chr5g0435621 1441 20 1
MtrunA17Chr5g0417631 1670 3 1
MtrunA17Chr5g0435611 644 2 0
MtrunA17Chr5g0435981 3412 1 1
MtrunAl17Chr1g0170851 665 0 0
MtrunA17Chr7g0270491 61 0 0

Boldface character indicates that the leghemoglobin genes have a significantly enhanced expression in
spontaneous nodules; AvTPM, average transcripts per million.

program in motion, we name it early stage NF signalling. Alternatively, this can
be the result of NF signalling in the nodule which in WT Medicago nodules
occurs in a few cell layers at the apex of the nodule, we name it late stage
NF signalling. However, the transcriptome data obtained from spontaneous
nodules do not allow to distinguish between early and late stage NF signalling.
Therefore, we next made use of laser-capture microdissection, by which the
nodule apex was specifically collected for RNA sequencing, to identify genes
that are induced upon late stage NF signalling.

Identification of genes whose expression is the result of late stage NF
signalling in Medicago nodules

NF receptors accumulate and form heterodimers in Medicago nodules, but only
in two cell layers adjacent to the apical meristem (Moling et al., 2014). To identify
late stage NF signalling controlled genes, we made use of laser microdissection
to isolate nodule apices as this is the site where NF signalling occurs. Rhizobial
release also occurs at the apex, therefore, to eliminate the genes which are
regulated after release of rhizobia, we made use of three Medicago strains: WT
(J5) (release+/NF signalling+), TE7 (release-/NF signalling-) and Vamp721d&e
RNAi (release-/NF signalling+). RNA was extracted from three biological
replicates and amplified for library preparation and RNA-seq.
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Vamp721d&e
RNAI
nodule apex
(AVTPM)
310
71
43

apex
(AVTPM)
15
44

y -
315
44

WT nodule | TE7 nodule
315

Root tip
(AVTPM)

78
12
19
68

Boldface character indicates that the either the expression level is significantly higher in spontaneous nodules in comparison with root tip or the expression level is

(AVTPM)
significantly lower in TE7 nodule apex compared with J5 nodule apex and Vamp721d&e RNAi nodule apex; AvTPM, average transcripts per million.

Spontaneous
nodule

WT nodule
(AVTPM)
170
42
49
167

MtDNF2
MtRSD
NAD1
MtSymCRK

Gene name

Mt genome V.5.0 ID
MtrunA17Chr4g0044681

MtrunA17Chr7g0239441
MtrunA17Chr7g0222521
MtrunA17Chr3g0119041

Table 2. Expression of defence suppressing genes.

[}
(e]

We identified 3235 genes differentially
expressed in TE7 compared with WT. 1289
of these TE7 differentially expressed genes
(DEG) were shared with Vamp721d&e RNAi
nodules. These DEGs were most likely
regulated upon release of rhizobia. 1216
genes are differentially expressed in TE7 in
comparison to both WT and Vamp721e&d
RNAi and so these genes are most likely late
stage NF signaling controlled genes. Among
these DEGs, 462 were upregulated and 754
were down regulated in TE7. This indicates
that NF signaling induces gene expression,
but also represses a substantial number of
genes.

From these 754 late stage NF signaling
induced genes, 206 were induced in
spontaneous nodule. This included genes
encoding key transcription factors such as
NIN and EFD; nodule specific peptides,
such as NCRs and GRPs; proteins involved
in cytokinin biosynthesis, signaling or
metabolism such as KNOX3, LOG2, RRA4
and CKX1; and defense suppressing
proteins such as DNF2 and RSD.

Although infected cells of WT nodules
accommodate massive amounts of bacteria,
defence responses are well suppressed.
Several defence suppressing genes
contribute to this, including RSD, NAD1,
DNF2 and SymCRK (Bourcy et al., 2013;
Sinharoy et al., 2013; Berrabah et al,
2014; Wang et al., 2016; Domonkos et al.,
2017). High induction all of these defence
suppressing genes in spontaneous nodules
shows that NF signalling is sufficient
to induce these genes and even in the
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absence of bacteria defence responses are actively suppressed (Table 2).
Moreover, induction level of DNF2, RSD and NAD1 is significantly lower in TE7
in comparison with WT and Vamp721d&e RNAI nodules, indicating that they
are regulated by the late stage NF signalling (Table 2). It is noteworthy that the
expression level of NAD1 in Vamp721d&e RNAI nodules is significantly lower
compared with WT. This suggests that NAD1 expression is induced by late
stage NF signalling, but the higher level of expression depends on release of
rhizobia. In contrast, SymCRK has a similar expression level in all three laser-
captured nodule types, therefore, its expression most likely fully depends on the
early stage NF signaling (Table 2).

Although some genes whose expression is induced by late stage NF signaling
are also induced in the spontaneous nodules, the majority (548) are not. For
example, many flavonoid biosynthesis genes such as chalcone synthase 4
(CHS4) were induced by late stage NF signalling according to laser capture
data, but not in spontaneous nodules. This is also the case for 27 NCRs. An
explanation might be that the induction of these genes requires the presence of
rhizobia, in addition to late NF signaling.

When roots are treated with NFs a set of genes is induced within hours. We
tested to what extend this set of genes is similar to the genes that are upregulated
by late stage NF signaling nodules. We used the 754 late stage NF induced
genes and compared these with NF treated roots (3h), in which 609 genes were
induced. These two sets of NF signaling induced genes only shared 39 genes,
including NIN, genes related to cytokinin biosynthesis/signaling and flavonoid
biosynthesis genes. So, the set of NF signaling induced genes in nodules is
markedly different from that in roots. To further verify this conclusion, we used
other transcriptome data to perform similar analysis. This showed similar results.
For example, in the transcriptome data of Medicago root epidermis cells after 4
or 24h NF treatment, 722 genes were induced, but only 30 of these genes are
shared with late stage NF signaling induced genes.

Itis noticeable that some genes, such as NF-YA1, were induced by NF signalling
in both spontaneous nodules and in roots, but not shown to be induced by late
stage NF signalling. These genes most likely fully depend on early stage NF
signalling and are independent of late stage NF signalling. There are 83 of such
genes, including NF-YA1, Nip, NSP1, SymCRK, Noot1, VAPYRIN, ENOD12,
and ENOD11.
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Discussion

Here weidentified genes thatare controlled by late stage NF signaling in Medicago
root nodules. We showed that this set of genes is markedly different from that
activated at early stage. Combined with the transcriptome of spontaneous
nodules, we found that the genes induced in the nodules are the result of both
early and late stage NF signaling. Surprisingly, several nodule enhanced genes
that are especially expressed in the fixation zone of WT nodules are expressed
in the spontaneous nodules, albeit at a markedly lower level. The induction of
all nodule enhanced genes and at a high level appears to require the presence
of rhizobia in root nodules.

We identified in total 1216 genes whose expression is regulated by late stage
NF signaling in Medicago nodules. 754 of these genes are induced. The
vast majority of these genes (>700) are not induced by application of NFs to
roots. These nodule specific genes include for example some NCR genes
and defense suppressing genes. It also includes many genes which function
in nodule remains unknown, so they might be interesting for further functional
studies. There are genes regulated by late stage NF signaling as well as in NF
treated roots. This includes the gene encoding the key transcription factor NIN.
These genes might play a role in both nodule initiation and in mature nodules.
For example, NIN is required for not only early stage infection thread initiation
and nodule organogenesis, but also essential for late stage rhizobial release
(J. Liu unpublished), symbiosome development, suppression of defense and
premature senescence in Medicago nodules (Liu et al., 2021).

In some species, application of NFs to roots results in the formation of nodule
primordia in which nodule specific genes are expressed. This is for example the
case in Vicia sativa (vetch) (Vijn et al., 1995). As NFs are immobile molecules,
this implies that NF perception at the epidermis is sufficient to induce a
developmental program that results in nodule primordium formation. The
induction of nodule enhanced genes in such primordia cannot depend on the
activation of NF receptors in these structures as this would require the presence
of rhizobia inside these primordia. Therefore, it is possible that enhanced
expression in WT nodules is the result of the nodule developmental program
induced by early stage NF signaling and does not depend on late stage NF
signaling. Such genes can have a similar level of expression in WT and TE?7,
but induced in spontaneous nodules. An experimental support for this is the
expression pattern of nodule specific transcription factor NF-YA1. It is highly
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expressed in the proximal part of nodule meristem of WT nodules. So in the
absence the late stage NF signalling, and its expression does not increase in
cells where late stage NF signalling occurs (transition to the infection zone)
(Liu et al., 2021). We identified 83 genes that are specifically regulated by early
stage NF signaling.

206 late stage NF signaling induced genes are induced also in spontaneous
nodules. Therefore, it is probable that in spontaneous nodules the late stage NF
signaling is induced by CCaMK*. In WT nodules we identified genes induced
by late stage NF signaling by analyzing the transcriptomes of the apex of the
nodules. Therefore, we cannot conclude whether NF signaling dependent gene
expressions in for example fixation zone are the result of late or early stage NF
signaling. It also cannot be concluded whether the genes induced in spontaneous
nodules that are typical for the fixation zone, like the leghemoglobin genes, are
induced by early or late stage NF signaling.

The maijority (548) of genes induced by late stage NF signaling are not induced
in spontaneous nodule. This indicate that in addition to NFs other signals
might be involved in the regulation of host genes. This hypothesis is supported
by some Medicago mutants in which NF signaling is present but bacterial
differentiation is hampered and non-functional white nodules are formed. This
indicates that bacterial differentiation is required to produce factors to further
induce leghemoglobin genes expression. For example, the dnff mutant of
Medicago forms white nodule and bacterial differentiation is blocked (Wang et
al., 2010; Van de Velde et al., 2010; Lang and Long, 2015). Its phenotype is
caused by mutation in a gene encoding a subunit of a signal peptidase complex
which required for processing NCR peptides, so NF signaling suppose not
affected in this mutant. The phenotype of dnf1 suggests that differentiation of
rhizobia is required for the induction of nodule enhanced genes, for example the
leghemoglobin genes.

Spontaneous nodules formed by pCaMV35S:0sCCaMK* resemble the WT
nodules. They have peripheral vasculature and a developmental gradient with
recognizable zones. Transcriptionally, many infection zone or fixation zone
specifically expressed genes are induced in these spontaneous nodules.
Besides, the expression pattern of NIN in spontaneous nodules resembles its
expression pattern in WT nodules. To induce the formation of such spontaneous
nodules in mutant background can be useful to study the gene function
independent of bacteria.
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Many legume species such as Lotus, form determinate nodules, in which the
meristem is only transiently present. In these nodules, developmental gradient
is not formed along the longitudinal axis. It will be interesting to see whether NF
receptors also accumulate in these determinate nodules and to what extend
they control gene expression in this nodule type.

Materials and Methods

Plant material and growth conditions

Medicago (Medicago truncatula) Jemalong 5 (J5), and two mutants TE7
(Benaben et al., 1995) and dmi3 (Lévy et al., 2004) were used in this study.
Plants were grown in a growth chamber at 20°C with 16h/8h day/night regime.
Seed sterilization, germination and Agrobacterium msu440 mediated hairy root
transformation was performed according to Limpens et al. (2004). Medicago
plants were grown in perlite saturated with low nitrate (0.25 mM Ca(NO3),)
containing Farhaeus (Fa) medium (Catoira et al., 2000) at 21°C and a 16 h
: 8 h, light : dark regime. After 1 week of growth, plants were inoculated with
Sinorhizobium meliloti 2011 wild-type (OD600 = 0.1, 2 ml per plant) or without
inoculation in case of spontaneous nodule formation.

Constructs

For spontaneous nodule formation assay, the constructs pCaMV35S:MtCCaMK*
(1-311 aa) and pCaMV35S:0sCCaMK* (1-303 aa) were generated in Liu (2013).
For knock down exocytosis pathway the p35S:VAMP721d&e-RNAi construct
was generated in lvanov et al. (2012).

Microscopy

Spontaneous nodule formed after 3 weeks of growth in perlite was embedded
in Technovit 7100 (Heraeus Kulzer), sectioning and staining were performed
according to Xiao et al. (2014). Sections were analyzed with DM5500B
microscope equipped with a DFC425C camera (Leica). Bright-field images
were taken under a stereo macroscope (M165 FC, Leica).
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RNA in situ hybridization

RNA in situ hybridization was conducted using Invitrogen ViewRNA ISH Tissue
1-Plex Assay kits (Thermo Fisher Scientific) according to manufacturer’s
user guide and optimized for Medicago root and nodules sections (Kulikova
et al., 2018). NIN (Medtr5g099060) RNA ISH probe set was designed and
synthesized at Thermo Fisher Scientific (Catalogue number: VF1-20312). As
a negative control for each hybridization procedure any probe set was omitted,
no hybridization signals were detected. The in situ images were taken with an
AU5500B microscope equipped with a DFC425c camera (Leica).

Laser microdissection

Nodules formed on J5, TE7 and Vamp721d&e RNAi were collected two weeks
after inoculation with rhizobia. Further fixation, dehydration, embedding, section
and laser microdissection procedure were performed according to Zeng et al.
(2018). Leica LMD7000 laser microdissection microscope was used for laser
capture. About 2000 cells were collected for each replicate.

RNA isolation and quality check

RNA from spontaneous nodules (grown three weeks in perlite), ~3mm
transgenic root tips (grown three weeks in perlite), and J5 nodules (two weeks
post inoculation with rhizobia) were isolated using the Qiagen plant RNA mini
kit according to manufacturer’s protocol. Isolated RNA samples were quality
checked using an Agilent 2100 Bioanalyzer at BGI (Hong Kong).

For samples collected by laser microdissection, RNA was isolated using the
Qiagen RNeasy Micro kit according to manufacturer’s protocol. The quality of
isolated RNA samples was checked using both Agilent 2100 Bioanalyzer and
gPCR. For quality check by qPCR, 2 uL of isolated RNA sample was reverse
transcribed using iScript cDNA Synthesis kit (Bio-Rad) and pre-amplified using
Bio-Rad Sso Advanced PreAmp Supermix. NIN, NF-YA1, Vamp721d and
Vamp721e were used as marker genes checked by gPCR. RNA samples from
the best three replicates of each cell type were amplified using the SMART-Seq
v4 Ultra Low Input RNA Kit (Clontech, http://www.clontech.com) according to
manufacturer’s instructions. The number of amplification cycles (11-15 cycles)
for each sample was adjusted based on the amount of RNA determined by
bioanalyzer and qPCR analyses.
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Library preparation and sequencing

For the spontaneous nodule, root tip and WT nodule samples, RNA-seq library
was constructed and sequenced on an BGISEQ-500 platform with paired-end
reads at BGI (Hong Kong). For laser micro-dissected samples, sequencing
libraries were made using ThruPLEX DNA-seq Kit (Rubicon genomics, http://
rubicongenomics.com/) and sequenced on an lllumina HiSeq 2500 platform
(paired-end) at the Next-Generation Sequencing (NGS) facility of Bioscience,
Wageningen University & Research.

RNA-seq analyses

About 4 Gb cleaned reads were obtained for each sequenced sample. Sequence
reads were mapped to the M. fruncatula genome v.5.0 (Pecrix et al., 2018) using
the CLC genomics workbench 10.0.1 (Qiagen). Length fraction and similarity
fraction were set to 0.9 during mapping and only uniquely mapped reads were
considered in the analysis. All other parameters were set as default. Transcripts
per million (TPM) (Wagner et al., 2012) and differential expression analyses
were performed using the CLC genomic workbench 10.0.1. The criteria of
fold change>4, P-value<0.05 and average TPM>3 were used to identify the
differentially expressed genes.
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SUMMARY

NIN (NODULE INCEPTION) is a transcription factor that plays a key role during
root nodule initiation. However, it’s role in later nodule developmental stages is
unclear.

Both NIN mRNA and protein accumulated at the highest level in the proximal
part of the infection zone in Medicago truncatula nodules. Two nin weak allele
mutants, nin-13/16, form a rather normal nodule infection zone, whereas
a fixation zone is not formed. Instead, a zone with defence responses and
premature senescence occured and symbiosome development gets arrested.

Mutations in nin-13/16 resulted in a truncated NIN lacking the conserved PB1
domain. However, this did not cause the nodule phenotype as nin mutants
expressing NIN, .. formed wild-type-like nodule. The phenotype is likely caused
by reduced NIN mRNA levels in the cytoplasm. Transcriptome analyses of nin-
16 nodules showed that expression level of defence/senescence-related genes
is markedly increased, whereas this of defence suppressing genes is reduced.
Although defence/senescence seems well suppressed in the infection zone,
the transcriptome is already markedly changed in the proximal part of infection

zZone.

In addition to its function in infection and nodule organogenesis, NIN also plays
a maijor role at the transition from infection to fixation zone in establishing a
functional symbiosis.

Introduction

Legumes have the ability to establish a root nodule symbiosis with bacteria
belonging to different genera collectively named rhizobia. Rhizobia are hosted
inside specialised nodule cells, where they are able to reduce atmospheric
nitrogen into ammonia. Root nodule formation involves two main processes,
infection and nodule organogenesis (Oldroyd and Downie, 2008). Infection starts
in root hairs with the formation of tube-like structures called infection threads by
which bacteria enter root cells (Oldroyd et al., 2011). Nodule organogenesis
begins with mitotic reactivation of fully differentiated root cells leading to the
formation of a nodule primordium (Xiao et al., 2014). NIN (NODULE INCEPTION)
is a key transcription factor that is essential for both processes (Marsh et al.,
2007; Schauser et al., 1999). Weak alleles of nin have been identified that allow
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the formation of nodules (Pislariu et al., 2012; Veerappan et al., 2016). These
nodules are small and do not fix nitrogen, suggesting that NIN also plays a role
at later stages of nodule development. However, it is not clear in which nodule
developmental process NIN is involved. Here we studied the role of NIN during
later nodule developmental stages in Medicago fruncatula (Medicago).

At the start of nodulation, NIN is transcriptionally induced upon perception
of rhizobia secreted lipo-chito-oligosaccharides, called Nod factors (NF).
NF activate a signalling pathway which is shared with the more ancient
arbuscular mycorrhizal symbiosis. NIN is the first induced transcription factor
that distinguishes the rhizobium activated responses from that of arbuscular
mycorrhizae (Oldroyd, 2013). NIN is not only essential for nodulation in legumes,
but also in actinorhizal(-like) plants such as Casuarina and Parasponia (Bu et
al., 2020; Clavijo et al., 2015). In both legumes as well as actinorhizal plants,
NIN is nodule specifically expressed (Marsh et al., 2007; Schauser et al., 1999;
Bu et al., 2020; Clavijo et al., 2015). During nodule initiation in legumes, NIN
is induced in the epidermis, where it is required for infection thread formation
(Vernié et al., 2015b). In Medicago, NIN is also induced in the pericycle and this
marks the start of nodule primordium formation. After which, the expression of
NIN extends to the dividing cortical cells (Liu et al., 2019b).

Medicago forms indeterminate nodules which have a zonation representing
successive developmental stages (Vasse et al., 1990). At the apex there
is a meristem which continuously adds cells to nodule tissues. Proximal to
the meristem is the infection zone, where cells are penetrated by infection
threads from which rhizobia are released. During release, bacteria become
surrounded by a plant-derived membrane, these organelle-like structures are
called symbiosomes (Roth et al., 1988). Subsequently, symbiosomes divide
and gradually enlarge. Bacterial differentiation involves endoreduplication and
this is controlled by numerous antimicrobial peptides called nodule-specific
cysteine-rich (NCR) peptides (Alunni and Gourion, 2016; Vinardell et al., 2013;
Van de Velde et al., 2010). NCRs are defensin-like peptides which are targeted
to symbiosomes (Mergaert et al., 2003; Van de Velde et al., 2010). Although the
infected cells become massively infected by rhizobia, defence responses are
well suppressed. Several host genes have been identified that contribute to this
suppression, including Symbiotic Cysteine-rich Receptor Kinase (SymCRK),
Regulator of Symbiosome Differentiation (RSD), Defective in Nitrogen Fixation 2
(DNF2) and NODULES WITH ACTIVATED DEFENCE 1 (NAD1) (Bourcy et al.,
2013; Sinharoy et al., 2013; Berrabah et al., 2014; Wang et al., 2016; Domonkos
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et al., 2017). Mutations in these genes activate strong defence responses in
nodules leading to necrotic cell death and/or premature senescence. Proximal
to infection zone is the fixation zone, where rhizobia fully differentiate and start
to fix nitrogen. The switch from infection to the distal part of the fixation zone
(interzone II/11l according to Vasse et al., 1990) occurs rapidly, and is marked
by changes in cell morphology as well as gene expressions. For example,
the rhizobial nif genes, encoding components of nitrogenase are induced,
amyloplasts accumulate, bacteroids markedly enlarge and become radially
aligned (Gauvrin et al., 2014).

In older nodules, a senescent zone is formed at the basal part of the nodule,
where both host cells and rhizobia are degraded (Van De Velde et al., 2006).
A key feature of nodule senescence is the increase of proteolytic activities
(Pierre et al., 2014). Cysteine protease genes are highly induced in senescent
nodules (Pierre et al., 2014; Perez Guerra et al., 2010). Knockdown of cysteine
proteinase genes delays nodule senescence, while their ectopic expression
induces premature senescence (Pierre et al., 2014). This underlines a crucial
role of cysteine proteases in nodule senescence.

NIN is the first gene of the NIN-like protein (NLPs) family that was identified
(Schauser et al., 2005). Two domains are highly conserved in this gene family:
a DNA-binding RWP-RK domain and a Phox and Bem1 (PB1) domain involved
in protein-protein interaction (Schauser et al., 2005). A first clue that NIN also
functions at later nodule developmental stages was gained from two weak
nin alleles: NF10547 (nin-16) and NF0440 (Pislariu et al., 2012; Veerappan
et al., 2016). Both mutants form nitrogen fixing deficient (Fix-) nodules. Here,
we analysed these mutants in detail to uncover the role of NIN in later nodule
developmental stages.

Materials and Methods

Plant material and growth conditions

Medicago (Medicago truncatula) ecotypes Jemalong A17 and R108, and two
nin mutants (nin-13 and nin-16) were used in this study. nin-16 was provided
by Rebecca Dickstein (University of North Texas); nin-13 was obtained from
the Noble Research Institute (https://medicago-mutant.noble.org/mutant/).
nin-16 were backcrossed with R108, and nin-13 and nin-16 were crossed (F1
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hybrid) according to Chabaud et al. (2006). Seven nin-13 and nin-16 hybrid F1
plants were genotyped by PCR ( primers listed in Table S1). The obtained PCR
fragments were sequenced to confirm Tnt1 insertion positions. Seed sterilization,
germination and Agrobacterium msu440 mediated hairy root transformation
was performed according to Limpens et al. (2004). Medicago plants were grown
in perlite saturated with low nitrate [0.25 mM Ca(NO,),] containing Farhaeus
(Fa) medium (Catoira et al., 2000) at 21°C and 16h light/8h dark regime. After
one week of growth, plants were inoculated with Sinorhizobium meliloti 2011
wild-type or constitutively expressing GFP or carrying the PronifH:GFP reporter
(OD,,,=0.1, 2ml per plant).

RNA isolation and qRT-PCR

RNA was isolated from two-week old nodules using the EZNA Plant RNA mini kit
(Omega Bio-tek, Norcross, GA, USA). 1 ug RNA was used for cDNA synthesis
with the iScript cDNA synthesis kit (Bio-Rad). Real-time gPCR was performed
in 10 pl reactions using SYBR Green Supermix (Bio-Rad) and a CFX real-
time system (Bio-Rad). Primers are listed in Table S1. Gene expression was
normalized using ACTINZ2 as a reference gene.

Constructs

NIN promotor (ProNIN,..) and ProNIN,. .. :NIN construct are described in
Liu et al. (2019). To construct ProNIN,.,..GFP-NIN, ProNIN,. . .:NIN-GFP
and ProNIN,_ ., :NIN,.. ., MultiSite Gateway (Thermo Fisher Schientific) was
used. pENTR-4,1, and pENTR-1,2 contained the 3C and 5kb region of the NIN
promoter, respectively, pPENTR-2,3 was used to introduce coding sequences and
35S terminator (35Ster). NIN coding sequence was amplified (full length NIN or
truncated NIN without PB1 domain, 3’-UTR region of NIN was not included) by
PCR using Medicago A17 nodule cDNA as template, Phusion high-fidelity DNA
polymerase (Finnzymes) and specific primers listed in Table S1. To make a N- or
C-terminus GFP fusion with NIN, pENTR-TOPO-NIN together with pENTR-4,1-
35S:GFP and pENTR-2,3-35Ster or pENTR-2,3-GFP-35Ster were recombined
into Gateway binary vector pPKGW-RR-MGW using LR Clonase |l plus (Invitrogen)
to generate Pro35S:GFP-NIN-35Ster or Pro35S:GFP-NIN-GFP-35Ster. To fuse
NIN,,,, to 35S terminator, pENTR-TOPO-NIN, .. together with pENTR-4,1-
35S:GFP and pENTR-2,3-35Ster were recombined into a pKGW-RR-MGW to
generate Pro35S:GFP-NIN ., -35Ster. These constructs were used to amplify

GFP-NIN-35Ster/NIN-GFP-35Ster/NIN .. -35Ster by PCR using the forward

APB1
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primers with attB2 (GGGGACAGCTTTCTTGTACAAAGTGGAA) and reverse
primers with attB3 (GGGGACAACTTTGTATAATAAAGTTGC) (Table S1). By
BP reaction these PCR fragments were introduced into pENTR-2,3. Finally,
MultiSite Gateway reaction was performed to assemble pENTR-2,3-GFP-NIN-
35Ster/NIN-GFP35Ster/NIN , .. -35Ster with NIN promoter regions in pENTR-4,1

APB1

and pENTR-1,2 (TOPO) into Gateway binary vector pKGW-RR-MGW.

Microscopy

Embedding of plant tissue in Technovit 7100 (Heraeus Kulzer), sectioning and
staining were performed according to Xiao et al., 2014. Sections were analysed
with DM5500B microscope equipped with DFC425C camera (Leica). Bright-
field images were taken under stereo macroscope (M165 FC, Leica). Hand-
sectioned nodules were examined using Leica SP8 confocal microscope,
excitation wavelengths of 488 nm and 543 nm were used for GFP/SYTO 9
and propidium iodide/DsRED, respectively. The accumulation of phenolic
compounds was visualized by potassium permanganate staining (Bourcy et al.
2013). Live and dead staining of bacteria was performed as described by Haag
et al. (2011)

Bacterial length measurement

R108 and nin-13/16 were inoculated with Sinorhizobium meliloti 2011
constitutively expressing GFP. Two weeks after inoculation, pictures of bacteria
were taken with a Leica SP8 confocal microscope. The length of bacteria was
measured using ImagedJ (Schneider et al., 2012).

RNA in situ hybridization

RNA in situ hybridization was conducted using Invitrogen ViewRNA ISH Tissue
1-Plex Assay kits (Thermo Fisher Scientific) according to manufacturer’s user
guide and optimized forMedicagorootand nodules sections (Kulikovaetal.,2018).
RNA ISH probe sets were designed and synthesized at Thermo Fisher Scientific.
Catalogue numbers are VF1-20312 for NIN (Medtr5g099060), VP2W7MP for
CP2 (Medtr5g022560), VP7DPDU for SymCRK (Medtr3g079850), VPRWEMC
for NAD1 (Medtr7g022640) and VF-20311 for NF-YA1 (Medtr1g056530). Each
probe set was tested on tissue where it should not be present, in this case on
non-inoculated roots. As a negative control for each hybridization procedure any
probe set was omitted. In both cases no hybridization signals were detected.
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The in situ images were taken with an AU5500B microscope equipped with a
DFC425c camera (Leica).

RNA sequencing analyses

R108 and nin-16 nodules were harvested two weeks post inoculation. Three
biological replicates were prepared for RNA sequencing (RNA-seq). Total RNAs
were isolated with Qiagen RNeasy mini kit according to manufacturer’s protocol.
Isolated RNA samples were quality checked using an Agilent 2100 Bioanalyzer.
Subsequently, an RNA-seq library was constructed and sequenced on an
BGISEQ-500 platform with paired-end reads at BGl (Hong Kong). About 4Gb
cleaned reads were obtained for each sample. Sequence reads were mapped to
the M. truncatula genome version 5.0 (Pecrix et al., 2018) using CLC genomics
workbench 10.0.1 (Qiagen). Length fraction and similarity fraction was set to
0.9 during mapping and only uniquely mapped reads were considered in the
analysis. All other parameters were set as default. TPM (transcripts per million)
(Wagner et al., 2012) and differential expression analyses were performed
using the CLC genomic workbench 10.0.1. The criteria of fold change = 4, FDR
(false discovery rate) P-value < 0.01 and average TPM (transcripts per million)
= 5 were used to identify the differentially expressed genes.

Results

NIN is highly expressed in the nodule infection zone

According to the M. fruncatula gene expression atlas, NIN is expressed in root
nodules (Fig. S1). To determine in which stage of nodule development NIN could
play a role, we performed RNA in situ hybridisation using a NIN specific probe
set (Material and Methods). This showed that in two-week old nodules, NIN was
highest expressed in the infected cells of the infection zone and the expression
level was very low in the non-infected cells (Fig. 1a-c). NIN mRNA was also
detected in the nodule vasculature (Fig. 1a). In the meristem and distal part of
the infection zone the expression of NIN was rather low (Fig. 1b), whereas in
the proximal cell layers of the infection zone, expression of NIN was highest
(Fig. 1a,b). At the transition from infection to fixation zone NIN expression
level suddenly dropped (Fig. 1a-c). This switch coincides with amyloplast
accumulation at the periphery of the infected cells (Fig. 1c) (Gavrin et al., 2014).
A very low level of NIN expression was maintained throughout the fixation zone

83




Fig. 1. NIN and NF-YA1 expression pattern in Medicago A17 nodule.

An overview (a, d) and close-up pictures (b, c, e, f) of RNA in situ localization of NIN
(a-c) or NF-YA1 (d-f) in a nodule at two weeks post inoculation (wpi). Hybridization
signals are visible as red dots. Arrowhead indicate amyloplast deposition. M,
meristem; IF, infection zone; FX, fixation zone; V, vasculature. Bars: (a, d) 200 ym;
(b, €) 100 uym, (c) 20 um and (f) 50 ym.

(Fig. 1a-c). The results of RNA in situ hybridisation are consistent with laser
capture transcriptome data (Table S2) (Roux et al., 2014). This expression
pattern suggests that NIN plays a role in processes that occur in the infection
zone and/or at the transition from infection to fixation zone.

NIN is nuclear located and is present at highest level in the proximal
part of the infection zone

Studies on some NIN-like proteins (NLPs) have shown that they are located in
the cytoplasm under low nitrate conditions and are translocated to the nucleus
when the concentration of nitrate is high (Marchive et al., 2013; Cao et al., 2017;
Lin et al., 2018a). To determine in which cells NIN is located in nuclei, where it
can induce expression of its target genes, we studied its subcellular localization
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Fig. 2. NIN protein is nuclear located in Medicago nodules.

Pink nodules formed on nin-1 roots transformed with ProNIN:NIN-GFP (a) and
ProNIN:GFP-NIN (f) constructs at six wpi. Confocal images show that both NIN-
GFP (b, ¢, d, €) and GFP-NIN (g, h, i, j) are located in the nucleus of cells in the
meristem (c, h), infection zone (b, c, d, g, h, i), fixation zone (d, i) and vasculature (e,
j)- Transgenic roots were identified by DsSRED fluorescent (red colour). Arrowhead
indicate amyloplast deposition. Arrow indicate nucleus. M, meristem; IF, infection
zone; FX, fixation zone; V, vasculature. Bars: (a, f) 2 mm; (b, g) 250 ym and (c, d,
e, h,i,j)40 uym.

in nodules. The functional promoter of NIN (Liu et al., 2019b) was used to
express NIN-tagged with green fluorescent protein (GFP) at its C- or N-terminus
(ProNIN, ,,.-NIN-GFP or ProNIN,. ., :GFP-NIN) in the nin knockout mutant
nin-1 (Marsh et al., 2007). Four weeks after inoculation, pink nodules were
formed in both cases (Fig. 2a,f), showing that both GFP fusions are biologically
functional. Sections of these nodules showed that both C- and N-terminus NIN
GFP fusions localized in nuclei in meristem, infection zone, fixation zone and
nodule vasculature (Fig. 2b-e,g-j). So, in all cells where NIN is expressed, NIN
is located in the nucleus. NIN occurred at a rather low level in the distal part of
the infection zone and at markedly higher levels in the proximal cell layers of
infection zone (Fig. 2b,g). At the transition to the fixation zone the NIN-GFP/
GFP-NIN protein level dropped markedly similar to NIN mRNA (Fig. 2b,d,g,i).

The expression level of NF-YA1 does not correlate with the level of NIN

NF-YA1 has been shown to be a direct target of NIN in Lotus (Lotus japonicus)
(Soyano et al., 2013). To test whether the level of NIN correlates with the level
of NF-YA1 expression in Medicago nodules, we determined the expression
pattern of NF-YA1 by RNA in situ hybridization. This showed that NF-YA1 was
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Fig. 3. Phenotype of Medicago nin-13 and nin-16 mutants.

(a) Schematic representation of the Tnt1 insertion site in nin-13 and nin-16 alleles.
Exons of NIN are shown as black boxes, and introns are represented by lines. (b)
The number of nodules formed on R108 (wild-type), nin-13 and nin-16 are similar.
Nodule numbers per plant (n=19) were counted at two wpi. Data are means + SD.
(c) Rhizobia in nin-13/16 were able to elongate to the size that in wild-type plants

Continued on next page
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expressed in the entire infection zone like NIN (Fig. 1d). However, different
from NIN, the expression level of NF-YA1 was high in the proximal part but not
detectable in the distal part of the meristem (Fig. 1e). NF-YA1 was also highly
expressed in the distal part of infection zone, after which it decreased (Fig.
1d,e). At the transition to fixation zone, its expression level markedly dropped
like NIN (Fig. 1f). Like NIN, NF-YA1 is also expressed in the nodule vasculature
(Fig. 1d). So the spatial expression patterns of NIN and NF-YA1 were similar,
but the expression level of NF-YA1 did not correlate with that of NIN. This
difference indicates complexity of regulation of NF-YA7 by NIN and suggests
that additional transcription factors are involved.

nin-13 and nin-16 nodules showed premature senescence, defence
responses and defects in symbiosome differentiation

To study the function of NIN in nodules, we analysed two weak alleles of nin
(NF10547 and NF0440) which have been reported to form non-functional
nodules (Pislariu et al., 2012; Veerappan et al., 2016). NF10547 has been
named nin-16, and we named NF0440 nin-13. nin-16 is a monogenic recessive
mutant (Veerappan et al., 2016), with a Tnt7 insertion in the last exon, between
the DNA binding domain (RWP-RK) and protein-protein interaction domain
(PB1) (Fig. 3a). nin-13 also has a Tnt1 insertion between the RWP-RK and
PB1 domain, but in nin-13 it is located 22 bp upstream of that in nin-16 (Fig.
3a). Two weeks after inoculation, nin-16 had formed white nodules indicating
that they were not functional (Fig. 3e). This was confirmed by inoculation with

reached before the transition to the fixation zone. Bacteria length are measured at
two wpi. n>70, data are means + SD. DIF: distal part of infection zone; PIF: proximal
part of infection zone; FX: fixation zone. At two wpi with Sinorhizobium meliloti 2011,
wild-type nodules were pink (d) whereas nin-16 nodules remained white (e) which
indicate the absence of leghemoglobin. Formation of non-functional nodules on nin-
16 was further confirmed by inoculation with Sinorhizobium meliloti 2011 carrying
the PronifH::GFP reporter construct (f, g). nifH was highly induced in R108 (f) but not
induced in nin-16 nodules (g). Semi-thin sections stained with toluidine blue show
that in comparison with wild-type nodules (j, I, n), an apical meristem was formed
on nin-16 mutant nodule (k), rhizobia were released and divided (m), however, their
development was arrested, and premature senescence was induced (0). Potassium
permanganate/methylene blue staining shows accumulation of phenolic compound
in nin-16 nodule (i), but not in wild-type nodule (h). nin-13 shows similar phenotype
as nin-16, figures shown in Fig. S3. Bars: (d, €) 2 mm; (f, g) 200 um, (h, i) 500 pm;
(j, k) 300 pm, and (I - 0) 30 pm.
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Sinorhizobium meliloti 2011 containing PronifH:GFP. PronifH:GFP was highly
expressed in the fixation zone of wild-type nodules, but not in nin-16 nodules
(Fig. 3f,g). The number of nodules formed on nin-16 was similar to that of wild-
type (R108) (Fig. 3b), indicating that nodule initiation was not affected. Semi-
thin sections of nin-16 nodules showed that an apical meristem was formed (Fig.
3k), infection threads penetrated nodule cells and rhizobia were released and
had divided (Fig. 3m). However, before the rhizobia were fully elongated nodule
development was arrested and premature senescence was induced (Fig. 30).
This was also supported by live/dead staining of rhizobia showing many dead
bacteria in infected cells (Fig. S2). nin-13 displayed the same nodule phenotype
as nin-16 (Fig. S3). F1 plants obtained by crossing these two mutants had also
the same nodule phenotype confirming that these mutants are allelic (Fig. S4).
In the following studies we mainly focused on nin-16.

To determine when rhizobial development was blocked in the nin-16 mutant
nodules, we measured the length of the rhizobia (Fig. 3c). In both wild-type
and mutant nodules the rhizobia in the infection thread, or just released from
it, were about one micrometre (um) long. In the most proximal part of infection
zone of the wild-type nodules, the symbiosomes were about 3.5 um in length.
After the transition to fixation zone, the fully differentiated rhizobia are about 8
pMm long. Rhizobia in nin-13/16 nodules could reach a length of ~3.5 pm (Fig.
3c¢). This in combination with the lack of nif expression, indicated that the block
of differentiation occurred at the stage when in wild-type the transition from
infection to fixation zone takes place.

The block of rhizobia differentiation might be due to premature senescence and
not sufficiently suppressed defence response. The accumulation of phenolic
compounds is commonly used to identify a defence response in nodules
(Bourcy et al., 2013; Berrabah et al., 2015; Wang et al., 2016; Domonkos et al.,
2017; Berrabah et al., 2018). Potassium permanganate/methylene blue staining
showed that phenolic compounds indeed accumulated in nin-16 nodules (Fig.
3i). This means that a defense response was induced in mutant nodules.

PB1 domain of NIN is not essential for nodule development

The Tnt1 insertion in both nin-13 and nin-16 will result in a truncated NIN protein
lacking the protein-protein interaction domain (PB1). To test whether the nin-
13/16 phenotype is caused by the absence of the PB1 domain, we introduced
a construct encoding a truncated NIN (deletion starts at the position of the Tnt1
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Fig. 4. Wild-type-like pink nodules formed on Medicago nin knockout mutant

(nin-1) roots transformed with truncated NIN ..

Pink nodules formed on nin-1 roots transformed with ProNIN,. . :NIN,_.. at four
wpi (a). Semi-thin sections of the nodules stained with toluidine blue display
normal zonation (b). Confocal image of nodules formed on the ProNIN, ., :NIN ..
transgenic nin-1 roots at four wpi with a rhizobial strain carrying nifH:GFP showed
that nifH is highly expressed in the fixation zone (c). Close-up of nodule cells in
fixation zone, showing well-developed symbiosomes (d). M, meristem; IF, infection
zone; FX, fixation zone; S, symbiosome. Bars: (a) 2 mm; (b) 300 pym; (c) 250 ym

and (d) 30 pm.

insertion in nin-16, including the PB1 domain) (ProNIN,_,,:NIN,.. ) into the
knockout mutant nin-1 by hairy root transformation. Surprisingly, pink nodules
were formed on transgenic roots four weeks after inoculation (Fig. 4a). Next,
we inoculated transgenic roots with rhizobia containing PronifH:GFP, and nifH
was highly induced in the formed nodules (Fig. 4c,d). Semi-thin sections of
these nodules revealed that 23 out of 67 (34.3%) were wild-type-like (Fig. 4b),
comparable to 12 out of 38 (31.6%) wild-type-like nodules formed on nin-1 roots
transformed with full length NIN (ProNIN, ., :NIN). This suggests that the PB1
domain of NIN is not essential for the formation of functional nodules.

89




Reduced NIN mRNA level in the cytoplasm of nin-13/16 nodule cells

The transition from infection to fixation zone does not occur in nin-13/16. As
NIN accumulates at a high level at this transition site, we analysed the NIN
expression pattern in nin-13/16 nodules by RNA in situ hybridization. Like in
wild-type (R108) nodules (Fig. 5a), NIN was highly expressed in the infection
zone of the mutant nodules (Fig. 5b,c). However, there was a remarkable
difference between nin-13/16 and wild-type nodules. NIN RNA in nin-13/16
nodules accumulated to higher levels in nuclei than in the cytoplasm, which is
not the case in wild-type nodules (Fig. 5d,e,f). This indicated that the transport
of NIN mRNA from nucleus to cytoplasm was hampered. In contrast, transport
of NF-YA1 RNA was not affected (Fig. S5), suggesting that the inhibition of
mRNA transport was most likely specific for NIN in nin-13/16. By quantitative
real-time PCR (qRT-PCR) we showed that NIN-Tnt1 fusion transcripts were
formed in nin-13/16 nodules (Fig. S6). In nin-13, about 80% of NIN transcripts
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Fig. 5. NIN mRNA level reduced in the cytoplasm of nodule cells of Medicago
nin-16.

RNA in situ localization of NIN shows substantial part of NIN mRNA accumulates in
nuclei of nin-13 (b, €) and nin-16 nodule cells (c, f), compare with wildtype (R108)
nodule section (a, d). Hybridization signals are visible as red dots (a-f). Arrow indicate
the nuclei (d, e, f). M, meristem; IF, infection zone; FX, fixation zone; ES, early
senescence zone. Bars: (a, b, ¢) 250 um and (d, e, f) 40 ym. Quantitative reverse
transcription polymerase chain reaction (QRT-PCR) shows that NIN expression level
in wild-type (R108), nin-13 and nin-16 nodules were similar (g, h). Data are means *
SD of three biological replicates.
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contained Tnt1 sequences, and about 60% of NIN transcripts contained Tnt1
sequences in nin-16 (Fig. S6). Moreover, nin-16 RNA sequencing data (see
below) revealed that some reads were mapped to the intron and promoter
region of NIN (Fig. S7). The frequency of aberrantly spliced NIN transcripts in
nin-16 was between 30.24% and 64.80%. This is markedly higher than in R108,
in which this was between 1.39% and 4.37% (Fig. S7). This indicated that the
Tnt1 insertion affected NIN transcription and splicing. As export of unspliced and
incompletely spliced transcripts from nuclei are prevented (Schmid and Jensen,
2008), we assumed that this might have caused the reduced transport of NIN
RNA to cytoplasm. By using NIN specific primers (upstream of Tnt1 insertion),
we showed that the expression level of NIN in wild-type and mutant nodules
was similar (Fig. 5g,h). As a substantial part of NIN mRNA accumulated in nuclei
of nin-13/16, the level of NIN mRNA that can be translated (in the cytoplasm)
was reduced, this might have caused the phenotype of nin-13/16 nodules.

To test this hypothesis, we introduced ProNIN,_ ,,,:NIN, .. into nin-16 by hairy
root transformation. Semi-thin sections of the nodules formed on transgenic
roots showed that symbiosome development was restored (symbiosomes
reached the length ~8 ym) and the defense/premature senescence phenotype
was markedly reduced (Fig. S8). This result supports the conclusion that the
nin-13/16 nodule phenotype is cased by a reduced NIN mRNA level, but not the

absence of PB1 domain of NIN.

nin-16 nodule transcriptome switched from symbiosis to defence/
senescence-related processes

To determine which NIN-controlled processes were disturbed in nin-13/16
mutants, we compared the transcriptomes of two-week-old nin-16 and wild-type
nodules. 31841 gene transcripts were detected in these nodules (Table S2). We
identified 2744 genes differentially expressed in nin-16 nodules compared to
wild-type (Table S3). 1281 (46.7%) genes were upregulated and 1463 (53.3%)
genes were down regulated in nin-16 (Table S3).

The histology of the nin-13/16 nodules indicated that the infection zone was not
much affected, whereas a fixation zone was not formed. Consistent with this is
that only a small fraction of the genes that are especially expressed in meristem
or distal part of the infection zone of wild-type nodule (according to Roux et
al., 2014) is differentially expressed in nin-16. In contrast, a markedly higher
percentage of genes that are especially expressed in fixation zone of wild-type
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Table 1. Analysis of genes specifically expressed in different Medicago wild-type
nodule developmental zones (Roux et al., 2014) differentially expressed in nin-16.

Distal Proximal ﬁXD;tsiée:: Proximal
Genes 70% expressed in zone: Meristem | infection infection zone fixation zone
zone zone (inter-zone) (zone III)
Total Number of genes 1901 370 191 665 536
Number of genes differentially 126 24 51 184 82
expressed in nin-16
Percentage of genes of differ- o o 5 0 a
entially expressed in nin-16 6.63% 6.49% 26.70% 27.67% 15.30%
Number of genes up
regulated in nin-16 101 21 1 2 35
Percentage of genes up o 0
regulated in nin-16 80.16% | 87.50% 1.96% 1.09% 42.68%
Number of genes down
regulated in nin-16 25 3 50 182 a7
Percentage of genes down o o o o o
regulated in nin-16 19.84% | 12.50% 98.04% 98.91% 57.32%

Darker shade indicate higher percentage of genes differentially expressed in nin-16. Higher percentage
of genes up regulated in nin-16 shown in darker red colour; Higher percentage of genes down regulated
in nin-16 shown in darker green colour,

nodules is differentially expressed (Table 1). However, for the genes especially
expressed in the proximal part of the infection zone of wild-type nodules the
percentage of differentially expressed genes in nin-16 was also high (Table
1). The few differentially expressed genes which are especially expressed in
distal part of infection zone were mainly up regulated (Table 1). Several of these
up regulated genes are related to a defence response (Table S4). In contrast,
differentially expressed genes that are especially expressed in the proximal part
of infection zone or distal part of fixation zone [interzone Il/11l according to (Roux
et al., 2014)] in wild-type nodules, were mainly down regulated (Table 1). Most
of these genes are related to symbiotic functions like leghemoglobin and NCR
genes (Table S4).For the genes especially expressed in proximal part of fixation
zone [(zone Il according to Roux et al., 2014)], which expression level was
changed, similar numbers were up and down regulated, respectively (Table 1).
The up regulated genes were mainly related to senescence and defence and
down regulated genes included symbiotic genes (Table S4). We do not know in
which part of the nin-13/16 nodules the genes are upregulated and this can be
different from their expression in wildtype nodules. For example, the defense
related genes that are expressed in the meristem of wildtype nodules might be
induced in the early senescene zone of nin-13/16 nodules.
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Consistent with the fact that the early nodule developmental stages were not
much affected, the expression level of genes required for intracellular infection
were not significantly changed. This included Ethylene response factor (ERF),
transcription factor required for nodulation 1 (ERN1) and direct targets of NIN,
NF-YA1 and nodulation pectate lyase (NPL) (Fig. 6b) (Xie et al., 2012; Soyano
et al., 2013; Laporte et al., 2014). Release of rhizobia from infection threads
occurs in the distal part of the infection zone. The symbiotic exocytosis pathway
related genes Vamp721d, Vamp721e and SYP13Il are important for release
(lvanov et al., 2012; Huisman et al., 2016). Their level of expression in nin-16
nodules was not significantly changed (Fig. 6b) which was consistent with the
occurrence of release.

In nin-16 nodules rhizobia elongated and reached a size that in wild-type nodules
is characteristic for rhizobia in the most proximal part of the infection zone (Fig.
3c). The elongation of rhizobia is initiated in nin-16 nodules (Fig. 3c) and this
was consistent with an unaffected or even upregulated expression level of
some NCR genes that were expressed in the infection zone (Fig. 6a, Table S2).
The block in further differentiation might be caused by the lack of fixation zone
formation, where other NCR genes are expressed. The accumulation of phenolic
compounds and the induction of premature senescence suggested that defence/
senescence was not sufficiently suppressed in nin-13/16 nodules. Consistent
with this, there were many defence/senescence- related genes significantly
upregulated in nin-16 nodules (Fig. 6a, Table S5) including well-known marker
genes like PR10 (16.9-fold upregulated) and NDR1 (8.7-fold upregulated) (Fig.
6b; Table S3). The expression of flavonoid biosynthesis genes also supported
the occurance of defense response. Among 38 differentially expressed genes,
28 were upregulated. Most of these genes have putative chalcone synthase
activity or chalcone isomerase activity which are involved in formation of
flavonoid scaffolds. In contrast, all the ten down regulated genes have putative
glucosyltransferase activity which is related to the diversity of flavonoids (Figure
6a, Table S5) (Saito et al.,, 2013). Cysteine proteases (CPs) and vacuolar
processing enzyme (VPE) have been shown to play a crucial role in the onset of
nodule senescence and their expression can also be the consequence of plant
defence responses (Hara-Nishimura et al., 2005; Sheokand and Brewin, 2003;
Grudkowska and Zagdanska, 2004; Wang et al., 2016). In nin-16 nodules,
CP2 and VPE are 202.6-fold and 13.6-fold upregulated, respectively (Fig. 6b;
Table S3), and they were among the most highly expressed genes (Table S2).
Moreover, genes involved in suppression of plant defence in nodules like DNF2,
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Fig. 6. Medicago nin-16 transcriptome is consistent with the reduced
suppression of defence and early senescence.

Transcriptional regulation of gene families/metabolism pathways in nodules (a).
The classification of each gene in the families/metabolism pathways is based on
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Functions of NIN in Nodules

SymCRK, NAD1 and RSD were 1.6-, 4.7-, 10.6- and 83.9-fold down regulated
in nin-16 (Fig. 6b; Table S2). Taken together, these data support the conclusion
that nin-16 transcriptome switched from symbiosis to defence/senescence-
related processes.

Defence/senescence is suppressed in the infection zone of nin-13/16
nodules

Many plant defence/senescence-related genes were highly induced in nin-16
nodules. To determine whether the induction of these genes already occurred in
the infection zone, we used CP2 as a marker gene as itwas the highest expressed
defence/senescence-related gene in nin-16. In situ hybridisation showed that in
two weeks old mutant nodules, CP2 was extremely highly expressed in the
infected cells of the premature senescence zone, but not in the infection zone
or other nodule tissue (Fig. 7b,c). This suggested that the defence and early
senescence response was well suppressed in the nodule infection zone, but
the suppression was not sufficient at the stage when transition to fixation zone
would occur.

symcrk and nad1 mutants form nodules in which defence responses are
induced and symbiosome differentiation gets arrested (Berrabah et al., 2014b;
Wang et al., 2016; Yu et al., 2018; Domonkos et al., 2017). This is similar to the
nodule phenotype of nin-13/16. rsd and dnf2 mutants also have a similar nodule

the protein function indicated in the Mt 5.0 annotation or gene ontology terms.
NCR, Nodule Cystein-Rich peptide; GRP, Nodule-specific Glycine Rich Peptide.
Analysis of representative genes from the transcriptome data (b). Genes required
for primordium initiation and infection formation (blue colour), including NIN (Nodule
inception) itself, Ethylene response factor required for nodulation 1 (ERNT),
Nuclear transcription factor Y subunit A-1 (NF-YA1) and nodulation pectate lyase
(NPL). The symbiotic exocytosis pathway related genes (yellow colour) required
for rhizobial release, including VAMP721d and VAMP721e which are members
of the vesicle-associated membrane protein 721 family, and SYNTAXIN OF
PLANTS 132 (SYP132). Nodule-specific cysteine-rich (NCR) peptides (brown
colour) and leghemoglobin (LB) (pink colour), are known to be required for bacteria
differentiation and nitrogen fixation. Genes related to defence and senescence (red
colour), including calcium- dependent protein kinase (CDPK), respiratory burst
oxidase homologs (Rboh), cysteine proteinases (CPs), non-race-specific disease
resistance 1 (NDR1), vacuole processing enzyme (VPE), pathogenesis-related
protein 10 (PR10) and Chitinase genes. See detailed information about selected
genes in Table S1.

95




Fig. 7. Expression pattern of defence/senescence response and suppression
genes.

RNA in situ localization of defence/senescence response gene CP2 in Medicago
R108 (a), nin-13 (b) and nin-16 (c) nodules at two wpi. Overview (e, g) and close-up
(f, h) pictures of expression patterns of defence suppression genes SymCRK (e, f)
and NAD1 (g, h) in two wpi R108 nodules. (d) Expression pattern of SymCRK in
two wpi nin-16 nodule. Hybridization signals are visible as red dots. M, meristem; IF,
infection zone; FX, fixation zone; ES, early senescence zone. Bars: (a, b, ¢, d, e, g)
200 ym and (f, h) 100 um.

phenotype (Bourcy et al., 2012; Sinharoy et al., 2013). However, the expression
level of RSD was very low and DNF2 expression level in nin-16 was not
significantly changed (Table S2). To determine when plant defence suppressing
genes were activated during nodule development, we checked the expression
pattern of SymCRK and NAD1. The RNA in situ hybridization showed that both
SymCRK and NAD1 were expressed in the infected cells of the infection zone
and their expression level increased from the distal to the proximal part (Fig. 7e-
h) which is similar to the NIN expression pattern (Fig. 1a,5a). However, SymCRK
and NAD1 remained expressed at a relatively high level in the fixation zone
(Fig. 7e-h), whereas NIN expression markedly dropped at the transition from
infection to fixation zone (Fig. 1a-c,5a). To determine where in the nodule the
expression of defence suppressing genes was affected, we studied SymCRK
expression in nin-16 nodules. RNA in situ hybridization showed that SymCRK
was expressed in the infection zone (Fig. 7d). In the senescing cells, SymCRK
mRNA was hardly detectable.
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Functions of NIN in Nodules

These results indicate that the expression level of defence suppressing genes
in the infection zone is sufficient to suppress the defence response and early
senescence, whereas at the transition to fixation zone, the suppression is not
sufficient anymore.

Discussion

Here we showed that NIN plays, in addition to its previously identified role in
infectionand nodule organogenesis, akeyrolein late steps of nodule development
leading to a functional symbiosis. nin-13/16 nodules display a rather normal
infection zone, whereas a fixation zone is not formed. Instead, a zone with
defence responses and premature senescence occurs. The phenotype is most
likely caused by reduced NIN mRNA levels in the cytoplasm. Consistent with
this phenotype, transcriptome analyses of nin-16 nodules showed that defence/
senescence-related genes are highly induced and defence suppressing genes
are reduced. However, although defence/senescence seems well suppressed
in the infection zone, the transcriptome is most likely already markedly changed
in the proximal part of the nodule infection zone. NIN mRNA and protein are
accumulated at the highest level in the proximal part of the infection zone. At the
transition to fixation zone, it suddenly dropped to a much lower level, suggesting
that NIN is involved in the switch from infection to fixation zone.

In both nin-13 and nin-16, Tnt1 is inserted upstream of the region that encodes
the PB1 domain which is located at the carboxy-terminus of NIN. Therefore,
we expected that loss of this domain would have caused the mutant nodule
phenotype. However, by introducing truncated NIN,,. ., into a nin knockout
mutant (nin-1), we showed that PB1 domain is not necessary for the formation
of wildtype-like nodules in Medicago A17 (Fig. 4). The importance of the PB1
domain is underlined by being conserved in NLP family, including NIN. The
PB1 domain has been shown to be essential for the formation of homo- and
hetero-dimers of Arabidopsis NLP6 and NLP7 (Guan et al., 2017). In addition,
Medicago NLP1 is required for suppression of nodulation by nitrate, and this
suppression most likely involves a physical interaction of NIN and NLP1 by their
PB1 domains (Lin et al., 2018a). Therefore, the PB1 domain of NIN may be
involved in regulating its activity in response to for example exogenous nitrate,
whereas it is not essential for intrinsic nodule development.
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nin-13/16 nodule phenotype most likely is caused by reduced NIN mRNA levels
in the cytoplasm. In situ hybridization showed that a substantial part of NIN
RNA accumulated in nin-13/16 nuclei. Further, by introducing truncated NIN
into nin-16, symbiosome development was restored, and the defence and early
senescence phenotype was markedly reduced. This confirmed that the mutants
nodule phenotype is caused by reduced NIN mRNA level, but not the absence
of the PB1 domain of NIN. The NIN RNA transcribed from the nin-16 allele was
altered by the Tnt1 insertion. Therefore, it might be that this improper nature of the
NIN transcripts caused (partial) retainment of it in nuclei. The nuclear retention
of transcripts might also occur in other mutants with Tnt1 insertion. Although the
gPCR data showed that NIN-Tnt1 chimeric sequences were present, it did not
prove that full length NIN-Tnt1 chimeric sequences were formed, as promoter
and terminator regions exist in the identical 5’ and 3’ long terminal repeats (LTR)
of Tnt1 (Grandbastien et al., 1989; Grandbastien, 2015). It has been shown
that some LTR regulatory regions can induce trancritiption in opposite direction
(Grandbastien et al., 1989; Grandbastien, 2015). This could explain the reads
mapped to promoter region of NIN in nin-16 as readout transcript of LTR.

In Pislariu et al., (2012), more mutants with a Tnt7 insertion in NIN were described.
However, except nin-13 (NF0440) they all showed Nod- phenotype, including
two mutants (NF0825 and NF2700) which have Tnt1 insertion at a position that
is downstream of that in nin-13/16. However, it cannot yet be concluded that
the truncated NIN proteins which are sligtly longer than in nin-13 and nin-16 are
not functional. In both nin-13 and nin-16, NIN mRNA is retained in the nucleus.
It seems probable that the Tnht? insertions in NF0825 and NF2700 also cause
such NIN mRNA retention. In case it is stronger than in nin-13/16, this could
explain the Nod- phenotype of these mutants. It is also possible that other Tnt1
insertions in these mutants caused Nod- phenotype, as it has not been studied
yet whether the nodule phenotype co-segregates with Tnt1 insertion in NIN.

Several NLPs are located in the cytoplasm under low nitrate condition and are
translocated to the nucleus under high nitrate condition (Marchive et al., 2013;
Caoetal., 2017; Lin et al., 2018a). Here we showed that NIN is located in nuclei
in all nodule cells where it is expressed. For the nitrate-triggered translocation
to nuclei Ser205 of AtINLP7 becomes phosphorylated. This serine is conserved
in the several NLPs, but is lacking in NIN (Liu et al., 2017). So NIN might have
lost the information required for retention in the cytoplasm.

98



Functions of NIN in Nodules

In Medicago, NIN is expressed in the infection zone and meristem. This is
consistent with a previous study on pea (Pisum sativum) (Borisov et al., 2003).
Both NIN mRNA and NIN protein had reached their highest level in the proximal
part of infection zone in Medicago nodules, and this suddenly dropped at the
transition to fixation zone. However, it is not clear whether in pea the decrease
of NIN expression also occurs at the switch to interzone/distal fixation zone or
somewhat later (Borisov et al., 2003). The sudden change of the NIN levels
at transition from infection to fixation zone coincides with several other rapid
changes like the accumulation of starch, the induction of bacterial nif genes and
the radial alignment of the symbiosomes (Gavrin et al., 2014). Rapid changes
in protein/mRNA activity/level often involve negative and positive feedback
mechanisms. For example, in the Arabidopsis stem cell niche an asymmetric cell
division initiates the formation of root endodermis and cortex. This involves the
SHORT ROOT (SHR) /SCARECROW (SCR) complex. This complex induces
the expression of cyclinD6,1 that inactivates RETINOBLASTOMA-RELATED,
the repressor of SCR activity. By this positive feedback loop SHR-SCR complex
activity increases and triggers asymmetric division. It is followed by a negative
feedback involving degradation of the SHR-SCR complex (Cruz-Ramirez et al.,
2012). So, the accumulation of NIN to a high level which is followed by a sudden
drop is consistent with a role in a molecular switch. Whether and how NIN is
involved in a molecular circuit controlling the switch from infection to fixation
zone remains to be studied.

In the previous studies on nin-13/16 (Veerappan et al., 2016; Pislariu et al.,
2012), the accumulation of phenolic compounds was not described. The
level of accumulation of phenolic compounds in these two mutants seems
lower in comparison with some other mutants (Wang et al., 2016; Domonkos
et al., 2017; Bourcy et al., 2013; Berrabah et al., 2014b), therefore, it might
have been overlooked in previous studies. Further, it has been shown that in
some mutants, for example dnf2 (Berrabah et al., 2014a), the accumulation
of phenolic compounds is conditional. Therefore, it can not be excluded that
less phenolic compounds had accumulated in nin-13/16 nodules due to different
growth conditions. nin-13 previously has been reported as Nod- at 21 days post
inoculation with rhizobia (Pislariu et al., 2012). The reason for this difference is
not clear, as in all our experiments the nodule number formed on the mutant is
similar to that of the wild-type (R108).

Although nin-13/16 has been reported before, the phenotypic characterization
was not detailed (Veerappan et al., 2016; Pislariu et al., 2012). Here we analysed
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nin-13/16 nodule phenotype explicitely. Both mutant nodules make an infection
zone that at the cytological level is rather normal. Rhizobia are released from
infection threads, they multiply and the symbiosomes start to elongate, reaching
the size that is obtained in the proximal part of the infection zone in WT nodules.
In contrast, processes that occur at the transition to fixation zone do not take
place. For example, nif genes are not induced, symbiosomes do not further
elongate and amyloplasts do not accumulate at the periphery of the infected
cells. This phenotype is in part consistent with the transcriptome data. Genes
that are especially expressed in the fixation zone are down regulated (except
genes related to senescence and defence response). In contrast, expression
levels of genes especially active in the distal infection zone are in most cases
not affected, except defence-related genes which are upregulated. It is not
known where they are upregulated in nin-16 nodules. Further, the expression
level of many genes that are especially expressed in the proximal part of the
infection zone is already affected, the genes related to symbiotic functions are
down regulated.

Symbiosome development gets arrested in nin-13/16 nodules and defence
and early senescence are induced. The defence suppressing genes SymCRK
and NAD1 are markedly down regulated in nin-16 nodules. Loss of function
mutations in these genes cause a similar symbiosome phenotype as nin-16
(Berrabah et al., 2014b; Wang et al., 2016; Domonkos et al., 2017). Therefore,
it is possible that symbiosome development was blocked due to the defence/
senescence-related responses that were not sufficiently suppressed. In addition,
other studies have shown that arrest of symbiosome development does not
induce defence responses (Berrabah et al., 2015) So, defence is more likely a
cause than a result of blocking symbiosome development.

Laser capture transcriptome data suggested that NF-YA7 is highly expressed
in the nodule meristem and distal part of infection zone (Roux et al., 2014), Our
in situ hybridisation showed that NF-YA1 is not expressed in the distal part of
meristem, but it is expressed at a high level in the proximal part of meristem and
distal part of infection zone, where NIN is only present at a very low level. This
supports that NF-YA1 expressioin can be regulated not only by NIN but also
other transcription factor(s).

SymCRK might also be a direct target of NIN as indicated by chromatin
immunoprecipitation sequencing (ChiP-seq) analyses on Lotus roots ectopically
expressing NIN (Soyano et al., 2014; Liu et al., 2019a). In the infection zone NIN
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is expressed at a rather high level, so it could control SymCRK expression. In
case NIN also directly controls SymCRK expression in the fixation zone, then
a very low level of NIN might still be sufficient, considering that a low level of
NIN is sufficient to induce a high level of NF-YA1 expression. Alternatively, it
has been shown that members of the NLP family can also bind to the promoter
of NIN target gene CLE-RS2 (Nishida et al., 2018). Moreover, NLPs are highly
expressed in Medicago nodules, especially MtNLP1/2/3 (Lin et al., 2018a).
Therefore, it is possible that they take over the function of NIN to maintain
expression of this defence suppression gene in the fixation zone.

So, in addition to its function in nodule organogenesis and infection, NIN has
a major function in establishing a functional symbiosis in Medicago nodules. It
will be interesting to see whether this function is shared with other legumes or
even actinorhizal plants. Such studies in an evolutionary context can provide
first insight when this additional function of NIN evolved or whether it is related
to a function of the ancester of NIN that was recruited when nodulation evolved.
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MGEA: M. truncatula Gene Expression Atlas / Noble Foundation (https://mtgea.noble.org/va)
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Fig. S1. Expression profile of Medicago NIN/Medtr5g099060 (probe id.
Mtr.28094.1.S1.st) based on M. truncatula Gene Atlas in various tissues.

Mt NIN is specifically expressed in nodules.
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Fig. S2. Live/dead staining shows prematurely death of rhizobia in Medicago
nin-16 nodules.

Sections of two weeks post inoculation (wpi) nodules, imaged by a confocal
microscope after live/dead staining assay. Green (SYTO 9) and red (propidium
iodide) stain alive and dead bacteria respectively. Compare with wildtype (a, b), the
early death of the bacteria in the nin-16 nodule was detected (c, d). Bars: (a, ¢) 250
pm and (b, d) 50 um.
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Fig. S3. Medicago nin-13 mutant nodules show the same phenotype as nin-16.

Like nin-16, nin-13 formed white nodules at two wpi (a). Inoculation with rhizobial
carrying nifH:GFP showed that nifH was not induced in nin-13 nodules (e). Sections
of these nodules showed that meristem was formed (b), rhizobia were released and
divided (c), but bacteria differentiation were arrested, and premature senescence
was induced (d). The bacteria death was confirmed by live/dead staining (f, g). Green
(SYTO 9) and red (propidium iodide) stain alive and dead bacteria respectively.
Potassium permanganate/methylene blue staining shows accumulation of phenolic
compound in nin-13 nodules (h). Bars: (a) 2 mm; (b) 300 um; (c, d, g) 30 um; (e, f)
250 ym and (h) 500 um.
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Fig. S4. F1 plants obtained by crossing Medicago nin-13 and nin-16 showed
the same nodule phenotype as the parental plants.

Transmitted light macroscopy images of root nodules formed F1 plants obtained
by crossing nin-13 and nin-16 (a). Semi-thin sections of these nodules stained with
toluidine blue display the same nodule phenotype as the nin-13 and nin-16 (b).
Bars: (a) 2 mm and (b) 300 um.
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Fig. S5. NF-YA1 expression pattern in Medicago nin-16 nodule.

RNA in situ localization of NF-YA1 in nin-16 nodule at two wpi. Hybridization signals
are visible as red dots. Scale bar: 200 ym.

106



Functions of NIN in Nodules

(a)
1.2
© m nin-16 m R108
3 1
S
‘% 0.8
n
2
o 0.6
X
)
S04
=
202
0
NIN-tnt1 tnt1 tnt1-NIN
Primers targeting region
(b)
14
° W nin-15 WR108
3 1.2
S 1
n
g 038
o
3 06
2
= 04
&
< 0.2
0

NIN-tnt1 tnt1 tnt1-NIN
Primers targeting region

Fig. S6. Tnt1 was transcribed in Medicago nin-13 and nin-16 mutant nodules.

Quantitative real-time (QRT-PCR) using different primer sets targeting NIN, upstream
junction of NIN and Tnt1 (NIN-Tnt1), within Tnt1 insertion (Tnt1) and downstream
junction of Tnt1 and NIN (Tnt1-NIN) show that Tnt1 was transcribed in nin-13 (a)
and nin-16 (b) nodules. Data are means * SD of three biological replicates.
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Fig. S7. NIN RNA transcribed from the Medicago nin-16 allele was altered by
Tnt1 insertion.

(a) Mapping of the reads at the NIN locus in R108 (above) and nin-16 (below). Arrow
heads indicate the reads that mapped in NIN intron regions and arrow indicates the
much longer 5’ UTR in nin-16. (b) Quantification of average read coverage for each
exon/intron region of NIN in nin-16 and R108. The read coverage was determined
with mosdepht (version 0.3.0) using default settings (Pedersen and Quinlan,

Continued on next page
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Fig. S8. Complementatio
sxo-NIN o5, @and ProNIN

APB1 3C-5kb"

n of Medicago nin-16 nodule phenotype with ProNIN, .
NIN.

Overview (a, c, e) and close-up (b, d, f) images of semi-thin longitudinal sections
of nodules formed on nin-16 roots transformed with ProNIN, . :NIN,... (a, b),
ProNIN, ..:NIN (c, d) and empty vector (e, f). Fully elongated symbiosomes were
observed in five out of 30 sectioned nodules formed on nin-16 roots transformed with
ProNIN, . ,:NIN ... and five out of 60 nodules formed on nin-16 roots transformed
with ProNIN,, ... :NIN, but not in nodules formed on the roots transformed with empty
vector (n=55). In addition, the defence-related phenotype was markedly reduced in

the complemented nodules. Bars: (a, ¢, €) 300 um and (b, d, f) 30 ym.

2018). Data are means % SD. (c) Non-spliced intron rate of NIN RNA in nin-16 and
R108. Non-spliced intron rate was calculated by intron reads coverage divided by
the average exon reads coverage. Calculation of average read coverage in exon
regions were based on the exons 2, 3 and 4. This is because nin-16 contains a
Tnt1 insertion in exon 5 which leads to low read coverage, and exon 1 is in the
non-coding region and there the read coverage is much lower than in the coding
region. The average read coverage in exons of R108 and nin-16 were similar, in
R108 it is 697.23 and in nin-16 it is 671.39. Theoretically it is possible that only
one or all introns are aberrantly spliced. Therefore, we can only indicate a range
within which the transcripts are wrongly spliced. The frequency of aberrantly spliced
NIN transcripts in nin-16 is between 30.24% (all introns are aberrantly spliced)
and 64.80% (a single intron is aberrantly spliced). This is markedly higher than the
frequency in R108 which is between 1.39% and 4.37%.
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Table S1. Primers used in this study.

Name Sequence (5'—3')

gPCR-NIN-F TACTTTGCCGGAAGCCTAAA
gPCR-NIN-R ATCTGTATGGCACCCTCTGC
gPCR-NIN-Tnt1-F GAGTTGATCATGCCTTCATGC
gPCR-NIN-Tnt1-R GGTTGGCTACCAAACCAAAG
gPCR-Tnt1-F GCGTTTGAAATCCCAGAGAG
gPCR-Tnt1-R AACCGAACACCTTCAGATGC
gPCR-Tnt1-NIN-F TCAGAAGGGTTTTCCACGTAA
gPCR-Tnt1-NIN-R CCACAGTTGGTCTTGGAGGT

gPCR-ACTIN2-F

TGGCATCACTCAGTACCTTTCAACAG

gPCR-ACTIN2-R

ACCCAAAGCATCAAATAATAAGTCAACC

Genotyping-NIN-F

TGCTAATGGTGGTGATGGTAAT

Genotyping-NIN-R

GGTTAAATCGCCTTGCAATCTC

Genotyping-Tnt1-R

TGTAGCACCGAGATACGGTAATTAACAAGA

NIN F

APB1”™

CACCATGGAATATGGTGGTGGGTT

NIN R

APB1”™

GTAGTCCTGGATATTAATATTAGATGCA

NIN,..,-35Ster-BP-F

APB1

GGGGACAGCTTTCTTGTACAAAGTGGAAATGGAATATGGTGGTGG-
GTTAGTG

NIN . ,-35Ster-BP-R

APB1

GGGGACAACTTTGTATAATAAAGTTGCTCACTGGATTTTGGTTTTAG-
GAATTA

NIN-CDs-F

CACCATGGAATATGGTGGTGGGTTAGTGG

NIN-CDs-R

GCTAGGAGGATGGACTGCTGCTGCT

NINGFP-35Ster-BP-F

GGGGACAGCTTTCTTGTACAAAGTGGAAATGGAATATGGTGGTGG-
GTTAGTG

NINGFP-35Ster-BP-R

GGGGACAACTTTGTATAATAAAGTTGCTCACTGGATTTTGGTTTTAG-
GAATTA

GFPNIN-35Ster-BP-F

GGGGACAGCTTTCTTGTACAAAGTGGAAATGGTGAGCAAGGGC-
GAGGA

GFPNIN-35Ster-BP-R

GGGGACAACTTTGTATAATAAAGTTGCTCACTGGATTTTGGTTTTAG-
GAATTA

Sequences designated in boldface are added to primers for TOPO cloning or BP recombination
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Abstract

The key transcription factor NIN is essential for nodule formation in all studied
species that belong to a single phylogenetic group, referred to as the nitrogen
fixing clade (NFC). NIN arose by duplication from the NIN-like proteins (NLPs)
and this occurred before nodulation evolved. Therefore, several plant species
outside the NFC have NIN orthologous. A Comparison of NIN with NIN
orthologous outside the NFC, led to the conclusion that essential adaption in its
promoter occurred when NIN was recruited in nodulation. However, it is unclear
whether changes at the protein level were also required for NIN recruitment
in the nodulation process. Here, we showed that NIN is neither functionally
equivalent with its orthologues outside the NFC nor with its paralogues. The
main reason for this could be that most NLPs are nuclear localized only when
high nitrate is sensed, whereas NIN is constitutively nuclear localized. Further,
we identified a few amino acid differences between NIN and its orthologues
outside the NFC. These changes are important for the function of NIN in nodule
formation. They probably were introduced in NIN when it was recruited in the
nodulation process and might contribute to its constitutive nuclear localization.

Introduction

Root nodule symbiosis exclusively occurs in plant species belonging to the
nitrogen fixation clade (NFC). This NFC contains four orders: Fabales, Rosales,
Cucurbitales and Fagales (Soltis et al., 1995). Legumes (order Fabales) and
species of the non-legume genus Parasponia (order Rosales) form nodules with
Gram-negative bacteria, collectively named rhizobium (Peter et al., 1996). The
other nodulating plant species which form nodules with gram positive Frankia
bacteria, are named actinorhizal plants (Santi et al., 2013). The majority of
the legume species can form nodules, whereas nodulation is more rare in the
three orders to which actinorhizal plants belong. Recently, both phylogenetic
and histological studies indicated that a common ancestor of the NFC gained
the nodulation ability, but later, many species lost it (Van Velzen et al., 2018;
Griesmann et al., 2018; Shen et al., 2020).

The transcription factor NIN (NODULE INCEPTION) is indispensable for nodule
development. This has been shown in different species of the NFC, including
several legumes (Schauser et al., 1999; Marsh et al., 2007; Borisov et al., 2003;
Wang et al., 2019), Parasponia (Bu et al., 2020) and the actinorhizal species
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Casuarina glauca (Casuarina) (Fagalas) (Clavijo et al., 2015). Interestingly,
phylogenomic analysis showed that all species capable of forming nodules
contain NIN, while species that lost the nodulation ability in general lost NIN or
became a pseudogene (Griesmann et al., 2018). These data strongly suggest
that when the common ancestor gained the nodulation ability, it recruited NIN
for this process. Some species outside the NFC have NIN orthologue(s) (Liu
and Bisseling, 2020). This indicates that NIN had a non-symbiotic function
before symbiotic nodulation has been evolved. In contemporary species, NIN
is specifically expressed during nodulation and knock out mutants do not have
a non-symbiotic phenotype (Schauser et al., 1999; Marsh et al., 2007; Borisov
et al., 2003; Wang et al., 2019; Bu et al., 2020; Clavijo et al., 2015). So, after
recruitment into the nodulation process, NIN most likely lost its function in non-
symbiotic organs. The function of NIN orthologues in species outside the NFC
is not yet known. Therefore, it is unclear whether the nodule specific expression
is the only adaptation or changes at the protein level were also required for NIN
recruitment in the nodulation process. Here, we focus on this question.

NIN was first identified in Lotus japonicus (Lotus) and it is the founding member
of the NIN-like protein (NLP) gene family (Schauser et al., 2005, 1999).
Phylogenetic analyses divided NIN and NLPs into three orthogroups (Mu and
Luo, 2019a; Schauser et al., 2005; Liu and Bisseling, 2020). Group 1 contains
the NIN subgroup and the NLPs that are orthologous to NIN. This group most
likely was generated by a duplication which occurred after the separation of
monocots and dicots, but before the NFC evolved. Therefore, species outside
the NFC can also contain NIN orthologue(s), such as Arabidopsis NLP1/2/3
(Liu and Bisseling, 2020). NIN and NLPs share two conserved domains, the
RWP-RK DNA binding domain and the PB1 protein-protein interaction domain
(Schauser et al., 2005). Both are located close to the C-terminus of the protein.
Notably, the N-terminal region is not conserved between legume NINs and
NLPs (including NIN orthologues) (Chardin et al., 2014; Suzuki et al., 2013b).
However, these analyses did not include Parasponia and actinorhizal plants.
Therefore, it is not clear when the change occurred and whether it was essential
for the recruitment of NIN in the nodulation process.

Studies on the model legumes Medicago truncatula (Medicago) and Lotus
showed that NIN controls all the main nodule developmental steps. This
includes infection thread formation, nodule organogenesis, autoregulation of
nodule number, release of rhizobia from infection threads (J. Liu unpublished),
development of symbiosomes and suppression of both defence and premature
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senescence (Marsh et al., 2007; Schauser et al., 1999; Soyano et al., 2014;
Liu et al., 2021). The function of NLPs that are orthologues to NIN, have not
been studied. In contrast, some NLPs that are not orthologues to NIN have
been intensively studied. These studies showed that they play a central role
in regulating nitrate-induced responses during plant development (reviewed in
Mu and Luo, 2019b). Interestingly, although NIN and NLPs regulate different
processes, they both can bind to the nitrate-responsive cis-element (NRE) and
have shared some target genes (Liu and Bisseling, 2020; Nishida et al., 2018). A
recent study comparing the direct targets and binding sites of Lotus LjNLP4 and
LjNIN revealed that they bind both identical and distinct cis-elements (Nishida
et al.,, 2021). These indicating that changes in their DNA binding properties
evolved. However, when these changes evolved is unclear.

One major difference between NIN and most of the studied non-orthologues
NLPs is their subcellular localization. A recent study on Medicago showed that
NIN is nuclear localized in nodules in all cells where it is expressed, suggesting
that NIN cannot be retained in the cytoplasm (Liu et al., 2021). In contrast,
most NLPs are localized in the cytoplasm under low nitrate condition and are
translocated to the nucleus when high nitrate is sensed (Marchive et al., 2013;
Guan et al., 2017; Lin et al., 2018a; Cao et al., 2017; Nishida et al., 2018). It
has been reported that AINLP7 translocation is mediated by phosphorylation of
serine at position 205 (S205) (Liu et al., 2017). For convenience, we will refer
to this serine in NLPs of different species as S205. This S205 is conserved in
NLPs, including the NIN orthologues, but it is not present in Lotus NIN (Liu et al.,
2017). It is not known when this serine was lost, and whether it was an essential
change for NIN recruitment in the nodulation process.

Here, we show that NIN and NLPs, including NIN orthologues, are not
functionally equivalent and loss of S205 is not a key change for NIN to function
in nodulation. Further, we identified five amino acid differences between NIN
and NLPs which probably were introduced in NIN when it was recruited in the
nodulation process and one amino acid change occurred later. One or more of
these changes are important for nodulation.
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Results

NIN and NLPs are not functionally equivalent

Studies on NIN and NLPs have shown that they bind to similar cis-regulatory
elements. Therefore, NIN and NLPs might be functionally equivalent when
expressed at the same location. To test this, we used the coding region of
MEINLP1, the closest Medicago homologue of MtNIN, driven by the Medicago
NIN promoter. This construct was introduced into the Medicago nin-1 knockout
mutant by hairy root transformation. At three weeks post inoculation (3wpi),
neither nodules, nor infection threads were observed (Figure 1). This showed
that MtNIN and MtNLP1 are not functionally equivalent.

As NIN orthologues exist in non-nodulating plants such as Arabidopsis, we
further studied whether the NIN orthologue AtNLP1, which is phylogenetically
closer to MININ, is functionally equivalent to MtNIN. We introduced AtNLP1
driven by the MtNIN promoter into Medicago nin-1. However, neither nodules
nor infection threads were formed at 3wpi (Figure 1). So, a functional divergence
also had occurred between MtNIN and one of the Arabidopsis NIN orthologues.

12

10

*

2 L
* * * * *
0

MtNIN  MtNLP1  AtNLP1 AtNLP1SD MtNLP19¢! MNLP1™P MNIN™®

Nodule number per transgenic root

Infection
thread

— - — — — +

Figure 1. Number of nodule formed on nin-1 knockout mutantroots transformed
with NIN or NLPs or their modified version (as indicated).

Nodule number per root (n>12) was determined at 3 wpi. Data are means + SD. *
indicate significant mean difference compared with MtNIN (p<0.05). The deleted
and replaced region in MINLP1 and MtNIN to create MtNLP1%' and MtNLP 1™ | are
indicated by black rectangles in Fig. 3.
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The disability of AtNLP1/MtNLP1 to complement Medicago nin-1 might
be caused by cytoplasmic retention

Previous studies on NLPs have shown that most of the NLPs are located in the
cytoplasm under low nitrate condition, and they are translocated to the nucleus
when sensing high levels of nitrate (Marchive et al., 2013; Guan et al., 2017; Lin
et al., 2018a; Cao et al., 2017; Nishida et al., 2018). In contrast, in Medicago
NIN is located in nuclei (Liu et al., 2021). This could mean that expression of
the AtNLP1/MtNLP1 was induced, but the encoded proteins were retained
in the cytoplasm. This could explain why they cannot complement the nin-1
mutant. Previously, it has been shown that MtNLP1 indeed can shuttle between
cytoplasm and nucleus (Lin et al., 2018a), while AtNLP1 subcellular localization
has not been studied.

To study the subcellular localization of AtNLP1, we introduced the coding
region of AtNLP1 fused to that of GFP (Pro35S::GFP-AtNLP1) into tobacco
(Nicotiana benthamiana) leaves. The Pro35S::GFP-AtNLP1 transgenic cells
showed a lower GFP signal in the nucleus than in the cytoplasm (Figure 2A). In
comparison, cells transformed with M{NIN-GFP (ProUbi::MtNIN-GFP) showed
a higher GFP signal in the nucleus than in the cytoplasm (Figure 2B). This
indicated that one of the major changes required for recruitment of NIN in the
nodulation process is the loss of the ability to be retained in the cytoplasm and
to be (constitutively) nuclear localized.

Studies on AtNLP7 gave some insight in the mechanism controlling translocation
from cytoplasm to nucleus. Upon nitrate sensing, serine 205 (S205) of AtINLP7
becomes phosphorylated, after which this protein is translocated from the
cytoplasm to nucleus (Liu et al., 2017). This serine is conserved in NLPs, but
does not occur in Lotus NIN (Liu et al., 2017). Previous studies have shown
that in comparison with NLPs, Medicago and Lotus NIN have a deletion in their
N-terminal region (Liu et al., 2017; Chardin et al., 2014; Suzuki et al., 2013b).
Interestingly, S205 is located in this deleted region (Figure 3). This could be the
reason why MtNIN is constitutively targeted to the nucleus. So, phosphorylation
of S205 of MtNLP1 and AtNLP1 probably essential for their translocation to the
nucleus. This might not have occurred at the start of the nodulation process as
nodulation requires a low nitrate level. This could be the reason why MtNLP1
and AtNLP1 failed to complemented nin-1.
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Figure 2. Confocal images of Pro35S::GFP-AtNLP1 (A), ProUbi::MtNIN-GFP
(B) and ProUbi::NIN"5-GFP (C) expressed in Nicotiana benthamiana leaves.

To test this, we made a point mutation in Af{NLP1 to modify the serine (S)
codon into an aspartate (D) codon, to mimic the phosphorylated serine. The
modified AtNLP15® was introduced into nin-1 by hairy root transformation.
However, neither nodules nor infection threads were formed at 3wpi (Figure 1).
Further, we deleted the N terminal region, which is specific for NLPs, in MtNLP1
(MtNLP1%") or replaced that region by the corresponding N terminal region of
MININ (MtNLP1™P). The regions that were deleted or replaced are indicated in
Figure 3. However, none of these modified MtNLP1s were able to complement
nin-1 (Figure 1). This showed that the loss of S205 and surrounding region is
not sufficient to create a NIN that can drive the nodulation process.

Did loss of S205 occurred when nodulation evolved?

To understand the importance of the loss of S205 and its surrounding region
for recruitment of NIN in nodulation, we compared NIN protein sequences from
species within NFC with NIN orthologues from species outside the NFC and
some other NLPs (Figure 3). Consistent with previous studies, the S205 and
its surrounding region is conserved in all NLPs, including the NIN orthologues
(Figure 3). In contrast, legume NINs lost the S205 and its surrounding region.
In actinorhizal species Alnus glutinosa (Alnus) and Datisca glomerata (Datisca)
S205 was mutated into a cysteine and leucine, respectively, but they still contain
the surrounding region. Surprisingly, Parasponia and actinorhizal species
Casuarina, Dryas drummondii (Dryas), and Discaria trinervis (Discaria) did not
lose the S205 and surrounding region. Parasponia NIN (PanNIN) and Casuarina
NIN (CgNIN) have been shown to be essential for nodulation. This strongly
suggests that the loss of S205 and its surrounding region did not occur when
NIN was recruited in the nodulation process.
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The alignment comprises 33 NINs/NLPs from Oryza sativa (Os), Solanum lycopersicum (Solyc), Arabidopsis thaliana (At),
Manihot esculenta (Manes), Alnus glutinosa (Alngl), Casuarina glauca (Casgl/Cg), Datisca glomerata (Datgl), Dryas drummondii
(Drydr), Discaria trinervis (Distr), Parasponia andersonii (Pan), Chamaecrista fasciculata (Chafa), Glycine max (Glyma), Medicago

truncatula (Mt) and Lotus japonicus (Lj). The S205 (red shaded S) is conserved in NLPs, including both NIN paralogues (purple
the S205 and corresponding region. The deleted and replaced regions in MtNLP1 and MtNIN to create MtNLP 1" and MtNLP1r?

glutinosalAlngl) and Datisca (Datisca glomerata/Datgl), but the region surrounding it was maintained. Legumes (pink shade) lost
(see Fig. 1) are indicated by the black rectangles.

shade) and NIN orthologues (yellow shade). NIN of some actinorhizal species and Parasponia (green shade) have maintained this
S205 and its surrounding region. Independent loss of the S205 of NIN (blue coloured) occurred in actinorhizal species Alnus (Alnus

Figure 3. Sequence alignment of the N-terminal region of NIN/NLP proteins.



Changes in NIN Protein

Amino acid changes in NIN correlate with the recruitment of NIN in
nodulation

To identify amino acid changes that potentially occurred when NIN was recruited
in the nodulation process, we aligned the NIN and NLP protein sequences
and manually searched for the conserved amino acid changes that most likely
occurred when nodulation evolved in the common ancestor of the NFC (Figure
4). We found five positions (position 1, 3-6) that meet this criterion (Figure 4).
There is one change present in the Fabales (legumes) and Fagales (Alnus and
Casuarina) NINs, but it occurred later as Cucurbitales (Datisca) and Rosales
(Dryas, Discaria and Parasponia) NINs maintained the same amino acids as
the NIN orthologues outside the NFC (Figure 4, position 2). However, these
changes might explain the functional inequivalence of AtNLP1/MtNLP1 and
MtNIN. Therefore, we included it in our functional analysis (Figure 4, position 2).

To test whether the identified six amino acid changes are essential for the function
of NIN, we mutated these amino acids in MtNIN to the corresponding amino
acids in AtNLP1. This mutated MtNIN™, driven by the MININ promoter, was
introduced in roots of Medicago nin-1. In comparison to the roots transformed
with MtNIN, nodule number was markedly reduced in the roots transformed with
MtNIN™ at 3 wpi, demonstrating that MtNIN™ can only partially complement
nin-1 (Figure 1). It implies that one or more amino acid changes within these six
positions are important for nodule formation.

Mutations in the six identified amino acid changes do not affect the
nuclear localization of MtNIN

Among the identified six amino acid changes, the one at the fourth position is
particularly of interest for the potential in affecting nuclear localization of NIN.
At this position two non-conserved amino acids were changed to RR/KR. The
RR/KR is located in the vicinity of the previously identified monopartite (SV20-
type) nuclear localization signal (NLS) (Schauser et al., 1999). This change
resulted in the formation of a classical bipartite NLS which has been defined
as (K/R)(K/R)X,, ,,(K/R),, (Robbins et al., 1991; Dingwall C and Laskey RA,
1991; Kosugi et al., 2009). In species such as Medicago and Lotus, the linker
region (X) consists ten to twelve amino acids. Thus, the amino acid change at
position 4 could lead to a stronger binding by the importin a, which mediates the
nuclear import of proteins together with importin 8 (Weis, 2003; Pemberton and
Paschal, 2005) Therefore, this amino acid change might promote constitutive
nuclear localization of NIN.
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Figure 4. lllustration of the six amino acid changes.

Position 1 and 3-6 are putatively related to the recruitment of NIN into the nodulation

process. Change at position 2 occurred later. Red colored or red shaded amino acid
are specific for NIN (in NFC). Purple shade background marked NIN paralogues,

yellow shade background marked NIN orthologues in species outside the NFC,

green shade background marked actinorhizal plants and Parasponia NIN, pink

shade background marked legume NIN. Oryza sativa (Os), Solanum lycopersicum
(Solyc), Arabidopsis thaliana (At), Manihot esculenta (Manes), Alnus glutinosa

(Alngl), Casuarina glauca (Casgl/Cg), Datisca glomerata (Datgl), Dryas drummondii
(Drydr), Discaria trinervis (Distr), Parasponia andersonii (Pan), Chamaecrista

fasciculata (Chafa), Glycine max (Glyma), Medicago truncatula (Mt) and Lotus

jJaponicus (Lj).

To check whether the identified six amino acid changes affect the subcellular

localization of NIN, we introduced MtNIN™ -GFP into tobacco leaves. This

showed that MtNIN™ -GFP is localized in the nucleus at a higher level than in

the cytoplasm, similar to MtNIN-GFP (Figure 2C). We also introduced MtNIN™
-GFP or MtNIN-GFP, driven by the Medicago NIN promoter, into nin weak

allele daphne-like by hairy root transformation. In the nodules formed on the

transgenic roots, we observed a strong GFP signal in the nucleus, whereas

122



Changes in NIN Protein

Figure 5. Subcellular localizations of MtNIN-GFP (A) and MtNIN™-GFP (B)
in nodules formed on daphne-like roots transformed with corresponding
constructs.

it was hardly detectable in the cytoplasm (Figure 5B). This is similar to the
subcellular localization of MtNIN-GFP in nodules (Figure 5A). These results
showed that mutations in these six positions do not significantly affect the
subcellular localization of NIN.

Discussion

Here we showed that Medicago NIN is not functionally equivalent with its
orthologue AtNLP1 and paralogue MtNLP1. To determine the potential cause,
amino acid changes in NIN that might correlate with recruitment of NIN were
identified. One or more of these changes are essential for the function of NIN in
nodulation. However, mutation in the identified amino acid do not significantly
affect the nuclear localization of Medicago NIN.

Most of the studied NLPs including MtNLP1 are located in the cytoplasm under
low nitrate condition and they shuttle to the nucleus only when high nitrate level
is sensed (Marchive et al., 2013; Guan et al., 2017; Lin et al., 2018a; Cao et
al., 2017; Nishida et al., 2018). Here we showed that AtNLP1 is also localized
in the cytoplasm in tobacco leaf epidermal cells. In contrast, MtNIN is nuclear
localized in both Medicago root nodule cells and tobacco leaf epidermal cells.
Therefore, one major adaption of NIN upon recruitment in nodulation is to
become constitutively nuclear localized.

A study in rice gave an indication how NLPs are maintained in the cytoplasm
(Hu et al., 2019). The nitrate-induced translocation of OsNLP3 (orthologue of
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AtNLP7) from cytoplasm to nuclei is hindered by co-expression of OsSPX4 in
rice protoplasts. Moreover, OsSPX4 interacts with OsNLP3 and nitrate promotes
the ubiquitination and subsequent degradation of OsSPX4. This suggests that
nitrate promotes the release of OsNLP3 from OsSPX4.

Based on these studies it can be hypothesized that the youngest common
ancestor of NIN was most likely a transcription factor that was maintained in the
cytoplasm by interaction with another protein. When an environmental factor,
most likely nitrate, was sensed, S205 became phosphorylated and the binding
protein could no longer bind and was degraded. Subsequently, the ancestral
NIN was translocated to the nucleus.

One of the possible way to create a constitutively nuclear localized NIN is the
“loss” of the binding protein that retains it in the cytoplasm. In Medicago and
Parasponia, none of the SPX family genes showed a strong induction, like NIN,
in nodules compared to roots (Roux et al., 2014; Van Velzen et al., 2018).

A major adaption in NIN promoter when it was recruited in nodulation is the
gain of a CYCLOPS binding site (Liu and Bisseling, 2020). This enables NIN
induction upon perception of lipo-chito-oligosaccharides (Nod factors) secreted
by the microsymbiont (Singh et al., 2014). However, currently no known SPX
genes that are also induced by Nod factor signaling. This might have caused a
constitutive nuclear localization of NIN.

We showed that most likely at the start of nodulation NIN obtained five amino
acid changes of which one could have created an extra NLS (position 4).
However, when we mutated the amino acid change by which a putative NLS
was formed, MtNIN maintained its constitutive nuclear localization. We postulate
that this might be due to loss of sequences (in legume NINs) that are required
for cytoplasmic retention. Actinorhizal plants and Parasponia still have S205
and its surrounding region showing that its presence do not block the function
of NIN in nodulation. It would be interesting to see whether these NINs still can
be retained in the cytoplasm when the putative NLS (position 4) is mutated. It
would also be interesting to study whether AINLP1 provided with the extra NLS
(position 4) becomes constitutively located in the nucleus.

Although most studied NLPs are translocated from cytoplasm to nucleus when
high nitrate is sensed, there are some exceptions. For example, AtNLPS,
OsNLP1 and LjNLP1 (Alfatih et al., 2020; Yan et al., 2016; Nishida et al., 2021).
These three NLPs have been shown to be constitutively nuclear localized,
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but still regulate gene transcription in response to nitrate level. This indicates
that activation of these NLPs by nitrate signalling occurs, although they are
constitutively nuclear localized. There are no indications that this is also the
case for the NLPs that are shuttling between cytoplasm and nucleus.

Transcriptome data and binding studies both showed that NIN and NLPs have
shared downstream targets such as CLE-RS2, NIGT1, LBD38 and NIR1 in
Lotus (Nishida et al., 2018, 2021). However, they also regulate specific targets.
For example, LiNF-YB and LJEPRS3 are specifically regulated by LjNIN, but not
by LjNLP4 (Nishida et al., 2021). These indicate that the binding specificity of
NIN was also evolved. However, it is not known whether it is essential for NIN
function in nodulation and when the change occurred.

Although we could not prove that the five amino acid changes that were
introduced upon recruitment, they most likely are important for the function
of NIN in nodulation. Mutation back of these five changes and one additional
change that occurred later in nodule evolution markedly reduced the nodule
number formed on transgenic roots. It remains to be studied which amino acid
change is important. At position 1, 2 and 6, the changes resulted in amino
acids with similar characteristic. In contrast, the changes at position 3, 4 and
5 resulted in amino acids with very different biochemical properties. Therefore,
the changes at position 3, 4 and 5 are the promising candidates to be important
for the recruitment of NIN in nodulation.

Material and Methods

Plant and bacterial material

Medicago nin knockout mutant nin-1 (Marsh et al., 2007) and weak allele
daphne-like (Liu et al., 2019b) were used in this study. Seed sterilization,
germination and Agrobacterium msu440 mediated hairy root transformation
was performed according to Limpens et al. (2004). Medicago plants were
grown in perlite saturated with Farhaeus (Fa) medium (Catoira et al., 2000)
containing low nitrate (0.25 mM Ca(NO3), at 21°C and 16h light/8h dark regime.
After one week of growth, plants were inoculated with Sinorhizobium meliloti
constitutively expressing green fluorescent protein (GFP) (OD600 = 0.1, 2 ml
per plant). About five weeks old Nicotiana benthamiana plants were used for
Agrobacterium tumefaciens-mediated transient expression.
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Constructs

NIN promoters (ProNIN and ProNIN ‘NIN construct

3C-5kb and Pr ONINCE—5kb) 3C-5kb°

were described in Liu et al. (2019). ProNIN, ..:NIN-GFP construct has been
described in Liu et al. (2021). The other constructs are either build by Golden
Gate (Engler et al., 2014) or MultiSite Gateway (Thermo Fisher Scientific,
Waltham, MA, USA) cloning system. The cloning system, constructs information
and the primers used in cloning NIN/NLP or their modified versions are listed
in Table S1. In both cloning systems, constructs were recombined into the
modified binary vectors. These vectors contain kanamycin resistant gene and
DsRed/mCherry fluorescent reporter gene driving by constitutive promoter for

selection and identification of transgenic roots.

Agroinfiltration of Nicotiana benthamiana

Transient Agrobacterium-mediated transformation of Nicotiana benthamiana
leaves was performed by co-infiltration of Agrobacterium tumefaciens strain C58
containing GFP-tagged constructs and the silencing suppressor p19. Transgenic
bacteria were grown in 10ml LB medium with appropriate antibiotics at 28°C
overnight. The bacteria were collected by centrifugation and resuspended
in MMAI medium (20 g/L sucrose, 5 g/L MS basal salts, 2 g/L MES, 200 uM
acetosyringone, pH 5.6). The OD,,, was measured on spectrophotometer and
the suspensions were diluted to final OD,=1.0. The bacteria were incubated
for 1 hour at room temperature. The bacterial suspensions with GFP-tagged
constructs and P19 were mixed in a 1:1 ratio. The mixed suspensions were
injected into the leaves of 5-week-old Nicotiana benthamiana plants. Two
days post infiltration, the infiltrated area were analyzed by Leica SP8 confocal
microscope.

Alignment and phylogenetic analysis of NIN/NLP sequences

The alignment and phylogenetic analysis of NIN and NLP sequences in this
study used Geneious v9.1.8 (https://www.geneious.com) (Kearse et al., 2012).
Alignment was created by ClustalW (Thompson et al., 1994) with default
parameter settings. Created alignment was used for tree building using FastTree
2.1.5 (Price et al., 2010) with default parameter settings. Corresponding NIN/
NLP accession numbers and protein sequences are listed in the Supplementary
data S1.
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Abstract

Legumes and actinorhizal plants are capable to form root nodules symbiosis
with rhizobia and Frankia bacteria. All these nodulating species belong to the
nitrogen fixation clade. Most likely nodulation evolved once in the last common
ancestor of this clade. NIN (NODULE INCEPTION) is a transcription factor that
is essential for nodulation in all studied species. Therefore, it seems probable
that it was recruited at the start when nodulation evolved. NIN is the founding
member of the NIN-like protein (NLP) family. It arose by duplication and this
occurred before nodulation evolved. Therefore, several plant species outside
the nitrogen fixation clade have NLP(s) that is orthologous to NIN. In this review
we discuss how NIN has diverged from the ancestral NLP, what minimal changes
would have been essential to become a key transcription controlling nodulation
and which adaptations might have evolved later.

1. Introduction

Nitrogen fixing root nodule formation is a special property of some plant species.
All these species belong to the nitrogen fixation clade (NFC), which is composed
by four orders: Fabales, Rosales, Cucurbitales, and Fagales (Soltis et al., 1995).
Nodulation occurs abundantly within the Fabales (legumes). Legumes establish
the nodule symbiosis with Gram-negative bacteria belonging to different
genera, that collectively are named rhizobium (Peter et al., 1996). In the other
three orders nodulation is more rare. In general nodulation in these orders is
induced by Gram-positive Frankia bacteria (Santi et al., 2013). The plants that
form nodules with Frankia are named actinorhizal plants. The exception is the
genus Parasponia (order Rosales) that forms nodules with rhizobia (Lancelle
and Torrey, 1984).

Nodule types and mode of infection within the NFC are diverse. Nevertheless,
recent studies indicate that a common ancestor of the NFC gained the nodulation
ability (Griesmann et al., 2018; Van Velzen et al., 2018; Shen et al., 2020).
Later during evolution, many species within the NFC lost the nodulation ability.
Interestingly, phylogenomic analyses revealed that the transcription factor NIN
(NODULE INCEPTION) that is essential for nodulation became a pseudogene
or was lost in most non-nodulating species of the NFC (Griesmann et al., 2018;
Van Velzen et al., 2018). In this review, we will discuss the evolution of NIN and
its related NIN-like proteins in relation to nodule symbiosis.
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Root nodule formation involves intracellular infection, nodule organogenesis;
and a negative feedback mechanism that controls the number of nodules.
Strikingly, the transcription factor NIN has been shown to play an indispensable
role in all these processes (Schauser et al., 1999; Marsh et al., 2007; Batagov et
al., 2003; Clavijo et al., 2015; Bu et al., 2020; Soyano et al., 2014). For infection,
the most common and advanced way is when bacteria attach to the root hair
tip and stimulate the root hair to curl (Oldroyd et al., 2011). In this way the
bacteria are entrapped in an enclosed cavity. By deposition of new plant cell
wall material and invagination and growth of plasma membrane, a tube like
structure, the infection thread, is formed which guides bacteria into the plant
(Brewin, 2004; Oldroyd et al., 2011). Alternatively, the bacteria can enter the
roots without forming such infection threads. For example through intercellular
infection or crack entry (Gonzalez-Sama et al., 2004; Sprent, 2007).

In several legumes the role of NIN in forming infection threads has been
well studied. Loss of function of NIN leads to excessive root hair curling and
infection thread formation is blocked (Marsh et al., 2007; Batagov et al., 2003;
Schauser et al., 1999). Similarly, NIN also most likely plays a role in infection of
the actinorhizal plant as it has been shown to be required for Frankia induced
root hair deformation in Casuarina (Clavijo et al., 2015). This suggests that
the role of NIN in infection thread formation is conserved in both legumes and
actinorhizal plants.

In the model legume Medicago, nodule formation starts with mitotic activation
of pericycle cells and this is followed by divisions in cortical and endodermal
cells (Xiao et al., 2014). The divisions in pericycle and endodermis derived cells
stop at an early stage of nodule primordium formation, whereas divisions in the
cortical cells persist. The cells derived from the cortex become infected and form
the central tissue with infected cells. Cells derived from the cortex also form the
peripheral tissue , including nodule vascular bundles (Xiao et al., 2014).

The formation of actinorhizal nodules also starts with mitotic activation of the
pericycle and cortical cells (Pawlowski and Demchenko, 2012; Pawlowski and
Bisseling, 1996). During nodule primordium formation the pericycle derived
cells remain mitotically active. Previously, it has been described that these
cells form the (complete) nodule (Pawlowski and Bisseling, 1996; Pawlowski
and Demchenko, 2012). However, it has been shown recently that these
pericycle derived cells only form the nodule vasculature (Shen et al., 2020).
Also during actinorhizal nodule primordium formation the cortex derived cells
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form the tissue with infected cells. Nodule formation in Parasponia is similar to
that of actinorhizal plants (actinorhizal-like) (Shen et al., 2020). So the major
difference between legume and actinorhizal(-like) nodule organogenesis is the
origin of the vascular bundle. In Medicago it has been shown that a mutation in
NOOTT1 causes a homeotic switch in the formation of the nodule vasculature as
it becomes actinorhizal-like since it is formed from pericycle cells that remain
mitotically active (Shen et al., 2020; Couzigou et al., 2012).

Legume nodules can be divided in indeterminate and determinate nodules.
Indeterminate nodules have a persistent meristem at their apex. This is similar
to actinorhizal(-like) nodules. Due to their indeterminate growth their tissues are
of grade age with the youngest cells near the meristem and the oldest in the part
proximal to the root. NIN has been shown to be essential for both determinate
(e.g. Lotus) (Schauser et al., 1999) and indeterminate (e.g. Medicago and pea)
(Marsh et al., 2007; Batagov et al., 2003) nodules as well as actinorhizal(-like)
(e.g. Casuarina and Parasponia) (Clavijo et al., 2015; Bu et al., 2020) nodules.
This indicates a common role of NIN in the formation of different types of nodules.

Both infection and nodule organogenesis are initiated upon perception of signal
molecules from the bacteria (Denarie and Debelle, 1996). Most rhizobia secrete
lipo-chito-oligosaccharides, called Nod factors (NFs), whereas the nature of the
signals secreted by Frankia is not known. NFs activate a signalling pathway
which is shared with the more ancient arbuscular mycorrhizal symbiosis and
NIN is the first induced transcription factor that distinguishes the rhizobium
activated responses from that of arbuscular mycorrhizae (Oldroyd, 2013).
Although the nature of the Frankia secreted signal is not clear, this common
signaling pathway has also been shown to be required for actinorhizal(-like)
nodule formation (Svistoonoff et al., 2014).

To balance costs and benefit during nodule symbiosis, plant developed a
mechanism called autoregulation of nodulation (AON) by which nodule number
is controlled (Kosslak and Bohlool, 1984; Krusell et al., 2002; Nishimura et al.,
2002; Okamoto et al., 2013, 2009). It involves a communication between root
and shoot. The signals that are send to the shoot are CLE peptides (Okamoto
et al., 2013, 2009; Soyano et al., 2014; Mortier et al., 2010). For example, in
Lotus this are CLE-RS1 and CLE-RS2 and NIN directly induces their expression
by binding to NIN-binding sequence (NBS) in their promoters (Soyano et al.,
2014). Upon perception of CLE peptides in the shoot, signals are send to the
root resulting in reduced NIN expression and so expression of targets will be
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reduced (Soyano et al., 2014). So NIN plays a central role in the feedback loop
which ensures the formation of an optimal number of nodules.

NIN is a founding member of a small gene family called NIN-like protein (NLP)
(Schauser et al., 2005). The studies on paralogues of NIN showed that they
play an essential role in regulating nitrate-induced responses(reviewed in (Mu
and Luo, 2019a)). Interestingly, studies in Lotus showed that the expression
of CLE genes is induced not only by rhizobia, but also by application of nitrate
(Okamoto et al., 2009; Nishida et al., 2018). One NLP (NRSYM1) can directly
activate CLE-RS2 expression in response to nitrate (Nishida et al., 2018). This
suggests that nitrate-induced block of nodulation shares common elements with
AON and NIN is partially functionally equivalent with NLPs. NIN orthologues
have also been shown to be present in species outside the NFC like in Tomato
and Arabidopsis. This indicate NIN might recruited in nodulation based on its
original function.

In this review, we will discuss possible evolutionary events underlying the
recruitment of NIN in nodule symbiosis, based on comparing NIN and NLPs of
legumes, Actinorhizal-like plants and non-nodulating species.

2. Phylogenetic analysis of NIN

In Figure 1 a phylogenetic tree is shown, including NIN and NLPs from legume,
actinorhizal plant species as well as mono- and dicot species outside the NFC.
NIN and NLPs are divided in 3 orthogroups. Group 1 contains NIN and NLPs of
dicots and is divided in two subgroups. One contains orthologues of NIN and is
named NIN subgroup. The other contains orthologues of MtNLP1 and is named
NLP1 subgroup. Most likely these two subgroups are the result of a duplication
that occurred before the NFC evolved, but after dicots and monocots separated.
As a result NIN orthologues occur in dicot species that are not within the NFC.
Tomato and Arabidopsis NIN orthologues have been included in Figure 1.
As these species have maintained a NIN orthologue it strongly suggests that
they have an essential non symbiotic function. When NIN was recruited in
the nodulation process it most likely lost this non-symbiotic function. This is
supported by the fact that most species within NFC that have lost nodulation
also lost a functional NIN (Griesmann et al., 2018; Van Velzen et al., 2018).

A comparison of NIN with their orthologues inside and outside the NFC as well
as with NLPs in the NLP1 subgroup will provide insight in the changes in the
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ancestral NIN that were essential to become a key regulator in nodulation. We
will discuss these in the following paragraphs and will focus on the properties of
the proteins as well as the regulation of expression.

3. Evolutionary adaptations in the NIN promoter to serve in
nodule formation

NIN is nodule specifically expressed in all studied species (Marsh et al., 2007;
Batagov et al., 2003; Schauser et al., 1999; Clavijo et al., 2015; Bu et al., 2020;
Van Velzen et al., 2018; Demina et al., 2013). In contrast, most NLPs are
constitutively expressed (Cao et al., 2017; Chardin et al., 2014; Lin et al., 2018a).
For example in Rice, Maize, Arabidopsis and Medicago NLPs are expressed in
almost all organs, although with preferential expression in certain stages and
tissues (Cao et al., 2017; Chardin et al., 2014; Lin et al., 2018a). In legumes
and actinorhizal (-like) plants, nodulation requires the common signaling
pathway (see above) and in some species it has been shown that it induces
the expression of NIN (Marsh et al., 2007; Batagov et al., 2003; Schauser et al.,
1999; Clavijo et al., 2015; Bu et al., 2020; Van Velzen et al., 2018; Demina et al.,
2013). Therefore, we hypothesize that when NIN was recruited in root nodule
formation, it became under control of the common signaling pathway to express
in nodules. Further, at a certain moment it also lost its constitutive expression.

The spatiotemporal regulation of NIN has been studied in detail in Medicago
and Lotus and it is highly complex. We will first summarize this and then discuss
whether such regulation also occurs in other species. Upon inoculation, NIN is
induced in the epidermis where itis required for infection. This was demonstrated
by in situ hybridization, promoter GUS reporter constructs as well as root
hair transcriptome analyses (Yoro et al., 2014; Liu et al., 2019b; Breakspear
et al., 2014; Vernié et al., 2015b). The expression of NIN in epidermis could

as indicated. Dicots of Group 1 most likely undergo duplication (blue star) which
generate NIN and NLP1 subgroups. NIN subgroup comprises symbiotic NIN from
NFC species (yellow star indicate the last common ancestor of NFC), including
NIN of actinorhizal-like plant NIN (hollow circle) and legume NIN (filled circle), and
putative NIN orthologues in non-nodulating species outside of NFC (hollow triangle).
CYCLOPs binding site (CYC-box) in NIN promoter likely gained by the ancestor
of NFC (arrow), whereas cytokinin responsive elements (CE) in the NIN promoter
specifically evolved in legume branch (arrow head). Corresponding accession
numbers and protein sequences are listed in Supplementary data S1.
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be cell autonomously regulated upon perception of NFs which induce the
common signaling pathway, resulting in the activation of the transcription factor
CYCLOPS by phosphorylation (Singh et al., 2014). It was first shown in Lotus
that phosphorylated CYCLOPS binds to NIN promoter in a sequence-specific
manner to regulate NIN expression (Singh et al., 2014). In Medicago, the
CYCLOPS binding site is located about 3kb upstream of the NIN start codon (Liu
et al., 2019b). A 5kb long promoter including the CYCLOPS binding site driving
NIN expression can restore infection thread formation in a nin knockout mutant
(Liu et al., 2019b). However, it does not complement for nodule organogenesis,
showing that additional cis-regulatory elements are required for this (see below).
Deletion of the CYCLOPS binding site dramatically reduced the infection thread
forming efficiency (Liu et al., 2019b). However, it still complements for tight root
hair curling and bacterial colonies are formed in these curl. This resembles the
Lotus cyclops and Medicago ipd3-2 (cyclops) mutant phenotype (Horvath et
al., 2011a; Yano et al., 2008). This indicates that in addition to the CYCLOPS
binding site other cis-regulatory element(s) must be present which is sufficient
to induce NIN expression that leads to tight root hair curling. It was assumed
that the CYCLOPS binding site results in a higher expression level of NIN and
the initiation of infection thread formation requires a higher threshold level than
curling (Liu et al., 2019b).

Interestingly, CYCLOPS binding sites are conserved in legume NIN promoters
(Liu et al., 2019b) and also occurs in the Parasponia NIN promoter. However,
it does not occur in the MINLP1 promoter. This suggests that the gain of the
CYCLOPS binding site occurred after the duplication that resulted in the NIN
and NLP1 subgroups (Figure 1). This CYCLOPS binding site also does not
occur in NIN orthologues of Arabidopsis (NLP1/2/3). Taken together, it can be
hypothesized that the gain of the CYCLOPS binding site had occurred when
NIN was recruited into the nodule formation process and was present in NIN
of the ancestor of the NFC. This gain of the CYCLOPS binding site seems an
essential step for its expression during nodule formation.

At an early stage of Medicago nodule development, when rhizobia have only
colonized the epidermis, NIN expression and cell divisions are induced in the
pericycle (Liu et al., 2019b). Subsequently, both extend to inner cortex and
endodermis (Liu et al., 2019b). Because NFs are immobile molecules (Goedhart
et al., 2000a), most likely a mobile signal was generated upon perception of NFs
in the epidermis. This mobile signal was then translocated to the pericycle to
activate NIN expression and cell division there (Liu et al., 2019b).
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The first insight that other, more remote, promoter elements are involved in the
induction of NIN in inner layers came from studies with the nin weak alleles
daphne (Lotus) and daphne-like (Medicago) in which the infection process is
induced, but nodule organogenesis is blocked (Yoro et al., 2014; Liu et al.,
2019b). NIN expression was shown to be induced in epidermis in daphne-like,
but not in pericycle (Liu et al., 2019b). Both mutants contain a large insertion in
the promoter region of NIN due to a chromosome translocation (Yoro et al., 2014;
Liu et al., 2019b). In both cases these are located upstream of the CYCLOPS
binding site (Liu et al., 2019b). This strongly suggested that the regulatory region
required for NIN expression in the pericycle and NIN controlled cell division
is located upstream of the insertion. Recently, a remote cis-regulatory region
named CE region was identified which is essential for NIN controlled nodule
organogenesis and expression of NIN in the pericycle (Liu et al., 2019b). This
CE region contains many putative cytokinin response regulator (RR) binding
site (Liu et al., 2019b). Studies in which cytokinin is applied exogenously did not
induce NIN expression in either daphne or daphne-like (Yoro et al., 2014; Liu et
al., 2019b), supporting that that this region is important for cytokinin induced NIN
expression. In addition, both the cytokinin receptor CRE71 and B-type cytokinin
response regulator RR1 are expressed in the pericycle prior to NIN expression
and cell division there (Liu et al., 2019b). Taken together, it is very likely that
cytokinin signaling via the CE region induces NIN expression in the pericycle
and this leads to nodule organogenesis. It has been shown in Medicago that
YUCCA genes, involved in auxin biosynthesis, are induced in an inner cell layer
of the root (most likely pericycle), in a NIN dependent manner (Schiessl et al.,
2019a). Therefore, it is probable that subsequent cell divisions are induced by
local auxin production.

CE region is conserved in legumes and is located far upstream from the NIN start
codon (Liu et al., 2019b). The distance varies between species. For example,
in Medicago it is about 18kb upstream and in Lotus it is about 45kb upstream of
the NIN start codon (Liu et al., 2019b). So it is very probable that in legumes the
regulation of NIN expression in inner layers is controlled by cytokinin signaling.

In Actinorhizal (-like) plants, NIN is required for nodule organogenesis and this
involves divisions in inner root cell layers (Chabaud et al., 2016; Bu et al., 2020).
Sois the CE region conserved in actinorhizal NIN genes? So far only Parasponia
NIN (PanNIN) has been analyzed and the CE region was not identified. Nodule
formation in Parasponia is induced by Nod factors and so like in legumes a
mobile signal seems essential to trigger cell division in inner layers. Whether NIN
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is expressed in the Parasponia pericycle cells when cell division is induced has
not been studied. However, this seems probable as a putative target of PanNIN,
namely PanNF-YA1 (NUCLEAR TRANSCRIPTION FACTOR Y SUBUNIT A-1)
is induced there (Bu et al., 2020). NF-YA1 has been shown to be a direct target
of NIN in Lotus (Soyano et al., 2013). In Medicago the expression of NIN and
NF-YA1 coincides in the dividing pericycle cells and other nodule primordium
cells (Liu et al., 2019b). Further, PanNF-YA1 expression has been shown to be
PanNIN dependent (Bu et al., 2020). As the CE region does not occur in the
Parasponia NIN promoter, the mobile signal most likely does not regulate NIN
expression through cytokinin signaling. This conclusion is in line with a recent
study in which cytokinin is applied to different plant species (Gauthier-Coles et
al., 2019). It was shown that exogenous application of cytokinin induces nodule-
like structures on nodulating legume species and for example in Lotus this
depends on NIN (Heckmann et al., 2011). However, nodule-like structures were
not induced by cytokinin on either non-nodulating legumes or on actinorhizal
species (Gauthier-Coles et al., 2019). The non-nodulating legumes most likely
have lost the ability to respond to cytokinin due to the loss of NIN, whereas
in actinorhizal plants this might be due to the absence of a CE region in their
NIN promoter. Therefore, the gain of cytokinin responsive elements in the NIN
promoter seems specific for the legumes and might not have already occurred
in the ancestor of the NFC.

It cannot be excluded that more changes in the NIN promoter evolved during
nodule evolution. For example NSP1/2, IPN2 and ERN1 have been shown to
play a role in Medicago and Lotus NIN expression (Liu et al., 2019¢; Kang et al.,
2015; Murakami et al., 2007; Hirsch et al., 2009; Xiao et al., 2020). However, it
is not clear that this involved specific evolutionary adaptations in the promoter
of NIN related to its recruitment for nodulation.

Taken together, there seem to be (at least) three main evolutionary changes
for regulation of NIN expression during nodule evolution. First, it gained the
CYCLOPS binding site most likely in the ancestor of the NFC. Second, at an
early stage of nodulation the constitutive expression is lost by which in nodulating
plants NIN became nodule specific. Third it gained cytokinin regulated NIN
expression during nodule organogenesis which most likely occurred the legume
branches.
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4. NIN controlled epidermis-pericycle communication; a
conserved module?

It seems probable that the activation of NIN in inner root layers of legumes
and Parasponia requires a mobile signal. What is the probability that this is
a general property of nodulating plants? It has been proposed that the last
common ancestor of the NFC formed a nodule symbiosis with Frankia (van
Velzen et al., 2019). Although it has not been demonstrated that Frankia can
produce Nod factors, basal Frankia strains do have genes that are homologous
to rhizobial nod genes which are involved in Nod factor biosynthesis. Therefore,
it has been hypothesized that Frankia induced nodulation in the last common
ancestor of NFC by secreting Nod factors (van Velzen et al., 2019). If so, as
has been argued for legumes and Parasponia, a mobile signal might also be
required to induce NIN in inner root layers in the common ancestor as well as
in current actinorhizal plants that interact with Frankia that secrete Nod factors.
It has been shown in legumes that the production of the mobile signal depends
on NIN expression in the epidermis (Liu et al., 2019b). So NIN, expressed in
the epidermis, might also induce the formation of a mobile signal in actinorhizal
plants that interact with Nod factor producing Frankia. Subsequently, that
mobile signal triggers NIN expression and cell division in the pericycle. Thus we
hypothesize that in legumes and these actinorhizal plants a conserved module,
involved in communication between epidermis and pericycle, is active and this
was already present in the common ancestor of the NFC: Nod factor signaling
induces NIN expression in the epidermis— NIN activates the production of a
mobile signal — this mobile signal induces NIN expression and cell division in
the pericycle. Is such a module maintained in all actinorhizal plants? Some
Actinorhizal plants interact with Frankia strains that do not produce NFs, such as
Ccl3 which secretes a hydrophilic symbiotic signal which is resistant to chitinase
(Chabaud et al., 2016). So it is chemically distinct from the amphiphilic and
chitin-based NFs. This symbiotic signal is able to induce NIN expression in the
Casuarina root epidermis and so NIN might still be able to induce the production
of a mobile signal which subsequently induces cell division in the pericycle.
Alternatively, the mobile signal might not be required in these Actinorhizal plants
if the symbiotic signal itself is mobile. However, it has been proposed that an
immobile NF may facilitate detection and localization of the bacteria by which
redirection of root hair growth is induced and a curl is formed that entraps the
bacteria (Goedhart et al., 2000a). Ccl3 infect Casuarina roots through infection
threads (Chabaud et al., 2016), therefore, it seems likely that this symbiotic
signal is immobile as NFs.
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In case cytokinin is the mobile signal in legumes, then actinorhizal plants
will form most likely a different mobile signal. Alternatively, the nature of the
mobile signal is conserved and it induces cytokinin signaling in legumes and a
different pathway in actinorhizal(-like) plants. The induction of the formation of
a mobile signal might be an ancestral/original function of NIN in the epidermis.
As described above, NIN is essential for infection thread formation. However, it
seems likely that for more primitive infection modes like crack entry, NIN is not
required. Therefore, the ancestral function of NIN in the epidermis is probably
the induction of the production of the mobile signal, whereas its role in infection
thread formation evolved later.

5. Function of NIN: acquired upon recruitment or adopted from
NLP controlled process?

NIN is essential for nodule initiation, including infection thread formation, nodule
organogenesis and AON. We will discuss the functions of NIN in these different
processes, including some of its target genes. Further, we will discuss to what
extent they are adopted from processes in which NLPs function or whether they
are innovations after its recruitment.

5.1. NF-Ys

NF-Ys are transcription factors and some of them play a role in NIN induced
nodulation processes. NF-Y transcription factor complexes are composed of
three subunits: NF-YA, NF-YB and NF-YC (Baudin et al., 2015). NF-YA1 and
NF-YB1 have been shown to be direct targets of NIN in Lotus (Soyano et al.,
2013). Knockout mutations in NF-YA1 cause aberrant infection thread formation
in Medicago (Laporte et al., 2014) and a block of intracellular infection in
Parasponia (Bu et al., 2020). In Phaseolus vulgaris (common bean) knockdown
of NF-YC1 also causes aberrant infection thread formation (Zanetti et al., 2010).
Further, NF-Ys play a role in nodule organogenesis. In Lotus, Medicago and
Parasponia NF-YA1 mutations lead to the formation of small nodules and/or
reduced nodule number (Combier et al., 2006; Soyano et al., 2013; Bu et al.,
2020). Further, in both Medicago and Parasponia nodule primordia and nodules,
NF-YA1 is expressed at sites where NIN has been shown to be expressed
(Liu et al., 2019b; Bu et al., 2020). This suggests that the involvement a NIN-
NF-Y module in intracellular infection and nodule organogenesis is conserved
within the NFC and it evolved at an early moment during nodule evolution. This
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raises the question whether NF-Ys are involved in NLP controlled processes (in
species outside NFC) and are these processes related to nodule organogenesis
and/or intracellular infection?

In Lotus (Soyano et al., 2019) and Parasponia (Bu et al., 2020) a mutation
in NF-YA1 also has a non-symbiotic phenotype, namely reduced lateral root
formation. Moreover, in Lotus over expression of NIN or NF-YA1 induces extra
cell division in pericycle and this leads to the formation of lateral roots with a
malformed tip (Soyano et al., 2013). This suggests that an ancestral function
of NF-YA1 could be related to lateral root formation, a process very similar to
nodule organogenesis. This hypothesis is further supported by studies on the
NF-YA1 orthologues in Arabidopsis as AtNF-YA2/AtNF-YA10 are both involved
in primary and lateral root growth (Sorin et al., 2014). In addition, they are
expressed in pericycle cells where lateral root as well as nodule organogenesis
are initiated.

Interestingly, transcriptome analysis of Arabidopsis nip7 (from a different
orthogroup than NIN) mutant has altered expression levels of several genes
encoding NF-YA subunits, including AINF-YA2 and AtNF-YA10 (Zhao et al.,
2018; Alvarez et al., 2020). This suggests that (some) NLPs can regulate the
expression of NF-Y(A1). So, NIN-NF-Y module might have been adopted from
a NLP-NF-Y module which already occurred before nodulation evolved.

How can NF-Y be involved in both infection and nodule organogenesis? In
mammals, NF-Y regulates expression of cell cycle genes (Caretti et al., 2003).
During root nodule development, not only nodule organogenesis requires
expression of cell cycle genes, but also passage of infection threads through
cells requires entry into cell cycle (Breakspear et al., 2014). Therefore, NF-Y
might regulate infection as well as organogenesis through activation of cell
cycle genes. This is supported by knockdown of NF-YC in common bean which
results in reduced expression of cell cycle genes, whereas over expression of
NF-YC1 causes higher expression levels of these genes (Zanetti et al., 2010).
Further, in Lotus, ectopic expression of NIN or NF-YA1 and NF-YB1 results in
ectopic expression of a cyclin gene (Soyano et al., 2013).

Accumulation of the phytohormone auxin is correlated with mitotic activity.
For example when lateral root formation is initiated auxin has accumulated in
pericycle cells (Dubrovsky et al., 2008). In nodulation, auxin signaling is required
for both nodule organogenesis and initiation of infection threads (Mathesius et
al., 1998; Liu et al., 2019a). Further, it has been shown that NF-YA1 directly
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regulates the expression of STY genes which encode transcription factors
that regulate expression of YUCCA auxin biosynthesis genes in Arabidopsis
(Hossain et al., 2016; Sohlberg et al., 2006; Eklund et al., 2010). So, NF-Y
might by regulating auxin biosynthesis genes stimulate entry into the cell cycle
which is involved in both infection and organogenesis and this also holds for
NIN which regulates NF-Y expression.

5.2.LBD16

Recent studies show that NIN directly regulates the expression of LBD16 (lob-
domain protein 16), which is known to be essential for lateral root formation
(Soyano et al., 2019; Schiessl et al., 2019a). In Medicago an /bd716 mutant
shows similar defects in nodule and lateral root initiation (Schiessl et al., 2019a).
Like NF-YA1, LBD16 promotes auxin biosynthesis via transcriptional induction
of STY and YUCCA genes (Schiessl et al.,, 2019a). In Lotus, it was shown
that LBD16 and NF-Y in an additive way regulate nodule organogenesis, as
mutation in LBD16 enhances nodulation phenotypes of nf-y subunit mutants
(Soyano et al., 2019). In addition, co-expression of LBD16 and NF-Y subunit
genes can partially replace NIN as it can rescue nodule organogenesis in the
weak nin allele daphne (Soyano et al., 2019). In Parasponia the expression level
of LBD16 is about six-times increased at initial stages of nodule formation (Van
Velzen et al., 2018). This level of induction is comparable to that in Lotus and
Medicago (Soyano et al., 2019; Schiessl et al., 2019a). In Arabidopsis, LBD16
has been shown to be a direct target of NLP7 (Alvarez et al., 2020). Therefore,
NIN controlled LBD16 expression most likely is adopted from a non-symbiotic
module in which its expression is controlled by an NLP and this module evolved
before nodulation evolved.

5.3. NPL1

Cell wall remodeling is required during rhizobial infection (Brewin, 2004). In
Medicago root hairs, cell wall modification genes are induced upon rhizobial
infection and the expression of many of them depends on NIN (Liu et al., 2019a).
Among these genes, only nodulation pectate lyase 1 (NPL1) shows nodule
specific expression (Liu et al., 2019a). In both Lotus and Medicago, NPL1 is
essential for infection thread formation (Xie et al., 2012; Liu et al., 2019a). Its
expression is regulated by NIN and it is highly induced at infection sites (Xie et
al., 2012; Liu et al., 2019a). NPL seems the result of a tandem gene duplication
and its orthologues occur in Soybean (Glycine max), Lupin (Lupinus albus)
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and Arachis ipaensis (Liu et al., 2019a). So the NIN-NPL module is most likely
conserved in the papilionoid legume sub-family.

Parasponia has three putative NPL orthologs namely PanPLL8, PanPLL9
and PanPLL10 (Van Velzen et al., 2018). However, the most closely related
PanPLL8 is not nodule specifically expressed and PanPLL9 and PanPLL10 are
only 4-fold induced at initial stages of colonization and in later developmental
stages the relative fold change is even lower (Van Velzen et al., 2018). This is
different from legumes in which NPL1 is highly induced (Xie et al., 2012; Liu et
al., 2019a). This suggests that the NIN controlled nodule specific expression of
NPL might have been gained within the legume branch.

5.4. RPG

RPG (rhizobium-directed polar growth) is a gene of which the expression is
controlled by NIN (Liu et al., 2019a). RPG is a long coiled-coil protein that is
nuclear localized (Arrighi et al., 2008). In Medicago, it has been shown to be
essential for normal root hair curling and infection thread formation (Arrighi
et al., 2008). RPG is nodule specifically expressed in Medicago, Lotus and
Parasponia (Arrighi et al., 2008; Van Velzen et al., 2018; Mun et al., 2016),
which is consistent with the loss of a functional RPG gene in several non-
nodulating NFC species (Van Velzen et al., 2018; Griesmann et al., 2018). This
strongly supports that it only has a symbiotic function in the NFC. In Lotus, it has
been shown by CHIP-seq that RPG is a direct target of NIN (Liu et al., 2019a;
Soyano et al., 2014). Together, this strongly suggests that a NIN controlled RPG
expression evolved early in the NFC or it is already controlled by a NLP before
nodulation evolved. However, neither NLP7 CHIP-chip nor in nlp7 transcriptome
indicated that the expression of a RPG homologue is controlled (Marchive et al.,
2013; Zhao et al., 2018). To further support that NIN controlled RPG expression
evolved early in NFC, the RPG regulation in other nlp mutants, especially of NIN
orthologues remains to be analyzed.

5.5. CLEs

As described above, AON is essential for the regulation of nodule number to
balance the gain and costs of nodulation. In Medicago and Lotus CLE genes
that are involved in AON are nodule specifically expressed in a NIN dependent
manner (Soyano et al., 2014; Liu et al., 2019a; Mortier et al., 2010). In addition,
PanCLE9 which is the putative Parasponia orthologue of Medicago CLE12/13
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is also expressed at enhanced levels in nodules (Van Velzen et al., 2018). This
suggest that NIN controlled AON is conserved in NFC. However, the nodule
specific expression of CLE genes is not only controlled by NIN, but also by NLP
whereas in response nitrate (Nishida et al., 2018). In Lotus, it has been shown
that both NRSYM1 (one of the NLPs belonging to the same orthogroup as
AtNLP7) and NIN can bind to the Lotus CLE-RS2 promoter and NRSYM1 even
has a higher affinity (Nishida et al., 2018). In addition, Arabidopsis n/p7 mutants
have altered expression of several CLE genes including AtCLE5/6/7 which are
putative orthologues of LjCLE-RS1/2 (Zhao et al., 2018). Therefore, the function
of NIN in controlling AON/CLE genes expression is most likely adopted from an
ancestral NLP module.

6. Are NIN and NLPs functionally equivalent?

Several of the processes and genes regulated by NIN appear to be adopted
from those controlled by NLPs. Therefore, it seems probable that NIN and
NLPs are to some extend functionally equivalent. To test this, MtNLP1, the
closest Medicago NIN paralogue, and AtNLP1, an Arabidopsis NIN orthologue,
driven by the Medicago NIN promoter were introduced into the Medicago nin-1
knockout mutant. However, neither nodules nor infection threads were formed.
This shows that NIN and these two NLPs are not functionally equivalent. So
their protein sequence has diverged and most likely NIN obtained amino acid
changes that are essential to function in nodulation.

Most NLPs that have been studied are located in the cytoplasm under nitrate
starvation and when high nitrate is sensed they are transported to the nucleus
(Guan et al., 2017; Nishida et al., 2018; Cao et al., 2017; Lin et al., 2018b;
Marchive et al., 2013). In contrast, in Medicago nodules, NIN is located in the
nucleus of all cells where it is expressed and this became independent of nitrate
sensing (Liu et al. unpublished data) (Liu et al.). So a major difference between
NLPs and NIN is the constitutive nuclear localization of NIN and this might be
the reason that NLPs cannot complement the nin mutant.

In Arabidopsis, it has been shown that upon nitrate sensing Serine 205 (S205) in
AtNLP7 becomes phosphorylated after which it is translocation from cytoplasm
to nucleus (Liu et al., 2017). In addition, S205 in AtNLP7 is located in the region
previously predicted as NLP specific and it is absent in Medicago and Lotus
NIN, whereas MtNLP1 and AtNLP1 have it (Liu et al., 2017; Chardin et al., 2014;
Suzuki et al., 2013a).

144



Evolution of NIN and NIN-like genes

This serine might be the cause that MtNLP1/AtNLP1 fail to complement nin-1.
As nodulated plants are grown under low nitrate (0.5mM) conditions. However,
phosphomimic versions of MtNLP1/AtNLP1, serine modified into aspartate, also
did not complement nin-1. This indicates that in addition to this serine other
changes are introduced in NIN that are required to be functional in nodulation.
Identifying such critical changes will provide insight in the evolution of NIN.

7. Concluding remarks

Both functional and phylogenomic analysis underpin the conserved key
position of NIN in root nodule symbiosis. Further, the recruitment of NIN in the
nodulation process seems the key step in the birth of this symbiosis. Therefore,
understanding which minimal changes were required will provide major insight
in the evolutionary trajectory leading to nodule formation. NIN is closely related
to NLPs with whom it shares some downstream targets, pointing to partial
functional equivalence. Two major changes are the regulation of expression
by the microbe via the common signalling pathway and the constitutive nuclear
localization. Further adaptations will have occurred within the NFC. An example
is the regulation of expression by cytokinin in the legume branch. Further studies
on NIN orthologues inside and outside of NFC will help to refinement the picture.
The puzzle in understanding the evolution of NIN comes from its complicated
spaciotemporal expression pattern and its multifunctionality. Until now, almost
all studies on NIN are focused on its role during nodule initiation. However, NIN
is also expressed in the mature nodule (Roux et al., 2014; Batagov et al., 2003)
where it most likely plays a different role than during the initial stages. Further
studies on NIN in later nodule developmental stages will complete the picture
of evolution of NIN.
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Introduction

In this thesis, | focused on NIN, a transcription factor that plays a key role in
almost all steps of the formation of nitrogen fixing root nodules. Its recruitment
was also a major step in the evolution of the nodule symbiosis. We discovered
that its complicated spatio-temporal expression pattern allows it to function in
multiple processes of nodule development (Chapter 2, 3, and 4). We identified
the cis- regulatory region which is required for NIN expression in the pericycle
to initiate nodule organogenesis (Chapter 2). Next, by studying the weak alleles
nin-13 and nin-16, we showed that NIN is also indispensable for late stages of
nodule development (Chapter 4). Further, from an evolutionary perspective we
discussed how NIN diverged from NIN-like proteins (NLPs), and what were the
minimal changes that might be essential for its recruitment in nodulation in both
its promoter and protein sequences (Chapter 5 and 6).

In this discussion, | will integrate the findings described in this thesis and the
recently reported developments concerning NIN. Based on this, | propose
a model that explains how NIN functions in multiple steps of the nodulation
process. The recruitment of NIN during the evolution of nodulation has been
discussed in detail in Chapter 6.

2. NIN controlled steps in nodulation

2.1 NIN controls two different steps of the infection process in root hair
containing cells

There are two main steps in the initiation of intracellular infection in root hairs: root
hair curling and infection thread formation. Root hair curling requires redirection
of root hair growth, followed by stopping of growth when its tip touches the
shank of the root hair. In this way a closed infection chamber is formed. Arrest
of root hair growth means that deposition of membrane and cell wall material to
the root hair tip stops. In contrast, the formation of an infection thread requires
deposition of membrane and wall material at the site where its formation is
initiated (Oldroyd et al., 2011). This is preceded by a local weakening of the
cell wall in the infection chamber. The nodule specific pectic lyase (NPL) , a
direct target of NIN, plays a role in this (Xie et al., 2012; Liu et al., 2019a). The
arrest of root hair growth and initiation of infection thread formation seem like
two completely different processes. However, they have to be initiated in the
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right order in a single root hair cell and both are controlled by NIN. It is puzzling
how this can be achieved. The dissection of the NIN promoter (Chapter 2) gives
a possible explanation for this. We showed that the -2.2kb promoter region of
NIN is sufficient to allow NIN to stop root hair growth and the formation of an
enclosed curl. However, the initiation of infection thread formation requires a
-5kb promoter region which includes the CYCLOPS binding site. As CYCLOPS
is the transcription factor that is activated by Nod Factor (NF) signaling and
is known to activate NIN expression (Singh et al., 2014), this promoter region
most likely leads to a higher expression level of NIN. This suggests that the way
NIN controls these two different processes in one cell is by its concentration
level. The simplest putative mechanism might be the accumulation of the NIN
protein over time. Therefore, the following model can be proposed: when NIN
expression is induced in the epidermis initially it will accumulate at a low level.
This low level is sufficient to activate a mechanism by which root hair growth
stops when the tip touches the shank. This might be a mechanism related to
mechanical sensing. Subsequently, NIN accumulates over time and reaches
a certain threshold by which it is able to induce sufficient expression of genes
required for infection thread initiation such as its direct target NPL. To reach this
threshold not only requires sufficient time but also strong expression induction
level of NIN, as the -2.2kb promoter is not sufficient to induce infection thread
formation in nin knock-out mutants even after 4 weeks of inoculation.

2.2 Cytokinin is probably the mobile signal that moves from epidermis
to pericycle

An important function of NIN in the epidermis seems to be the activation of a
“mechanism” by which mitotic activity in the inner cell layers is induced. This
is described in Chapter 2, as without expression of NIN in the epidermis, the
induction of NIN in the pericycle and the subsequent mitotic activity do not occur.

Previously, it has been proposed that NIN might be transported from epidermis
to inner root cell layers and activates cell division there (Vernié et al., 2015b).
However, as we showed that NIN is transcriptionally activated in the pericycle,
it is not likely that NIN protein functions as a mobile signal. Further, we showed
that the promoter region enriched in cytokinin response elements is essential
for expression of NIN in the pericycle. Therefore, it is very likely that cytokinin
triggers expression of NIN in the pericycle. This is further supported by the
constitutive expression of the cytokinin receptor CRE1 and the transcription
factor RR1 in the pericycle. As cytokinin is a small diffusible molecule, it
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raises the question whether cytokinin is the mobile molecule produced in the
epidermis. There are several observations to support this. First, NF perception
induces accumulation of bioactive cytokinin and cytokinin biosynthesis genes
are activated in the root epidermis (Jardinaud et al., 2016; Van Zeijl et al., 2015;
Guhl et al., 2021). Second, application of NF induces cytokinin accumulation
in cortex, endodermis and pericycle, suggesting that cytokinin acts as a non-
cell-autonomous signal during nodule initiation (Van Zeijl et al., 2015). Third,
mutation in ATP-binding cassette (ABC) transporter ABCG56, which can export
bioactive cytokinin, causes a significant reduction of nodulation (Jarzyniak et al.,
2021). Fourth, in case cytokinin is the mobile signal, this can explain why first
the pericycle is mitotically activated, but not the cortex. This because cytokinin
signaling genes such as CRET and RR1 are constitutively expressed in the
pericycle, but not in the cortex.

Based on these observations the following model can be proposed: In the
epidermis, NF signaling induces the biosynthesis of cytokinin which is then
transported to the inner root cell layers by the ABCG56 transporter. This results
in cytokinin accumulation in the pericycle where it activates the constitutively
present cytokinin signaling cascade which subsequently activates NIN
expression.

2.3 NIN activates cell division by induction of auxin accumulation

A function of NIN in the pericycle is to initiate cell division. This is most likely
caused by accumulation of auxin. It has been shown that auxin biosynthesis
genes YUC2 and YUCS8 are induced in an inner root layer within 12 hours
upon inoculation with rhizobia (Schiessl et al., 2019b). We showed by in situ
hybridization that this inner layer is the pericycle (O. Kulikova unpublished).
The induction of these auxin biosynthesis genes precedes cell divisions and
depends on NIN.

Recent studies gave insight in the mechanism by which NIN induces auxin
biosynthesis genes. It is shown that NIN directly induces the expression of the
lateral root developmental program gene LBD16 (lob-domain protein 16) as
well as nodule specific transcription factors NF-YA1 and NF-YB1 (Soyano et
al., 2019, 2013). Both NF-YA1 and LBD16 induce the expression of STYLISH
(STY) transcription factor genes that are supposed to regulate the YUC
genes (Shrestha et al., 2020; Schiessl et al., 2019b; Hossain et al., 2016).
Co-expression of LBD16, NF-YA1 and NF-YB1 can partially complement the
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nodule organogenesis deficient phenotype of nin weak allele daphne (Soyano
et al., 2019). So, NIN activates nodule specific transcription factors as well as a
transcription factor from the lateral root developmental program to induce auxin
biosynthesis.

When the nodule primordium develops, the expression of auxin biosynthesis
genes remains restricted to the pericycle derived cells (O. Kulikova unpublished).
However, the cell division in the cortex by which nodule primordia further
develop correlates with auxin accumulation (Xiao, 2015). Studies on auxin
efflux carriers PIN proteins give an explanation for this. It has been shown that
during initial stages (I-1ll) of nodule primordium formation, MtPIN2 and MtPIN10
are accumulate in all nodule primordium cells (Xiao, 2015). At later nodule
primordium developmental stages (IV-VI), MtPIN10 mainly accumulates at the
nodule periphery and MtPIN2 mainly accumulates at the future meristem (Xiao,
2015). Therefore, the auxin synthesized in the pericycle is probably transported
to the cortical cells and induced division in these cells.

In addition to auxin biosynthesis, local reduction of the polar auxin transport
in response to rhizobia inoculation has been proposed to play a role in auxin
accumulation in nodule primordia. This is on one hand predicted by a modeling
study and has also some experimental support (Deinum et al., 2016; Ng et
al., 2015). The model showed that a local reduction of PIN proteins leads to
accumulation of auxin in the inner cortex and pericycle (Deinum et al., 2016).
Flavonoid accumulation most likely causes this local reduction of polar auxin
transport and subsequent auxin accumulation (Ng et al.,, 2015). So, auxin
biosynthesis and transport inhibition work together to establish the auxin
maximum in the nodule primordium.

We have observed that at the stage when cortical cells have divided, both NIN
and NF-YA1 are expressed in these cells in a level similar to that in the pericycle
(Chapter 2). Whether this is the result of auxin accumulation in these cells or
the result of other factors, and whether NIN also has a role here, still require
further study.

Taken together, the following model can be proposed: NIN activates the
expression of NF-YA1, NF-YB1, and LBD16 in the pericycle which induce the
expression of YUC genes. This results in local auxin biosynthesis which induce
local cell divisions and the auxin is further transported to the cortical cells. In
addition to this transport of locally produced auxin, inhibition of both acropetal
(from root base to root tip) and basipetal (from the root tip upwards) polar auxin
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transport contributes to the formation of an auxin maximum in the cortex and the
further development of the nodule primordium.

2.4 NIN controls two main transitions in the indeterminate nodule

During the development of indeterminate nodule there are two main transitions:
from meristem to infection zone and from infection zone to fixation zone. Late
stage Nod factor (NF) signaling and release of bacteria both occur at the
transition from meristem to infection zone (Moling et al., 2014). In Chapter 3
we have shown that the induction of NIN expression at this transition depends
on the late stage NF signaling. Furthermore, knockdown NIN in the apical part
of Medicago nodules block the rhizobial release, suggesting the NF signaling
controlled rhizobial release is depend on NIN (J. Liu unpublished). So most
likely, late stage NF signaling induces expression of NIN, which further activates
genes required for rhizobial release.

In addition to these release related genes, late stage NF signaling leads to
expression of some other genes in a NIN dependent manner. Examples are
defense suppressing genes which are essential to establish a successful
symbiosis. The expression of these genes is significantly lower in the nin weak
alleles nin-13 and nin-16 (Chapter 4) and two of them (DNF2 and SymCRK)
have been indicated as direct targets of NIN according to ChlP-seq analysis
(Soyano et al., 2014; Liu et al., 2019a). This strongly suggests that NF signaling
induces expression of defense suppressing genes in a NIN dependent manner.

The NF signaling receptors only accumulate in one/two cell layers at the transition
from meristem to infection zone, but the level of NIN gradually accumulates from
distal to proximal part of the infection zone (Chapter 4). Probable explanations
for this are: 1) the accumulation of NIN depends on a positive feedback loop
including NIN itself (proposed in Chapter 2); 2) the active form of CYCLOPS can
be maintained in the nodule infection zone; 3) NF signaling might activate other
factors to induce NIN in the infection zone.

The accumulation of NIN reaches its highest level at the proximal part of the
infection zone and after transition to the fixation zone suddenly it is reduced to
a much lower level (Chapter 4). This transition is accompanied by many other
morphological and transcriptional changes (Chapter 1). The nin weak alleles
nin-13 and nin-16 are unable to pass this transition and have a defense and
premature senescence phenotype (Chapter 4). This is most likely due to a
too low level of NIN which in turn leads to insufficient suppression of defense
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responses. This underlines the importance of a high NIN level in passing the
transition from infection to fixation zone. The sudden reduction of NIN protein after
transition to fixation zone might be regulated by an active protein degradation
mechanism. Whether it indeed exist and how important is this sudden reduction
are interesting questions for future studies.

Based on these observations the following model can be proposed: late stage
NF signaling induces the expression of NIN. NIN on one hand activate genes
required for rhizobial release, on the other hand activate defense suppressing
genes which can ensure symbiosome maintenance. Further, NIN gradually
accumulates in the infection zone and reaches its highest level at the proximal
part. This high level is required to activate sufficient target genes which ensure
the successful transition to fixation zone. After transition to fixation zone, the
level of NIN is maintained at a low level.

3. Concluding remarks

Research described in this thesis and several other studies showed that NIN
plays an essential role in all nodule developmental stages. We discovered
that the cis-regulatory regions in NIN promoter can induce its expression at
different loci during nodule development. This contributes to its ability to function
in multiple processes, like infection thread formation in the epidermis and cell
division in pericycle (Chapter 2). Also the function of NIN might depend on its
concentration. For example in root hair containing cells, a shorter promoter can
only induce proper root hair curling, whereas the initiation of infection thread
depends on the presence of transcription activator (CYCLOPS) binding site in
the NIN promoter (Chapter 2); in the nodule, release of rhizobia correlates with
a low level of NIN whereas the successful transition to the fixation zone requires
a high level (Chapter 4).

As NIN recruitment was an important step in evolution of the nodulation, we
identified changes which might contribute to its recruitment (Chapter 5 and 6).
The function of NIN diverged from its non-symbiotic orthologues whose function
still remain unclear. Further studies on these orthologues genes might provide
more insight in the evolution and the mode of action of NIN.
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SUMMARY

Nitrogen fixing root nodule symbiosis only occurs in plant species that belong
to a single phylogenetic group, referred to as the nitrogen fixing clade (NFC).
These species use a conserved signaling pathway to initiate nodule symbiosis.
As this signaling pathway is shared with the much older and far more widespread
arbuscular mycorrhizal (AM) symbiosis, it is most likely recruited from the AM
symbiosis when nodulation evolved. NIN is a transcription factor and is among
the first genes that are specifically induced during nodule symbiosis by this
common symbiotic signaling pathway. The key role of NIN in the nodule symbiosis
has been demonstrated by both evolutionary analyses and functional studies.
All (studied) nodulating species possess NIN, while the species that lost the
nodulation ability in general lost NIN. NIN is essential in multiple developmental
processes during root nodule formation. However, although the importance of
NIN has been demonstrated, how it achieves this versatility remains elusive.

In this thesis, | focused on NIN and tried to answer this question by analyzing
its regulation of expression, functional studies in different nodule developmental
stages and identifying evolutionary changes during its recruitment in the
nodulation process.

During nodule initiation, one of the main puzzles was how NIN controls both
infection in the epidermis and mitotic activity in the inner root layers at the
same time. We solved this cold case by discovering distinct regulatory regions
in its promoter. The regulatory sequences sufficient for the epidermal infection
process are located within a 5 kb region directly upstream of the NIN start
codon in Medicago truncatula (Medicago). Furthermore, we have identified a
remote upstream cis-regulatory region required for the expression of NIN in the
pericycle and we showed that this region is essential for nodule organogenesis.
This region contains putative cytokinin response elements and is shown to be
conserved in other legume species. Both the cytokinin receptor 1, which is
essential for nodule primordium formation and the B-type response regulator
RR1 are expressed in the pericycle in the susceptible zone of the uninoculated
roots. This, together with the identification of the cytokinin-responsive elements
in the NIN promoter, strongly suggests that NIN expression is initially triggered
by cytokinin signaling in the pericycle to initiate nodule primordium formation.

The expression of NIN is induced by rhizobia secreted Nod factors (NFs).
Transcriptional changes induced in roots upon application of NFs have been
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extensively studied. Although it has been shown that the NF receptors also
accumulate in mature Medicago nodules, the transcriptional changes induced
during this late stage NF signaling have never been investigated. To identify
NF signaling controlled genes that are expressed in nodules, we made use
of spontaneous nodules which were formed by overexpression of an auto-
active CCaMK gene. These spontaneous nodules showed a wildtype (WT)-
like tissue organization and a developmental gradient along their longitudinal
axis. Transcriptome analysis showed that many genes, which are especially
expressed in infection and fixation zone of WT nodules, are induced in the
spontaneous nodules. Further, to study late stage NF signaling controlled genes
and distinguish these from genes which are activated upon release of rhizobia
from the infection threads, we made use of a mutant blocked in release due to
disturbed of NF signaling (TE7) and nodules formed on Vamp721d&e RNAi roots
in which release is also blocked, but NF signaling is not affected. Combined with
laser microdissection and transcriptome analysis, we identified the set of late
stage NF signalling controlled genes and showed that this is markedly different
from that induced in roots treated with NFs. It is noteworthy that NIN is among
the few genes which is induced by NF signaling in both roots and nodules.

The essential role of NIN during root nodule initiation has been well demonstrated,
but it's role in late nodule developmental stages remained unclear. By
investigating the NIN mRNA as well as NIN protein accumulation pattern in
Medicago nodules, we found that the expression of NIN is highly induced in
the infection zone and reached the highest level in the proximal part of this
zone. Further, by detailed studies of two nin weak allele mutants, nin-13/16,
we showed that NIN plays a key role in the successful transition from infection
zone to fixation zone, where nitrogen fixation take place. Based on cytological
as well as transcriptional analysis, we concluded that suppression of defence/
senescence-related genes by NIN is necessary for this transition. Therefore,
NIN also plays a vital role in late stages of the formation of a functional nodule.
Interestingly, we found that the level of NIN in the nodule is likely critical for the
successful transition from infection zone to fixation zone, but the PB1 domain,
one of the two most conserved domains of NIN, is not essential for the formation
of functional nodules.

NIN is the founding member of the NIN-like protein (NLP) family. It arose by
duplication and this occurred before nodulation evolved. Therefore, several plant
species outside the NFC have NIN orthologous. Compared with its orthologues
outside of the NFC, at least two major changes occurred when NIN was
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recruited in nodulation: the specific induction of expression by the NF signalling
pathway and a constitutive nuclear localization. Concerning the regulation of
NIN expression during nodule evolution, it first gained the CYCLOPS binding
site, most likely in the ancestor of the NFC. Second, at an early stage of
nodulation, the constitutive expression is lost by which, in nodulating plants,
NIN became nodule-specifically expressed. Third, it developed cytokinin-
regulated expression during nodule organogenesis, which most likely occurred
in the legume branch. Concerning the protein function, although NIN and NLPs
share a conserved DNA binding domain and many downstream targets, they
are not functionally equivalent. The main reason for this could be that most
NLPs are only nuclear localized when high nitrate is sensed, whereas nodule
is formed under low nitrate condition. In contrast, NIN is constitutively nuclear
localized. Further, we identified a few amino acid differences between NIN and
its NLP orthologues. These changes probably were introduced in NIN when it
was recruited in the nodulation process and might contribute to its constitutive
nuclear localization.

In the final chapter, | integrated the findings described in this thesis and the
knowledge from literature and proposed a model that can explain how NIN
functions in multiple steps of the nodulation process.

175



ACKNOWLEDGMENTS

NIN, thanks for being such an amazing gene.

Ton, thanks for giving me the opportunity to join Molbi and for the financial
support to complete the projects, which are presented in this thesis. Thanks
for giving me great guidance in experimental design, writing and presenting.
Thanks for encouraging me to think critically and show me how to focus on
the key question. Thanks for giving me support and encouragement when
| was entrapped in troubles. Thanks for all of the things you have done for
me. It is such an honour to be your student.

Olga, thanks for all the support you have been giving to me both in the lab
and in life. | feel so lucky to have you always standing by my side. Your care,
hugs, gifts, and travel photos make me feel as warm as family. Henk, Thanks
for your suggestions in improving my manuscripts, and sorry for letting you
and Olga going home 5 min late every working day ...

Thanks for all the support from the Medicago nodule team: Tingting .,
Huchen, Defeng and Siqi. Siqi, thanks for the close company with me in the
last two years, and thanks for standing together with me on the stage.

Wouter, thanks for guiding me conduct the hormone extraction experiments
and for giving me support and suggestions.

Thanks Luuk, Erik, Elena, Rik, Robin, Wei, Tian, Joél, Rene, Hetty, Elio,
Rujin, Yuhui; and my students: Tjitse, Menno, Michaela and Siqi for their
contribution and hard work on the projects, which presented in this thesis.

Titis, thanks for being my paranymph. It is so nice that we can be paranymphs
for each other. Thanks for the friendship that we share during our PhD
journey. | really enjoy to talk with you and travel together with you in Wuhan
and Paris.

Maria and Marie-Jose, thanks for all the helps during my PhD. Maria, thanks
for helping me communicate with tax administration which is so difficult for
me to do.

Many thanks to my other colleagues and friends: Joan, Jan V., Jan H., Marijke,
Sidney, Carolien, Asma, Jelle, Simon, Arjan, Rens, Sultan, Yuda, Martinus,
Lucas, Kevin, Kana, Jac, Kerstin, Amber, Sophia, Renze, Viola, Ben, Anneke,

176



Andrea, Tijs, Peter, Jeroen, Norbert, Wilma, Menno, Jorge, Renan, Kavya,
Michiel, Merijn, Vera, Jana, Kiki, Iris ...

Many thanks to the Chinese community who have been so supportive to
me: Xu, Wenkun, DuDu, Fengjiao, Guiling, Jianyong & Liu, Peng, Zhichun
i LUIY, Jing & Lili, Yinshan, Fuxi, Mengmeng, Jundi, Yueyang, Honglei,
Zhuang, Xun Qian, Jun, Qingqin, Haolin, Li Qian, Fang, Zhiyong, Qi, Ma
Yuanyuan, Henan, Tang Han, Lu & Brother Biao, Yanting, Zhang Yuanyuan,
Lu Yuan, Baojian, Rufang, Xu Wei, Tiantian, Zhou Libin, Zhang Wei, Bai Bing,
Zhang Yanxia, Song Wei, Song Shuang, Ji Yongran, Wu Jinbing, Xiong Wei, Jin
Wengqing, Jiang Bin, Xiaowei, Xinping, Mengran ...

Jing, Peng and Siqi, special thanks for always bringing lunch for me.

Tian, thanks for the happy times we spend together, and the great foods you
cooked.

Thanks to the orange cat™*" who frequently visit me during my PhD, and
carefully checking whether everything is ok in my room.

Thanks Prof. Dr. Xie Xiaodong, for choosing me to work in your lab and get
in touch with molecular biology. Thanks Prof. Dr. Song Weining for giving me
the opportunity to continue MSc in your lab, and also thank you, Nie Xiaojun
and Tong Wei for your support in applying for CSC.

IR AANT— B DR R OIS RE: W, I, &, Brge, fh, 5
#, MR, R

PR EIZ N 01, BOHMREESC R, ARIERIAH. HHE, 2
REGRE - Sahs MG, IERES LR -VINIE. €8, il
PR— EAE A RIS R L AR, 45513718, ANEETT.

Jieyu & F

Wageningen, 3 Nov 2021

177



ABOUT THE AUTHOR

Jieyu Liu (%13 5%) was born on the 4 of August 1992
in Huadian, Jilin, China. She started her bachelor
education at Tianjin Agricultural University (2009-
2013), majored in Seed Science and Engineering.
There she worked in the laboratory of Prof. Dr.
Xiaodong Xie and get in touch with molecular biology
experiments. Her study on the effects of mMRNA N&-
adenosine methylation on cell morphogenesis in
Arabidopsis thalianawas awarded as the outstanding
thesis of Tianjin Agricultural University in 2013.

After graduation, she continued academic education with MSc at Northwest A&F
University (2013-2015), majored in Seed Industry. Under the supervision of Prof.
Dr. Weining Song, she studied the function of wheat Tryptophan Decarboxylase
(TDC) gene which catalyze the first committed step for melatonin biosynthesis
in plants. In addition, she joined the evaluation of wild emmer as the germplasm
resources of bread wheat.

In 2015, with the financial support from China Scholarship Council (CSC),
she joined the laboratory of Molecular Biology at Wageningen University to
perform her PhD research. Under supervision of Prof. Dr. Ton Bisseling, Dr.
Olga Kulikova and Dr. Wouter Kohlen, she studied the role of key transcription
factor NIN in nodulation. Main findings obtained during her doctoral study are
presented in this thesis.

178



LIST OF PUBLICATIONS

Liu, J.*, Rutten, L.*, Limpens, E., Molen, T. van der, Velzen, R. van, Chen,
R., Chen, Y., Geurts, R., Kohlen, W., Kulikova, O., and Bisseling, T. (2019). A
Remote cis-Regulatory Region Is Required for NIN Expression in the Pericycle
to Initiate Nodule Primordium Formation in Medicago truncatula. Plant Cell. 31:
68—83. (*Equally contribution)

Liu, J., Rasing, M., Tian, Z., Klein, J., Kulikova, O., and Bisseling, T. (2021). NIN
is Essential for Development of Symbiosomes, Suppression of Defence and
Premature Senescence in Medicago truncatula Nodules. New Phytologist.
230: 290-303.

Liu, J. and Bisseling, T. (2020). Evolution of NIN and NIN-like Genes in Relation
to Nodule Symbiosis. Genes. 11: 777.

Wang, P., Snijders, R., Kohlen, W., Liu, J., Bisseling, T., and Limpens, E. (2021).
Medicago SPX1 and SPX3 regulate phosphate homeostasis, mycorrhizal
colonization, and arbuscule degradation. Plant Cell: 0:1-17.

Liu, J., Shen, D., Liu, W., Huisman, R., Limpens, E., Fedorova, E., Hetty, B.,
Zeng, T., Elio, S., Kulikova, O., and Bisseling, T. Nod Factor Signaling Controlled
Genes in Medicago truncatula Nodule. In preparation.

Liu, J., Yan, S., Skorikova, M., Kulikova, O., and Bisseling, T. Changes in NIN
related to its recruitment in nodulation. In preparation.

179



Education Statement of the Graduate School TheGraduate Sl

Experimental Plant Sciences

Issued to: Jieyu Liu

Date: 03 December 2021

Group: Laboratory of Molecular Biology
University: Wageningen University & Research

1) Start-Up Phase date cp
First presentation of your project
NIN is Essential for Release and Di iation of rhizobia in i truncatula Nodules 19 February, 2016 1.5
»  Writing or rewriting a project proposal
»  Writing a review or book chapter
Liu J. & Bisseling T. Evolution of NIN and NIN-like Genes in Relation to Nodule Symbiosis.
Genes. 2020; 11(7):777. https://doi.org/10.3390/genes 11070777 11 July, 2020 6.0
» MSc courses
Subtotal Start-Up Phase 7.5
2) Scientific Exposure date cp
EPS PhD student days
EPS Get2Gether, Soest, NL 28-29 January, 2016 0.6
EPS Get2Gether, Soest, NL 09-10 February, 2017 0.6
»  EPS theme symposia
EPS theme 1 'Developmental Biology of Plants’, Wageningen, NL 30 January, 2018 0.3
EPS theme 3 'Metabolism and Adaptation’, Wageningen, NL 13 March, 2018 0.3
EPS theme 1 'Developmental Biology of Plants’, Wageningen, NL 05 February, 2020 0.3
» Lunteren Days and other national platforms
Annual meeting 'Experimental Plant Sciences', Lunteren, NL 11-12 April, 2016 0.6
Annual meeting 'Experimental Plant Sciences', Lunteren, NL 10-11 April, 2017 0.6
Annual meeting 'Experimental Plant Sciences', Lunteren, NL 09-10 April, 2018 0.6
Annual meeting 'Experimental Plant Sciences', Lunteren, NL 08-09 April, 2019 0.6
Annual meeting 'Experimental Plant Sciences', online 12-13 April, 2019 0.5
»  Seminars (series), workshops and symposia
Lecture Jean-Francois Arrighi; ‘Evolution of Nod factor-independent rhizobium symbiosis’ 18 October, 2017 0.1
Lecture Giles Oldroyd; ‘Recognition of symbiotic microorganisms by plants’ 19 October, 2017 0.1
Symposium: Lunch and Meet with Janet I. Sprent, Euan James & Sofie Goormachtig 23 January, 2018 0.2
Public lecture Prof. Alga Zuccaro 10 September, 2019 0.1
Public lecture Prof. lkram Blilou 10 September, 2019 0.1
Lecture Jian Xu; The root of single cell CAPability" 02 December, 2019 0.1
Lecture Pascal Ratet; 'Suppression of defense during Medicago root nodule formation' 03 December, 2019 0.1
Virtual Seminars in Symbiosis: Uta Paszkowski 27 April, 2020 0.1
Virtual Seminars in Symbiosis: Martin Pariske 27 April, 2020 0.1
Virtual Seminars in Symbiosis: Dugald Reid 25 May, 2020 0.1
Virtual Seminars in Symbiosis: Chao Su 25 May, 2020 0.1
Virtual Seminars in Symbiosis: Maria Harrison 29 June, 2020 0.1
Virtual Seminars in Symbiosis: Benoit Lefebwe 29 June, 2020 0.1
Virtual Seminars in Symbiosis: Takashi Soyano 27 July, 2020 0.1
Virtual Seminars in Symbiosis: Mélanie Rich 27 July, 2020 0.1
Virtual Seminars in Symbiosis: Nadia Radzman 31 August, 2020 0.1
Virtual Seminars in Symbiosis: Florian Frugier 28 September, 2020 0.1
Virtual Seminars in Symbiosis: Chloe Cathebras 28 September, 2020 0.1
»  Seminar plus
> Internati ia and
13th European Nitrogen Fixation Conference (ENFC), Stockholm, Sweden 18-21 August, 2018 1.2
21st International Congress on Nitrogen Fixation (ICNF), Wuhan, China 10-15 October, 2019 15
4th Adam Kondorosi Symposium "Beneficial Plant-Microbe Interactions”, Gif-sur-Ywette, France 26-27 November, 2019 0.6
»  Presentations
Poster: "NIN: The Key to Successful Nodulation" at Annual meeting 'Experimental Plant Sciences', Lunteren, NL 08-09 April, 2019 1.0
Poster: "NIN is essential for of sy and supp 1 of defen: lated response in Medlcago 10-15 October, 2019 1.0
Poster: "NIN is essential for of symbi and supp 1 of defen: lated respt in 26-27 November, 2019 1.0
Talk: "NIN: The Key to Successful Nodulation", Beijing University of Agriculture, China 23 October, 2019 1.0
Talk: "NIN: The Key to Nodulation" at EPS Theme 1, Wageningen, NL 05 February, 2020 1.0
> IAB interview
» Excursions
Subtotal Scientific Exposure 15.2
3) In-Depth Studies date cp
> ientific courses &
EPS course "Transcription Factors and Transcriptional Regulation”, Wageningen, NL 12-14 December, 2016 1.0
Electron Microscopy Course "The Basics: from Amsterdam to Wageningen", Amsterdam & Wageningen, NL 12-16 November, 2018 1.6
PE&RC/WIMEK course "Introduction to R and R Studio", Wageningen, NL 09 February - 02 March, 2021 0.9
EPS/ELIXR Belgium course "Gentle hands-on introduction to Python programming", online 18 March - 01 April, 2021 0.9
»  Journal club
Member of literature discussion group at Laboratory of Molecular Biology 2015-2020 3.0
» _Individual research training
Subtotal In-Depth Studies 7.4
CONTINUED ON NEXT PAGE
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4) Personal Development date cp
»  General skill training courses
EPS Introduction Course, Wageningen, NL 11 February, 2016 0.3
WGS course "Project and Time Management", Wageningen, NL 10 May - 21 June, 2016 1.5
WGS course "Techniques for Writing and Presenting a Scientific Paper”, Wageningen, NL 6-9 September, 2016 1.2
WGS course "Brain Training", Wageningen, NL 19 November, 2019 0.3
EPS Writing Support Group, Hertz-Training for Scientists, online 19 August - 16 September, 2020 1.0
EPS Workshop "Applying for a Marie Sktodowska-Curie Fellowship: from proposal to project”, online 10 December, 2020 0.2
»  Organisation of meetings, PhD courses or outreach activities
Cowriting project proposal 'Molecular networks controlling development of rhizobium infected cells in Medicago 12 February, 2019 15
» _Membership of EPS PhD Council
Subtotal Personal Development 6.0
TOTAL NUMBER OF CREDIT POINTS* 36.1

Herewith the Graduate School declares that the PhD candidate has complied with the educational requil set by the

1al Committee of EPS with a minimum

A credit represents a normative study load of 28 hours of study.
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