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Propositions

1. Multi-functionality, rather than high stringency, represents
the ancestral function of the LYK-I clade LysM-type
receptor kinases (This thesis).

2. The duplication of the NOD FACTOR PERCEPTION
(NFP) gene was a driver for the evolution of nodule
symbiosis (This thesis).

3. Avpriori equal weights for gains and losses in evolutionary
rate models is a flawed assumption (Werner et al. 2014).

4. Engineered Honeybee symbionts, which combat the
varroa destructor mite, cannot solve the global pollinator
decline (Leonard et al. 2020).

5. Improvisation is to be preferred over detailed planning.

6. The ignorance for lab safety increases with the number of
safety rules in place.
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General Introduction
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Plant-microbe symbiosis as nitrogen acquisition strategy

One of the largest challenges of a plant in a non-aqueous environment is the
acquisition of key nutrients to support growth. The first colonization of land by
vascular plants is correlated with the origin of plant resource acquisition structures
such as roots (Raven and Edwards 2001). A major strategy for resource acquisition
strategies is the formation of symbiotic interactions with bacteria or fungi, which have
originated earlier than the formation of plants roots. The earliest forms of plant life on
land faced a continuous struggle to find symbionts for nutrient acquisition (Selosse
and Le Tacon 1998; Brundrett 2002; Wang et al. 2010; Yue et al. 2012).

Symbiotic associations occur in different levels of intimacy, from loosely attached
bacteria or fungi at the plant surface to endosymbiosis inside plant cells. One of the
hallmarks of plant-microbe symbioses is the nitrogen-fixing nodule endosymbiosis,
mostly known because of economically important legume species such as peas and
beans. In this interaction bacteria are housed intracellularly in so-called nodules;
specialized organs formed on the plant root or stems. Inside the nodules plants
provide the optimal conditions for the bacteria to convert atmospheric nitrogen
into ammonia, which they provide to the plants in exchange for photosynthates.
This interaction is however limited to a relatively small nhumber of plant species.
Only about 2.5% of the angiosperm families is able to form a nitrogen-fixing nodule
endosymbiosis.

The overapplication of chemical fertilizer in agriculture leads to major environmental
problems in terrestrial and aquatic ecosystems. For example nitrogen deposition
causes a loss of biodiversity in natural habitats by competitive exclusion of
characteristic species by more nitrophilic plants (Bobbink, Hornung, and Roelofs
1998; Choudhury and Kennedy 2005). While leaching of nitrogen into aquatic
ecosystems may cause algal blooms, which can reach toxic levels for existing plant
and animal life (Camargo and Alonso 2006). Therefore scientist have considered it
a major objective to engineer a nitrogen fixing endosymbiosis in major crop plants
(Myriam Charpentier and Oldroyd 2010; Mus et al. 2016). However in order to
engineer a crop plant one must first answer the question how this intricate nitrogen-
fixing nodule endosymbiosis evolved, to know the adaptations required to engineer
into crops such as rice or maize.

A nitrogen-fixing endosymbiosis can occur with three different types of bacteria:
i. Filamentous Actinobacteria form the genus Frankia, nodulating a paraphyletic
assembly of 25 genera distributed of 8 taxonomic families. ii. Rhizobia a paraphyletic
group of - a, B and y-Proteobacteria, nodulating Legumes (Fabaceae) and Parasponia
(Cannabaceae) and iii. Nostoc spp., a cyanobacterium infecting plants of the genus
Gunnera (Gunneraceae). Common to these three types of symbiosis is that bacterial
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entry is preceded by host cell divisions and that once inside the cell the bacteria
are enveloped by a host derived membrane. The Gunnera-Nostoc symbiosis is
relatively unstudied and occurs only in the Gunnera genus the single member of
the Gunnerales order. Cyanobacterial associations such as with Cyanobacteria
Anabaena and Nostoc are usually known to occur extracellularly in like leaf cavities
of the fern Azolla and coralloid roots of different Cycad species. The signalling cues
on how the intracellular accommodation in Gunnera is achieved is unknown.

Rhizobium and/or Frankia nodulation occurs in several taxonomic lineages and has
received more attention than cyanobacterial associations. These nodulating lineages
are relatively closely related, with a distribution over four taxonomic orders; Fabales,
Fagales, Cucurbitales and the Rosales. These orders are known as the Nitrogen-
Fixing Clade (NFC) (Soltis et al. 1995). However, outside of the legume dominated
Fabales order, nodulation is relatively rare. Thus even within the NFC, nodulation
seems to be the exception rather than the rule.

The nitrogen fixing endosymbiosis in this clade of plants have fascinated researchers
for decades. Due to their economic importance, most studies towards nodulation
have been conducted on rhizobium-legume symbiosis. The development of two
model legume systems Medicago truncatula (Medicago) and Lotus japonicus (Lotus),
chosen for their small genome sizes and diploid genome, has greatly increased the
speed of discoveries of genetic components required for symbiosis. Unfortunately,
there is still a severe lack of knowledge on other nodulation systems, such as Frankia-
based nodulation. In this introduction, | will summarize the essentials of these
discoveries, with a focus on symbiotic signalling and signal transduction. In order to
finally come to a strategy for providing insight in the evolutionary requirements for
the evolution of nitrogen fixing symbiosis.

What are root Nodules and are they Novel?

The root nodules in the nitrogen fixing endosymbiosis serve four essential functions.
(i) Nodules contain a population of cells that are permissive for intracellularly
infection by the symbiont. (ii) Selective access to the nodule interior allows hosting
of a clonal population of the symbiotic partner of choice. (iii) Nodules are optimized
for nutrient exchange between host and microsymbiont. (iv) Nodules provide the
optimal physiological conditions for nitrogen fixation to take place.

In all nitrogen-fixing symbioses, including Gunnera-Nostoc, cells that are permissive
to infections undergo cell divisions initiated by host-microbial signal exchange. This
means that host infection relies on the induction of the cell cycle for infection and
nodule formation. This is a common feature of all endosymbiosis including that of the
interaction with Arbuscular Mycorrhizal fungi (Bainard et al. 2011). In the upcoming
sections | will focus on the signal exchange between host and symbiont.
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A single signalling pathway for endosymbiosis.

Knowledge on host-symbiont exchange signals has mainly come from legume-
rhizobium interactions. Recently actinorhizal plant - Frankia research has become
more amendable. One of the major findings was that legumes, Parasponia and
actinorhizal plants use a conserved set of genes to establish contact with their
symbionts. The second major finding is that this conservation results from the
recruitment of genes that function an older type of endosymbiosis; The Arbuscular
Mycorrhizal symbiosis(AM-symbiosis). The AM-symbiosis is a symbiosis between
fungi of the glomeromycota lineage and plant roots. This symbiosis is shared by
~72% of land plants and generally considered to be 450 million years old(Brundrett
and Tedersoo 2018). The AM fungi facilitate the uptake of micronutrients, phosphate
and fixed-nitrogen from the soil, which are exchanged for photosynthates in
symbiotic structures called arbuscules in the root cortex. The overlap between the
genetic networks controlling nodule and endomycorrhizal symbioses reveals a single
pathway used by plants to establish endosymbiosis with either fungi or bacteria.
This genetic network was therefore called the common symbiosis signalling pathway
(CSSP) (Oldroyd and Downie 2006).

The CSSP is a major signalling cascade that spans from membrane localized
receptor proteins to downstream transcription factor hubs. In the case of rhizobium-
legume symbiosis, this CSSP is activated upon rhizospheric signalling. Rhizobia,
in response to root exudates containing flavonoids, respond by the synthesis of
lipo-chitooligosaccharides (LCOs, also known as Nodulaton (Nod) factors). These
molecules consists of a B-1,4-n-acetylglucosamine (chitin) backbone, linked to
a modified fatty acid chain. Several decorations on the chitin backbone, which
may serve as host range determinants, can be present. These components are
structurally similar to the more simple LCO molecules produced by AM fungi.
Perception of rhizobium LCO signal molecules by the plants is provided by a
heteromeric complex of multiple LysM-type receptor kinases and the LRR-type
SYmbiotic Receptor Kinase (LiISYMRK/mtDMI2) (Stracke et al. 2002; Limpens
et al. 2005). A downstream signalling cascade, which involves an enzyme in the
mevalonate biosynthesis MtHMGR1 (Venkateshwaran et al. 2015), induces nuclear
calcium oscillations. Calcium oscillations are common to all types of endosymbioses
(Ehrhardt, Wais, and Long 1996; Navazio et al. 2007; Granqvist et al. 2015; Myriam
Charpentier et al. 2016). To achieve calcium oscillations a network of proteins in the
nuclear envelope are required, among which are LjiCASTOR/MtDMI1, LjPOLLUX,
MtCNGC15a-c that represent calcium channels (M. Charpentier, Sun, and Martins
2016; Kim et al. 2019). The calcium signal is decoded by a calcium calmodulin-
dependent kinase (CCaMK), which interacts with and subsequently phosphorylates
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the transcription factor LjiCYCLOPS/MtIPD3 (Lévy et al. 2004; Yano et al. 2008;
Horvéth et al. 2011). The cascade up to this point is conserved between legume-
rhizobium and arbuscular mycorrhizal signalling.

Symbiosis signalling by LysM receptor kinases

LysM-type receptor kinases are plasma membrane localized receptors, with an
intracellular serine/threonine kinase and an extracellular domain with three Lysin
Motif regions (Willmann and Nirnberger 2012). The Lysin motif is a ubiquitous
molecular structure found in almost all living organisms except archaea. It is 42-
48 amino acids long and has a symmetrical B-aa-f structure. LysM motifs were
first described in bacteria where the proteins are used for peptidoglycan (PGN)
binding, but they can be involved in the perception of various molecules with sugar
chain backbones (Zhang, Cannon, and Stacey 2009). Legume LCO LysM-type
receptor kinases have evolved upon a series of gene duplications giving rise to a
large family. The Nod factor receptor complex is made up of at least two structurally
different LysM-type receptors (Radutoiu et al. 2003; Moling et al. 2014). A LYR-type
receptor, which kinases show no autophosphorylation activity, caused by a lack of
several crucial amino acid in the kinase domain. And a LYK-type receptor, which
has an active kinase. Both these types of LysM-type receptors are common to all
plants and represent a large gene family (Buendia et al. 2018). Important LYK-type
receptors, such as Arabidopsis thaliana AtCERK1, are involved in transducing chitin
(CO) responses in defense. Heteromeric complex formation is also common for
defense since AtCERK1 forms a complex with AtLYK4, which represents a LYR-
type receptor (D.-X. Xue et al. 2019; Faulkner et al. 2013). The LYK-type receptor
family is expanded in legumes, which has created a large number of LYK receptors
which can function in recognition of LCO/CO or other yet unknown molecules. This
legume expansion has allowed functional differentiation of receptor function (De Mita
et al. 2014). The LYK-type receptor LiNFR1/MtLYK3 in legumes is required for signal
transduction to activate the CSSP in rhizobium signalling (Radutoiu et al. 20083;
Smit et al. 2007), while recent work indicates the chitin signalling is transduced by
a separate LYK-type receptor LiICERK6/MtLYK9 (Bozsoki et al. 2017). It is generally
believed that such gene duplications were instrumental in the evolution of LCO
recognition. Since both CO and LCO signalling are involved in the establishment
of mycorrhizal signalling, both these LYK-type receptors of legumes have roles
in the establishment of AM-symbiosis (Leppyanen et al. 2017; Feng et al. 2019;
Gibelin-Viala et al. 2019). The LYR-type LCO receptor in legumes is LiNFR5/MtNFP
(Radutoiu et al. 2003; Limpens et al. 2003). LiNFR5/MtNFP is known to be important
for LCO-recognition by direct binding on the second LysM domain (Broghammer et
al. 2012; Gough and Jacquet 2013). These receptors are also major determinants
for host specificity, which is in part encoded in the Nod factor structure (Dénarié,
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Debellé, and Promé 1996; Bek et al. 2010). Yet also the NFP-clade is present in
most non-nodulating plant species, resulting in speculation that another duplication,
giving rise to MtNFP/MtLYR1 and LjNFR5/LjLYS11 was important for the evolution of
stringent LCO perception (Arrighi et al. 2006; Young et al. 2011; Gough et al. 2018).
Besides this receptor pair important for LCO binding humerous others LysM-type
receptors have been implicated in a role for symbiosis. Such as Exopolysacharide
receptor LiIEPR/MtLYK10 and LCO binding LysM-type receptor MtLYR3 (Fliegmann
et al. 2013, 2016; Kawaharada et al. 2017). Although given the major roles of LysM-
type receptors as signalling receptors of the rhizosphere this may not be surprising
(Zgadzaj et al. 2016).

Studies in the non-legume rhizobium nodulator Parasponia andersonii (Parasponia,
prefix Pan) and the two actinorhizal plant species, Casuarina glauca (Casuarina,
prefix Cg) and Alnus glutinosa, (Alnus, prefix Ag) revealed that symbiotic calcium
oscillations also underlie these symbiosis. Further genetic studies in Datisca
glomerata (Datisca, prefix Dg), Parasponia and Casuarina revealed symbiotic
conservation of PanNFP1, CgSYMRK/DgSYMRK, CgCCaMK/PanCCaMK and
CgNIN (Markmann, Giczey, and Parniske 2008; Gherbi et al. 2008; R. Op den Camp
et al. 2011; Svistoonoff et al. 2013; Clavijo et al. 2015). The CSSP is known to
be activated by other molecules than LCOs in the case of Casuarina and Alnus,
although calcium oscillation remains a conserved feature (Clavijo et al. 2015;
Chabaud et al. 2016). A common origin of LCO based nodulation is also highlighted
by the discovery of LCO biosynthesis genes in Frankia strains of Cluster-11, which are
expressed in symbiotic context (Van Nguyen et al. 2016; Ktari et al. 2017; Salgado et
al. 2018; Persson et al. 2015). Cluster-1I strains are hard to culture which suggests
they represent obligate symbionts (Gtari et al. 2015). This makes research towards
Frankia actinorhizal genes of strains in cluster-Il difficult. In Chapter 2, | discuss
the commonalities of these symbiotic pathways used by Arbuscular Mycorrhiza,
rhizobium nodulation and frankia nodulation in more detail, with more focus on the
establishment of symbiont recognition, specificity and the origin of their respective
LCO/CO signal molecules. In Chapter 4, | focus on the role of the LysM-type receptor
gene family of Parasponia. | identify PanLYK3 a LYK-type receptor and the homolog
of legume LCO/CO receptors. | show that PanLYK3 has a dual function in symbiosis
signalling and immunity. Indicating that specificity may not underlie the evolution
of rhizobium symbiosis. Further | investigate the roles of PanNFP1 and the newly
identified PanNFP2 (Chapter 3.) in LCO-signalling. Previous work on the LysM-type
receptor kinases family of Parasponia uncovered a dual role for PanNFP1 (originally
named PaNFP), in rhizobium nodulation and mycorrhization of Parasponia (R. Op
den Camp et al. 2011). | show that PanNFP1 or PanNFP2 seem to have no, or only
an additive role in mycorrhization of Parasponia.
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The induction of transcription factors by the CSSP

Upon legume LCO perception the transcription factor CYCLOPS is activated and
induces expression of the transcription factor encoding genes NODULE INCEPTION
(NIN) and the ETHYLENE RESPONSIVE FACTOR REQUIRED FOR NODULATION
1 (ERN1) and ERN2 (Yano et al. 2008; L. Schauser et al. 1999; Laloum et al. 2014;
Marion R. Cerri et al. 2016, 2017). These transcription factors are responsible for a
large part of the transcriptional reprogramming required for rhizobium infection and
nodule formation. Though these genes are not transcriptionally activated during AM
signalling. Arbuscular mycorrhization triggers expression of different transcription
factor encoding genes, such as GRAS-type transcription factor REQUIRED FOR
ARBUSCULAR MYCORRHIZA 1 (RAM1) (Gobbato et al. 2013; Pimprikar et al.
2016). Though several common transcription factor components exist as well; eg.
the GRAS-type transcription factors NODULATION SIGNALLING PATHWAY 1
(NSP1) and NSP2 that interact with RAM1(Hohnjec et al. 2015; L. Xue et al. 2015).
NSP1 and NSP2 form a dimeric complex and are required for the induction of NIN
and ERN1, during rhizobium symbiosis (M. R. Cerri et al. 2012; Hirsch et al. 2009).
The role of NSP1 and NSP2 in nodulation is conserved in Parasponia (van Zeijl et al.
2018). These GRAS-type transcription factors are also required for the production of
strigolactones (W. Liu et al. 2011). Strigolactones are important signalling hormones
in arbuscular mycorrhization development and nodulation (Foo and Davies 2011; De
Cuyper et al. 2014; Gutjahr 2014), since MtDWARF27, as strigolactone biosynthesis
gene, was shown to be rapidly induced upon rhizobium LCO signalling (van Zeijl et
al. 2015).

The essential role of the CSSP in nodulation is highlighted by the spontaneously
formed pseudonodules upon artificial activation of this pathway in the absence of
symbionts. This can be achieved by expression of the autoactive forms of CCaMK or
CYCLOPS, both in legumes and non legumes (Gleason et al. 2006; Yano et al. 2008;
R. Op den Camp et al. 2011; Svistoonoff et al. 2013). Or by the over-expression of
NIN or SYMRK (Marsh et al. 2007; Ried, Antolin-Llovera, and Parniske 2014). At
the same time, mutants in ccamk, cyclops, symrkor nspl can be complemented by
homologs of non nodulating species (Markmann 2008; Yokota et al. 2010; Banba et
al. 2008; Saha et al. 2016). This indicates that the function of the CSSP between
mycorrhizal plants and nodulating plants is conserved. It thus leaves a major
question: Why nodules can not be triggered in all plant species that can establish an
AM symbiosis?
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Infection mechanisms and nitrogen-fixation strategies

Infection and nitrogen fixation in legumes

There are remarkable differences that take place during the infection and nitrogen-
fixation processes of all these different nodule symbioses. The main differences
appear to be governed by the two different types of microsymbiont gram- rhizobia
bacteria and gram+ Frankia species. Frankia are filamentous Actinobacteria and
generally slow growing. Rhizobia and Frankia both possess genes to fix nitrogen
organised together with nodulation genes on symbiotic plasmids, or symbiotic
islands in the genome. In the case of rhizobia, exchange of these symbiotic genes
is common. Hence explaining why such a large diversity of bacteria has evolved the
capacity to establish a nodule symbiosis with legumes and/or Parasponia (Bailly et
al. 2007; Marchetti et al. 2014). After activation of the CSSP in legumes, infection
proceeds with the entrapment of rhizobia by a root hair cell. The root hair forms a
tight curl in which a rhizobia microcolony is able to penetrate the cell. The process
requires activation of the cell cycle, which is shown to be activated by LCO signalling
(W. C. Yang et al. 1994; Breakspear et al. 2014). A wall enclosed tubular structure
called the infection thread is made. The plant continuously supplies vesicles to the tip
of the growing infection thread, which depends on the formation of a host controlled
infectome complex. Several important proteins have been identified which play a
role in the formation of the infectosome, such as RPG, LIN and VAPYRIN (Arrighi et
al. 2008; Kiss et al. 2009; Murray et al. 2011; Bapaume et al. 2019). During infection
LCO signalling takes place continuously, for which membrane receptor stabilization
of LYK3 in microdomains is important (Haney et al. 2011; Liang et al. 2017). Mutations
in SYMBIOTIC REMORIN 1 (SYMREMT1) and FLOTELLIN 4 (FLOT4), disrupts the
formation of microdomain membrane rafts (T6th et al. 2012). The infection thread
continue to grow towards the root cortex. Yet uninfected root cortical cells guide the
infection thread by forming cytoplasmic bridges called Pre- Infection- Threads (PITs)
(Timmers, Auriac, and Truchet 1999). PIT formation is associated with slow calcium
spiking and activation of the cell cycle (Sieberer et al. 2012). Since these cells do
not divide, often endoreduplication occurs (Libbenga and Harkes 1973). Distal to the
infection thread, a nodule primordium is initiated in the root cortex. Legume nodules
can be classified in two forms; determinate and indeterminate nodules. Determinate
nodules display a short lived meristem formed at the periphery of the nodule, giving
rise to a spherical shape. Indeterminate nodules show a meristem at the apex,
resulting in a nodule with continuous growth. Both these nodule types have a stem-
like ontogeny with vascular bundles at the periphery, containing a central zone of
infected cells (Katharina Pawlowski and Bisseling 1996). Inside the nodule rhizobium
bacteria are released from the infection thread, however remain enveloped in host
derived membrane. These droplets of bacteria are called symbiosomes. Inside the
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symbiosomes rhizobium bacteria differentiate into the symbiotic nitrogen fixing state
called bacteroids. The transformation of rhizobia into bacteroids is associated with an
increase in size and the endoreduplication of the bacterial genome and the genome
of the host cell (Penterman et al. 2014; Suzaki et al. 2014). Plant mutants that cannot
undergo endoreduplication cannot be infected effectively (Yoon et al. 2014). Some
legumes of the Inverted Repeat Lacking Clade (e.g. M. truncatula), show advanced
control over bacterial differentiation. Here the bacteria undergo terminal bacteroid
differentiation into enlarged rod- or even Y-shaped bacteroids governed by NCR-
peptides (Haag et al. 2012; Guefrachi and Nagymihaly 2014). Rhizobia are unable
to fix nitrogen outside of symbiosis, due to the oxygen dilemma of nitrogen fixation
(Katharina Pawlowski 2008). The nitrogenase enzyme complex is highly sensitive
to oxidation, yet nitrogen fixation requires high amounts of energy and therefore
high respiration. Therefore, legumes provide oxygen protection in the form of high
amounts of leghemoglobin (Ott et al. 2005). Hemoglobin allows the transport of high
amounts of oxygen, yet keeps the freely diffusible oxygen concentration minimal (Ott
et al. 2005).

Infection and fixation by Frankia in actinorhyzal species.

Unlike rhizobia, Frankia are able to fix nitrogen during saprophytic growth and in
symbiosis. They have special capabilities of forming vesicles in which layers sterol
lipids, called hopanoids, protect the Nitrogenase enzyme complex from harmful
oxygen (A. M. Berry et al. 1993). Frankia occur in four taxonomic lineages called
clusters, three of which represent symbiotic species (cluster-l to -lll). These
taxonomic clusters encode in part also a host range restriction. Frankia cluster-I
strains mainly nodulate actinorhizal Fagales species such as Casuarina, Alnus and
Myrica spp. Frankia cluster-Il, of which some are known to posses LCO biosynthesis
genes, mainly nodulate Cucurbitales and some Rosales species. Cucurbitales
species of Datisca and Coriaria are well known to be nodulated by Cluster-Il.
Cluster-Il species may also nodulate species of the Rosaceae and Rhamnaceae
in Rosales like Ceanothus, Discaria, Dryas and Purshia. Cluster-Ill Frankia species
nodulate Elaeagnaceae, Rhamnaceae in the Rosales and Gymnostoma and Myrica
in the Fagales (Katharina Pawlowski and Demchenko 2012; Svistoonoff, Hocher,
and Gherbi 2014). This does not mean that individual plants may not have more
stringent host range determinants.

Besides these major differences in symbionts, between the actinorhizal plant species
there are also large differences in infection methods. Actinorhizal plants in the Fagales
allow Frankia to infect by a root hair curling-based mechanism similar to legumes.
This means that upon signal exchange aroot hair curl is made by which a transcellular
infection thread grows (Svistoonoff et al. 2003). In the case of actinorhizal plants in
the Fagales order, the Frankia hyphae grows towards a developing pre-nodule, in
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which they infect dividing cortical cells. The nodule vascular bundle emerges from
the pericycle giving rise to a nodule with a central vascular bundle. In nodulating
Rosales such as Elaeagnus and Discaria, transcellular infection threads do not exist.
Here, infection proceeds intercellularly between epidermal and cortex cells (Valverde
and Wall 1999; Miller and Baker 1985). Detailed studies in Discaria suggest this is
a plant dependent process (Valverde and Wall 1999). The plant secretes a dense
matrix into the extracellular space, which is associated with repositioning of the host
nucleus and endoplasmic reticulum (Imanishi et al. 2018). Similar mechanisms may
exist in Cucurbitales although the early infection process is not well understood in
these species. However, both in the nodulation of Rosales and Cucurbitales no pre-
nodules are formed. Yet nodules emerge from the pericycle opposite protoxylem
poles when the infection structures reach the inner cell layers. Intracellular infection
then proceeds inside the nodule cortex (Katharina Pawlowski and Bisseling 1996).
Inside the nodule, Frankia triggers the formation of short penetration structures in
nodule cells, which are analogous to infection threads(R. H. Berg 1999). Yet due
to the filamentous nature of Frankia, release into symbiosomes is not possible.
Nevertheless, like rhizobia, Frankia filaments proliferate throughout the host cell
during this stage of differentiation. Infecting Frankia remain enveloped in host cell
membrane and cell wall, resembling fixation threads (Katharina Pawlowski and
Demchenko 2012).

In general all actinorhizal plants produce a nodule with a central vasculature and
multiple lobes of infection, with the exception of Datisca, which forms single lobed
nodules (R. Howard Berg, Langenstein, and Silvester 1999; Katharina Pawlowski
and Demchenko 2012). Another exception of Datisca is that upon infection the
host cell becomes multinucleate, hinting at a role for cell cycle activation in Frankia
intracellular infection as well, similar as found for legumes (R. Howard Berg,
Langenstein, and Silvester 1999). An Actinorhizal nodule may resemble in some way
a lateral root, yet represent a different structure. Since no root cap nor epidermis is
formed. Inside the nodule cells Frankia proceeds to make vesicles, its nitrogen-fixing
structure. The orientation of the vesicles may differ between the symbionts. In Alnus
and most Fagales they tend to face the outside of the cell (Sasakura et al. 2006),
while in Datisca and Coriaria vesicles are elongated and organised around a large
central vacuole (R. Howard Berg, Langenstein, and Silvester 1999). At the base of the
elongated vesicles numerous mitochondria are arrayed. This structural organization
is believed to alleviate oxygen stress (Alison M. Berry et al. 2011). In most nodulating
Rosales species, nitrogen-fixing vesicles are uniformly distributed across the cell. A
notable exception in respect of vesicles formation occurs in the nodules of Casuarina
(Fagales), in which no vesicles are formed. Here, Frankia relies on a host protection
mechanism, which is the expression of a class 2 hemoglobin, similarly as occurs is
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in legumes in the form of nodule-specific leghemoglobin expression (Jacobsen-Lyon
et al. 1995). The expression of hemoglobin, or truncated hemoglobins in nodules of
some Alnus, Myrica and Datisca seems to be related to the scavenging of nitric oxide
(Sasakura et al. 2006; Anne B. Heckmann et al. 2006; K. Pawlowski et al. 2007).

Infection and fixation in Parasponia

The five tropical tree species of the genus Parasponia in the Cannabaceae family
seem to represent the only lineage outside of the legumes to form nodules with
rhizobium. In structure Parasponia nodules represent an actinorhizal nodule.
Parasponia is entered by a form of crack entry, in which the bacteria enter the root
system by the extracellular spaces. Parasponia induces epidermal and outer cortical
cell divisions to provide space for the microsymbiont to enter the root (Lancelle
and Torrey 1984). The crude organisation of these divisions suggest that little
evolutionary time elapsed to improve the infection mechanism. Parasponia therefore
also has remarkably little capacity to exclude inefficient rhizobial microsymbionts
(M. J. Trinick and Hadobas 1989). The nodule structure itself looks like a Rosales
actinorhizal nodule as seen in for example Ceanothus or Discaria (Valverde and
Wall 1999; Q. Liu and Berry 1991). Parasponia nodules have a central vascular
bundle, indeterminate meristem and the capacity to form branching nodules (Price,
Mohapatra, and Gresshoff 1984; M. J. Trinick 1979). Inside the Parasponia nodule,
uptake of bacteria proceeds directly by the formation of infection threads (M. J. Trinick
1979; Lancelle and Torrey 1984). Parasponia hosts its rhizobial microsymbionts in
fixation threads, an ancestral character, in which bacteria remain in thread coated with
host derived cell wall (M. J. Trinick and Hadobas 1988). Infection thread symbioses
are common to some clades of legumes like in the genus Chamaecrista (Naisbitt,
James, and Sprent 1992). Inside the fixation thread rhizobia differentiate, indicated
by an enlarged size and poly-B-hydroxybutyrate accumulation (M. J. Trinick 1979;
Michael J. Trinick, Goodchild, and Miller 1989). Parasponia also uses hemoglobin to
help protect the rhizobial nitrogenase. However, this gene originates for a different
class when compared to legumes, namely class 1, suggesting convergent evolution
of this trait (Appleby, Tjepkema, and Trinick 1983; Wittenberg et al. 1986; Sturms et
al. 2010).

The recruitment of Nodule Inception

Although nodule structure and organization as observed in different taxonomic
lineages seems rather diverse, there is at least a partially conserved genetic network
essential for nodule formation. Besides the use of the CSSP a key transcription
factor NIN, seems to underlie all these forms of nodule symbiosis.
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NIN represents the first symbiosis gene that has been identified by forward genetics
(L. Schauser et al. 1999). Yet it is also one of the most elusive modulators of the
genetic pathway controlling nodulation. NIN represents a major player in rhizobium
symbiotic gene expression. The gene encodes a transcription factor with a
conserved RWP-RK domain and is most likely recruited specifically into nodulation.
NIN belongs to a small gene family of RWP-RK transcription factors, which is known
as NIN-LIKE PROTEINs (NLPs). Orthologs of NIN and NLPs can be found among all
plant species. Studies in Arabidopsis and in Lotus revealed roles for NLPs in nitrate
signalling (Konishi and Yanagisawa 2013; Leif Schauser, Wieloch, and Stougaard
2005).

NODULE INCEPTION in legumes

NIN is transcriptionally activated within hours of LCO recognition, first in the
epidermis, where it is required for root-hair based infection. NIN expression in the
epidermis is sufficient for root hair curling and subsequent infection thread formation.
The process of curling and infection thread formation relies on activation of the
cell cycle to provide membrane to the growing infection threads (W. C. Yang et al.
1994; Breakspear et al. 2014). NIN proteins bind specificity to modified NRE-like cis
regulatory elements. These elements are present in symbiosis-responsive genes,
such as the CCAAT-type transcriptional regulators LjNF-YAL, LjNF-YA2 and LjNF-
YB1, which encode subunits of a nuclear factor Y complex (Laloum et al. 2014;
Soyano et al. 2013), and NPL, which encodes a nodulation pectate lyase required
for infection thread formation (Xie et al. 2012). NIN expression in the pericycle and
inner cortex is however required for subsequent nodule primordium formation. This
indicates that NIN is a central regulator in nodulation; controlling infection thread
formation in the epidermis and the induction of cell divisions in the inner cortex.
Since LCO-induced pericycle and cortical cell divisions can be initiated hours
after signalling and the fact that LCOs are immobile molecules this suggest that
NIN induction in the pericycle requires a second messenger. Or that NIN protein is
transported to the inner cell layers (Vernié et al. 2015).

Besides its responsiveness to LCO signalling, NIN induction depends on cytokinin.
The gain of function mutation of cytokinin receptor LjLHK1 (snf2) in Lotus induces
spontaneous formation of nodules, which requires NIN expression (Anne Birgitte
Heckmann et al. 2011; Murray et al. 2007). Similarly, the exogenous application
of cytokinin can induce formation of pseudonodules, this response is however
dependent on NSP1, NSP2 and NIN (Anne Birgitte Heckmann et al. 2011). Epidermal
expression of NIN is sufficient to induce cytokinin accumulation in the pericycle. A
large amount (~73%) of LCO induced gene expression depends on MtCREL1 (the
ortholog of LjLHK1) cytokinin receptor (Van Zeijl et al. 2015). Furthermore, NIN binds
the promoters of CLE peptide-encoding genes LjCLE-RS1 and LjCLE-RS2, key
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players in the autoregulation of nodulation (Kassaw et al. 2017; Hastwell, Gresshoff,
and Ferguson 2015). The autoregulation of nodulation pathway relies on the
production of the CLE peptides in active nodules, which are transported to the shoot.
CLE peptides are perceived by a CLAVATA1-like Receptor named LjHAR1/MtSUNN
(Okamoto and Kawaguchi 2015; Mortier et al. 2012; Okamoto et al. 2009) and
mutations in this receptor cause excessive nodulation. Perception of CLE peptides
results in a shoot signal that is transported back to the roots. This signal is believed
to be cytokinin (Sasaki et al. 2014). Providing additional evidence for the wiring
of NIN and cytokinin in the nodulation pathway, by negative regulation of infection
by cytokinin (Mortier et al. 2012). The NIN transcription factor is also recruited into
the nodulation program of non-legumes, such as the actinorhizal plant Casuarina,
in which knockdown of the NIN transcript attenuated nodule development (Clavijo
et al. 2015). CgNIN is also transcriptionally activated by Frankia diffusible factors
(Chabaud et al. 2016; Clavijo et al. 2015). Additionally, NIN was shown to be highly
expressed in nodules of Datisca (Cucurbitales) and Ceanothus (Rosales) (Demina
et al. 2013; Salgado et al. 2018). Taken-together, it implies some degree of functional
conservation in NIN regulation and functioning in nodulating species

The recruitment of the NIN transcription factor is common to all nitrogen fixing plants
including Parasponia (Chapter 3). The discovery of a novel nin mutant in Lotus called
daphne showed that the functions of NIN in the epidermis and in the outer cortex
can be uncoupled. The daphne mutant entails a chromosomal translocation 7 kb
upstream of NIN (Yoro et al. 2014). In Lotus daphne cortical expression of NIN is lost,
resulting in hyperinfection in the epidermis. In Chapter 6, we identify a similar nod-
mutant -FN8113- in Medicago, by screening a fast neutron bombardment population.
FN8113 represents a novel Medicago nin mutant in which infection and nodule
organogenesis are uncoupled similar to the Lotus daphne mutant. 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.

Predisposition in the evolution of nodulation

So what are nodules? In the simplest definition nodules represent a novel lateral root
derived structure, driven by signalling through the CSSP. An increasing amount of
evidence points to the fact that many plants possess these signalling mechanisms and
transcriptional modules, for their respective roles in arbuscular mycorrhizal infection,
nitrate signalling and lateral root formation. It is therefore clear that nodulation does
not seem to rely on completely novel components.
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Were there multiple independent origins of Nodulation?

Nodule formation itself is clearly the invention of only a very limited group of plant
species. As mentioned before this group of plant is evolutionary linked by a common
ancestor and the the taxonomic clade encompassing all nodulating plants is referred
to as the Nitrogen Fixation Clade (NFC). So, how many times has nodulation evolved?
And what has driven its evolution? Researchers have tried to answer these questions
by phylogenetic approaches, simply looking at the occurrence of nodulating and non
nodulating clades over the phylogeny of the NFC. The most parsimonious solution,
requiring the least evolutionary events, is that nodulation evolved multiple times
independently (Jeff J. Doyle 1994; Soltis et al. 1995; Swensen 1996). This would
also explain the different types of symbionts; three taxonomic clusters of Frankia
Actinobacteria and the diverse assembly of rhizobia found in nodules. Additionally
it would support the structural differences of nodules. While legume nodules look
like stems with vasculature in the periphery, Frankia nodules all possess a lateral
root like ontogeny. So, how many times has nodulation evolved? The hypothesis
changes over time with the increase in understanding of the species phylogeny.
Some studies predict five gains in the legume family (Fabales) for rhizobium
nodulation (Jeff J. Doyle 2011). However, since most of these gains take place in the
paraphyletic sister group of the Papilionoid legumes the Mimosoid, Caesalpinoid,
Cassia (MCC-clade) assembly a single origin and multiple losses for the fabales
family is also plausible (Janet |. Sprent, Ardley, and James 2017; Azani et al. 2017;
J. J. Doyle 2016). Although this view conflicts with the many differences in fixation
structures, nodule anatomy and host ranges (J. J. Doyle 2016; Janet I. Sprent 2007).
In addition to the possibility of multiple origins in the legume clade, nine origins of
Frankia nodulation are predicted (Li et al. 2015). These independent origins may
be correlated to favorable climate conditions for nitrogen fixation millions of years
ago. The ancestor of the nitrogen-fixing clade evolved in the early Cretaceous (ca.
92-110 Mya). With all of the four major orders predicted to have originated at around
90 Mya. The oldest known nodule fossils are from the late Santonian 83,6-86.3 Mya
(Georgia et al. 1999). It is predicted that most of the nodulating actinorhizal lineages
evolved in the late Cretaceous 101,8-71,4 Mya, with only two lineages originating
in the late Eocene the genus Ceanothus and the Colletieae tribe that contains
Discaria (Li et al. 2015). This makes the actinorhizal symbiosis considerably older
than the legume-rhizobium symbiosis. In the Fabales order nodulation is supposed
to have evolved between 60-70 Mya followed by rapid speciation (J. J. Doyle and
Luckow 2003). This rapid speciation may have been driven by ancient polyploidy
events(Lavin, Herendeen, and Wojciechowski 2005; Cannon et al. 2015).
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Was the evolution of Nodulation driven by a precursor state?

A major outstanding question remains why only this specific group, the NFC, evolved
the capacity to nodulate? A hypothesis, as old as the recognition that nitrogen-
fixing species belong to a single clade, is the existence of a precursor state or
“predisposition” for nodulation (Soltis et al. 1995). In this way in the first common
ancestor of the NFC, an innovation happened, and this innovation made it more
likely for its descendants to evolve nodulation. This predisposition hypothesis has
gained popularity over time. Although much debate exists over what it implies
exactly. These vastly different timescales for the evolution of nodulation make the
nature of the predisposition trait even more cryptic. If a single origin of the precursor
state is implied it means retention of the precursor state for millions of years in
some lineages. This means that the precursor state, must be a functional trait in non
nodulators.

Modelling approaches, aimed to couple the likelihood of the evolutionary pattern to
models with a single, multiple, or no occurrences of a precursor state, revealed that
the evolution of a precursor state was a prerequisite to explain the recurrent patterns
of the phylogeny. However, it also revealed that nodulation itself and the elusive
precursor state can be lost (Werner et al. 2014). Nodulation represents a rather
complex trait, which can be easily abolished by a single mutation in any of the genes
essential for nodule formation and/or functioning. Conceptually it is therefore much
easier to lose the nodulation trait rather than to gain it. The model also predicted that
in order to keep nodulation, optimizing mutations accumulate giving rise to “stable
fixers”. This means that in these species, nodulation becomes embedded in their
way of life, making loss of the trait more difficult. This feature may be reflected in
the fact that legumes occupy habitats all over the world, also those with moderate or
high amounts of nitrogen. Legumes seem to require high nitrogen concentrations,
predominantly for their nitrogen-rich seeds and leafs. Legumes predominantly live
a nitrogen rich lifestyle, meaning they boost photosynthesis using high leaf nitrogen
content (McKey 1994). While the nitrogen-rich seeds kickstart seedling development
(Adams et al. 2016). It was predicted that most papilionoid legumes belong to the
“stable fixer” category and may be unlikely to lose nodulation due to their high
nitrogen demand (Werner et al. 2014, 2015).

Alternative scenarios, The loss of mutualism

The possible loss of mutualism was already recognized in 1995 as an alternative
hypothesis to explain the phylogenetic distribution of this trait (Soltis et al. 1995). The
possibility of all nodules being homologous structures and therefore derived from a
common ancestor was however largely dismissed as a possibility. This was mainly
based on structural evidence (Janet I. Sprent 2007). Further, it would imply a large
amount of independent losses, which would not be the most parsimonious solution
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(Roy and Bousquet 1996; Werner et al. 2014; J. J. Doyle and Luckow 2003; Li et al.
2015; Soltis et al. 1995). Homologous nodulation involved, by definition, only a single
recruitment event for each gene. In this case, genes recruited for nodulation would
not only be homologous but also orthologous, which means the nodulation genes are
derived by speciation, not duplication. Findings of non homologous recruitment, for
example were distant paralogues are recruited, provides support for non-homology.
It is generally not uncommon for evolutionary events to recurrently recruit similar
modules of development. A prime example of this is the recurrent evolution of C4
photosynthesis, in which similar existing enzymatic pathways have been recruited
multiple times. With an estimated origin of 22-24 times in Grasses, the existence
of a predisposition for evolving C4 was postulated(Christin et al. 2013). It is clear
that many genes involved in nodulation in the different species are direct orthologs,
such as NIN, SYMRK and CYCLOPS. Nonhomologous nodulation would imply
convergent recruitment of these genes in symbiosis. This would however not be
uncommon in evolution. Since evolution often acts on existing pathways, recruitment
of CSSP or NIN could simply be a prerequisite for evolving nitrogen-fixing nodules
from the precursor state. This hypothesis implies that the precursor state may have
something to do with the regulation of the CSSP or the regulation/targets of NIN
(Soyano and Hayashi 2014; Markmann 2008). Evidence of orthology of symbiosis
genes does therefore not directly infer homologous nodulation.Genomic comparison
to uncover adaptive innovations

Studying Parasponia to discover genetic adaptations underlying rhizobium
symbiosis.

A strategy to detect the nature of the precursor state and the adaptive innovations
that are required to evolve nodulation would be to compare predicted recent gains
of nodulation to non-symbiotic sister species (Delaux, Radhakrishnan, and Oldroyd
2015). The chances of success for such studies greatly depends on the genetic
distance of the species that will be compared. One of the most recent predicted gains
of nodulation would be Parasponia in the Cannabaceae lineage, as it is predicted to
have evolved its ability to nodulate with rhizobium recently. The Parasponia genus
only consists of five species and is native to Indonesia, Papua New Guinea and
various volcanic island in the South Pacific. Parasponia spp. thus grows in a rather
specific niche, volcanic soils, which are usually devoid of mineral nitrogen but high in
minerals (Shipley 1919; Fujimura et al. 2016). Parasponia is closely related to Trema,
which has a pantropical distribution (M. Q. Yang et al. 2013). Trema, according to
the previously discussed model, is predicted to be still in precursor state(Werner et
al. 2014).
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The Parasponia lineage seems to represent a unique evolutionary replicate of
rhizobium nodulation. Distinct features of the Parasponia - rhizobium interaction has
prompted researchers to speculate this interaction was rather young (Behm, Geurts,
and Kiers 2014). Parasponia is nodulated by a diverse set of rhizobia, and can form
nodules with bacteria of the genus Bradyrhizobium, Mesorhizobium, Sinorhizobium
and Rhizobium. Thus it deploys a remarkable lack of specificity for its symbiont (R.
H. M. Op den Camp et al. 2012). Further, it was shown that Parasponia activates
this symbiosis by triggering calcium spiking by treatment with LCOs, while this
was not the case for Trema spp. (Grangvist et al. 2015). As mentioned above, its
lateral root-like nodule ontogeny suggests a less derived state. The most compelling
indication was however that Parasponia seems to have co-opted its Hemoglobin
independently and very recently. The fact that hemoglobin of Trema spp. is not
adapted for advanced oxygen carrying, although the proteins have 96% identity,
supports the hypothesis that Parasponia - rhizobium symbiosis represents a recent
evolutionary origin (Sturms et al. 2010; Kakar et al. 2011).

In Chapter 3, we sequence and compare the genomes of Parasponia andersonii
and Trema orientalis (Trema) to find gene gains which would correlate to the nitrogen
fixation trait. Contrary to our initial expectation, no genes which correlate to the
nitrogen fixation trait were identified in Parasponia. Rather we observed a pattern
of gene loss in non symbiotic relative Trema. We identify seven genes consistently
lost in Trema species, among which are NIN, NFP2, the ortholog of legume nod
factor receptor NFP, and RPG, a protein exclusively expressed in legume infection
threads. These losses occurred in parallel in different Trema lineages. This pattern of
gene loss is shared by more distant Rosales species. These genes could represent
the rewiring of LCO recognition, NIN for nodule formation and a common infection
hub RPG for infection thread formation. The results presented in Chapter 3 are
therefore not in line with the long standing hypothesis of independent origins of
nodulation and the occurrence of a predisposition event. On the contrary the results
imply a role for gene loss to explain the evolutionary pattern of symbiosis. Besides
gene losses in Trema and other Rosales species, we also identify a specific gene
loss in Parasponia. Parasponia species have lost the direct ortholog the Lotus lysM
receptor kinase EXOPOLYSACHARIDE RECEPTOR (EPR), responsible for host
range recognition in Lotus. This raised questions on the evolution of the LysM-type
receptor gene family of Parasponia. This is a focus of Chapter 4, where | determine
which Parasponia LysM-type receptors are essential for LCO,CO signalling and its
involvement in rhizobium nodulation and arbuscular mycorrhization.

During the genomic comparisons, we also identify two other large receptor kinase
families with a putative role in nodulation. These will be the focus of the final
experimental Chapter 5. The CYSTEINE RICH RECEPTOR KINASE 11 (CRK11)
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and the LECTIN RECEPTOR KINASE 1 (LEK1). Both of these genes are lost in
parallel in non nodulating Trema relatives, and both have a nodule specific expression
pattern Parasponia. In addition, we noted 14 other members the CRK family have
a nodule enhanced expression pattern. Therefore we decided to evaluate the role
of this receptor kinase family in Parasponia - rhizobium nodulation. We reveal a
variable cluster of CRK genes in the Parasponia genome with role in infection thread
progression in the nodule. While PanLEK1 appears to be the only legume lectin
involved in nodulation with a strong role in defense response suppression in the
nodule.
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Abstract

Plants face the problem that they have to discriminate symbionts from a diverse pool of
soil microbes, including pathogens. Studies on different symbiotic systems revealed
commonalities in plant-microbe signalling. In this chapter we focus on four intimate
symbiotic interactions: two mycorrhizal ones, with arbuscular- and ectomycorrhizal
fungi, and two nitrogen-fixing ones, with rhizobium and Frankia bacteria. Comparing
these systems uncovered commonalities in the way plants attract their symbiotic
partners. Especially flavonoids, and in a lesser extent strigolactones, are pivotal
plant signals that are perceived by the microsymbiont. In response, signal molecules
are exuded by the microbes to trigger symbiotic responses in their host plant.
Strikingly, microbes that establish an endosymbiotic relation with their host plant,
namely arbuscular mycorrhizal fungi, rhizobium and Frankia bacteria, make use of a
symbiotic signalling network that is highly conserved in plants. The use of flavonoids
as attractants for symbiotic microbes, in combination with the use of a common plant
signalling network to establish endosymbioses, raises questions about how plants
manage to discriminate their microbial partners.

1. Introduction

High throughput sequencing approaches have uncovered an overwhelming diversity
of soil microbes. Plants affect this microbial community - directly or indirectly - with
their root systems. For example, roots exude substantial amounts of organic and
amino acids, polymerized sugars (e.g. mucilage) as well as release border cells
and dead root cap cells, which all form a nutrient source for many microbes (Jones,
Nguyen, & Finlay, 2009). On top of that more specific secondary metabolites are
exuded that manipulate the microbial community by acting as antimicrobial agents
or as attractants. Conversely, soil microbes can affect plant growth. For example,
microbes can promote plant growth by improving nutrient availability, or inducing
resistance against biotic and abiotic stresses (Coleman-Derr & Tringe, 2014; Mendes,
Garbeva, & Raaijmakers, 2013). On the other hand, pathogenic microbes can induce
resource loss and disease. In this complex plant root microbiome network the plant
must therefore discriminate between bacteria and fungi that provide an advantage
and those that act as commensals or even pathogens. In this chapter we will focus on
the molecular communication in a symbiotic context which occurs in plant roots and
the rhizosphere. Plants establish several intricate long-term mutualistic relationships
with microbes that are hosted intercellularly (ecto) or intracellularly (endo). Here, we
will discuss the commonalities of four intimate symbiotic interactions. Thereby we
will focus on two key stages of the interaction: attraction of the microbial partner, and
subsequent microbe-induced signalling to establish a symbiosis.
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2. Intimate plant root-microbe symbioses

Plant root symbiosis occur at different levels of engagement, ranging from loosely
attached microbes that provide a certain advantage to the plant to bacteria that
are intracellularly accommodated as organelle-like structures (Mendes et al., 2013;
Van Loon, 2007). The best studied plant root symbioses are those with arbuscular
mycorrhizal and ectomycorrhizal fungi, and those with rhizobium and Frankia
nitrogen fixing bacteria, together encompassing a diverse range of plant and
microbial species.

2.1 Mycorrhizal symbiosis

Mycorrhizal symbioses - the symbiotic interactions between some soil fungi and
plant roots - can occur in several forms. Of these the ancient arbuscular (endo-)
mycorrhiza and the much younger forms of ectomycorrhiza are best studied. Based
on fossil records arbuscular mycorrhizal symbiosis is estimated to be at least ~400-
460 million years old, and evolved in a period that coincides with colonization of
terrestrial habitats by plants (Redecker, Kodner, & Graham, 2000; Remy, Taylor,
Hass, & Kerp, 1994; Simon, Bousquet, Levesque, & Lalonde, 1993). Still today the
vast majority of land plant species establish an arbuscular mycorrhizal symbiosis,
underlining the ecological importance of this interaction (Wang & Qiu, 2006).
The fungi that establish an arbuscular mycorrhizal symbiosis belong to a distinct
taxonomic phylum, the Glomeromycota. This phylum possibly represents more than
1000 species, though only less than 300 have been characterized to a certain level
of detail (Redecker et al., 2013). Arbuscular mycorrhizal fungi are obligate biotrophs.
Their hyphae penetrate plant roots intercellularly and form intracellular feeding
structures - called arbuscules - in root cortical cells (Figure 1A). Arbuscules are
surrounded by a plant-derived membrane, but are largely deprived of plant cell wall
material (Raffaella Balestrini & Bonfante, 2014). At this symbiotic interface nutrients
are exchanged. Minerals - especially phosphates and nitrates - taken up by the
fungal extraradical mycelium are delivered to the plant in return for carbohydrates.
Arbuscules remain functional for several days, after which they collapse and
disappear, leading to a reversion of the plant cell to its asymbiotic cortical fate.

Ectomycorrhizal symbiosis can occur between diverse groups of plant and
fungal species, as a result of several independent evolutionary events (Martin et
al., 2016). Overall this type of symbiosis can occur in about 2% of all land plants,
including all dominant tree species in temperate forests, such as pines (Pinus),
Douglas firs (Pseudotsuga), oaks (Quercus), willows (Salix), beeches (Fagus) and
birches (Betula) (Smith & Read, 2008; Tedersoo et al., 2010). Ectomycorrhizal
fungi belong to several taxonomic phyla including Basidiomycota, Ascomycota, and
Zygomycota (Tedersoo & Smith, 2013) which are all closely related to species with
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Figure 1. Schematic representation of the cellular mode of infection of the four symbioses
discussed in this chapter. Green lines indicate plant cell membrane, red lines indicate the
plant cell membrane-derived symbiotic interface in the form of the periarbuscular membrane
for AM, symbiosomes for rhizobium/legumes, and fixation threads for Frankia/actinorhizal
plants and for rhizobium/Parasponia. (A) Hyphae of an endomycorrhizal fungus penetrating
the cell and forming a feeding structure named arbuscule. Arbuscules are not surrounded by
a plant-derived cell wall. (B) Hyphae of an ectomycorrhizal fungus growing intercellularly. (C)
Rhizobium bacteria released within transient organelle-like structures - named symbiosomes
- in nodule cells of most legumes. (D) Frankia in actinorhizal plants and some rhizobia in
parasponia and in some basal legumes infect cells of nodules through fixation threads.
Fixation threads are largely deprived of plant cell wall. The bacteria in fixation threads remain
in contact with the apoplast. blue: vacuole (v); purple: microbe; brown: plant cell wall; green:
plant plasma membrane; red: plant-derived endosymbiotic membrane.

a saprotrophic lifestyle. Saprophytic fungi have an extensive repertoire of genes
encoding degrading enzymes that can effectively mobilize resources, in particular
nitrogen and phosphorus, from a variety of organic substrates (Plett & Martin,
2011). However, compared to their saprophytic sister clades, ectomycorrhizal
fungi only have a limited set of genes encoding plant cell wall-degrading enzymes
(e.g., pectin lyases and pectinases) (Kohler et al., 2015). Nevertheless, expression
studies indicate that some of the plant cell wall-degrading enzymes that have been
maintained may function during symbiosis (Balestrini & Bonfante, 2005).

Despite the diverse and paraphyletic groups of plant and fungal species that establish
ectomycorrhizal symbioses, there is a remarkable resemblance in symbiotic
phenotypes. The fungi preferentially colonise newly formed lateral roots. Upon
hyphal attachment, they modulate root growth which allows them to colonise the
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root apoplast, forming a so-called Hartig net. The penetration depth of the hyphae
is variable, but it typically comprises several layers of cortical cells, excluding the
endodermis. In contrast to the endomycorrhizal symbiosis root cells are not invaded
intracellularly (Figure 1B). Ultimately, many fungal hyphae cover the root surface
forming a thick, multi-layered ‘mantle’, insulating the infected lateral root. The
molecular mechanisms underlying Hartig net development remain elusive. Recent
efforts, using a combination of genome sequencing and reverse genetic studies,
have provided new insights in the early symbiosis signalling. For example in the
fungus Laccaria bicolor it was found that an aquaporin (LbAQP1) is essential for
Hartig net development and the expression of effector genes. LbAQP expression
is triggered upon direct root contact and functions as a transport facilitator for
plant signalling molecules, most likely H,0,, NO or CO,. (Navarro-Rodenas, Xu,
Kemppainen, Pardo, & Zwiazek, 2015). Additionally L. bicolor produces auxin (IAA)
in its mycelium that triggers auxin-related responses in the plant root (Vayssieres
et al., 2015). This finding is in line with pioneer work that showed that increased
mycorrhizal activity is associated with increased auxin biosynthesis by the fungus
(Gea, Normand, Vian, & Gay, 1994). Together, these studies make clear that plant-
fungal signalling intertwines with plant auxin homeostasis and possibly used reactive
oxygen species to establish a symbiotic interaction.

2.2 Nitrogen fixing endosymbioses

A selective, though diverse, group of plant species is able to establish an
endosymbiosis with nitrogen-fixing (diazotrophic) bacteria. These bacteria belong
either to the genus Frankia or to the paraphyletic group of bacteria known as
rhizobia. Frankia and Rhizobia strains gained the symbiotic trait by horizontal gene
transfer. The genus Frankia is a diverse assemblage of filamentous sporangia-
forming actinobacterial species that can be saprophytic, facultative symbiotic, or
obligate symbiotic. The Frankia genus can be separated in four separate bacterial
clusters based on phylogenetic analysis, with only three of them that can establish
symbiosis (Gtari, Tisa, & Normand, 2013). Plant species that can form a nitrogen-
fixing endosymbiosis with Frankia bacteria (~230 species known as actinorhizal
plants) are dispersed over 25 genera and 8 taxonomic families, suggesting multiple
evolutionary origins of this symbiosis (Pawlowski & Demchenko, 2012).

Relative to Frankia, rhizobia are even more diverse, representing 15 genera in eight
families of a-, B- and y-Proteobacteria (Remigi, Zhu, Young, & Masson-Boivin, 2015).
Nitrogen-fixing symbiosis with rhizobia is prominent in the legume family (Fabaceae),
but can also occur in Parasponia, a genus in the Cannabis family (Cannabaceae).
Based on the phylogenetic distance between Fabaceae and Cannabaceae it is most
probable that - similarly to the actinorhizal symbiosis - there are multiple origins
for rhizobial symbiosis (Behm, Geurts, & Kiers, 2014; Geurts, Lillo, & Bisseling,
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2012). The formation of specific nodule-like structures (root nodules) by the host
plant, in which the bacteria proliferate and fix nitrogen, is common for both types of
endosymbiosis with diazotrophic bacteria.

The reason for this may be that rhizobia and Frankia bacteria are generally not able
to infect differentiated cells of the plant root. Only cells of the future nodule that are
mitotically activated by the microsymbiont can be infected, suggesting that these
cells are developmentally reprogrammed (Geurts, Xiao, & Reinhold-Hurek, 2016).
The nodules are optimized to facilitate growth of the microbial partner, which, once
inside nodule cells, differentiates in its symbiotic form and fixes atmospheric nitrogen
into ammonia in exchange for carbohydrates.

Variation exists in the way the nitrogen fixing bacterial partner is hosted. In most
legume nodules, rhizobia are hosted in transient organelle-like structures, called
symbiosomes. Symbiosomes are released from intracellular infection threads that
have guided the rhizobium bacteria from the epidermis towards the newly formed
nodule. Hundreds of symbiosomes surrounded by a plant-derived membrane,
often containing only one bacterium, can be present in a single nodule cell. This
membrane forms a symbiotic interface where nutrient exchanges take place
between the bacteria and the cytoplasm of the host cell (Figure 1C). In Parasponia
and actinorhizal plants symbiosomes are not formed. Instead, the bacteria remain
in thread-like structures, known as fixation threads (Figure 1D). Fixation threads
differ from the penetrating infection thread by a reduction of plant cell wall material.
Fixation threads also occur in a few legume species and may represent a more
ancestral form of bacterial endosymbiosis than symbiosomes (Behm et al., 2014).

Of the four intimate symbiotic interactions that are central here, three have evolved
more than once: the symbioses with rhizobia, Frankia and ectomycorrhizal fungi.
This suggests an evolutionary advantage of root symbiosis for both partners.
Interestingly, several studies indicate that similar mechanisms have been co-opted in
all four symbiotic interactions. Below we will discuss the commonalities in signalling
mechanisms between the four symbioses central in this chapter.

3. Recognition and attraction of symbiotic partners

As outlined above, not all plants are able to form an intricate root microbe symbiosis;
nor are all soil microbes symbiotic. Consequently, symbiotic partners need to
recognize each other. Microbes recognize potential host plants by root exudates.
Indeed, plants can exude signalling molecules to attract their symbiotic partner.
Common signals in symbiotic partner recognition are exuded flavonoids, which play
a role in all four symbioses. In addition, it was noted that exuded strigolactones can
act as signal molecules, especially in arbuscular mycorrhizal symbiosis. Strikingly,
both types of molecules function also as endogenous plant signals.
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3.1 Flavonoids induce microbial responses

Flavonoids are a subclass of plant polyphenolic compounds and are a major class
of secondary metabolites. As is typical for plant secondary metabolites, flavonoids
are diverse: ~9000 chemical structures have so far been reported (Ferrer, Austin,
Stewart, & Noel, 2008). Flavonoids are synthesized through the phenylpropanoid
pathway. A chalcone synthase produces the chalcone scaffolds from which all other
flavonoids are derived and is the first enzyme specific for flavonoid production
(Falcone Ferreyra, Rius, & Casati, 2012). A series of enzymatic reactions can
alter the chalcone scaffold into a huge diversity of compounds. Flavonoids are
typically categorized in subclasses based on these enzymatic reactions. The major
subclasses of flavonoids include phlobaphenes, flavones, flavanones, flavonols,
aurones, isoflavonoids, anthocyanins and condensed tannins. Many flavonoids are
known to have glycosylated forms, i.e. quercitrin is formed by the addition of the
deoxy sugar rhamnose to the flavonol quercetin, whereas rutin is formed by the
addition of the disaccharide rutinose. Such small modifications can have drastic
consequences for the observed effects in symbioses.

The involvement of flavonoids in symbioses has been described for all four types
of symbiosis discussed in this review (arbuscular mycorrhizal, ectomycorrhizal,
rhizobial and actinorhizal symbioses). For two compounds positive effects in all
four symbioses have been described (Figure 2). Naringenin positively influences

Flavonoids
Hyphal branching Spore germination Increased growth LCO biosynthesis
Hyphal growth Effector secretion Increased growth
Spore germination / \

Arbuscular Ectomycorrhizae Frankia Rhizobia
mycorrhizae

\ / /

Hyphal branching ? | Increased growth | | Swarming motility |
Hyphal growth
CO production

Effector secretion \

Figure 2. Flavonoids and Strigolactones are generic attractants for microsymbionts. Increased
growth of Frankia can possibly be attributed to either flavonoids, strigolactones, or even other
components as total root exudates were used to demonstrate this (Beauchemin et al., 2012).
COs = Chito-Oligosaccharides, LCOs = Lipo-Chito-Oligosaccharides.

Strigolactones




42 | Chapter2

arbuscular mycorrhizal colonization (Garg & Singla, 2016) and rhizobium symbiosis
(Weston & Mathesius, 2013), enhances spore germination of the ectomycorrhizal
fungus Suillis bovinus (Kikuchi, Matsushita, Suzuki, & Hogetsu, 2007) and restores
Frankia nodulation in a chalcone synthase mutant of the actinorhizal plant Casuarina
glauca (Abdel-Lateif et al., 2013). Quercetin has been reported to stimulate spore
germination, hyphal branching and growth of arbuscular mycorrhizal fungi (Bécard,
Douds, & Pfeffer, 1992; Tsai & Phillips, 1991), the growth rate of rhizobium bacteria
(Hartwig, Joseph, & Phillips, 1991), the actinorhizal nodulation (Sayed & Wheeler,
1999) and it also stimulates the production of the symbiotic effector protein MiSSP7
in the ectomycorrhizal fungus L. bicolor (Plett & Martin, 2012).

The molecular mode of action of naringenin and quercetin is not always known.
Best studied is the effect of naringenin - and other flavonoids - in rhizobia, where
flavonoids target NodD proteins. Rhizobial NodD proteins belong to the class of
LysR-type transcriptional regulators that are activated upon the binding of external
signals (Honma, Asomaning, & Ausubel, 1990; Mulligan & Long, 1989). Binding of
a flavonoid molecule causes a conformational change which results in an increased
binding affinity for specific cis regulatory elements. In case of NodD this element is
known as the nod box (Chen et al., 2005). Rhizobia generally have several operons
that contain a nod box in their promoter region. Most prominent are the genes
encoding an ABC transporter (Nodl and NodJ) and 3 genes encoding the enzymes
N-acetylglucosaminyltransferase (NodC), a chitooligosaccharide deacetylase
(NodB) and a N-acyltransferase (NodA). These proteins are essential for biosynthesis
and secretion of lipo-chitooligosaccharide molecules (LCOs), which act as potent
symbiotic signal molecules (see section 4) (Limpens, van Zeijl, & Geurts, 2015; G.
E. D. Oldroyd, 2013).

In case of arbuscular mycorrhizae and Frankia it remains elusive whether flavonoids
trigger biosynthesis of similar symbiotic signalling molecules, despite the fact that
flavonoids have a positive effect on both symbioses (Auguy et al., 2011; Garg &
Singla, 2016). LCOs and short chain chitin oligomers (tetra and pentameric COs)
have been shown to be produced by the mycorrhizal fungus Rhizophagus irregularis,
but their biosynthetic pathways have not yet been uncovered (Lin et al., 2014; Maillet
et al., 2011; Genre et al 2013; Tisserant et al., 2013). In case of symbiotic Frankia
species, LCO bhiosynthesis genes are not common, and only found in a representative
of a relatively isolated taxonomic lineage (cluster 2): namely (candidatus) Frankia
datiscae strain DG1 (Persson et al., 2015). For this strain it was found that nodA,
nodB, nodC, nodl and nodJ are expressed when the bacteria occupy Datisca
glomerata root nodules (Beauchemin et al., 2012). Therefore, it is most probable
that F. datiscae LCO signals play a symbiotic role.
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Other flavonoids have been described to be involved in one or a few of the discussed
symbioses, but were never tested in the other types of symbiosis. Nevertheless,
these observations can shed an interesting light on the symbiotic role of flavonoids.
Especially interesting is the described host specificity in the legume rhizobia
interaction (Reddy, Maria, & Soto, 2007), which in part is determined by recognition
of specific flavonoids. Whereas a specific flavonoid can induce expression of the
LCO biosynthetic nodABC operon in one bacterium, the same compound can have a
negative effect in another bacterium. For example, the flavonoid coumestrol positively
influences the symbiosis between Glycine max and Sinorhizobium fredii USDA191
(Kosslak, Bookland, Barkei, Paaren, & Appelbaum, 1987) but negatively influences
the symbiosis between Medicago sativa and Sinorhizobium meliloti 1021 (Zuanazzi
et al., 1998). In this context, it is also relevant to note that the composition of root
exudates may vary depending on the developmental stage of the root. For example,
studies in Medicago sativa indicate that flavonoids with a positive effect on the
symbiosis are exuded in the elongation and differentiation zone that is susceptible to
rhizobium infection. Whereas repelling flavonoids are exuded in the adjacent regions
of the root (i.e. the root tip and the more mature part of the root) (Peters & Long,
1988; Zuanazzi et al., 1998). However, such studies have not been further extended
to see whether similar mechanisms exist in other nodulating taxa.

In addition to direct application of flavonoids to microbial cultures, reverse genetic
studies in plants have been conducted. In most studies chalcone synthase genes
were targeted. Chalcone synthase knockdown in actinorhizal Casuarina glauca,
or in the legume model Medicago truncatula results in impaired nodulation (Abdel-
Lateif et al., 2013; Wasson, Pellerone, & Mathesius, 2006). In both plant systems
this phenotype can be restored by the application of naringenin. In contrast, no
effect was reported on the arbuscular mycorrhizal symbiosis when using a chalcone-
synthase double-mutant in maize (Becard, Taylor, Douds, Pfeffer, & Doner, 1995).
The fact that a chalcone synthase maize mutant can be normally mycorrhizal with
different fungal species demonstrates that flavonoids are not essential signals for
this symbiosis. Nevertheless, flavonoids may act as facultative signals, and may play
a role in host selection, by activating certain fungi over others (Ellouze et al., 2012).

The importance of flavonoids in root nodule symbiosis may be the result of the fact
that flavonoids also act as endogenous plant signals that control auxin transport
(Brown et al., 2001; Mathesius et al., 1998; Wasson et al., 2006). Based on
quantitative modeling and experimental studies it is hypothesized that a transient
decrease in auxin efflux can lead to formation of a local auxin maximum, which
is the onset of nodule development (Deinum, Geurts, Bisseling, & Mulder, 2012;
Hirsch, Bhuvaneswari, Torrey, & Bisseling, 1989). Such a function of flavonoids
in nodulation is supported by the finding that naringenin can restore nodulation in
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the Medicago truncatula cytokinin signalling mutant Mtcrel (Ng, Perrine-Walker,
Wasson, & Mathesius, 2015). This study demonstrates that naringenin not only acts
as an attractant of symbiotic microbes, but also functions as an endogenous plant
signal, which - in a symbiotic context - acts downstream, or in parallel, to rhizobium-
induced cytokinin signalling.

3.2 Dual Role of Strigolactones

Strigolactones are carotenoid-derived terpenoid lactones, often composed of four
rings. Three rings form a tricyclic lactone, which is connected to the fourth butenolide
ring via an enol ether bridge (Pandey, Sharma, & Pandey, 2016). Strigolactones
are known as endogenous plant hormones that control several steps in plant
development (Brewer, Koltai, & Beveridge, 2013). Over the last decade major
advances have been made on the identification of the strigolactone biosynthesis
and perception pathway. A carotenoid isomerase (hamed DWARF27 (D27) in most
species), two carotenoid cleaving dioxygenases (named CCD7 and CCD8), and a
cytochrome P450 (possibly MAX1 in Arabidopsis thaliana) are sequentially required
to produce the strigolactone backbones: either 4-deoxyorobanchol or 5-deoxystrigol
(Alder et al., 2012; Y. Zhang et al., 2014). It is postulated that this backbone can be
further decorated to produce the wealth of different strigolactone metabolites (Al-
Babili & Bouwmeester, 2015). In plants the strigolactone receptor was identified as
a a/p hydrolase (hamed OsDWARF14 (D14) in rice (Oryza sativa) and AtDAD?2 in
Arabidopsis thaliana). Together with a specific F-box protein named OsDWARF3/
AtMAX2 it forms the SCF E3 ubiquitin ligase complex required for strigolactone
signalling (Hamiaux et al., 2012; Zhao et al., 2015).

The discovery that strigolactones stimulate hyphal branching in the arbuscular
mycorrhizal fungus Gigaspora margarita (Akiyama, Matsuzaki, & Hayashi, 2005) has
launched an interest in the involvement of these compounds in symbiotic signalling.
The observation that strigolactones induce hyphal branching in G. margarita - at
very low concentrations - has led to the hypothesis that the induction of hyphal
branching must be receptor-mediated (Akiyama, Ogasawara, Ito, & Hayashi, 2010).
Furthermore, it was found that the synthetic strigolactone analog GR24 triggers
mitochondrial activity in the arbuscular mycorrhizal fungi Rhizophagus intraradices
and Gigaspora rosea (Besserer et al., 2006). However, it should be noted that in
order to induce hyphal branching in G. rosea besides GR24, also the flavonoid
quercetin is needed in the fungal growth medium (Besserer, Bécard, Jauneau, Roux,
& Séjalon-Delmas, 2008). As quercetin is known to stimulate arbuscular mycorrhizal
growth, hyphal branching and spore germination (Tsai & Phillips, 1991) this suggests
that with this specific fungus strigolactones alone might not be sufficient to induce
hyphal branching. In an independent experiment increased production of short chain
COs upon application of GR24 was reported for Rhizophagus irregularis (Genre et
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al., 2013) (Figure 2). In addition, a putative effector protein (RiSIS1) was identified in
a screening of upregulated genes in GR24-treated Rhizophagus irregularis (Tsuzuki,
Handa, Takeda, & Kawaguchi, 2016). Using host-induced gene silencing the RiSIS1
gene was knocked down during infection, which resulted in significant suppression
of colonization and stunted arbuscules. This suggests that RiSIS1 is a strigolactone-
induced effector protein.

Application of GR24 to four ectomycorrhizal species revealed no effect on hyphal
branching (Steinkellner et al., 2007) (Figure 2). This suggests strigolactones play a
less important or different role in this type of symbiosis. In contrast, a negative effect
of GR24 was observed on growth and branching of a range of phytopathogenic fungi
(Dor, Joel, Kapulnik, Koltai, & Hershenhorn, 2011), including species previously
found not to be affected by GR24 (Steinkellner et al., 2007). It should be noted that
these effects were only observed when relatively high concentrations of GR24 were
used (Dor et al., 2011) and as such it remains unclear whether these concentrations
were biologically relevant.

Apart from the beneficial effects in arbuscular mycorrhizal symbiosis, several studies
revealed effects of strigolactones in the rhizobium/legume symbiosis (Figure 2).
Exogenous application of GR24 increases Medicago sativa nodule number when
inoculated with Sinorhizobium meliloti (Soto et al., 2010). Interestingly, the same
study reports that the bacterial growth and nodC expression are not affected by GR24,
leading the authors to hypothesize that the effect of GR24 is on the plant. However,
more recently it was suggested that GR24 might affect Sinorhizobium meliloti by
promoting bacterial swarming motility (Pelaez-Vico, Bernabéu-Roda, Kohlen, Soto,
& Lopez-Réez, 2016). In an independent experiment in Medicago truncatula low
concentrations (0.1 uM) of GR24 also resulted in increased nodule numbers, but
higher concentrations (2-5 uM) resulted in reduced nodule numbers and lateral root
density (De Cuyper et al., 2014). Taken together this suggests that strigolactones
act mainly as plant hormones involved in developmental programs during rhizobial
symbiosis. In line with this, the strigolactone biosynthesis gene MtD27 was shown to
be inducible by rhizobium LCOs three hours after application and that this induction
is regulated by the common symbiotic signalling pathway (Van Zeijl et al., 2015).

Mutants and knockdown experiments of strigolactone biosynthesis genes in several
species shed light on the dual role of strigolactones in symbioses. Whereas often
symbiotic phenotypes are observed, itis not trivial to decide whether these phenotypes
are an effect of a change in direct signalling between host and symbiont, or whether
a change in hormonal balance causes a difference in plant developmental program.
Carotenoid cleavage dioxygenases (CCD) are among the most studied strigolactone
biosynthetic enzymes in a symbiotic context. Mutation or knockdown of ccd7/8 in
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several plant species results in reduced mycorrhizal colonization (Gomez-Roldan et
al., 2008; Kohlen et al., 2012; Kretzschmar et al., 2012; J. Liu et al., 2013; Vogel et
al., 2010). In addition, nodulation was reported to be impaired in the Lotus japonicus
CCD7 knockdown and both ccd7 and ccd8 mutants of pea (Foo, Yoneyama, Hugill,
Quittenden, & Reid, 2013; J. Liu et al., 2013). The importance of strigolactones in
mycorrhizal colonization is further supported by the identification of a strigolactone
transporter in Petunia x hybrida. The knockout of the ABC transporter PhPDR1
resulted in significantly reduced orobanchol levels in root exudates, which had effects
on Gigaspora margarita and Rhizophagus irregularis mycorrhization efficiency. Plants
show reduced colonization due to reduced mycorrhizal growth, branching and spore
germination (Kretzschmar et al., 2012). The GRAS transcriptional regulators NSP1
and NSP2 were identified as regulators of strigolactone biosynthesis in rice and
Medicago truncatula by regulating D27 expression (W. Liu et al., 2011). Medicago
truncatula nspl and nsp2 mutants are not capable of forming nodules (Catoira et
al., 2000; G. E. Oldroyd & Long, 2003). The nspl mutant and the nspl/nsp2 double
mutant produce no detectable amounts of strigolactones, whereas the nsp2 mutant
has a reduced and different strigolactone composition. Interestingly, mycorrhizal
colonization of the nspl/nsp2 double mutant by Rhizophagus irregularis was only
mildly reduced (W. Liu et al., 2011). In addition, the Lotus japonicus nspl mutant
is unable to form nodules, however infection by the arbuscular mycorrhizal fungus
Rhizophagus irregularis was unaffected (Heckmann et al., 2006).

The rice and pea F-box mutants Osd3/Psrms4 are markedly reduced in mycorrhizal
colonization (Foo et al., 2013; Yoshida et al., 2012). This suggests that strigolactone
perception in planta plays a role in AM colonization. Strikingly, in the pea Psrms4
mutant nodule numbers are increased (Foo et al., 2013), indicating that the effect
of strigolactones in nodulation is regulated differently compared to mycorrhization.

Interestingly, a severe mycorrhization phenotype in rice could be complemented
by introducing a copy of OsD14-LIKE gene (Gutjahr et al., 2015). OsD14-Like is
paralogous to OsD14 and has strong similarities with the Arabidopsis thaliana karrikin
receptor AtKAI2, which is responsible for detecting the smoke compound karrikin.
OsD14 and OsD14-LIKE have been reported to have partially overlapping, but also
distinct, functions for strigolactone and karrikin responses, as the Atkai2 mutants are
insensitive to karrikins but weakly responsive to strigolactones (Scaffidi et al., 2014).
In addition, it was recently demonstrated that in Arabidopsis thaliana AtD14 and
AtD14-like have different affinities for specific strigolactone stereocisomers (Scaffidi
et al., 2014). This could indicate that the perception of specific strigolactones is
regulated by multiple receptor complexes.
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Taken together, the involvement of strigolactones in arbuscular mycorrhiza symbiosis
is relatively well described, although several details remain unclear. A possible
involvement in rhizobial symbiosis is just starting to be discovered. However, given
the distinct nature of both symbioses, the mechanisms by which strigolactones
function are likely different between the two. For ectomycorrhizal and actinorhizal
symbioses no clear data on the involvement of strigolactones is available yet. As
strigolactones are plant hormones involved in key developmental processes it is
not surprising that ectomycorrhizal hosts were found to possess the strigolactone
biosynthetic genes (Garcia, Delaux, Cope, & Ane, 2015).

4. A Conserved signalling pathway for Endosymbioses

As mentioned above, arbuscular mycorrhizal fungi, rhizobia and some basal Frankia
species produce LCO signals in a symbiotic context, whereas no evidence has
been found that LCO signals are playing a role in ectomycorrhizal symbiosis. This
suggests that LCO signalling is a feature of microbes that establish an endo- rather
than an ectosymbiosis.

LCOs are prominent signal molecules that are perceived by the host plant and set in
motion symbiotic responses. Genetic studies in legumes, rice, Parasponia and the
actinorhizal plant species Datisca glomerata (hodulated by Frankia sp. harboring
LCO biosynthesis genes), but also in Casuarina glauca, a species that is nodulated
by Frankia spp. that lack LCO biosynthesis genes uncovered a common symbiotic
signalling network. This conserved symbiotic network stretches from transmembrane
receptor kinases to a network of transcription factors that control the readout of
symbiotic signalling (G. E. D. Oldroyd, 2013). A hallmark of endosymbiotic signalling
is the induction of regular oscillations of the nuclear calcium concentration. To
achieve this a complex of nuclear envelope-localized proteins are essential, including
a potassium-permeable channel (encoded by MtDMI1, LjCASTOR, LjPOLLUX),
a cyclic nucleotide—gated calcium channel, and a calcium ATPase (Capoen et al.,
2011; Charpentier et al., 2016; Imaizumi-Anraku et al., 2005; Lévy et al., 2004).
The induced calcium oscillations are decoded by a calcium-/calmodulin-dependent
kinase (CCaMK), which is the onset of a transcriptional network (Soyano & Hayashi,
2014). Besides some common elements, like the CCaMK interacting transcription
factor LiCYCLOPS, the activated network varies between arbuscular mycorrhizal
and root nodule symbioses. For example, activation of the NIN transcription factor
is essential for root nodule formation in legumes and Casuarina glauca, whereas it
is not for arbuscular mycorrhizal symbiosis (Clavijo et al., 2015; Marsh et al., 2007;
Schauser, Roussis, Stiller, & Stougaard, 1999). Conversely, arbuscular mycorrhizal
symbiosis requires activation of GRAS transcription regulators such as MtRAM1
in Medicago, which is not essential for root nodule formation (Gobbato et al.,
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2012). Despite this divergence in transcriptional responses, the common symbiotic
signalling genes are conserved in angiosperm and gymnosperm species that form
an arbuscular mycorrhizal symbiosis. By contrast, plants that exclusively establish
an ectomycorrhizal symbiosis - e.g. Pinaceae species - have lost several of these
genes (Garcia et al., 2015). This supports the idea that ectomycorrhizal symbioses
are founded on different signalling cues than arbuscular mycorrhizal and root nodule
endosymbioses.

4.1 LCO Signalling

Most comprehensive studies on symbiotic signalling have been done in the legume
model systems Lotus japonicus and Medicago truncatula. Both species have
evolved to interact with a specific rhizobial species (Mesorhizobium loti for Lotus
japonicus and Sinorhizobium meliloti for Medicago truncatula). By using these
symbiotic models it was revealed that rhizobium LCOs are specifically recognized by
a heteromeric complex of receptor-like kinases (LysM-RLKSs) containing Lysine motif
(LysM) domains: named LjNFR1 and LjNFR5 in Lotus japonicus, and MtLYKS3 and
MINFP in Medicago truncatula (Arrighi et al., 2006; Limpens et al., 2003; Madsen et
al., 2003; Radutoiu et al., 2003). The LysM domain is a ubiquitous molecular structure
of 42-48 amino acids with a symmetrical Baaf folding. LysM domain-containing
proteins were first described in bacteria to bind peptidoglycan (Buist, Steen, Kok,
& Kuipers, 2008). In legumes LiNFR1/MILYKS3 and LjNFR5/MtNFP harbor 3 LysM
domains in the receptor region which are essential to recognize specific rhizobium
LCOs (Broghammer et al.,, 2012). In addition, it was found in Lotus japonicus
that LiNFR5 interacts also with LiSYMRK, a LRR-type receptor that commits an
essential function in symbiotic signalling (Antolin-Llovera, Ried, & Parniske, 2014).
Interestingly, SYMRK is also essential for arbuscular mycorrhizal symbiosis, whereas
both LiNFR1/MtLYK3 and LjNFR5/MtNFP only play an additive role in arbuscular
mycorrhizal symbiosis (Oldroyd, 2013). Arbuscular mycorrhizal LCOs are known to
trigger lateral root formation in Medicago truncatula, a response that is abolished in
the Mtnfp knockout mutant (Maillet et al., 2011). Mtlyk3 and Ljnfrl mutants display
only a reduced level of infection when inoculated with a low dose of arbuscular
mycorrhizal spores (X. Zhang et al., 2015). Nevertheless, transcriptome studies in
Medicago truncatula revealed that MINFP is playing a prominent role in arbuscular
mycorrhizal LCO-induced transcriptional changes (Czaja et al., 2012). Two reasons
may explain this discrepancy between knockout phenotype and function. Firstly, the
weak arbuscular mycorrhizal symbiosis phenotype of the Ljnrl/Mtlyk3 and Ljnfr5/
Mtnfp knockout mutants may be the result of gene redundancy in Lotus japonicus and
Medicago truncatula. Both rhizobium LCO receptors evolved upon gene duplication
events, giving rise to closely related homologs (De Mita, Streng, Bisseling, & Geurts,
2014; Op den Camp et al., 2011; Young et al., 2011). Expression studies of these
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homologous genes show that they may also function in rhizobium and/or arbuscular
mycorrhizal symbiosis (Rasmussen et al., 2016; Young et al., 2011). Secondly, it
was found that arbuscular mycorrhizal fungi not only produce LCOs, but also short
chain chitooligosaccharides (tetra and pentameric COs) as symbiotic signals (Genre
et al., 2013). Such COs trigger in part similar symbiotic responses as reported
for arbuscular mycorrhizal LCOs, though lack the capacity to promote lateral root
formation (Maillet et al., 2011). LCO and CO signals may be perceived by different
(symbiotic) receptor complexes.

LCOs / COs

—_—00

NFP / NFR5
NFP / NFR5

| |

Symbiotic —l Innate immune

signaling — signaling
Figure 3. Hypothetical model explaining the dual functioning of LCO receptors in symbiotic
and innate immune signalling as uncovered in Medicago truncatula and Lotus japonicus.
Symbiotic signals and pathogen associated molecular patterns (PAMPS) are perceived by
NFP/NFR5-NFR1/LYK3 receptor complexes. To commit either symbiotic or innate immune
signalling a third receptor is essential. For symbiotic signalling this receptor may be SYMRK,
as it interacts with NFP/NFR5. To induce innate immune responses this receptor has not been
identified yet, but may have similarities to CeBIP in rice. OsCEBIP binds chitin oligomers and
forms a heteromeric complex with the rice homolog of NFR1/LYK3 (OsCERK1) to activate
innate immune signalling.
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Non-legume systems provided additional support for a function of NFR1/LYK3 and
NFR5/NFP homologous genes in arbuscular mycorrhizal symbiosis. Reverse genetic
studies in Parasponia andersonii and tomato (Solanum lycopersicum) revealed an
essential role for putative NFR5/NFP orthologs in arbuscular mycorrhizal symbiosis
(Buendia, Wang, Girardin, & Lefebvre, 2016; Op den Camp et al., 2011). In rice
(Oryza sativa) it was demonstrated that the putative ortholog of NFR1/LYKS -
CHITIN-ELICITOR RECEPTOR KINASE 1 (OsCERK1)- plays such role (Miyata et
al., 2014; X. Zhang et al., 2015). In Frankia no reverse genetic studies on LysM-RKs
have been published yet. However, it is tempting to speculate that in actinorhizal
plant species that can be nodulated by cluster 2 Frankia species, close homologs of
NFR1/LYK3 and/or NFR5/NFP play a symbiotic role in LCO perception.

The finding that COs and the chitin innate immune receptor OsCERK1 commit
symbiotic functions uncovered a functional overlap between pathogenicity and
symbiosis. Subsequent studies in Lotus japonicus and Medicago truncatula revealed
four lines of supportive evidence for such dual function of LCO receptors. (l.)
Rhizobium LCOs transiently trigger defence-related gene expression in an LjiNFR1-
dependent manner (Nakagawa et al., 2011). (ll.) MINFP has a function in defence
against fungal and oomycete pathogens (Ben et al., 2013; Rey et al., 2013; Rey,
Chatterjee, Buttay, Toulotte, & Schornack, 2015). (lll.) Ectopic expression of both
receptors - LiINFR5-LjNFR1 or MtNFP-MiLYK3 - in Nicotiana benthamiana leaves
triggers a hypersensitive response (HR) (Broghammer et al., 2012; Pietraszewska-
Bogiel et al., 2013). (IV.) Ectopic expression of MtNFP in Medicago truncatula triggers
a premature cell death in nodules (Moling et al., 2014). This, and other studies, made
also clear that LCO receptors are under tight post-translational control in legumes,
probably to prevent pathogenic responses. For example, in Medicago truncatula
nodules MtNFP and MtLYK3 accumulate only in nodule cells where infection takes
place, but both receptors are rapidly removed from the membrane surrounding the
rhizobium infection thread (Moling et al., 2014). Furthermore, it was found that LCO
receptors are located in lipid-raft-like micro-domains in the plasma membrane, which
play an important role in complex formation and receptor turnover (Haney & Long,
2010; Lefebvre et al., 2010). Taken together, these data suggest that dual functioning
of LCO receptors in defence and symbiosis is a conserved feature in legumes and
non-legume species.

The biological function of the overlap of LCO receptors in symbiotic and innate
immune signalling remains unclear. However, a challenging model can be postulated
(Limpens et al., 2015). In this model competition between receptors occurs to form
multimeric complexes that differ in their functioning. Presence of LCOs (and/or short-
chain COs) results in preferential formation of symbiotic receptor complexes at the
expense of the formation of complexes that act in innate immunity (Figure 3). In
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legumes, such innate immune receptor complex has not yet been characterized.
However, studies in rice revealed that perception of chitin oligomers requires an
additional LysM-domain-containing receptor, which lacks an intracellular kinase
domain (Kaku et al., 2006). This CHITIN ELICITOR BINDING PROTEIN (OsCEBIP)
binds chitin oligomers and forms a heteromeric complex with OSCERK1 to activate
chitin-triggered defence responses (Hayafune et al., 2014; Shimizu et al., 2010).
Such innate immune receptor complex may also have a function in symbiosis. It
is known that several typical innate immune responses, such as calcium influx,
production of reactive oxygen (ROS) species, and focal exocytosis are associated
with rhizobial and arbuscular mycorrhizal infection (Brewin, 2004). Rhizobium triggers
formation of infection threads, which are tip-growing structures. ROS production is
thought to facilitate the oxidative cross-linking of the infection thread matrix to allow
the formation of a tube-like infection thread (Brewin, 2004). In a scenario that innate
immune responses play a symbiotic role, the spatiotemporal regulation of receptor
complexes becomes crucial to prevent HR.

4.2 Bypassing LCO signalling

Besides LCO-mediated signalling, alternative routes occur to mediate symbiotic
responses. For example, many Frankia species (clusters 1 and 3) do not possess
the machinery to produce LCOs (Tisa, Beauchemin, Gtari, Sen, & Wall, 2013).
Furthermore, there are some legume lineages - e.g. several Aeschynomene species
- that are nodulated by Bradyrhizobium strains that lack the highly conserved
nodABC operon necessary for LCO synthesis (Fabre et al., 2015; Giraud et al.,
2007). Nevertheless, studies in actinorhizal plant species Casuarina glauca and
Alnus glutinosa using the non-LCO producing Frankia strain Cci3i, revealed that
both SYMRK and CCaMK are essential to establish a symbiotic interaction, and
activation of symbiotic signalling induces calcium oscillations (Chabaud et al., 2015;
Franche et al.,, 2011; Gherbi et al., 2008; Granqvist et al., 2015). This strongly
suggests that the underlying signalling pathway to establish an endosymbiosis is
highly conserved, but can be activated by different signalling inputs.

The way non-LCO-producing rhizobia and Frankia achieve activation of the common
symbiosis signalling pathway may vary. One way is by producing effector-like
molecules that are secreted via the type Il secretion system (T3SS). This mechanism
is used by several rhizobium strains (Okazaki et al., 2016), and studies in soybean
revealed that such effectors can bypass NFR1-NFR5 based signalling (Okazaki,
Kaneko, Sato, & Saeki, 2013). However, additional mechanisms may also occur.
For example, in case of Aeschynomene legumes the common symbiosis signalling
pathway can also be activated in a T3SS-independent way (Fabre et al., 2015;
Okazaki et al., 2016).
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The current hypothesis is that Frankia strains of clusters 1 and 3 produce signalling
molecules upon host recognition, of which the chemical nature is still poorly
understood, but most probably different from LCOs. A first characterization of such
signals came from studies on Frankia sp. strain Ccl3i that nodulates Casuarina
glauca. The signalling molecules produced by this strain are of low molecular weight,
in the range of 500-5000 Dalton. Moreover, rhizobium and arbuscular mycorrhizal
LCOs typically accumulate in the organic fraction upon a butanol extraction,
whereas, in the case of Frankia Ccl3i exudates, only water fractions could induce
symbiotic responses (i.e. calcium oscillation). Furthermore, a chitinase treatment
on the active water fractions did not affect their signalling capacity (Chabaud et al.,
2015). This makes it highly unlikely that this strain produces LCO-type symbiotic
signal molecules.

Studies with other Frankia strains revealed that, at least within a taxonomic cluster,
the symbiotic signals are to a certain level conserved. For example, Alnus glutinosa
and Casuarina glauca are nodulated by two different Frankia strains of the same
cluster 1. Despite this strain specificity, Frankia sp. strain AC14a that nodulates
Alnus glutinosa induces also calcium oscillation responses in Casuarina glauca. By
contrast, the more distant BCU110501 strain of cluster 3 was unable to induce such
responses (Chabaud et al., 2015). This suggests that the symbiotic signals produced
by Frankia species are partially conserved within a taxonomic cluster, but may differ
in a broader phylogenetic context.

5. Repressing Immunity

Although innate immune responses may be an integral part of the symbiotic
infection process, it is essential that severe immune responses are avoided. Immune
responses are controlled by two antagonistic hormones jasmonic acid and salicylic
acid. The latter hormone is a major signal in resistance to biotrophic pathogens,
whereas defence against necrotrophic mainly relies on jasmonic acid (Pieterse,
Van der Does, Zamioudis, Leon-Reyes, & Van Wees, 2012). Both hormones act
antagonistically, such that activation of jasmonic acid signalling compromises
salicylic acid-dependent innate immune responses, and vice versa.

Studies in legumes suggest that repression of innate immunity is in part controlled by
LCO signalling. In alfalfa (Medicago sativa) evidence was found that LCO signalling
suppresses salicylic acid-dependent responses. LCO-deficient or incompatible
rhizobia induce accumulation of salicylic acid, whereas compatible strains trigger a
decrease of this defence hormone (Martinez-Abarca et al., 1998). Similarly, studies
in pea (Pisum sativum) showed that endomycorrhizal fungi only trigger a transient
increase in salicylic acid levels, which is repressed during prolonged colonization. In
contrast, in a symbiosis deficient ccamk knockout mutant salicylic acid levels remain
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high upon inoculation with endomycorrhizal fungi, suggesting that this suppression
is based on activation of the symbiosis signalling network (Blilou, Ocampo, Garcia-
Garrido, & Garcia-Garrido, 1999). Interestingly, defence responses in non-legumes
(Zea mays, Setaria viridis), and even in non-AM plants (Arabidopsis thaliana) seem
to be downregulated upon LCO perception, however it is currently unclear how this
downregulation is linked to JA and SA signalling (Liang et al., 2013; Tanaka et al.,
2015).

The Jasmonic acid - salicylic acid balance is in part controlled by DELLA GRAS-
type transcriptional regulators (Navarro et al., 2008). DELLAs promote jasmonic
acid signalling by binding JAZ (JASMONATE ZIM-DOMAIN) repressor proteins
(Hou, Lee, Xia, Yan, & Yu, 2010). JAZ proteins repress jasmonic acid signalling
upon binding with the MYC2 transcriptional activator (Boter, Rui, & Abdeen, 2004;
Hou et al., 2010). As MYC2 activity promotes DELLA accumulation, this results in
a feedforward loop in jasmonic acid signalling (Wild et al., 2012; Yang et al., 2012).
Several experiments indicate that endomycorrhizal fungi and rhizobium exploit
this pathway, thereby indirectly reducing salicylic acid responses. Della knockout
mutants in Medicago truncatula and rice are impaired in nodulation and/or arbuscule
formation (Floss, Levy, Lévesque-Tremblay, Pumplin, & Harrison, 2013; Fonouni-
Farde et al., 2016; Pimprikar et al., 2016; Yu et al., 2014). These phenotypes can be
mimicked by application of gibberellins, whereas ectopic expression of a dominant
active DELLA allele (MtDELLA1A18) promotes symbiotic responses (Floss et al.,
2013; Jin et al., 2016; Pimprikar et al., 2016). Interestingly, the dominant active allele
can also complement the cyclops symbiotic signalling mutant (Floss et al., 2013). This
is likely due to the fact that in Medicago truncatula the DELLA1 protein was found
to be able to form a complex with CYCLOPS and CCaMK, together activating the
RAM1 GRAS-type transcriptional regulator (Pimprikar et al., 2016). Taken together
this suggests that MtDELLA1 by interacting with JAZ proteins plays an important
role in the LCO signalling network and the promotion of endomycorrhizal symbiosis
through the modulation of jasmonic acid- salicylic acid balance.

Besides LCO triggered repression of immunity, plant immunity can also be
manipulated by microbe secreted effector proteins. Studies in arbuscular mycorrhiza
and ectomycorrhiza uncovered several small secreted effector proteins that are
produced by the arbuscular mycorrhizal fungus R. irregularis and the ectomycorrhizal
fungus L. bicolor (Lin et al., 2014; Martin et al., 2008; Tisserant et al., 2013). The
mode of action of two such effector proteins has been characterized.

The Rhizophagus irregularis effector protein RiSP7 is secreted into Medicago
truncatula root cells, where it localizes in the nucleus and interacts with a defence
controlling ethylene-responsive transcription factor (MtERF19) (Kloppholz, Kuhn, &
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Requena, 2011). In Medicago truncatula roots this gene is highly expressed upon
pathogenic interaction, but only transiently during arbuscular mycorrhizal colonization.
Ectopic expression of RiSP7 in Medicago truncatula roots positively affects
mycorrhizal colonization, while reducing defence responses. Intriguingly, RiSP7 has
some similarity to the secreted NodO protein of Rhizobium leguminosarum, which
enhances LCO signalling in the host plant. However, localization studies suggest
that NodO localizes in the plant membrane, rather than acting as a nuclear effector
(Economou, Hamilton, Johnston, & Downie, 1990; Sutton, Lea, & Downie, 1994).

The ectomycorrhizal fungus Laccaria bicolor expresses the LbMiSSP7 gene
encoding a secreted effector protein in response to plant exuded flavonoids (Plett
& Martin, 2012). In black cottonwood poplar (Populus trichocarpa) it was shown
that LbMiSSP7 is secreted in root cells where it localizes in the nucleus. There
it stabilizes a JAZ protein (PtJAZ6) by direct interaction (Plett et al., 2014). As
outlined above, JAZ proteins are repressors of jasmonic acid triggered immunity.
Generally, JAZ proteins are degraded upon interaction with the F-box protein COI1
(CORONATINE-INSENSITIVE 1). This degradation is triggered by jasmonic acid
signalling. LbMiSSP7 interaction to PtJAZ6 affects formation of the JAZ-COI1
complex. This prevents the jasmonic acid-dependent degradation of JAZ, resulting
in reduced plant immune responses. Given that jasmonic acid is a negative regulator
of ectomycorrhizal symbiosis, counteracting this plant innate immune response
promotes the plant-fungus interaction.

6. Perspectives in symbiotic signalling

Central questions for future research will be on specificity of symbiotic signalling.
How can a single symbiotic network that is conserved in most land plants trigger
distinct root phenotypes? Since the symbiotic signalling network is basically
conserved in most plant species the differences in the readout may be determined
by yet unknown factors, such as the hormonal balance and/or the nutrient status of
the root. For example, recently it was shown that Medicago truncatula lateral roots
have an increased sensitivity to rhizobium LCOs compared with the main root. This
indicates that susceptibility of a plant root varies, depending on the developmental
and/or nutrient status (Sun et al., 2015).

Additional questions concerning specificity can also be addressed concerning the
plant exuded flavonoids that act as attractants for symbiotic microbes. As shown for
naringenin, these compounds are perceived by a diverging range of symbionts. Most
probably this range extends to other soil borne microbes, most of which will not be
symbiotic. Therefore, perhaps exuded flavonoids do not act as specific signals, but
rather are more generic signals to which any root microbe can respond. For example,
it was reported that exuded flavonoids may play a role also in phosphate and iron
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acquisition (Cesco, Neumann, Tomasi, Pinton, & Weisskopf, 2010). In addition, the
finding that flavonoids - similar to strigolactones - have a dual function, not only act
as an attractant, but also function as endogenous plant signal interfering with auxin
homeostasis, provides novel leads in symbiosis research.

Extending the range of model systems that are amenable for molecular genetic
studies provided novel insights in symbiotic signalling. Establishment of new
protocols for culturing Frankia and arbuscular mycorrhizal fungi, host induced gene
silencing to trigger fungal gene expression, transformation of the ectomycorrhizal
fungus Laccaria bicolor, the actinorhizal plants Datisca, Casuarina, and the non-
legume rhizobia host Parasponia, in combination with microbial genome sequencing
has opened new avenues. Although unravelling symbiotic signalling in these
systems is still in its infancy, the recent findings that have been achieved are already
groundbreaking. As mentioned above, it was demonstrated that especially in the
endosymbioses (Frankia, rhizobium and arbuscular mycorrhiza) commonalities
occur in symbiotic signalling (Gherbi et al., 2008; Op den Camp et al., 2011).
One such commonality is that symbionts recognize plant secreted flavonoids and
strigolactones. Another common theme is the use of LCO or CO signals of microbial
origin of which biosynthesis is activated upon recognition of plant exuded molecules
like flavonoids and/or strigolactones. LCOs/COs activate a conserved symbiotic
network in plants that controls the diverse signalling output of the different symbiotic
interactions (Parniske, 2008). Furthermore, it became apparent that LCO induced
signalling can be bypassed. Especially in Frankia this appears to be a common
strategy. Nevertheless, first studies indicate that LCO-independent signalling relies
on the same symbiotic signalling network as identified in LCO dependent systems.
Uncovering the nature of the non-LCO signal molecules in Frankia and rhizobia will
add a new building brick in the symbiotic signalling network.

In the last decade new insights in the molecular aspects of root symbiosis were
mainly generated by studying legume models Medicago truncatula and Lotus
japonicus. With new model species in place in combination with next generation
sequence technologies, this field will be revolutionized in the years to come.
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Abstract

Nodules harboring nitrogen-fixing rhizobia are a well-known trait of legumes, but
nodules also occur in other plant lineages either with rhizobia or the actinomycete
Frankia as microsymbiont. It is generally assumed that nodulation evolved
independently multiple times. However, molecular genetic support for this hypothesis
is lacking, as the genetic changes underlying nodule evolution remain elusive. We
conducted genetic and comparative genomics studies using Parasponia species
(Cannabaceae), the only non-legumes that can establish nitrogen-fixing nodules
with rhizobium. Intergeneric crosses between Parasponia andersonii and its non-
nodulating relative Trema tomentosa demonstrated that nodule organogenesis, but
not intracellular infection, is a dominant genetic trait. Comparative transcriptomics of
P. andersonii and the legume Medicago truncatula revealed utilization of at least 290
orthologous symbiosis genes in nodules. Among these are key genes that in legumes
are essential for nodulation, including NODULE INCEPTION (NIN) and RHIZOBIUM-
DIRECTED POLAR GROWTH (RPG). Comparative analysis of genomes from three
Parasponia species and related non-nodulating plant species show evidence of
parallel loss in non-nodulating species of putative orthologs of NIN, RPG, and NOD
FACTOR PERCEPTION. Parallel loss of these symbiosis genes indicates that these
non-nodulating lineages lost the potential to nodulate. Taken together, our results
challenge the view that nodulation evolved in parallel and raises the possibility that
nodulation originated ~100 million years ago in a common ancestor of all nodulating
plant species, but was subsequently lost in many descendant lineages. This will have
profound implications for translational approaches aimed at engineering nitrogen-
fixing nodules in crop plants.

Introduction

Nitrogen sources such as nitrate or ammonia are key nutrients for plant growth, but
their availability is frequently limited. Some plant species in the related orders Fabales,
Fagales, Rosales, and Cucurbitales -collectively known as the nitrogen-fixing clade-
can overcome this limitation by establishing a nitrogen-fixing endosymbiosis with
either Frankia or rhizobium bacteria (Soltis et al. 1995). These symbioses require
specialized root organs, known as nodules, that provide optimal physiological
conditions for nitrogen fixation (Udvardi and Poole 2013). For example, nodules of
legumes (Fabaceae, order Fabales) contain a high concentration of hemoglobin that
is essential to control oxygen homeostasis and protect the rhizobial nitrogenase
enzyme complex from oxidation (Ott et al. 2005; Udvardi and Poole 2013). Legumes,
such as soybean (Glycine max), common bean (Phaseolus vulgaris), and peanut
(Arachis hypogaea) represent the only crops that possess nitrogen-fixing nodules,
and engineering this trait in other crop plants is a long-term vision in sustainable
agriculture (Burrill and Hansen 1917; Stokstad 2016).
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Nodulating plants represent ~10 related clades that diverged >100 million years ago,
supporting a shared evolutionary origin of the underlying capacity for this trait (Soltis
et al. 1995). Nevertheless, these nodulating clades are interspersed with many
non-nodulating lineages. This has led to two hypotheses explaining the evolution
of nodulation (Soltis et al. 1995). (i) Nodulation has a single origin in the root of
the nitrogen-fixation clade, followed by multiple independent losses. (ii) Nodulation
originated independently multiple times, preceded by a single hypothetical
predisposition event in a common ancestor of the nitrogen-fixing fixation clade. The
latter of these hypotheses is most widely accepted (Swensen 1996; Doyle 1998,
2011; Werner et al. 2014; Li et al. 2015; Doyle 2016; Martin, Uroz, and Barker 2017).

Genetic dissection of rhizobium symbiosis in two legume models -Medicago truncatula
(medicago) and Lotus japonicus (lotus)- has uncovered symbiosis genes that are
essential for nodule organogenesis, bacterial infection, and nitrogen fixation (Dataset
S1). These include genes encoding LysM-type receptors that perceive rhizobial
lipo-chitooligosaccharides (LCOs, also known as Nod factors) and transcriptionally
activate the NODULE INCEPTION (NIN) transcription factor (Limpens et al. 2003;
Madsen et al. 2003; Radutoiu et al. 2003; J. F. Arrighi et al. 2006; Marsh et al. 2007;
Broghammer et al. 2012). Expression of NIN is essential and sufficient to set in
motion nodule organogenesis (Schauser et al. 1999; Marsh et al. 2007; Soyano et al.
2013; Vernié et al. 2015). Some symbiosis genes have been co-opted from the more
ancient and widespread arbuscular mycorrhizal symbiosis (Parniske 2008; Oldroyd
2013). However, causal genetic differences between nodulating and non-nodulating
species have not been identified (Rene Geurts, Xiao, and Reinhold-Hurek 2016).

To obtain insight in the molecular genetic changes underlying evolution of
nitrogen-fixing root nodules we conducted comparative studies using Parasponia
(Cannabaceae, order Rosales). The genus Parasponia is the only lineage outside
the legume family establishing a nodule symbiosis with rhizobium (Clason 1936;
Trinick 1973; Akkermans, Abdulkadir, and Trinick 1978; Becking 1992). Similar as
shown for legumes, nodule formation in Parasponia is initiated by rhizobium-secreted
LCOs (Marvel, Torrey, and Ausubel 1987; R. Op den Camp et al. 2011; Granqvist et
al. 2015). This suggests that Parasponia and legumes utilize a similar set of genes
to control nodulation, but the extent of common gene utilization between distantly
related nodulating species remains unknown. The genus Parasponia represents
a clade of five species that is phylogenetically embedded in the closely related
Trema genus (Yang et al. 2013). Like Parasponia and most other land plants, Trema
species can establish an arbuscular mycorrhizal symbiosis (SI Appendix, Figure.
S1). However, they are non-responsive to rhizobium LCOs and do not form nodules
(Becking 1992; Granqvist et al. 2015). Taken together, Parasponia is an excellent
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system for comparative studies with legumes and non-nodulating Trema species to
provide insights into the molecular genetic changes underlying evolution of nitrogen-
fixing root nodules.

Results

Nodule organogenesis is a genetically dominant trait

First, we took a genetics approach for understanding the rhizobium symbiosis trait
of Parasponia by making intergeneric crosses (S| Appendix, Table S1). Viable F,
hybrid plants were obtained only from the cross Parasponia andersonii (2n=20) x
Trema tomentosa (2n=4x=40) (Figure. 1A, Sl Appendix, Figure. S2). These triploid
hybrids (2n=3x=30) were infertile, but could be propagated clonally. We noted that
F, hybrid plants formed root nodules when grown in potting soil, similar as earlier
observations for P. andersonii (R. H. M. Opden Camp etal. 2012). To further investigate
the nodulation phenotype of these hybrid plants, clonally propagated plants were
inoculated with two different strains; Bradyrhizobium elkanii strain WUR3 (R. H. M.
Op den Camp et al. 2012) or Mesorhizobium plurifarium strain BOR2. The latter
strain was isolated from the rhizosphere of Trema orientalis in Malaysian Borneo
and showed to be an effective nodulator of P. andersonii (SI Appendix, Figure. S3).
Both strains induced nodules on F, hybrid plants (Figure. 1B,D,E; Sl Appendix,
Figure. S4) but, as expected, not on T. tomentosa, nor on any other Trema species
investigated. Using an acetylene reduction assay we noted that, in contrast to P.
andersonii nodules, in F, hybrid nodules of plant H9 infected with M. plurifarium BOR2
there is no nitrogenase activity (Figure. 1C). To further examine this discrepancy, we
studied the cytoarchitecture of these nodules. In P. andersonii nodules, apoplastic
M. plurifarium BOR2 colonies infect cells to form so-called fixation threads (Figure.
1F,H-J), whereas in F hybrid nodules these colonies remain apoplastic, and fail to
establish intracellular infections (Figure. 1G,K). To exclude the possibility that the
lack of intracellular infection is caused by heterozygosity of P. andersonii where only
a nonfunctional allele was transmitted to the F, hybrid genotype, or by the particular
rhizobium strain used for this experiment, we examined five independent F, hybrid
plants either inoculated with M. plurifarium BOR2 or B. elkanii WUR3. This revealed
a lack of intracellular infection structures in nodules of all F, hybrid plants tested,
irrespective which of both rhizobium strains was used (Figure. 1G,K, S| Appendix,
Figure. S4), confirming that heterozygosity of P. andersonii does not play a role in
the F, hybrid infection phenotype. These results suggest, at least partly, independent
genetic control of nodule organogenesis and rhizobium infection. Because F, hybrids
are nodulated with similar efficiency as P. andersonii (Figure. 1B), we conclude that
the network controlling nodule organogenesis is genetically dominant.
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Figure 1. Nodulation phenotype of Parasponia andersonii and interspecific P. andersonii x
Trema tomentosa F, hybrid plants. A Phylogenetic reconstruction based on whole chloroplast
of Parasponia and Trema. The Parasponia lineage (blue) is embedded in the Trema genus
(red). Species selected for interspecific crosses are indicated, species used for reference
genome assembly are in bold. All nodes had a posterior probability of 1. B Mean number of
nodules on roots of P. andersonii and F, hybrid plants (n=7). C Mean nitrogenase activity in
acetylene reductase assay of P. andersonii and F, hybrid nodules (n=4). Barplot error bars
indicate standard deviations; dots represent individual measurements D P. andersonii nodule.
E F, hybrid nodule. F,G Ultrastructure of nodule tissue of P. andersonii F and F, hybrid G.
Note the intracellular fixation thread (FT) in the cell of P. andersonii in comparison with the
extracellular, apoplastic colonies of rhizobia (AC) in the F, hybrid nodule. H-J Light microscopy
images of P. andersonii nodules in three subsequent developmental stages. H Stage 1: initial
infection threads (IT) enter the host cells. | Stage 2: progression of rhizobium infection in
nodule host cell, J Stage 3: nodule cells completely filled with fixation threads. Note difference
in size between the infected (IC) and non-infected cells (NC). K Light microscopy image of
F1 hybrid nodule cells. Note rhizobium colonies in apoplast, surrounding the host cells (AC)
Nodules have been analysed 6 weeks post inoculation with Mesorhizobium plurifarium BOR2.
Abbreviations: FT: fixation thread, CW: cell wall, AC: apoplastic colony of rhizobia, IT: infection
threads, IC: infected cell, NC: non-infected cell.

Parasponia and Trema genomes are highly similar

Based on preliminary genome size estimates using FACS measurements, three
Parasponia and five Trema species were selected for comparative genome analysis
(Sl Appendix, Table S2). K-mer analysis of medium-coverage genome sequence
data (~30x) revealed that all genomes had low levels of heterozygosity, except those
of Trema levigata and T. orientalis accession RG16 (Sl Appendix, Figure. S5).
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Based on these k-mer data we also generated more accurate estimates of genome
sizes. Additionally, we used these data to assemble chloroplast genomes based
on which we obtained additional phylogenetic evidence that T. levigata is sister
to Parasponia (Figure. 1A, Sl Appendix, Figure. S6-8). Graph-based clustering
of repetitive elements in the genomes (calibrated with the genome size estimates
based on k-mers) revealed that all selected species contain roughly 300 Mb of non-
repetitive sequence, and a variable repeat content that correlates with the estimated
genome size that ranges from 375 to 625 Mb (SI Appendix, Figure. S9, Table S3).
Notably, we found a Parasponia-specific expansion of ogre/tat LTR retrotransposons
comprising 65 to 85 Mb (Sl Appendix, Figure. S9b). We then generated annotated
reference genomes using high-coverage (~125X) sequencing of P. andersonii
(accession WU1) (R. Op den Camp et al. 2011) and T. orientalis accession RG33
(Sl Appendix, Tables S4-5). These species were selected based on their low
heterozygosity levels in combination with relatively small genomes. T. tomentosa
was not used for a high-quality genome assembly because it is an allotetraploid (Sl
Appendix, Figure. S5, Tables S2-3).

We generated orthogroups for P. andersonii and T. orientalis genes and six other
Eurosid species, including arabidopsis (Arabidopsis thaliana) and the legumes
medicago and soybean. From both P. andersonii and T. orientalis approximately
35,000 genes could be clustered into >20,000 orthogroups (Dataset S2, Sl
Appendix, Table S6, note that there can be multiple orthologous gene pairs per
orthogroup). Within these orthogroups we identified 25,605 P. andersonii - T.
orientalis orthologous gene pairs based on phylogenetic analysis as well as whole
genome alignments (SI Appendix, Table S6). These orthologous gene pairs had
a median percentage nucleotide identity of 97% for coding regions (Sl Appendix,
Figure. S10-11). This further supports the recent divergence of the two species and
facilitates their genomic comparison.

Common utilization of symbiosis genes in Parasponia and medicago

To assess commonalities in the utilization of symbiosis genes in Parasponia
species and legumes we employed two strategies. First, we performed phylogenetic
analysis of close homologs of genes that were characterized to function in legume-
rhizobium symbiosis. This revealed that P. andersonii contains putative orthologs
of the vast majority of these legume symbiosis genes (96 out of 126; Dataset S1,
S3). Second, we compared the sets of genes with enhanced expression in hodules
of P.andersonii and medicago. RNA sequencing of P. andersonii nodules revealed
1,719 genes that are functionally annotated and have a significantly enhanced
expression level (fold change > 2, p < 0.05, DESeg2 Wald test) in any of three
nodule developmental stages compared with uninoculated roots (Sl Appendix,
Figure. S12, Dataset S4). For medicago, we generated a comparable data set of
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2,753 nodule-enhanced genes based on published RNA sequencing data (Roux
et al. 2014a). We then determined the overlap of these two gene sets based on
orthogroup membership and found that 382 orthogroups comprise both P. andersonii
and medicago nodule-enhanced genes. This number is significantly larger than is to
be expected by chance (permutation test, p < 0.00001) (Dataset S5, SI Appendix,
Figure. S13). Based on phylogenetic analysis of these orthogroups we found that in
290 cases putative orthologs have been utilized in both P. andersonii and medicago
root nodules (Dataset S5, S6). Among these 290 commonly utilized genes are 26
putative orthologs of legume symbiosis genes; e.g. the LCO-responsive transcription
factor NIN and its downstream target NUCLEAR TRANSCRIPTION FACTOR-YAl
(NFYAZ1) that are essential for nodule organogenesis (Schauser et al. 1999; Combier
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02 Figure 2. Clustering of commonly utilized
symbiosis genes based on expression profile in
Parasponia andersonii. A Principal component
analysis plot of the expression profile of 290
commonly utilized symbiosis genes in 18
transcriptome samples: P. andersonii roots
and nodules (stage 1-3), hybrid roots and
nodules (line H9). All samples have three
biological replicates. First two components are
shown, representing 75% of the variation in all
samples. Colors indicate clusters (K-means
clustering using Pearson correlation as
0.1 0% 01 distance measure, k=2) of genes with similar

Principle Component 1 (58%) expression patterns. The three genes with

o PanBHLH109 o PanMATES the highest pearson correlation to the cluster

76431 ° | %99 centroids are indicated as black dots, triangles,
N . and squares, and their expression profiles are
< 19831 given in panel B. Cluster 1 (pink) represents
i 9921 Dlﬂ genes related to nodule organogenesis: these
== = ===tm| genes are upregulated in both P. andersonii and
hybrid nodules. Cluster 2 (green) represents
ol genes related to infection and fixation: these

Ea : 2o ° genes are highly upregulated in P. andersonii
I I_Jﬂ nodules but do not respond in the hybrid
39034
m __EI e

Principle Component 2 (17%)

57334 29754

o

38224

19114

i

® PanCYCLOPS " PanNPF3
156144 S

Normalized counts
N @ oa
8 8 3
8 & <
g & 3

=)
®

nodule. PanBHLH109: BASIC HELIX-LOOP-
HELIX DOMAIN CONTAINING PROTEIN 109;
PanNOOT1: NODULE ROOT 1; PanMATES:
MULTI ANTIMICROBIAL EXTRUSION

7611 3278 ] PROTEIN 8; PanNPF3: NITRATE/PEPTIDE
381—m I:I 1639 Ifl TRANSPORTER FAMILY 3; PanPCO1:
o LI : o_ﬁ_n Slcmen| PLANT CYSTEINE OXIDASE 1.

A PanNOOT1 A PanPCO1
1522 6555

=3

o

1142+ 4917 1




74 | Chapter 3

A PanHB1 * B 1320000 /—— 1
PriHBL % £ 990,000 an
PruHB1 % S 660,000
TieHB1 8 330,000 I_:§:_|
TorRG16HB1 3 0 =0
7% Torkigl alfalfa LB CAA38024 * % 1:320.000 7 g2
arabidopsis AT2G16060_HB1 £ 990,000
medicago Medtr5g081000 £
mulberry EXB63627 medicago MtLB1 Medtr5g066070 2 660,000
hop HLSWv10G003466 "B medicago MELB2 Medtrlg011540 330,000
soybean Glymal1G121700 medicago MedtrSg080900 0i=9 0 0 ¢ 2 0
so.ybean GlymallG121800 medicago Medtr5g080400 % Q_oo\ IR @0\ b\\}e
medicago Medtr4g068860 71 medicago Medtr5g080440 * b&'z’ b&w b&z‘,@\b b°°
eucalyptus Eucgr.101236 medicago Medtr5g041610 % eo %0 eo \2& $(\
black cotton poplar Potri.009G110800 medicago Medtr5g081030 %
casuarina CAA37898 = lotus LB1 Lj5g3v0035290 %
woodland strawberry Fvesca.genel9672 —': lotus LB3 Lj5g3v0465970 %
medicago Medtr7g110180 *
medicago Medtr1g049330
medicago Medtr1g090820 %
69 soybean Glymal0G198800 »
rrsoybean Glyma20G191200 *
LE soybean Glymal0G199000 C .
69 soybean Glymal0G199100 % H
L medicago Medtr1g090810 * \
PriHB2 |
PanHB2 [
PruHB2 |
~— TleHB2 '
TorHB2 B
hop HLSWv10G003454 '
mulberry EXB39439 \
041 51 casuarina AAA33018 * \
_|——eucalyptus Eucgr.G02733 H
arabidopsis AT3G10520 HB2 )
D —a— —"¢ —a ) A m— T
1 10 20 30 40 50 60 70 80 £ 100 10 120 130 140 150 160
FTEEQEAL GLKFFLKTFETAPSAKNLFSYLKDSPTPLEQNPKLKPHAMTVFVM- TCESAVQLRKAGKVTVRESNLKRLGATI LeT AATKSEMKPSST
P. andersonii ... T..
P. rigida ...
P rugosa ..
T fevigata ---

T. orientalis RG33 .
T. orientalis RG16 ........1....
hop ..

mulberry ...G-TEG.. .. LAG. K...F VPLLAL Koo AL LKYLL T

Figure 3. Parasponia-specific adaptations in class 1 hemoglobin protein HB1. A Phylogenetic
reconstruction of class 1 (OG0010523) and class 2 hemoglobins (OG0002188). Symbiotic
hemoglobins are marked with an asterisk; legumes and the actinorhizal plant casuarina
have recruited class 2 hemoglobins for balancing oxygen levels in their nodules. Conversely,
Parasponia has recruited a class 1 hemoglobin PanHB1 confirming parallel evolution of
symbiotic oxygen transport in this lineage. Medicago truncatula (Medtr); Glycine max (Glyma),
Populus trichocarpa (Potri); Fragaria vesca (Fvesca); Eucalyptus grandis (Eugr); Arabidopsis
thaliana (AT). Node values indicate posterior probabilities below 1; Scale bar represents
substitutions per site. Parasponia marked in blue, Trema in red. B Expression profile of PanHB1
and PanHB2 in P. andersonii roots, stage 1-3 nodules, and in P. andersonii x T. tomentosa F,
hybrid roots and nodules (line H9). Expression is given in DESeqg2 normalized read counts,
error bars represent standard error of three biological replicates, dots represent individual
expression levels. C Crystal structure of the asymmetric dimer of PanHB1 as deduced by
Kakar et al. 2011(Kakar et al. 2011). Dashed line separates the two units. D Protein sequence
alignment of class 1 hemoglobins from Parasponia spp., Trema spp., hop (Humulus lupulus),

and mulberry (Morus notabilis). Only amino acids that differ from the consensus are drawn.

A linear model of the crystal structure showing alpha helices and turns is depicted above the

consensus sequence. There are seven amino acids (marked grey) that consistently differ

between all Parasponia and all other sampled species: Ala(21), GIn(35), Asp(97), lle(101),
Thr(108), Val(144), and Phe(155). These differences therefore correlate with the functional

divergence between P. andersonii PanHB1 and T. tomentosa TtoHB1 (Kakar et al. 2011;
Sturms et al. 2010).
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et al. 2006; Soyano et al. 2013; Baudin et al. 2015), and RHIZOBIUM DIRECTED
POLAR GROWTH (RPG) involved in intracellular infection (J.-F. Arrighi et al. 2008).
Of these 26, five are known to function also in arbuscular mycorrhizal symbiosis
(namely VAPYRIN, SYMBIOTIC REMORIN, the transcription factors CYCLOPS and
SAT1, and a cysteine proteinase gene) (Kistner et al. 2005; Deguchi et al. 2007;
Yano et al. 2008; Pumplin et al. 2010; Horvath et al. 2011; Murray et al. 2011; T6th et
al. 2012; Chiasson et al. 2014). To further assess whether commonly utilized genes
may be co-opted from the ancient and widespread arbuscular mycorrhizal symbiosis
we determined which fraction is also induced upon mycorrhization in medicago
based on published RNA sequencing data (Afkhami and Stinchcombe 2016). This
revealed that only 8% of the commonly utilized genes have such induction in both
symbioses (Dataset S5).

By exploiting the insight that nodule organogenesis and rhizobial infection can be
genetically dissected using hybrid plants we classified these commonly utilized
genes into two categories based on their expression profiles in roots and nodules
of both P. andersonii and F1 hybrids (Figure. 2). The first category comprises 126
genes that are upregulated in both P. andersonii and hybrid nodules and that we
associate with nodule organogenesis. The second category comprises 164 genes
that are only upregulated in the P. andersonii nodule and that we therefore associate
with infection and/or fixation (Dataset S5). Based on these results we conclude that
Parasponia and medicago utilize orthologous genes that commit various functions in
at least two different developmental stages of the root nodule.

Lineage-specific adaptation in Parasponia HEMOGLOBIN 1

A notable exception to the pattern of common utilization in root nodules are the
oxygen-binding hemoglobins. Earlier studies showed that Parasponia and legumes
have recruited different hemoglobin genes (Sturms et al. 2010). Whereas legumes
use class I LEGHEMOGLOBIN to control oxygen homeostasis, Parasponia
recruited the paralogous class | HEMOGLOBIN 1 (HB1) for this function (Figure.
3A,B). Biochemical studies have revealed that P. andersonii PanHB1 has oxygen
affinities and kinetics that are adapted to their symbiotic function, whereas this is
not the case for T. tomentosa TtoHB1 (Kakar et al. 2011; Sturms et al. 2010). We
therefore examined HB1 from Parasponia species, Trema species, and other non-
symbiotic Rosales species to see if these differences are due to a gain of function
in Parasponia or a loss of function in the non-symbiotic species. Based on protein
alignment we identified Parasponia-specific adaptations in 7 amino acids (Figure.
3C,D). Among these is lle(101) for which it is speculated to be causal for a functional
change in P. andersonii HB1 (Kakar et al. 2011). Hemoglobin-controlled oxygen
homeostasis is crucial to protect the rhizobial nitrogen-fixing enzyme complex
Nitrogenase in legume rhizobium-infected nodule cells (Udvardi and Poole 2013; Ott
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et al. 2005). Therefore, Parasponia-specific gain of function adaptations in HB1 may
have comprised an essential evolutionary step towards functional nitrogen-fixing
root nodules with rhizobium endosymbionts.

Parallel loss of symbiosis genes in Trema and other relatives of Parasponia

Evolution of complex genetic traits is often associated with gene copy number
variations (CNVs) (Zmieriko et al. 2014). To test if CNVs were associated with the
generally assumed independent evolution of nodulation in Parasponia, we focused
on two gene sets: (i) close homologs and putative orthologs of the genes that were
characterized to function in legume-rhizobium symbiosis, and (ii) genes with a nodule-
enhanced expression and functional annotation in P. andersonii (these sets partially
overlap and add up to 1,825 genes; S| Appendix, Figure. S14). We discarded
Trema-specific duplications as we considered them irrelevant for the nodulation
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phenotype. To ensure that our findings are consistent between the Parasponia and
Trema genera and not due to species-specific events, we analyzed the additional
draft genome assemblies of two Parasponia and two Trema species (Sl Appendix,
Table S5). As these additional draft genomes were relatively fragmented, we sought
additional support for presence absence of genes by mapping sequence reads to
the P. andersonii and T. orientalis reference genomes and by genomic alignments.
This procedure resulted in only 11 consistent CNVs in the 1,817 symbiosis genes
examined, further supporting the recent divergence between Parasponia and
Trema (Sl Appendix, Figure. S15). Due to the dominant inheritance of nodule
organogenesis in F_ hybrid plants, we anticipated finding Parasponia-specific gene
duplications that could be uniquely associated with nodulation. Surprisingly, we found
only one consistent Parasponia-specific duplication in symbiosis genes; namely for
a HYDROXYCINNAMOYL-COA SHIKIMATE TRANSFERASE (HCT) (Sl Appendix,
Figure. S16-17). This gene has been investigated in the legume forage crop alfalfa
(Medicago sativa), where it was shown that HCT expression correlates negatively
with nodule organogenesis (Shadle et al. 2007; Gallego-Giraldo et al. 2014).

Therefore, we do not consider this duplication relevant for the nodulation capacity of
Parasponia. Additionally, we identified three consistent gene losses in Parasponia
among which is the ortholog of EXOPOLYSACCHARIDE RECEPTOR 3 that in lotus
inhibits infection of rhizobia with incompatible exopolysaccharides (Y. Kawaharada
et al. 2015; Yasuyuki Kawaharada et al. 2017) (SI Appendix, Figure. S18-20, Table
S7). Such gene losses may have contributed to effective rhizobium infection in
Parasponia and their presence in T. tomentosa could explain the lack of intracellular
infection in the F1 hybrid nodules. However, they cannot explain the dominance of
nodule organogenesis in the F1 hybrid.

Contrary to our initial expectations, we discovered consistentloss or pseudogenization
of seven symbiosis genes in Trema (Sl Appendix, Figure. $S21-23, Table S7). Based
on our current sampling, these genes have a nodule-specific expression profile in P.
andersonii, suggesting that they function exclusively in symbiosis (Figure. 4). Three
of these are orthologs of genes that are essential for establishment of nitrogen-fixing
nodules in legumes: NIN, RPG, and the LysM-type LCO receptor NFP/NFR5. In the
case of NFP/NFR5, we found two close homologs of this gene, NFP1 and NFP2, a
duplication that predates the divergence of legumes and Parasponia (Figure. 5). In
contrast to NFP1, NFP2 is consistently pseudogenized in Trema species (Figure.
5; Sl Appendix, Figure. $22-23). In an earlier study we used RNA interference
(RNAI) to target PanNFP1 (previously named PaNFP), which led to reduced nodule
numbers and a block of intracellular infection by rhizobia as well as arbuscular
mycorrhiza (R. Op den Camp et al. 2011). However, we cannot rule out that the
RNAI construct unintentionally also targeted PanNFP2, as both genes are ~70%
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Figure 5. Parasponia NFP2 are putative orthologs of legume LCO receptors MtNFP/LjNFR5.
Phylogenetic reconstruction of the NFP/NFR5 orthogroup based on kinase domain. Protein
sequences deduced from pseudogenes are marked with an asterisk. Included species:
Parasponia andersonii (Pan); P. rigida (Pri); P. rugosa (Pru); Trema orientalis RG33 (Tor);
T. orientalis RG16 (TorRG16); T. levigata (Tle); medicago (Medicago truncatula, Mt); lotus
(Lotus japonicus, Lj); soybean (Glycine max, Glyma); peach (Prunus persica, Ppe); woodland
strawberry (Fragaria vesca, Fvesca); black cotton poplar (Populus trichocarpa, Potri);
eucalyptus (Eucalyptus grandis, Eugr); jujube (Ziziphus jujube), apple (Malus x domestica),
mulberry (Morus notabilis), hops (Humulus lupulus), cassave (Manihot esculenta), rice (Oryza
sativa), tomato (Solanum lycopersicum), and castor bean (Ricinus communis). Node numbers
indicate posterior probabilities below 1, scale bar represents substitutions per site. Parasponia
proteins are marked in blue, Trema in red.
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identical in the 422 bp RNA. target region. Therefore, the precise functioning of both
receptors in rhizobium and mycorrhizal symbiosis remains to be elucidated. Based on
phylogenetic analysis the newly discovered PanNFP2 is the ortholog of the legume
MtNFP/LJNFR5 genes encoding rhizobium LCO receptors required for nodulation,
while PanNFP1 is most likely a paralog (Figure. 5). Also, PanNFP2 is significantly
higher expressed in nodules than PanNFP1 (SI Appendix, Figure. $25). Taken
together, this indicates that PanNFP2 may represent a key LCO receptor required
for nodulation in Parasponia.

Based on expression profiles and phylogenetic relationships we postulate that also
Parasponia NIN and RPG commit essential symbiotic functions similar as in other
nodulating species (Figure. 3; Sl Appendix, Figure. S25-28) (Schauser et al. 1999;
Marsh et al. 2007; Borisov et al. 2003; Clavijo et al. 2015; J.-F. Arrighi et al. 2008).
Compared with uninoculated roots, expression of PanRPG is >300 fold higher in P.
andersonii nodules that become intracellularly infected (nodule stage 2), whereas in
F, hybrid nodules -which are devoid of intracellular rhizobium infection- PanRPG this
difference is less than 20-fold (Figure. 3). This suggests that PanRPG commits a
function in rhizobium infection, similar as found in medicago (J.-F. Arrighi et al. 2008).
The transcription factor NIN has been studied in several legume species as well as
in the actinorhizal plant casuarina (Casuarina glauca) and in all cases shown to be
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Figure 6. Parallel loss of symbiosis genes in non-nodulating Rosales species. Pseudoenization

or loss of NFP2, NIN, and RPG in two phylogenetically independent Trema lineages, Humulus
lupulus (hop), Morus notabilis (mulberry), Ziziphus jujuba (jujube), Prunus persica (peach),
and Malus x domestica (apple). In H. lupulus NIN is pseudogenized, whereas NFP2 and RPG
were not found (this may due to the low N50 of the publicly available assembly). In Z. jujuba
NFP2 is lost and RPG is pseudogenized, but NIN is intact. In Fragaria vesca all three genes
are lost (not shown). Introns are indicated but not scaled. Triangles indicate frame-shifts; X
indicates premature stop codons; LTR indicates long terminal repeat retrotransposon insertion
(not scaled); arrows indicate alternative transcriptional start site in NIN. SP = signal peptide
(red); LysM: 3 Lysin Motif domains (magenta); TM = transmembrane domain (lilac); PK =
protein kinase (pink); CD = 4 conserved domains (grey); RWP-RK: conserved amino acid
domain (orange); PB1 = Phox and Bem1 domain (yellow); NT-C2 = N-terminal C2 domain
(green).
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essential for nodule organogenesis (Schauser et al. 1999; Marsh et al. 2007; Borisov
et al. 2003; Clavijo et al. 2015). Loss of NIN and possibly NFP2 in Trema species can
explain the genetic dominance of nodule organogenesis in the Parasponia x Trema
F1 hybrid plants.

Next, we assessed whether loss of these symbiosis genes also occurred in more
distant relatives of Parasponia. We analysed non-nodulating species representing
6 additional lineages of the Rosales clade; namely hop (Humulus lupulus,
Cannabaceae) (Natsume et al. 2015), mulberry (Morus notabilis, Moraceae) (He
et al. 2013), jujube (Ziziphus jujuba, Rhamnaceae) (Huang et al. 2016), peach
(Prunus persica, Rosaceae) (Verde et al. 2013), woodland strawberry (Fragaria
vesca, Rosaceae) (Shulaev et al. 2011), and apple (Malus x domestica, Rosaceae)
(Velasco et al. 2010). This revealed a consistent pattern of pseudogenization or loss
of NFP2, NIN and RPG orthologs; the intact jujube ZjNIN being the only exception
(Figure. 6). We note that for peach NIN was previously annotated as protein-coding
gene (Verde et al. 2013). However, based on comparative analysis of conserved
exon structures we found two out-of-frame mutations (Sl Appendix, Figure. S28).
We therefore conclude that also in peach the NIN gene is pseudogenized. Because
the pseudogenized symbiosis genes are largely intact in most of these species and
differ in their deleterious mutations, the loss of function of these essential symbiosis
genes should have occurred relatively recently and in parallel in at least seven
Rosales lineages.

Discussion

Here we present the nodulating non-legume Parasponia as a comparative system to
obtain insights in molecular genetic changes underlying evolution of nitrogen-fixing
root nodules. We show that nodulation is a genetically dominant trait and that P.
andersonii and the legume medicago share a set of 290 genes that have a nodule
enhanced expression profile. Among these are NIN and RPG, two genes that in
legumes are essential for nitrogen-fixing root nodulation (Schauser et al. 1999;
Borisov et al. 2003; Marsh et al. 2007; J.-F. Arrighi et al. 2008). Both these genes as
well as a putative ortholog of the NFP/NFR5-type LysM receptor for rhizobium LCO
signal molecules -named NFP2 in Parasponia- are consistently pseudogenized or
lost in Trema and other non-nodulating species of the Rosales order. This challenges
the current view on the evolution of nitrogen-fixing plant-microbe symbioses.

Evolution of nodulation is generally viewed as a two-step process: first an unspecified
predisposition event in the ancestor of all nodulating species, bringing species in the
nitrogen-fixing clade to a precursor state for nodulation. Subsequently, nodulation
originated in parallel; eight times with Frankia and twice with rhizobium (Soltis et al.
1995; Swensen 1996; Doyle 1998, 2011; Werner et al. 2014; Li et al. 2015; Doyle
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2016; Martin, Uroz, and Barker 2017). This hypothesis is most parsimonious and
suggests a minimum number of independent gains and losses of symbiosis. Based
on this hypothesis it is currently assumed that non-host relatives of nodulating
species are generally in a precursor state for nodulation (Werner et al. 2014).

Our results are difficult to explain under the hypothesis of parallel origins of
nodulation. The functions of NFP2, NIN, and RPG currently cannot be linked to any
non-symbiotic processes. Therefore it remains obscure why these symbiosis genes
were maintained over an extended period of time in non-nodulating plant species,
and were subsequently independently lost. Additionally, the hypothesis of parallel
origins of nodulation would imply convergent recruitment of at least 290 genes to
commit symbiotic functions in Parasponia and legumes. Because these 290 genes
encode proteins with various predicted functions (e.g. from extracellular signaling
receptors to sugar transporters; Dataset S5), as well as comprise at least two
different developmental expression patterns (nodule organogenesis and intracellular
infection and/or fixation; Figure. 2, Dataset S5), this would imply parallel evolution
of a genetically complex trait.

Alternatively, the parallel loss of symbiosis genes in non-nodulating plants can be
interpreted as parallel loss of nodulation (Soltis et al. 1995). Under this hypothesis
nodulation possibly evolved only once in an ancestor of the nitrogen-fixing clade.
Subsequently, nodulation was lost in most descendant lineages. This single
gain-massive loss hypothesis fits our data better in two ways. First, a single gain
explains the origin of the conserved set of at least 290 symbiosis genes utilized
by both Parasponia and medicago, because they then result from the same
ancestral recruitment event. Second, it more convincingly explains the parallel loss
of symbiosis genes in non-nodulating plants, because then gene loss correlates
directly with loss of nodulation. Additionally, the single gain-massive loss model
eliminates the predisposition event, a theoretical concept that currently cannot be
addressed experimentally. We therefore favor this alternative hypothesis over the
currently most widely held assumption of parallel origins of nodulation.

Loss of nodulation is not controversial, as it is generally considered to have occurred
atleast 20 timesinthe legume family (Li et al. 2015; Werner et al. 2014). Nevertheless,
the single gain-massive loss hypothesis implies many more evolutionary events than
the current hypothesis of parallel gains. On the other hand, it is conceptually easier to
lose a complex trait, such as nodulation, rather than to gain it (Doyle 2016). Genetic
studies in legumes demonstrated that nitrogen-fixing symbioses can be abolished by
a single knockout mutation in tens of different genes, among which are NFP/NFRS5,
NIN, and RPG (Dataset S1). Because parsimony implies equal weights for gains
and losses, it may therefore not be the best way to model the evolution of nodulation.
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Preliminary support for the single gain-massive loss hypothesis can be found in
fossil records. Putative root nodule fossils have been discovered from the late
Cretaceous (approximately 84 million years ago), which corroborates our hypothesis
that nodulation is much older than is generally assumed (Herendeen et al. 1999).
Legumes are the oldest and most diverse nodulating lineage, however the earliest
fossils that can be definitively assigned to the legume family appeared in the late
Palaeocene (approximately 65 million years ago) (Bruneau et al. 2008). Notably,
the age of the nodule fossils coincides with the early diversification of the nitrogen-
fixing clade that has given rise to the 4 orders Fabales, Rosales, Cucurbitales, and
Fagales (Li et al. 2015). As it is generally agreed that individual fossil ages provide
minimum bounds for dates of origins it is therefore not unlikely that the last common
ancestor of the nitrogen-fixing clade was a nodulator.

Clearly, the single gain-massive loss hypothesis that is supported by our comparative
studies using Parasponia requires further substantiation. First, the hypothesis implies
that many ancestral species in the nitrogen-fixing clade were able to nodulate. This
should be further supported by fossil evidence. Second, the hypothesis implies
that actinorhizal plant species maintained NIN, RPG, and possibly NFP2 (the latter
only in case LCOs are used as symbiotic signal) (Nguyen et al. 2016). Third, these
genes should be essential for nodulation in these actinorhizal plants as well as in
Parasponia. This can be shown experimentally, as was done for NIN in casuarina
(Clavijo et al. 2015).

Loss of symbiosis genes in non-nodulating plant species is not absolute, as we
observed a functional copy of NIN in jujube. This pattern is similar to the pattern
of gene loss in species that lost endomycorrhizal symbiosis where occasionally
endomycorrhizal symbiosis genes have been maintained in non-mycorrhizal plants
(Delaux et al. 2015; Kamel et al. 2017). Conservation of NIN in Ziziphus jujube
suggests that this gene has a non-symbiotic function. Contrary to NFP2, which is
the result of a gene duplication near the origin of the nitrogen-fixing clade, functional
copies of NIN are also present in species outside the nitrogen-fixing clade (SI
Appendix, Figure. S26). This suggests that these genes may have retained -at
least in part- an unknown ancestral non-symbiotic function in some lineages within
the nitrogen-fixing clade. Alternatively, NIN may have acquired a new non-symbiotic
function within some lineages in the nitrogen-fixing clade.

As hemoglobin is crucial for rhizobium symbiosis in legumes (Ott et al. 2005), it is
striking that Parasponia and legumes do not use orthologous copies of hemoglobin
genes in their nodules (Sturms et al. 2010). Superficially, this seems inconsistent
with a single gain of nodulation. However, hemoglobin is not crucial for all nitrogen-
fixing nodule symbioses because several Frankia microsymbionts possess intrinsic



Comparative genomics of the non-legume Parasponia | 83

physical characteristics to protect the Nitrogenase enzyme for oxidation (Winship,
Martin, and Sellstedt 1987; Silvester and Winship 1990; Silvester et al. 2007; Silvester,
Harris, and Tjepkema 1990). In line with this, Ceanothus spp. (Rhamnaceae,
Rosales) - which represent actinorhizal nodulating relatives of Parasponia - do not
express a hemoglobin gene in their Frankia-infected nodules (Silvester and Winship
1990; Silvester et al. 2007; Silvester, Harris, and Tjepkema 1990). Consequently,
hemoglobins may have been recruited in parallel after the initial gain of nodulation as
parallel adaptations to rhizobium microsymbionts. Based on the fact that Parasponia
acquired lineage-specific adaptations in HB1 that are considered to be essential for
controlling oxygen homeostasis in rhizobium root nodules (Sturms et al. 2010; Kakar
et al. 2011), a symbiont switch from Frankia to rhizobium may have occurred recently
in an ancestor of the Parasponia lineage.

Our study provides novel leads for attempts to engineer nitrogen-fixing root
nodules in agricultural crop plants. Such a translational approach is anticipated to
be challenging (Rogers and Oldroyd 2014), and the only published attempt so far,
describing transfer of 8 LCO signaling genes, was unsuccessful (Untergasser et al.
2012). Our results suggest that transfer of symbiosis genes may not be sufficient
to obtain functional nodules. Even though F1 hybrid plants contain a full haploid
genome complement of P. andersonii they lack intracellular infection. This may
be due to haploinsufficiency of P. andersonii genes in the F1 hybrid, or due to an
inhibitory factor in T. tomentosa. For example, inhibition of intracellular infection may
be the result of a dominant negative factor, or the result of heterozygosity negatively
affecting the formation of e.g. LysM receptor complexes required for appropriate
perception of microsymbionts. Such factors may also be present in other non-
host species. Consequently, engineering nitrogen-fixing nodules may require gene
knockouts in non-nodulating plants to overcome inhibition of intracellular infection.
Trema may be the best candidate species for such a (re)engineering approach, due
to its high genetic similarity with Parasponia and the availability of transformation
protocols (Cao et al. 2012). Therefore, the Parasponia-Trema comparative system
may not only be suited for evolutionary studies, but also can form an experimental
platform to obtain essential insights for engineering nitrogen-fixing root nodules.
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Materials and Methods

Parasponia - Trema intergeneric crossing and hybrid genotyping_

Parasponia and Trema are wind-pollinated species. A female-flowering P. andersonii
individual WU1.14 was placed in a plastic shed together with a flowering T.
tomentosa WU10 plant. Putative F, hybrid seeds were germinated (see Sl Appendix,
Supplementary Methods) and transferred to potting soil. To confirm the hybrid genotype
a PCR marker was used that visualizes a length difference in the promoter region
of LIKE-AUXIN 1 (LAX1) (primers: LAX1-f: ACATGATAATTTGGGCATGCAACA,
LAX1-r: TCCCGAATTTTCTACGAATTGAAA, amplicon size P. andersonii: 974 bp;
T. tomentosa: 483 bp). Hybrid plant H9 was propagated in vitro (Davey et al. 19983;
R. Op den Camp et al. 2011). The karyotype of the selected plants was determined
according to Geurts and De Jong 2013 (René Geurts and de Jong 2013).

Assembly of reference genomes

Cleaned DNA sequencing reads were de novo assembled using ALLPATHS-LG
(release 48961) (Gnerre et al. 2011) After filtering of any remaining adapters and
contamination, contigs were scaffolded with two rounds of SSPACE-standard (v3.0)
(Boetzer et al. 2011) with the mate-pair libraries using default settings. We used
the output of the second run of SSPACE scaffolding as the final assembly (See SI
Appendix, Supplementary Methods for full details and parameter choices). Validation
of the final assemblies showed that 90-100% of the genomic reads mapped back to
the assemblies (SI Appendix, Table S4), and 94-98% of CEGMA (Parra, Bradnam,
and Korf 2007) and BUSCO (Simé&o et al. 2015) genes were detected (S| Appendix,
Table S5).

Annotation of reference genomes

Repetitive elements were identified following the standard Maker-P recipe
(http://weatherby.genetics.utah.edu/MAKER/wiki/index.php/Repeat_Library
Construction-Advanced accessed October 2015) as described on the GMOD site:
(i) RepeatModeler with Repeatscout v1.0.5, Recon v1.08, RepeatMasker version
open4.0.5, using RepBase version 20140131 (Bao, Kojima, and Kohany 2015) and
TandemRepeatFinder; (ii) GenomeTools: LTRharvest and LTRdigest (Gremme,
Steinbiss, and Kurtz 2013); (iii) MITEhunter with default parameters (Han and Wessler
2010). We generated species-specific repeat libraries for both P. andersonii and T.
orientalis separately and combined these into a single repeat library, filtering out
sequences that are >98% similar. We masked both genomes using RepeatMasker
with this shared repeat library.

To aid the structural annotation we used 11 P. andersonii and 6 T. orientalis
RNA sequencing datasets (SI Appendix, Table S8). All RNA-seq samples were
assembled de novo using genome-guided Trinity (Grabherr et al. 2011), resulting
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in one combined transcriptome assembly per species. In addition all samples were
mapped to their respective reference genomes using BWA-MEM and processed into
putative transcripts using cufflinks (Trapnell et al. 2010) and transdecoder (Haas
et al. 2013). As protein homology evidence, only Swiss-Prot (UniProt Consortium
2015) entries filtered for plant proteins were used. This way we only included
manually verified protein sequences and prevented the incorporation of erroneous
predictions. Finally, four gene-predictor tracks were used: 1) SNAP (Korf 2004),
trained on P. andersonii transdecoder transcript annotations; 2) SNAP, trained on
T. orientalis transdecoder transcript annotations; 3) Augustus (Stanke et al. 2008)
as used in the BRAKER pipeline, trained on RNA-seq alignments (Hoff et al. 2016);
4) GeneMark-ET as used in the BRAKER pipeline, trained on RNA-seq alignments
(Lomsadze, Burns, and Borodovsky 2014).

First, all evidence tracks were processed by Maker-P (Campbell et al. 2014). The
results were refined with EVidenceModeler (EVM) (Haas et al. 2008), which was
used with all the same tracks as Maker-P, except for the Maker-P blast tracks and
with the addition of the Maker-P consensus track as additional evidence. Ultimately,
EVM gene models were preferred over Maker-P gene models, except when there
was no overlapping EVM gene model. Where possible, evidence of both species was
used to annotate each genome (i.e. de novo RNA-seq assemblies of both species
were aligned to both genomes).

To take maximum advantage of annotating two highly similar genomes simultaneously
we developed a custom reconciliation procedure involving whole genome alignments.
The consensus annotations from merging the EVM and Maker-P annotations were
transferred to their respective partner genome using nucmer (Kurtz et al. 2004) and
RATT revision 18 (Otto et al. 2011) (i.e. the P. andersonii annotation was transferred
to T. orientalis and vice versa), based on nucmer whole genome alignments (SI
Appendix, Fig. $10). Through this reciprocal transfer, both genomes had two
candidate annotation tracks. This allowed for validation of annotation differences
between P. andersonii and T. orientalis, reduced technical variation, and consequently
improved all downstream analyses. After automatic annotation and reconciliation
1,693 P. andersonii genes and 1,788 T. orientalis genes were manually curated.
These were mainly homologs of legume symbiosis genes and genes that were
selected based on initial data exploration.

To assign putative product names to the predicted genes we combined BLAST
results against Swiss-Prot, TrEMBL, and nr with InterProScan results (custom
script). To annotate GO terms and KEGG enzyme codes Blast2GO was used with
the nr BLAST results and InterProScan results. Finally, we filtered all gene models
with hits to InterPro domains that are specific to repetitive elements.
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Orthogroup inference

To determine relationships between P. andersonii and T. orientalis genes, as well
as with other plant species we inferred orthogroups with OrthoFinder version 0.4.0
(Emms and Kelly 2015). Since orthogroups are defined as the set of genes that are
descended from a single gene in the last common ancestor of all the species being
considered, they can comprise orthologous as well as paralogous genes. Our analysis
included proteomes of selected species from the Eurosid clade: Arabidopsis thaliana
TAIR10 (Brassicaceae, Brassicales) (Swarbreck et al. 2008) and Eucalyptus grandis
v2.0 (Myrtaceae, Myrtales) from the Malvid clade (Myburg et al. 2014); Populus
trichocarpa v3.0 (Salicaeae, Malpighiales) (Tuskan et al. 2006), legumes Medicago
truncatula Mt4.0v1 (Young et al. 2011) and Glycine max Wm82.a2.v1 (Fabaceae,
Fabales) (Schmutz et al. 2010), Fragaria vesca v1.1 (Rosaceae, Rosales) (Shulaev
et al. 2011), P. andersonii and T. orientalis (Cannabaceae, Rosales) from the Fabid
clade (Dataset S2). Sequences were retrieved from phytozome (www.phytozome.
net).

Gene copy number variant detection

To assess orthologous and paralogous relationships between Parasponia and
Trema genes, we inferred phylogenetic gene trees for all 21,959 orthogroups
comprising Parasponia and/or Trema genes using the neighbor-joining clustering
algorithm (Saitou and Nei 1987). Based on these gene trees, for each Parasponia
gene its relationship to other Parasponia and Trema genes was defined as follows.
1) orthologous pair: the sister lineage is a single gene from the Trema genome
suggesting that they are the result of a speciation event; 2) inparalog: the sister
lineage is a gene from the Parasponia genome, suggesting that they are the result
of a gene duplication event; 3) singleton: the sister lineage is a gene from a species
other than Trema, suggesting that the Trema gene was lost; 4) multi-ortholog: the
sister lineage comprises multiple genes from the Trema genome, suggesting that
the latter are inparalogs. For each Trema gene, relationship was defined in the same
way but with respect to the Parasponia genome (S| Appendix, Table S6). Because
phylogenetic analysis relies on homology we assessed the level of conservation
in the multiple-sequence alignments by calculating the trident score using MstatX
(https://github.com/gcollet/MstatX) (Valdar 2002). Orthogroups with a score below
0.1 were excluded from the analysis. Examination of orthogroups comprising >20
inparalogs revealed that some represented repetitive elements; these were also
excluded. Finally, orthologous pairs were validated based on the whole-genome
alignments used in the annotation reconciliation.
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Nodule-enhanced genes

To assess gene expression in Parasponia nodules, RNA was sequenced from the
three nodule stages described above as well as uninoculated roots (SI Appendix,
Table S8). RNA-seq reads were mapped to the Parasponia reference genome
with HISAT2 version 2.02 (Kim, Langmead, and Salzberg 2015) using an index
that includes exon and splice site information in the RNA-seq alignments. Mapped
reads were assigned to transcripts with featureCounts version 1.5.0 (Liao, Smyth,
and Shi 2014). Normalization and differential gene expression were performed with
DESeq2. Nodule enhanced genes were selected based on >2.0 fold-change and
p<=0.05 in any nodule stage compared with uninoculated root controls. Genes
without functional annotation or orthogroup membership or from orthogroups with
low alignment scores (<0.1 trident score, see above) or representing repetitive
elements were excluded from further analysis. To assess expression of Parasponia
genes in the hybrid nodules, RNA was sequenced from nodules and uninoculated
roots. Here, RNA-seq reads were mapped to a combined reference comprising
two parent genomes from P. andersonii and T. tomentosa. To assess which genes
are nodule-enhanced in medicago we re-analyzed published RNA-seq read data
from Roux et al. (archived at NCBI under SRA study SRP028599) (Roux et al.
2014b). To assess which of these genes may be co-opted from the ancient and
widespread arbuscular mycorrhizal symbiosis we generated a set of 575 medicago
genes induced upon mycorrhization in medicago by re-analyzing published RNA-
seq read data from Afkhami and Stinchcombe (archived at NCBI under SRA study
SRP078249) (Afkhami and Stinchcombe 2016) Both medicago data sets were
analysed as described above for Parasponia but using the medicago genome and
annotation version 4.0v2 as reference (Young et al. 2011).

To assess common recruitment of genes in nodules from Parasponia and medicago
we counted orthogroups comprising both P. andersonii and medicago nodule-
enhanced genes. To assess whether this number is higher than expected by chance
we performed the hypergeometric test as well as three different permutation tests
where we randomized either the Parasponia gene set, the medicago gene set, or
both sets with 10,000 permutations. We then determined putative orthology between
the Parasponia and medicago genes within the common orthogroups based on
phylogenetic analysis. Parasponia and medicago genes were considered putative
orthogroups if they occur in the same subclade with more than 50% bootstrap
support; otherwise they were considered close homologs.

Supplemental data

Supplemental data and data files belonging to this chapter are available at Proc Natl
Acad Sci USA online (https://doi.org/10.1073/pnas.1721395115).



88 | Chapter 3

Availability of data and materials

The data reported in this study are tabulated in the additional information files;
sequence data are archived at NCBI (https://www.ncbi.nim.nih.gov) under
BioProject numbers PRJNA272473 and PRJNA272482; draft genome assemblies,
phylogenetic datasets, and orthogroup data are archived at the Dryad Digital
Repository: https://doi.org/10.5061/dryad.fq7gv88. All analyzed data can also be
browsed or downloaded through a web portal on www.parasponia.org. All custom
scripts and code are available on https://github.com/holmrenser/parasponia_code.
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Abstract

Rhizobium nitrogen-fixing nodule symbiosis occurs in two taxonomic lineages:
legumes (Fabaceae) and Parasponia (Cannabaceae). Both symbioses are initiated
upon the perception of rhizobium-secreted lipo-chitooligosaccharides (LCOs), called
Nod factors. Studies in the model legumes Lotus japonicus (lotus) and Medicago
truncatula (medicago) showed that rhizobium LCOs are perceived by a heteromeric
receptor complex of distinct Lysin Motif (LysM)- type transmembrane receptors
named NOD FACTOR RECEPTOR1 (LjNFR1)-LjNFR5 (lotus) and LYSM DOMAIN
CONTAINING RECEPTOR KINASE3 (MiLYK3)-NOD FACTOR PERCEPTION
(MtNFP) (medicago). Recent phylogenomic comparative analyses indicated that
the nodulation trait of legumes, Parasponia, as well as of so-called actinorhizal
plants that establish a symbiosis with diazotrophic Frankia bacteria, share an
evolutionary origin about 110 million years ago. However, the evolutionary trajectory
of LysM-type LCO receptors remains elusive. By conducting phylogenetic analysis,
trans-complementation studies, and CRISPR-Cas9 mutagenesis in Parasponia
andersonii (parasponia), we obtained insight to the origin of LCO receptors essential
for nodulation. We identified four LysM-type receptors controlling nodulation in
parasponiaP. andersonii: PanLYK1, PanLYK3, PanNFP1 and PanNFP2. These
genes evolved upon ancient duplication events predating and coinciding with the
origin of nodulation. Phylogenetic and functional analysis associated the occurrence
of a functional NFP2-orthologous receptor to LCO-driven nodulation. Legumes and
Parasponia use orthologous LysM-type receptors to perceive rhizobium LCOs,
suggesting a shared evolutionary origin of LCO-driven nodulation. Furthermore,
we found that both PanLYK1 and PanLYK3 are essential for intracellular arbuscule
formation of mutualistic endomycorrhizal fungi. PanLYK3 also acts as a chitin
oligomer receptor essential for innate immune signalling, demonstrating functional
analogy to CHITIN ELECITOR RECEPTOR KINASE (CERK )-type receptors.
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Introduction

Nitrogen availability is a critical factor for plant growth, but fixed nitrogen in the form
of nitrate or ammonia in soils is limited. Plants have acquired different strategies to
overcome this limitation. One such strategy is establishing a nodule endosymbiosis
with nitrogen-fixing Frankia or rhizobium bacteria. Inside nodules, physiological
conditions are created that allow the bacteria to convert atmospheric dinitrogen
(N,) into ammonia that can be used by the plant. Carbohydrates of plant origin fuel
this energy demanding process. The unique character of nitrogen-fixing nodule
symbiosis has raised the interest of plant researchers for more than a century,
ultimately aiming to transfer this trait to non-leguminous crop species (Burrill and
Hansen, 1917; Rogers and Oldroyd, 2014; Huisman and Geurts, 2019).

The Frankia and rhizobium nitrogen-fixing nodulation trait occurs in ten paraphyletic
lineages within the orders Fabales, Fagales, Cucurbitales and Rosales, collectively
known as the nitrogen-fixing clade (Soltis et al., 1995). Based on phylogenomic
comparisons of nodulating and non-nodulating plant species, it is hypothesized that
the nitrogen-fixing nodule symbiosis with rhizobium or Frankia bacteria has a shared
evolutionary origin, dating to about 110 million years ago (Griesmann et al., 2018;
van Velzen et al., 2018a; van Velzen et al., 2018b). Subsequently, the nodulation trait
most probably was lost multiple times, which is associated with pseudogenization
of two key genes essential for nodule organogenesis and bacterial infection; the
transcription factor NODULE INCEPTION (NIN) and the coiled-coil protein-encoding
gene RHIZOBIUM POLAR GROWTH (RPG) (Griesmann et al., 2018; van Velzen et
al., 2018b). These two genes likely experienced genetic adaptations, allowing them
to function exclusively in nodulation. However, insight into the evolutionary trajectory
of signalling receptors involved in recognition of bacterial signals and subsequent
activation of the pathways leading to nodule organogenesis and bacterial infection
remains elusive.

The nitrogen-fixing nodulation trait is best studied in the legume models Lotus
japonicus (lotus) and Medicago truncatula (medicago) (Fabaceae, Fabales).
Both these legumes recognize their rhizobium microsymbionts by the structural
characteristics of secreted lipo-chitooligosaccharides (LCOs, also known as Nod
factors). Perception of these molecules triggers nodule development (Wang et al.,
2012). LCO signalling is also the basis of rhizobium-induced nodulation in the non-
legume Parasponia (Cannabaceae, Rosales) (Marvel et al., 1987; Op den Camp
et al., 2011; van Velzen et al., 2018b). Additionally, it was found that diazotrophic
Frankia strains of a basal taxonomic lineage (so-called cluster-Il strains) possess
LCO biosynthesis genes, but the nodulating strains of two other taxonomic clusters
do not (Pawlowski and Demchenko, 2012; Persson et al., 2015; Nguyen et al., 2016;
Van Nguyen et al., 2019). LCOs, as well as chitin oligomers (COs), are also used
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Figure 1. Phylogeny reconstruction of the LYK-I orthogroup, containing known CO and LCO
receptors, based on 127 sequences from 47 species. Two main subgroups are recognized in
Eudicots, LYK-la (blue) and LYK-Ib (green). Note the presence of both variants in Aquilegia
coeralia, a basal Eudicot in the Ranunculales. A subset of proteins is unresolved. Parasponia
proteins are in bold. Parasponia and Trema LYK3.1 and LYK3.2 represent protein variants
of LYK3. Deduced pseudo-proteins are depicted in grey/strikethrough. Proteins with known
functions in nodulation, mycorrhization, and/or chitin-innate immune signalling are indicated.
Bootstrap values indicate 1Q-tree UF-bootstrap support%, values >98 are not shown. Tree
sScale bar represents substitutions per site. Acomplete list of species and accession numbers
can be found in Data set S1.

by arbuscular mycorrhiza (AM) fungi to signal their hosts (Maillet et al., 2011; Genre
et al., 2013). Perception of these AM signals requires a plant LysM-type receptor
that also is essential for chitin innate immune signalling; e.g. CHITIN ELECITOR
RECEPTOR KINASE1 (OsCERK1) in rice (Oryza sativa) (Miyata et al., 2014; Zhang
et al., 2015; He et al., 2019). This suggests that nodulating bacteria co-opted LCO
signalling from the widespread AM symbiosis and/or innate immune signalling
(Parniske, 2008; Gough and Cullimore, 2011; Geurts et al., 2012).

Genetic and biochemical studies in lotus and medicago demonstrated that rhizobium
LCOs are perceived specifically by a heteromeric complex containing two distinct
LysM-type receptors, named NOD FACTOR RECEPTOR1 (LjNFR1) and LjNFR5 in
lotus, and LYSM DOMAIN CONTAINING RECEPTOR KINASE3 (MtLYK3) and NOD
FACTOR PERCEPTION (MtNFP) in medicago (Limpens et al., 2003; Madsen et al.,
2003; Radutoiu et al., 2003; Arrighi et al., 2006; Radutoiu et al., 2007; Broghammer
et al., 2012). Other receptors may modulate the LCO response, such as LiNFRe, a
homolog of LNFR1 in lotus (Murakami et al., 2018). The LysM-type receptor family
can be divided into two subclasses; named LYK and LYR, characterized by having
a functional or dead kinase domain (Arrighi et al., 2006). Together these make up
11 orthogroups, two of which include legume LCO receptors (Buendia et al., 2018).
Within legumes, the orthogroup that includes LiNFR1/MtLYK3 (named LYK-I clade)
expanded upon gene duplications, allowing functional separation of rhizobium-
induced signalling, AM symbiosis and chitin-triggered innate immune responses
(De Mita et al., 2014; Bozsoki et al., 2017; Buendia et al., 2018; Gibelin-Viala et
al., 2019). Likewise, the LNFR5/MtNFP (orthogroup LYR-IA) experienced a gene
duplication early in the legume clade (Young et al., 2011; Buendia et al., 2018).

Data on symbiotic LysM-type receptors in nodulating non-legumes are scarce. Only
in Parasponia andersonii (parasponia) has a receptor functioning in nodulation
been identified; named PanNFP1, which is a close homolog of LiNFR5/MtNFP
(Op den Camp et al.,, 2011). Besides PanNFP1, Parasponia species possess
a homologous receptor, named NFP2, which is more closely related to LiNFR5/
MtNFP and transcriptionally activated in root nodules. Interestingly, this receptor is
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pseudogenized in non-nodulating Rosales species (van Velzen et al., 2018b). To
obtain insight into the evolution of LysM-type LCO receptors that are essential for
nodulation, we used parasponia as a comparative system to legumes. The genus
Parasponia represents five tropical tree species, which form nitrogen-fixing nodules
with LCO producing rhizobium species that also nodulate legumes (van Velzen et
al., 2018b). Parasponia and legumes diverged at the root of the nitrogen-fixing clade
>100 million years ago (Li et al., 2015; van Velzen et al., 2018a). The microbial
symbionts of the ancestral nodulating plants remain elusive, and it is probable that
Parasponia and legumes accepted rhizobium as a microbial partner in parallel (van
Velzen et al., 2018a). In line with this, Parasponia provides a unique comparative
system to obtain insight into evolutionary trajectories of different LCO receptors that
are essential for nodulation.

Results

Phylogeny reconstruction of orthogroups representing LysM-type LCO
receptors

To obtain insight into the LysM-type receptor family of parasponia, we analysed it
phylogenetically. We identified 16 parasponia genes encoding putative LysM-type
receptors that all grouped in known orthogroups except one (Figure S1; Table S1).
Genetic studies in legumes uncovered only two orthogroups that contain proteins
with a known function in rhizobium LCO signalling; these are named LYK-1 and LYR-
IA (Buendia et al., 2018). Parasponia has two gene copies in both these orthogroups.

LYK-1 is the largest orthogroup, containing the functional legume LCO receptors
MtLYK3/LJNFR1 and LjNFRe (Limpens et al., 2003; Radutoiu et al., 2003; Murakami
et al., 2018). Besides these, the LYK-I orthogroup also includes chitin innate immune
receptors of medicago MtLYK9/MtCERK1, lotus LJCERK®, arabidopsis (Arabidopsis
thaliana) AtCERK1, tomato (Solanum lycopersicum) SILYK1 and rice OsCERK1
(Limpens et al., 2003; Miya et al., 2007; Wan et al., 2008; Shimizu et al., 2010;
Miyata et al., 2014; Zhang et al., 2015; Bozsoki et al., 2017; Carotenuto et al., 2017;
Liao et al., 2018; Gibelin-Viala et al., 2019; He et al., 2019). OsCERK1 and MtLYK9/
MtCERK1 have also been found to function in AM symbiosis (Miyata et al., 2014;
Zhang et al., 2015; Feng et al., 2019; Gibelin-Viala et al., 2019). Two parasponia
genes are part of this orthogroup; named PanLYK1 and PanLYKS3.

A more exhaustive phylogenetic reconstruction was conducted using gene orthologs
of additional species to obtain insight into the evolutionary relationships of these
genes when compared to LCO and CO receptors. Notably, LysM-type receptors of
the recently sequenced nodulating actinorhizal plants and non-nodulating relatives
were included (Griesmann et al., 2018). The resulting phylogeny largely resembled
Rosid species trees as reconstructed on the basis of plastid-coding genes (Wang
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Figure 2. Gene structure and expression of Parasponia PanLYK3 (A) Structure of the
PanLYK3 gene model and encoded proteins. PanLYK3 possesses two transcriptional start
sites resulting in two protein variants, which differ in the extracellular region containing the
LysM-domains and are encoded by exon1. Red cross indicates a third upstream copy of
exon1 lost in Pparasponia andersonii, maintained in other Pparasponia and/ Ttrema species.
(B) Expression profile of PanNFP1, PanNFP2, PanLYK1 and PanLYK3 in different plant
tissues. Expression is given in DESeq2-normalized read counts; error bars represent SE of
biological replicates. Dots represent individual expression levels. The analysis is based on
data presented in Van Velzen et. al. 2018 (van Velzen et al., 2018b). (C) Relative expression
of the PanLYK3.1 and PanLYK3.2 transcriptional variants based on RNA-seq reads splicing
into the second exon. Data are represented as mean + SE (n=3). The analysis is based on
data presented in Van Velzen et. al. 2018 (van Velzen et al., 2018b)

et al., 2009; Goncalves et al.,, 2019). Our analysis revealed that PanLYK1 and
PanLYKS3 originated from an ancient duplication, dividing this orthogroup into two
subgroups that we named LYK-la and LYK-Ib. This duplication does not coincide
with the birth of the nitrogen-fixing clade, but rather has occurred in an ancestral
eudicot (Figure 1; Data set S1). The only studied member in the LYK-la orthogroup
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Figure 3. Phylogeny reconstruction of LYRI-A orthogroup, containing known legume LCO
receptors, based on 122 sequences from 87 species. A gene duplication in the root of the
nitrogen-fixing clade is recognized; resulting in two subclades named NFP-I (blue) and NFP-II
(green). The symbiotic capacities of the species are marked by filled (positive) and unfilled
(negative) symbols: AM symbiosis (blue squares), ectomycorrhizal symbiosis (purple circles)
and nodulation (green stars). Parasponia PanNFP1 and PanNFP2 are in bold. Deduced
psuedo-proteins are depicted in grey/strikethrough. Values indicate 1Q-tree UF-bootstrap
support%. values >98 are not shown. Branch support for the nitrogen-fixing clade indicates
aSH-aLRT / UF-Bootstrap / approximate Mr.Bayes support, respectively. Tree sScale bar
represents substitutions per site. A list of species and accession numbers can be found in
Data set S2.

is tomato SILYK12, and knockdown of this gene by virus-induced gene silencing
(VIGS) substantially reduces mycorrhizal colonization (Liao et al., 2018). The LYK-
Ib clade represents several functionally characterized genes, including the chitin
innate immune receptors and legume rhizobium LCO receptors. Legumes exhibit an
increased number of genes in the LYK-Ib subclade, which are the result of tandem
duplications (Limpens et al., 2003; Radutoiu et al., 2003; Zhu et al., 2006). These
duplications may have driven neofunctionalization of LCO receptors in legumes (De
Mita et al., 2014). In Parasponia, no gene duplications have occurred in the LYK-Ib
clade (represented by PanLYK3) nor in the LYK-la clade (represented by PanLYK1).
In contrast, parasponia PanLYK3 experienced a duplication of exclusively the first
exon. To determine whether this duplication is specific for the Parasponia genus
we analysed the LYK3 genomic region of two additional Parasponia and three
non-nodulating species of the closely related genus Trema. This revealed that the
duplication of LYK3 exonl is present in all species investigated and occurred twice,
where the most distal exon 1 copy was lost in parasponia (Figure 2A, Figure S2A).
The encoded pre-mRNAs both splice into a shared second exon (Figure 2). Each
exonl copy contains a putative transcription and translation start site, which allows
for differential expression of the variants (Figure 2B-C). Genes of the LYK-I clade
have a highly conserved intron-exon structure (Zhang et al., 2009). In most cases,
the first exon encodes the extracellular domain comprising the signal peptide and
three LysM motifs. So, the parasponia PanLYK3 gene encodes two protein variants,
named PanLYK3.1 and PanLYK®.2, that differ in their extracellular domain (Figure
S2B).

The LYR-IA orthogroup represents the legume LCO receptors MtINFP, LiNFR5 and
pea (Pisum sativum) PsSYM10 (Madsen et al., 2003; Arrighi et al., 2006; Buendia et
al., 2016; Miyata et al., 2016). Previously, we have shown that Parasponia species
harbour two genes in this orthogroup, PanNFP1 and PanNFP2 in parasponia, of
which the latter is more closely related to MtNFP/LJNFR5 (van Velzen et al., 2018b).
PanNFP1 and PanNFP2 originated from an ancient duplication. Phylogenetic
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Figure 4. Parasponia PanNFP1, PanNFP2, PanLYK1 and PanLYK3 complement a lotus
Ljnfrl;Ljnfr5 mutant for rhizobium-induced Ca?* oscillation. (A) Schematic representation of
the T-DNA region of the binary construct used for A. rhizogenes-based root transformation of
a lotus Ljnfrl;Ljnfr5 double mutant. cDNA clones of LYK-I (marked blue) or LYR-la type genes
(marked red) were cloned in identical fashion. cDNA clones were inserted between native
promoter (marked black) pLjNFR1 (4,171bp) or pLjNFR5 (1,314bp), and native terminator
(marked gray) sequences ter-LiNFR1 (394 bp) or ter-NFR5 (432 bp). pLjUBQ1::R.GECO1.2-
nls:CaMV35S-ter (marked orange) was used to visualize nuclear calcium oscillation. The left
border (LB) and right border (RB) (marked green) flank the T-DNA region. (B) Representative
traces of nuclear Ca?* oscillation, as observed in different combinations of LYK-I (red) and
LYR-la (blue) type receptors introduced in a lotus Ljnfr1;Ljnfr5 double mutant. Note that the
receptor combinations PanLYKZ1;LjNFR5 and LjNFR1;PanNFP2 didn't complement for Ca2*
oscillation. Traces were recorded ~10 min post-application of LCOs extracted from M. loti
R7A (~10° M). Numbers denote spiking roots vs the number of roots analyzed. The number in
brackets denotes the total number of spiking nuclei observed. Scale bar = 10 minutes. Y-axis
is the relative fluorescence intensity compared to defined baseline in arbitrary units.

reconstruction, including additional nodulating and non-nodulating species,
supported the occurrence of NFP-1 and NFP-II subclades in the LYR-IA orthogroup
and showed that this duplication associates with the origin of the nitrogen-
fixing clade (Figure 3; Data set S2). Several Actinorhizal species possess gene
copies in both NFP subclades; including Datisca glomerata, Dryas drummondii,
and Ceanothus thyrsiflorius. All these species nodulate with diazotrophic Frankia
species of taxonomic cluster-II, which possess LCO biosynthesis genes. An NFP-II-
type orthologous gene is notably absent in Actinorhizal species that are exclusively
nodulated by Frankia species of cluster-1 or cluster-Ill that lack LCO biosynthesis
genes; e.g. Alnus glutinosa and Casuarina glauca (Figure 3) (Pawlowski and
Demchenko, 2012; Griesmann et al., 2018; Salgado et al., 2018; Van Nguyen et
al., 2019). In line with what was reported for the non-nodulating Rosales species
(van Velzen et al., 2018b), NFP-II-type pseudogenes can be found in the genomes
of the non-nodulating Fagales species Castanea mollissima and Quercus fagus.
This shows a strict association of the presence of a functional NFP-Il-type gene
and LCO-driven nodulation, suggesting that the NFP-1l subclade represents LCO
receptors that function exclusively in nodulation.

Parasponia PanNFP1, PanNFP2, PanLYK1 and PanLYK3 can perceive
rhizobium LCOs

Based on the orthologous relation to legume LCO receptors, we considered PanLYK3
(both variants) and PanNFP2 as the most likely candidates to encode rhizobium
LCO receptors in parasponia. We noted that, in contrast to PanLYK3, PanLYK1
is exclusively expressed in roots and nodule tissue (Figure 2B), suggesting this
gene may also function in a symbiotic context. Therefore, we decided to include this
gene in further studies. Finally, we included also PanNFP1, since an earlier study



106 | Chapter 4

based on RNA interference (RNAI) in transformed parasponia roots showed that
this gene functions in nodulation (Op den Camp et al., 2011). To test whether these
four parasponia genes can function as rhizobium LCO receptors, we conducted two
complementary experiments. First, we introduced parasponia receptor pairs into
a lotus Ljnfrl;Ljnfr5 double mutant aiming to determine whether these parasponia
P. andersonii receptors can trans-complement for LCO-induced Ca?* oscillation.
Second, we generated CRISPR-Cas9 knockout mutants in parasponia to study their
role in nodulation.

We selected lotus for trans-complementation studies as its microbial host
Mesorhizobium loti strain R7A can also nodulate parasponia (Figure S3A-C). By
using A. rhizogenes-mediated root transformation, we tested six combinations of
parasponia heterodimeric receptor pairs under control of the promoter and terminator
of lotus LiNFR1 and LjNFR5 (Figure 4A). These promoters showed to be functional in
complementation of the lotus Ljnfr1-1;Ljnfr5-2 double mutant (Figure S3D-H). For the
trans-complementation constructs, we included the nuclear localized calcium sensor
R-GECO1.2, allowing visualization of nuclear Ca?* oscillations (Zhao et al., 2011). In
wild-type lotus roots, Ca?* oscillation was most strong in young root hair cells, whereas
this response is not recorded in the Ljnfrl-1;Ljnfr5-2 double mutant (Figure S3I,J;
movie S1) (Miwa et al., 2006). Analysing the transgenic roots expressing parasponia
receptor combinations revealed that nine out of eleven tested combinations elicit
Ca* oscillation, although less regular in shape and frequency when compared to
the positive control (Figure 4B; movie S2). Interestingly, the receptor combinations
PanLYKZ1;LjNFR5 and LiNFR1;PanNFP2 did not elicit any Ca?* oscillation response,
whereas both parasponia receptors are -at least partially- functional as an M. loti
LCO receptor when combined with a parasponia counterpart (Figure 4B). Upon
inoculation with M. loti R7A, only nodule-like structures were observed on roots
trans-complemented with different parasponia receptor combinations (4 weeks post-
inoculation), but not with heterologous receptor pairs (Table S2). We sectioned the
largest nodule-like structures, which were present on PanLYK3.2;PanNFP2 and
PanLYK1;PanNFP1 transformed plants. This showed the absence of intracellular
rhizobium infections (Figure S3K-P). Taken-together, the trans-complementation
studies of a lotus Ljnfrl;Ljnfr5 mutant indicated that all four parasponia receptors
-PanLYK1, PanLYK3, PanNFP1 and PanNFP2- have the potential to function as
receptors for M. loti LCOs, but none could fully trans-complement a lotus Ljnfrl-
1;Ljnfr5-2 double mutant for nodulation.
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Figure 5. Parasponia Pannfpl, Pannfp2 and Panlyk3 mutants are affected in nodulation. Data
are represented as mean * SE, dots represent individual data points. Letters denote statistical
significance based on one-way ANOVA and Tukey post-hoc contrasts P>0.05.

(A) Nodule numbers in parasponia CRISPR-Cas9 mutant lines Pannfpl d2 (n=18), k2 (n=31)
and ml (n=19) and Pannfp2 b1 (n=19), e2 (n=10) and g1 (n=9), 5 wpi with M. plurifarium
BOR2. EV Control 1 (n=12) represents a positive control line transformed with a binary
vector not containing sgRNAs. (B) Nodule numbers in parasponia CRISPR-Cas9 mutant
lines Panlykl a1 (n=19) and b1 (n=20), 5 wpi with M. plurifarium BOR2. EV control 1 (n=14)
and EV control 2 (n=14) represent two independent positive control lines transformed with
a binary vector not containing sgRNAs. WT (n=20) represent untransformed plantlets. (C)
Nodule numbers in parasponia CRISPR-Cas9 mutant lines Panlyk3 a2 (n=21), c3 (n=21)
and el (n=19), 5 wpi with M. plurifarium BOR2. EV Control 1 (n=14). (D,E,F,G,H,l) Toluidine
blue-stained section of representative nodules grown with M. plurifarium BOR2 (D) Wild type
parasponia transformed with an EV-1 construct expressing Cas9. Scale bar: 100 ym. (E)
Infected nodule cells containing fixation threads formed on EV-1 plants. Scale bar: 20 ym.
(F) Infected nodule of Panlyk3 line e2. Note patches of infected cells. Scale bar: 100 ym. (G)
infected nodule cells of the Panlyk3 line e2 containing fixation threads. Scale bar: 20 pm. (H)
Empty nodule of Panlyk3 line e2. Note the absence of fully infected cells. Scale bar: 100 pm.
(I) Nodule cells of the Panlyk3 line e2 containing infection threads but no fixation threads.
Scale bar: 20 pm.
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Parasponia PanNFP1, PanNFP2, PanLYK1 and PanLYKS3 function in nodulation
We recently established an efficient Agrobacterium tumefaciens-mediated
transformation protocol for parasponia, which allows the generation of CRISPR-
Cas9 mutant plantlets in a ~3 month timeframe (van Zeijl et al., 2018; Wardhani
et al., 2019). This enabled us to test by mutagenesis whether PanLYK1, PanLYK3,
PanNFP1 and PanNFP2 are essential for rhizobium-induced nodule formation. We
aimed to generate small deletions of 100-300 bp in the area covering the LysM
domains by using two or three single guide RNAs (SgRNASs) that have no potential high
identity off-targets. In the case of PanLYKS3 the transmembrane domain was targeted
in order to mutate both alternative start variants. Additionally, we targeted specifically
PanLYK3.1 and PanLYK3.2 by designing specific guides on the first exon. Selected
single guides only had off-targets with at least three mismatches or two indels, based
on alignments to the parasponia reference genome. Shoots regenerated after A.
tumefaciens-mediated co-cultivation were genotyped using PCR and subsequent
sequence analysis to detect potential mutations at the CRISPR target sites. Only
T, shoots with a >75 bp deletion between the two target sites or edits generating a
frameshift were considered for propagation and subsequent further evaluation. At
least two independent mutant alleles were generated per gene, with the exception
of Panlyk3.1 for which only a single suitable allele could be identified (Data set S3).
Putative off-target sites that occur in coding sequence regions were amplified by
PCR and subsequently sequenced by sanger sequencing. Subsequently, PanNFP1
was sequenced in PanNFP2 lines, and PanNFP2 in PanNFP1 lines (Data set S3).
No off-target mutations at these locations were identified. The selected tissue culture
lines were in vitro propagated and rooted, so they could be used for experimentation.

We compared the nodulation phenotype of Panlykl, Panlyk3, Pannfpl and Pannfp2
knockout mutants in independent experiments, using empty vector (EV) transformed
lines as control (Figure 5; Figure S4). All three independent Pannfp2 mutant lines
showed to be unable to form nodules or nodule-like structures (5 weeks post
inoculation, wpi ) with strain Mesorhizobium plurifarium BOR2, demonstrating the
requirement for this gene in the nodulation trait (Figure 5A). Additionally, we noted
a reduced nodulation efficiency of all three independent Pannfpl mutant lines.
This is in line with earlier findings using RNAI to target PanNFP1 in A. rhizogenes-
transformed parasponia roots (Op den Camp et al.,, 2011), demonstrating that
Pannfpl controls nodulation efficiency, but is not essential for rhizobium intracellular
infection. Previously, we reported that PanNFP1 RNAi-nodules have a strong
infection phenotype when inoculated with the Sinorhizobium fredii strain NGR234
(Op den Camp et al., 2011). We did not observe such an infection phenotype in
nodules induced by M. plurifarium BOR2 on Pannfpl knockout mutant plants
(Figure S4). In order to determine whether the Pannfpl infection phenotype is strain
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dependent, we nodulated plants, also with S. fredii NGR234. This strain showed to
be less optimal under the chosen conditions (agroperlite supplemented with EKM
medium and S. fredii NGR234.pHC60 at OD 0.05). In an effort to optimize nodulation
efficiency with this strain, we used river sand and scored nodulation 8 weeks post-
inoculation. Under these conditions, no difference between Pannfpl and EV-control
was observed. Nodules formed on Pannfpl mutant plants were infected normally
(Figure S4).

Similarly to Pannfpl mutant plants inoculated with M. plurifarium BOR2, we found
a reduced nodulation efficiency in parasponia Panlyk3 knockout mutants, but not
in Panlyk3.1 and Panlyk3.2 variant specific mutant alleles, nor in Panlykl mutants
(Figure 5; Figure S4). To determine whether nodules formed on Panlykl and
Panlyk3 mutants have an infection phenotype, we analysed thin sections. In contrast
to legumes, parasponia doesn’t guide rhizobia in infection threads towards the nodule
primordia. Instead, rhizobia enter via apoplastic cracks in epidermis and cortex, and
only form infection threads to penetrate nodule cells. Once inside, infection threads
develop into fixation threads, which are wider -having two phyla of bacteria aligned
compared to one in infection threads- and possess a thinner cell wall (Lancelle
and Torrey, 1984; Lancelle and Torrey, 1985). Panlykl mutant nodules showed no
defects in infection thread structure or the transition from infection threads to fixation

Figure 6. Parasponia PanLYK1
and PanLYK3 act redundantly in
nodulation.

(A) Average nodule numbers
per plant in EV control 1 (n=11)
and re-transformed Panlyk3 a2
line (n=12) and Panlykl;Panlyk3
double mutant lines b3 (n=10), b7
(n=5) and b13 (n=10), 5 wpi with
Mesorhizobium plurifarium BOR2.
Data are represented as mean *
SE, dots represent individual data
points. Letters denote statistical
significance based on one-way
ANOVA and Tukey post-hoc
contrasts P>0.05. (B) Roots with
nodules of EV control 1, 5 wpi with
M. plurifarium BOR2. Scale bar: 5
mm. (C) Roots without nodules of
the Panlykl;Panlyk3 double mutant
(line b3) 5 wpi with M. plurifarium
BOR2 Scale bar: 5 mm
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threads. In the case of Panlyk3, nodules were relatively small and had diverse
phenotypes. Out of 45 sectioned nodules of the line Panlyk3-e2, 22 were infected
like wild type, 15 contained only infection threads, but no fixation threads, and 8
showed an intermediate phenotype with few infected cells (Figure 5 F-I. Figure S4).
To confirm that the infection phenotype is a result of a full Panlyk3 knockout mutation,
we sectioned 28 nodules of the independent knockout line Panlyk3-c3. This revealed
similar results; 11 nodules normally infected, 11 contained only infection threads,
and 6 nodules with an intermediate phenotype. Next, we determined whether this
infection phenotype is controlled specifically by or either PanLYK3.1 or PanLYK3.2,
which showed not to be the case (Figure S4). As ~50% of the nodules formed on
the parasponia Panlyk3 mutant plants displayed a wild-type phenotype, it suggests
redundancy in gene functioning. Interestingly, S. fredii NGR234 could not nodulate
Panlyk3 mutants, which suggest this strain is fully dependent on PanLYK3 controlled
signal transduction (Figure S4).

As parasponia did not experience any gene duplication events in the LYK-Ib
clade, PanLYK1 in the LYK-la clade is the closest homolog of PanLYK3. In order
to investigate whether the PanLYK1 gene is functionally redundant with PanLYK3
in cases of M. plurifarium BOR2 inoculation, we generated a Panlykl;Panlyk3
double mutant. To do so, a binary construct with the two sgRNAs targeting PanLYK1
was used for re-transformation of the Panlyk3 mutant (line a2). We obtained
three independent Panlykl;Panlyk3 mutants (data set S3). M. plurifarium BOR2
inoculation experiments revealed that all Panlyk1;Panlyk3 double mutant lines were
unable to form any nodule or nodule-like structure (Figure 6). To confirm that the
nodulation minus phenotype in the Panlyk1;Panlyk3 lines is not due to any off-target
mutation, we conducted complementation studies using A. rhizogenes-mediated root
transformation. As the putative promoter of PanLYK3 is rather complex due to the
occurrence of alternative transcriptional start sites (Figure 2), we used the LiNFR1
promoter, as well as the constitutive AtUBQ10 and CaMV35S promoters, to drive
a CRISPR-resistant allele of PanLYK3.1 (PanLYK3cr). Compound plants carrying
transgenic roots expressing PanLYK3cr could be nodulated by M. plurifarium BOR2
(Figure S5). Together, this showed that in parasponia, PanLYK1 and PanLYK3 act
redundantly in root nodule formation. (For complementation studies of Pannf2, see
below).

The results demonstrate that parasponia PanLYK1, PanLYK3, PanNFP1 and
PanNFP2 function in rhizobium LCO-driven nodulation. PanLYK3 and PanNFP2
are orthologous to legume LjNFR1/MtLYK3 and LjNFR5/MtNFP, indicating a
shared evolutionary origin of LCO-driven nodulation in both taxonomic lineages. As
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PanLYK1 and PanLYK3 evolved from a duplication predating the emergence of the
nitrogen-fixing clade, it suggests that LCO signalling is an ancestral function of these
LYK-I receptors.
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Figure 7. A repaired Trema levigata nfp2 pseudogene can replace PanNFP2 for nodule
formation. (A) Schematic representation of NFP2 coding region with indicated replacements
to avoid CRISPR targeting of inserted NFP2 genes of P. andersonnii (PanNFP2cr) and a
repaired T. levigata (TleNFP2cr). Blue arrows: Guide RNA target sites. Red lines: TremaT.
levigata mutations..Region 1. Replacement of six codons at the sg1 site. Region 2. Replacement
of five codons at the sg3 site plus repair of the T. levigata indel (red line). Region 3. Repair of
the double stop codon in Trema levigata. (red line, black asterisks). The replacement of five
codons at the sg2 site is not shown. (B) PanNFP2cr and repaired TleNFP2cr can restore
nodulation in the Pannfp2 mutant line C3 when driven by the PanNFP2 promoter, whereas
PanNFP1 cannot. Nodulation scored 5 wpi with M. plurifarium BOR2. Error bars represent
the SD of the mean, statistical significance by Mann—Whitney—Wilcoxon (MWW). P>0.05 not
significant (ns), P<0.05 *, P<0.01 **, P<0.001, ***P <0.0001, ****P <0.00001. (C,D) Nodule
and section of a pNFP2:PanNFP2cr line 1. (E,F) Nodule and section of pNFP2:TleNFP2cr
line 1. (C,E) scale bar 2mm (D,F) scale bar 100um.
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Arepaired Trema levigata NFP2 pseudogene, but not PanNFP1, can functionally
complement a parasponia nfp2 mutant

PanNFP1 and PanNFP2 differ in expression pattern. Whereas both genes are
expressed in root tissue, only PanNFP2 is upregulated in nodules (Figure 2) (Van
Velzen et al., 2018b). We questioned whether the difference in symbiotic functioning
between both genes is the result of regulatory evolution. To test this, we first identified
a functional promoter region of PanNFP2. A. tumefaciens mediated transformation
showed that a 2.75 kbps PanNFP2 upstream region can be used to functionally
complement the parasponia Pannfp2 mutant when using a PanNFP2 CRISPR-
resistant allele (PanNFP2cr). Two independent lines formed 7+7 and 4+1 nodules
5 weeks post inoculation with M. plurifarium BOR2 (Figure 7). However, when we

Figure 8. Parasponia PanLYKS is essential for chitin triggered immunity responses in roots.
(A,B) Production of ROS measured upon treatment with 100 pM CO?7 (filled circle) or H,O
(open circle) with (A) EV control 1 plants (black), Panlyk3 line a2 (red) and Panlyk3 line
el (orange) (B) EV control 1 plants (black), Panlyk3.1 line a4 (blue), Panlyk3.2 line al
(red) and Panlyk3.2 line c1 (orange). For A and B, data are the average of at least three
independent biological replicates +SE. Luminescence is measured in relative light units RLU
(C,D) Phosphorylation of mitogen activated protein kinase (MAPK) analysed by immunoblot
using an anti-p44/42 MAPK antibody upon treatment with 100 uM CO7 (upper panel). Equal
loading was confirmed by CBB staining (bottom panel). Results shown are a representative
out of three independent experiments. (C) MAPK phosphorylation in root pieces of EV control
1, Panlyk3 line a2 and Panlyk3 line el. (D) EV control 1, Panlyk3.1 line a4, Panlyk3.2 line al
and Panlyk3.2 line c1.
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used PanNFP1 driven by the PanNFP2 promoter, no trans-complementation of the
parasponia nfp2 mutant phenotype was observed. This suggests that there is a
functional difference in the encoded PanNFP1 and PanNFP2 receptors.

Next, we questioned whether the nfp2 pseudogene as present in several non-
nodulating Rosales species may have encoded a functional symbiosis receptor. To
test this, we focussed on the the nfp2 pseudogene of Trema levigata, as it has
only three mutations that cause a disturbance of the open reading frame (Figure
7). We repaired these three mutations, using PanNFP2 as a template, resulting in
an engineered CRISPR resistant TleNFP2cr that encodes for a LysM-type receptor
protein of 582 amino acids, similar to PanNFP2 of parasponia. We tested whether
TleNFP2cr driven by the PanNFP2 promoter can trans-complement the parasponia
Pannfp2 mutant. A. tumefaciens transformation resulted in two lines that can form
functional root nodules 5 weeks post-inoculation with M. plurifarium BOR2. This
supports the hypothesis that T. levigata nfp2 encoded a functional symbiosis receptor
prior to the pseudogenization of this gene.

Parasponia PanLYK3 is essential for chitin triggered immune responses and
controls AM symbiosis in coherence with PanLYK1

Next, we aimed to determine whether the parasponia LysM-type receptors that
control nodulation are also involved in other processes, as this may provide insights
into ancestral functions of these genes. Some LysM-type receptors of the LYK-I clade
are known to function in chitin-triggered immunity and/or the arbuscular mycorrhizal
symbiosis; e.g. lotus LjCERK®6, medicago MiLYK9/MtCERK1, arabidopsis AtCERK1,
tomato SILYK1 and rice OsCERK1 (Figure 1) (Miya et al., 2007; Wan et al., 2008;
Shimizu et al., 2010; Bozsoki et al., 2017; Liao et al., 2018; Feng et al., 2019;
Gibelin-Viala et al., 2019a; He et al., 2019). Similarly, some experimental evidence
using transient silencing assays indicated that LysM-type receptors of the LYR-IA
clade function in mycorrhization, including parasponia PanNFP1 (Op den Camp et
al., 2011). In line with this, we aimed to confirm this phenotype in stable Pannfpl
knockout mutants, and determine whether other parasponia symbiotic LysM-type
receptors may function also in AM symbiosis and/or chitin-induced innate immunity
signalling.

First, we investigated whether the parasponia LysM-type receptors mutants are
affected in chitin-triggered immunity responses. To do so, two complementary assays
were used; a chitin-induced ROS-burst production and MITOGEN-ACTIVATED
PROTEIN KINASE3 (MAPK3) / MAPK6 phosphorylation assay. Chitin heptamers
(CO7) effectively induced a ROS burst parasponia root segments at concentrations
of <1 uM when incubated at 28°C, the regular growth temperature of Parasponia
species. (Figure 8A, Figure S6B). To test whether ROS bursts can also be triggered
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Figure 9. Paraspon?a PanLYK1 and PanLYKS3 act redundantly in arbuscular mycorrhization.

(A) The parasponia Panlykl;Panlyk3 double mutant shows a strongly reduced colonization
compared to wild type and control parasponia roots. Parasponia Pannfpl;Pannfp2 mutants
are not significantly affected. Frequency and Arbuscule abundance classes according to
Trouvelot et. al. 1986 (Trouvelot, A, Kough J L, Gianinazzi-Pearson V, 1986). F%: colonization
frequency in the root system. M%: intensity of mycorrhizal colonization A%: Arbuscule
abundance in the root system. Error bars represent the SE of 10 biological replicates Scored
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at 6 weeks post inoculation using 250 spores of Rhizophagus irregularis strain DOAM197198
(Trouvelot, A, Kough J L, Gianinazzi-Pearson V, 1986). (B) Highly branched arbuscules
formed in EV-Control plants 6 weeks PI stained with WGA-alexa488. Scale bar 10 um. (C)
Phenotype of stunted arbuscules formed in the Panlykl;Panlyk3 double mutant stained with
WGA-alexa488. Scale bar 10 um. (D,E) Statistical analysis of raw (observed) data. (D) Mean
colonization frequency score ( classes 0 to 5) and (E) Mean arbuscule score (classes 0 to
3). Classes presented in Trouvelot et. al. 1986 (Trouvelot, A, Kough J L, Gianinazzi-Pearson
V, 1986). Reduced mycorrhizal colonization and arbuscule formation in Panlykl;Panlyk3
mutants is considered significant compared to Wwild type. Error bars represent the Bonferroni
corrected Least Significant Difference. Error bars non overlapping with mean wild type value
are considered significant. Dashed line indicates mean Wildtype score.

by rhizobium LCOs, we used the extracts of M. loti R7A and Rhizobium tropici
CIAT899. These two strains can nodulate parasponia but produce structurally
different LCOs (L6pez-Lara et al., 1995; Folch-Mallol et al., 1996). However, neither
triggered a ROS burst in parasponia roots (Figure S6A). To determine whether CO7-
induced ROS bursts were associated with phosphorylation of parasponia MAPK3
and MAPK6 homologs, we used an anti—-phospho-p44/42 HsMAPK antibody, which
detects phosphorylated MAPK3 and MAPK®6 of different plant species (Yamaguchi
et al., 2013; Bozsoki et al., 2017). Parasponia possesses a single PanMAPK3 and
a single PanMAPKG6 gene, which each encodes a protein with a conserved Thr202/
Tyr204 phosphorylation site (Figure S6C). Upon CO7 application (100 puM, 10 min.),
a MAPK3/6 phosphorylation pattern can be detected, which is not observed upon
application of M. loti or R. tropici LCO extracts (Figure 8C; Figure S6D). Next,
we determined whether parasponia LysM-type receptor mutants are affected in
responses to chitin CO7 oligomers. Pannfpl, Pannfp2 and also a newly created
Pannfpl;Pannfp2 double mutant showed a wild-type ROS-burst and MAPK3/6
phosphorylation profile (Figure S6; Data set S3). Similarly, the Panlykl mutant
showed a ROS burst and MAPK3/6 phosphorylation profile, as did wild -type root
segments (Figure S6E,F). In contrast, parasponia Panlyk3 mutant lines lacked a
chitin triggered ROS-burst and showed no p44/42 MAPK phosphorylation (Figure
8). Individual exon knockout Panlyk3.1 or Panlyk3.2 mutants both showed ROS
production and MAPK3/6 phosphorylation upon application of 100 uM CO7, however
at reduced levels (Figure 8B, D). Taken together, these data show that PanLYK3 -
which is the only parasponia gene in the LYK-Ib clade is essential for chitin innate
immune signalling in roots.

Studies in parasponia, tomato, medicago and rice revealed that LYR-IA and
LYK-I putative orthologous genes have functions in AM symbiosis (Miyata et al.,
2014; Zhang et al., 2015; Buendia et al., 2016; Miyata et al., 2016; Carotenuto
et al., 2017; Liao et al., 2018; Feng et al., 2019; Gibelin-Viala et al., 2019; He et
al., 2019). Interestingly, we noted that the NFP-I-type gene is pseudogenized in
European beech (Fagus sylvatica) and Chinese chestnut (Castanea mollissima).
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Both species have lost AM symbiosis in favour of an ectomycorrhizal symbiosis
(Figure 3) (Werner et al., 2018). We conducted an RNA-sequencing experiment
on parasponia roots mycorrhized by Rhizophagus irregularis strain DOAM197198.
Several marker genes for mycorrhization showed to be enhanced in expression in
mycorrhized parasponia root samples; including PanSTR1, PanSTR2, PanPT4,
PanVPY, PanD27, PanRAD1 and PanRAM1 (Figure S7). Also, this suggested
that PanNFPL1 is expressed higher than PanNFP2 under these conditions (Figure
S7). However, no significant differential regulation of any of the studied LysM-
type receptor encoding genes was detected between phosphate starved control
roots and mycorrhized root samples (Figure S7). To determine whether parasponia
symbiotic LysM-type receptors also function in AM symbiosis, we conducted three
independent experiments using in vitro propagated mutant plantlets inoculated with
250 spores of R. irregularis DOAM197198. The average colonization and arbuscule
formation frequency were scored 6 weeks post-inoculation. These experiments
revealed substantial variation in mycorrhization efficiency between replicates,
though no clear impaired AM symbiosis phenotype could be observed in any of the
single mutants, including Pannfpl. Strikingly, Panlykl showed a significant increase
in colonization and arbuscule frequency (Figure S8ABC). Analysing both double
mutants -Pannfpl;Pannfp2 and Panlykl;Panlyk3- revealed a strong AM symbiosis
phenotype only in the latter (Figure 9, Figure S8). The fungal colonization of the
Panlykl;Panlyk3 mutant was severely affected, with only a few infections observed.
Confocal imaging of WGA-alexa488 stained roots showed that besides the level
of colonization, also the morphology of the few arbuscules that were formed was
affected in Panlyk1;Panlyk3 plants. In wild type plants, many cortical cells were filled
with arbuscules that were finely branched and occupied most of the cell. In contrast,
the few hyphae that enter cortical cells in the Panlyk1;Panlyk3 mutant were unable to
form mature arbuscules, either because the fungus fails to switch to fine branching,
or because a limited number of fine branches is made (Figure 9). As both Panlykl
and Panlyk3 single mutant plants do not show such impaired mycorrhizal phenotype,
we conclude that both genes function in conjunction to control mycorrhizal infection.

Taken together, these experiments revealed that PanLYK1 and PanLYK3 can
function in multiple processes, including rhizobium nodulation (PanLYK1 and
PanLYKS3), arbuscular mycorrhizal symbiosis (PanLYK1 and PanLYKS3), and chitin
innate immune signalling (PanLYKS3). This suggests that no subfunctionalization
of these receptors is required to allow functioning in the rhizobium nitrogen-fixing
nodulation trait
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Discussion

We used parasponia as a comparative system to legumes to obtain insight into
the evolutionary trajectory of LysM-type rhizobium LCO receptors. By conducting
phylogenetic analysis, trans-complementation studies in a lotus LCO receptor
double mutant, and CRISPR-Cas9 mutagenesis in parasponia, we identified four
LysM-type receptors that function in LCO-driven nodulation in a non-legume. Two of
these, PanLYK3 and PanNFP2, are putative orthologs to known legume rhizobium
LCO receptors LiNFR1/MtLYK3 and LjNFR5/MtNFP, respectively. As the Parasponia
and legume lineages diverged early in the nitrogen-fixing clade (=100 MYA), the
use of orthologous genes for rhizobium LCO perception supports the hypothesis
of a shared evolutionary origin of LCO-driven nodulation. In contrast to legumes,
symbiotic LysM-type receptors in Parasponia did not experience recent duplication
events. Instead, the Parasponia symbiotic LysM-type LCO receptors evolved
following two ancient duplications. We hypothesize that the PanNFP1 - PanNFP2
duplication associates with the origin of the nitrogen-fixation clade, whereas in case
of PanLYK1 and PanLYK3, the duplication occurred prior to the birth of the nitrogen-
fixing clade. This makes it most probable that the capability of these receptors to
perceive LCOs predates the evolution of the nitrogen-fixing nodulation trait.

Currently, the NFP1-NFP2 duplication cannot be precisely dated because legumes
do not possess an NFP-I-type gene. This can be explained in two scenarios. (i)
The NFP1-NFP2 duplication occurred in the root of the nitrogen-fixing clade, and
subsequently, the NFP-I-type gene gotlostinthe Fabales lineage. (ii) The NFP1-NFP2
duplication occurred in an ancestor of the Fagales-Cucurbitales-Rosales lineages
after the divergence of the Fabales order. The recent finding that ectopic expression
of the NFP-type gene of two species outside of the nitrogen fixing clade (Petunia
hybrida PhLYK10 and tomato SILYK10) can -at least partially- trans complement the
medicago and lotus Mtnfp and Ljnfr5 mutant phenotypes demonstrates that LCO
receptor functionality is ancestral to the NFP1-NFP2 duplication (Girardin et al.,
2019). The putative promoters of PhLYK10 and SILYK10 show a nodule-enhanced
expression profile similar to that reported for PanNFP2 (Girardin et al., 2019), which
may support the second scenario, where the duplication of NFP1-NFP2 has occurred
only after the divergence of the Fabales clade. However, for such a scenario, it is
essential that Fabales represents the most basal lineage in the nitrogen-fixing clade.
To date, this remains unknown. For example, a recent phylogenetic study suggests,
although with limited statistical support, that Fabales is sister to Fagales (Koenen
et al.,, 2019). The phylogenetic analysis presented here (Figure 3) suggests that
the first scenario is most probable (aSH-aLRT / UF-Bootstrap / approximation with
Mr.Bayes support 76.4/77/0.859). Additionally, we searched for amino acid motifs in
NFP-1 and NFP-II type proteins and found an indel region in legume and non-legume
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NFP-II type proteins that is distinct from NFP-I (Figure S9). This also supports the
hypothesis that NFP1-NFP2 duplicated at the root of the nitrogen-fixing clade.
However, additional experiments are needed to definitively reject either scenario.

Trans complementation studies in a lotus Ljnfrl;Ljnfr5 double mutant showed that
parasponialLCO receptors can only partially restore LCO signalling. This only partial
complementation we did not anticipate, because of the shared microsymbiont M.
loti that can nodulate parasponiaas well as lotus. One explanation for this limited
functionality may be that such receptors function in larger multiprotein membrane
domain complexes. In such a case, the parasponiaLCO receptors are not adapted
to interact with associated lotus proteins. Additionally, legumes and Paraspona
have diverged in the mode of rhizobium infection. Whereas rhizobium penetrates
Parasponia roots apoplastically by crack entry, legumes are generally infected
intracellularly via curled root hair cells. Phenotypic analysis of rhizobium infection
in legumes suggests that a specific LCO receptor is involved in this process, the
so-called entry receptor (Ardourel et al., 1994). Such entry receptors have not yet
been fully characterized, but MtLYK3 may carry out such functions, a s they control
rhizobium infection (Limpens et al., 2003; Smit et al., 2007). It remains elusive
whether such entry receptor functioning requires specific adaptations that did not
occur in the Parasponia LYK3 ortholog.

We showed that an engineered T. levigata TleNFP2 receptor can functionally
complement the parasponiai Pannfp2 mutant, whereas PanNFP1 cannot. This
suggests that the NFP1 and NFP2 receptor proteins have functionally diverged.
Based on the finding that NFP orthologous protein of P. hybrida (PhLYK10) and
tomato (SILYK10) can complement lotus Ljnfr5 and medicago Mtnfp mutants, it can
be hypothesized that in parasponia especially PanNFP1 has experienced protein
adaptations. However, it should be noted that the trans complementation studies
presented here were conducted using the native PanNFP2 promoter, whereas studies
conducted with PhLYK10 and SILYK10 were conducted with CAMV35S (Girardin et
al., 2019). Such overexpression may mask differences in substrate affinity and/or
specificity, under which native transcriptional regulation are biologically relevant. Our
data demonstrate that the ancestor of T. levigata possessed a NFP2 receptor that
can function in nodulation.

Mutant analysis in legumes demonstrated that rhizobium nodulation co-opted
elements of an AM signalling pathway, including the LRR-type transmembrane
receptor kinase lotus SYMBIOTIC RECEPTOR KINASE (LjSYMRK)/medicago
DOES NOT MAKE INFECTIONS2 (MtDMI2), the nuclear envelope located cation
ion channels LjCASTOR, LjPOLLUX/MtDMI1, the nuclear localized CALCIUM
CALMODULIN KINASE LjCCaMK/MtDMI3, and the transcription factor LiICYCLOPS/
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medicago INTERACTING PROTEIN OF DMI3 (MtIPD3) (Geurts et al.,, 2012).
However, in legumes, rhizobium and AM fungi were shown to have independent
perception mechanisms to activate this common symbiosis signalling pathway.
In lotus and medicago, these consist of LiNFR1-LjNFR5 / MiLYK3-MINFP for
rhizobium LCOs and MLYK9/MtCERK1 for AM signals (Geurts et al., 2012; Feng
et al., 2019; Gibelin-Viala et al., 2019). MtLYK3 and MtLYK9/MtCERK1 both belong
to the LYK-Ib clade and evolved upon legume specific duplication events (Figure
1) (De Mita et al., 2014). The strong phenotype in AM and nodule symbioses
of the parasponiaPanlykl;Panlyk3 knockout mutant demonstrates that such
subfunctionalization is not causal for the evolution of rhizobium LCO receptors.
In parasponia, both receptors function in conjunction to control AM and rhizobium
nodulation. Additionally, PanLYK3 acts as a chitin innate immune receptor. Such
multifunctionality has also been reported for MiLYK9/MtCERK1 in medicago and
OsCERK?1 in rice, which function both in AM symbiosis and chitin innate immune
signalling (Miyata et al., 2014; Carotenuto et al., 2017; Feng et al., 2019; Gibelin-
Viala et al., 2019). As monocots did not experience the LYK-la / LYK-Ib duplication,
it demonstrates that committing multiple functions in symbioses and innate-immunity
was ancestral to species of the nitrogen fixing clade but functionally diverted in the
legume lineage.

The presence of NFP-type genes (LYR-IA orthogroup) in species outside of the
nitrogen-fixing clade associates with the ability to establish an AM symbiosis (Figure
3) (Delaux et al., 2014; Gough et al., 2018). However, corresponding mutants have
only a relatively weak phenotype in AM symbiosis (Buendia et al., 2016; Miyata
et al., 2016; Girardin et al., 2019). Upon duplication of this gene, the NFP-I and
NFP-1I subclades may have inherited the ancestral function. As both the parasponia
PanNFP1 and PanNFP2 receptors can partially complement LCO-induced Ca?*
oscillation in the lotus Ljnfrl;Ljnfr5 double mutant, it supports that receptors of the
NFP-I and NFP-II clades can act as an LCO receptor, which may reflect the ancestral
function. Our observation that the presence of a functional gene in the NFP-II clade
strictly associates with LCO-based nodulation suggests that this gene was co-
opted to function in this trait. The importance of this LysM-type LCO receptor in the
nitrogen-fixing nodulation trait is underlined by the complete block of nodulation in
knockout mutants in legumes (e.g. lotus Ljnfr5, medicago Mtnfp and pea Pssym10)
and Parasponia (parasponia Pannfp2) (Madsen et al., 2003; Arrighi et al., 2006). As
Parasponia and legumes diverged at the root of the nitrogen-fixing clade, it suggests
that the adaptations in the NFP-II clade are ancient and may have coincided with the
birth of the nodulation trait.
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The NFP-I type gene retained -at least in part- its ancestral function, indicated by
its presence in non-nodulating species in the nitrogen-fixing clade that can establish
an AM symbiosis. In cases where AM symbiosis is replaced by an ectomycorrhizal
symbiosis such as in Fagus sylvatica or Castanea mollissima, the NFP-I type gene
pseudogenized. However, phenotypic studies in stable parasponia mutants could
not support the functioning of PanNFP1 in AM symbiosis. These findings contradict
our earlier observation that this gene functions in arbuscule formation (Op den Camp
et al., 2011). The reason for this discrepancy may be due to the RNAI construct used,
which may have off-target effects (van Velzen et al., 2018b). To determine whether
this is the case, we have studied the expression of LysM-type RLK genes in two
independent PanNFP1 RNAi experiments. This revealed significant knockdown
not only of PanNFP1, but also PanNFP2, which can explain the strong rhizobium
nodulation and infection phenotype as reported by Op den Camp et al. (2011). We
also found variable expression levels of other LysM-RLKs, including PanLYK1 and
PanLYK3, which may explain the reported mycorrhization phenotype on PanNFP1
RNAI roots (Figure S$10). Studies presented here using CRISPR-Cas9 knockout
mutant lines revealed substantial biological variation in mycorrhization efficiency of
parasponia roots, which may have hindered the observation of minor quantitative
AM symbiosis phenotypes. To rule out that PanNFP1 and PanNFP2 may function
redundantly to control AM symbiosis, we analysed a Pannfpl;Pannfp2 double mutant.
Also, these lines showed to be effectively mycorrhized. Therefore, we conclude that
our current mutant phenotype analysis does not find support for essential functioning
of parasponia PanNFP1 and PanNFP2 in AM symbiosis by.

The study presented here provided insight into the evolutionary trajectory of symbiotic
LCO LysM-type receptors. By using parasponia as a comparative system to legumes,
we revealed two ancestral duplications of LysM-type LCO receptors that predate,
and coincide with, the evolution of nitrogen-fixing nodules. The strict association of
genes in the NFP-Il clade with LCO-driven nodulation strongly suggests that this
gene was co-opted to function specifically in this symbiosis, making NFP2s a target
in approaches to engineer LCO-driven nodulation in non-leguminous plants.

MATERIAL & METHODS

LysM-type receptor phylogeny reconstructions

Orthogroups containing LysM-type receptor kinases of parasponia, generated
in a previous study (van Velzen et al., 2018b), were combined and re-aligned
into a single alignment using MafftV7.017. MrBayes3.2.6 was used to calculate
phylogenetic relations under default parameters in Geneious R8.1.9 (Biomatters
Ltd, UK) (Huelsenbeck and Bollback, 2001). Clades were named as published
previously (Huelsenbeck and Bollback, 2001; Buendia et al., 2018). For clade LYK-I
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and LYR-IA additional putative orthologs were collected from Phytozome and NCBI
databases using BLAST with AtCERK and MINFP protein sequences as query
(Table S1). Available Genomes from Fabales, Fagales, Cucurbitales and Rosales
species were downloaded and local BLAST analysis was conducted using Geneious
R8.1.9 (Biomatters Ltd, UK) to search for additional unannotated LYK-I and LYR-IA
protein sequences. Pseudogenes were annotated manually based on the closest
functional ortholog so that a protein sequence could be deduced. Correct protein
sequences were aligned using MAFFTV7.017 and subsequently manually curated.
The deduced amino acid sequence was subsequently added to the alignment if the
alignment length was at least 70% of the parasponia protein. Phylogenetic analysis
was performed using IQ-tree (Nguyen et al., 2015; Trifinopoulos et al., 2016), running
the modelfinder extension to find the best substitution models (Kalyaanamoorthy et
al., 2017). Branch support analysis was done using Sh.aLRT 1000 replicates, UF-
BOOTSTRAP support 1000 iterations (Kalyaanamoorthy et al., 2017; Hoang et al.,
2018) and approximate Bayes support. Branch supports shown are UF-Bootstrap
support%. Best fit model for the LYK-I clade: JTT+I+G4. Best fit model for LYR-
IA clade: JTT+I+G4. Resulting tree files were loaded into Interactive Tree Of Life
(iTOL) v3 for editing (Letunic and Bork, 2016). The analysis was run at least three
times. Trees were rooted to outgroup angiosperm species Amborella trichopoda.
UF Bootstrap Branch supports >98 were omitted for visual clarity. Gene names,
accession numbers and alignment file of identified homologs can be found in Data
set S1 for LYK-l and Data set S2 for LYR-IA, and Table S1 for parasponia.

LYK3 alignment and variant detection

Genomic LYKS3 regions of parasponia, Parasponia rigida, Parasponia rugosa, Trema
orientalis RG16, T. orientalis RG33, and Trema levigata were extracted from the
respective assemblies (van Velzen et al., 2018b) and Aligned using MAFFTV7.0.17
implemented in Geneious R8.1. Coding sequences of parasponia, P.rigida, P.rugosa
LYKS3 protein variants were translated and aligned using MAFFTV7.0.17 implemented
in Geneious R8.1 (Data set S1).

Vector constructs

All vectors generated for this study were created using golden gate cloning (Engler
et al., 2009). Backbones and binary vectors were derived from the golden gate
molecular toolbox (Engler et al., 2014). Parasponia LysM-type receptor cDNA
clones were sequence synthesized as level 0 modules, including silent mutations in
golden gate Bsal or Bpil restriction sites. Golden gate compatible clones of LiNFR1
and LjNFR5 promoters, CDS and terminators were obtained from Arhus University,
Denmark. The calcium signalling reporter pLjUBQ1:R-GECO1.2 was published
previously (Kelner et al., 2018). The generation and assembly of parasponia CRISPR
constructs were done as published previously (van Zeijl et al., 2018). For hairy root
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transformation, a modified level 2 standard vector carrying spectinomycin instead
of kanamycin resistance was created. All sgRNAs were expressed using the AtU6
promoter. All Golden Gate binary vectors were verified by restriction digestion and
DNA sequencing before transformation. A list of primers and constructs can be found
in Table S3 and S4.

Genotyping and off-target analysis

All sgRNA targets were designed using the Geneious R10 CRISPR design tool,
which picks targets on the principles described in Doench et al. (2014). To be
selected Guide RNAs must have no potential target sites in the genome with (i) Less
than three mismatches or (i) less than two indels. Known off-target locations in CDS
regions were PCR amplified and sequenced. No off-target mutations at these sites
were detected. Genotypes and known off-target locations of CRISPR mutants used
in this study can be found in Data set S3. Primers used for the creation of sgRNAs
and subsequent sequencing of mutants and off-targets are listed in Table S4.

Bacterial strains

We used Mesorhizobium plurifarium BOR2 (van Velzen et al., 2018b) and
Sinorhizobium fredii NGR234.pHC60 expressing GFP (Trinick and Galbraith, 1980;
Cheng and Walker, 1998; Op den Camp et al., 2011) for parasponia inoculation
experiments. M.loti R7A.pHC60 (Cheng and Walker, 1998; Sullivan et al., 2002) was
used for lotus inoculations. M. loti R7A and Rhizobium tropici CIAT899 (Martinez-
Romero et al., 1991) containing plasmid pMP604 (Spaink et al., 1989) were used for
LCO extraction. A. rhizogenes strain AR10 (Hansen et al., 1989b; Martinez-Romero
etal., 1991) was used for lotus root transformation. Agrobacterium tumefaciens strain
AGL-1 (Lazo et al., 1991) was used in parasponia transformation. Agrobacterium sp.
MSU440 was used for parasponia hairy root transformations (Cao et al., 2012). The
Escherichia coli strain DH5a was used to propagate plasmids and in all subsequent
cloning steps.

Rhizobium LCO isolation

To isolate rhizobium LCOs the plasmid pMP604 containing an auto-active NodD
protein was introduced in M. loti R7A and R. tropici CIAT899 (Spaink et al., 1989;
Lépez-Lara et al., 1995). LCOs were extracted from a 750 ml liquid culture,
0OD600=0.5, grown at 28°C in minimal medium (0.5.75mM% K,HPO,, 0.%7.35mM
KH,PO,, 0%5.9mM KNO,, 460 nM CaCl,, 37.5uM FeCl,, 2.07mM MgSO, 20.5nM
biotin, 2.9nM Thiamine HCI , 8.1nM Nicotinic acid, 4.8nM Pyridoxine-HCI, 2.8nM
Myo-inositol, 4.6nM Panthotenate and 1% w/v sucrose) by the addition of 150 mL
1-butanol and 1h shaking. The butanol phase was transferred and subsequently
evaporated (water bath 40°C). Pellet was dissolved in 75ml methanol, tested for
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Nod-factor activity and stored at -20°C for later use. The concentration of active
LCOs was estimated by using LjNIN induction in lotus wild type Gifu roots, 3h post-
application. The lowest active dilution was estimated to be ~10%° M.

Lotus japonicus Agrobacterium rhizogenes root transformation

Lotus Ljnfrl-1;Ljnfr5-2 double mutants (Madsen et al., 2003; Radutoiu et al., 2003)
were used for LysM complementation assays and ‘Gifu’ wild-type as control. Seedlings
for A. rhizogenes root transformation were moved to fresh half-strength B5 medium
and co-cultivated for 1 weeks as described previously using A. rhizogenes strain
AR10 (Stougaard et al., 1987; Hansen et al., 1989a; Stougaard, 1995). During root
emergence plants were grown on 1% agar plates half-strength B5 media containing
0.03% wi/v cefotaxime and 1% w/v sucrose. Plants were screened for transformed
roots using nuclear-localized R.GECO1.2 fluorescence. Shoots with transformed
roots were grown in Agroperlite (Maasmond-Westland, Netherlands) supplemented
with modified %2 Hoagland’s medium (Hoagland et al., 1950) containing 0.56 mM
NH,NO, and inoculated with M. loti R7A.pHC60 (expressing GFP) at OD600= 0.05.
Plants were grown at 21°C under a 16h light/8h dark regime. For calcium oscillation
analysis transformed plants were grown on %2 Hoagland’s plates with 1% agar
containing 0.56 mM NH,NO, for 1 week. Plants were moved to N-free %2 hoaglands
medium 1 week prior to imaging.

Calcium oscillation quantification

Calcium spiking experiments were performed on a Leica TCS SP8 HyD confocal
microscope equipped with a water lens HC plan-Apochromat CS2 40x/1.0.
Transformed root segments expressing R-GECO1.2 were selected and incubated
with 500x diluted LCO extract (estimated to represent ~10° M) in nitrate-free 12
Hoagland’s medium (Hoagland et al., 1950) on a glass slide with coverslip. Images
were taken at 5s intervals for a minimum of 20 minutes per sample using an excitation
wavelength of 552 nm and emission spectrum 585-620 nm. It is possible to monitor a
large number of nuclei per root sample. However, only epidermal and especially root
hairs showed to be responsive. Therefore, total nuclei numbers vary largely between
samples. Video recordings of Imaged root samples were exported to ImageJ1.50i
(Collins, 2007). The Geciquant ImagedJ plugin was used for background subtraction
and region of interest (ROI) selection (Srinivasan et al., 2015). Average pixel intensity
of ROIs (individual nuclei) were measured. Average pixel values (0-255) per nucleus
were plotted and a background R-GECO1.2 fluorescence baseline of 2x 1 minute (2
regions of 12 frames) was selected manually in a region of the trace where no spikes
were occurring. Only nuclei with a minimum of three spikes with an amplitude of over
1.5 times background were considered as positive.
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Parasponia growth conditions for propagation, transformation, mycorrhization
and nodulation

Sequenced parasponia WU1 trees or their direct descendants, were used in
all experiments (Op den Camp et al.,, 2011; van Velzen et al., 2018b). Prior
to transformation or transfer to tissue culture parasponia trees are grown in a
conditioned greenhouse at 28°C, 85% humidity and a 16/8 h day/night regime.
Parasponia in vitro propagation, transformation, CRISPR-Cas9 mutagenesis and
nodulation assays were done according to Van Zeijl et al 2018 (van Zeijl et al., 2018).
Parasponia hairy root transformations were performed according to Cao et al 2012
(Cao et al., 2012).

Parasponia Nodulation assay and analysis

Rooted tissue culture plantlets for phenotyping assays were grown in crystal-clear
polypropelene containers (1 L), with a gas exchange filter (OS140BOX, Duchefa
Biochemie, Netherlands). Pots were half-filled with agraperlite (Maasmond-Westland,
Netherlands) and watered with modified EKM medium [3 mM MES (C6H13NO4)
pH 6.6, 2.08 MM MgS04, 0.88 mM KH2PO4, 2.07 mM K2HPO4, 1.45 mM CacCl2,
0.70 mM Na2S04, 0.375 mM NH4NOS3, 15 uM Fe-citrate, 6.6 uM MnSO4, 1.5 uM
ZnS04, 1.6 pM CuS0O4, 4 uM H3BO3, 4.1 UM Na2MoO4] (Becking, 1983)]. For
nodulation assays, modified EKM medium (Becking, 1983) was inoculated with
rhizobia (OD600 = 0.025) prior to planting the shoots. For inoculation with strain
S. fredii NGR234.pHC60, containers were half-filled with sterilized river sand and
watered with modified EKM-medium containing the bacteria at an OD600 = 0.05. All
Nodules were fixed in buffer containing 4% w/v paraformaldehyde mixed with 3% v/v
glutaraldehyde in 50 mM phosphate (pH = 7.4). A vacuum was applied for 2 hours
during a total 48h incubation. Fixed nodules were embedded in Plastic, Technovit
7100 (Heraeus-Kulzer, Germany), according to manufacturer’s recommendations.
Sections (5 pm) were made using a RJ2035 microtome (Leica Microsystems).
Sections were stained using 0.05% w/v Toluidine Blue O. Images were taken with
a DM5500B microscope equipped with a DFC425¢c camera (Leica microsystems).

Parasponia mycorrhization assay

For mycorrhization experiments, pots were half-filled with sterilized river sand,
watered with modified %2 strength Hoagland’s medium containing 20 yM potassium
phosphate. Pots were inoculated with 250 spores of Rhizopagus irregularis
(Agronutrion-DAOM197198). In all experiments, plantlets in pots with closed lids
were placed in a climate room at 28°C, 16/8 h day/night. Plants were watered with
sterilized, demineralized water. Plants were harvested 6 weeks post inoculation with
Rhizopagus irregularis (Agronutrion-DAOM197198). Root segments were treated
with 10% (w/v) KOH and incubated at 90°C for 20 minutes. The root samples were
then rinsed 6 times with water and stained with trypan blue at 90°C for 5 minutes. For
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each mutant, ten plants were assessed and from each plant 30 root segments (each
segment of approx. 1 cm long) were examined and mycorrhizal structures (hyphae,
vesicles and arbuscules) were determined using the magnified line intersect method
(Trouvelot, A, Kough J L, Gianinazzi-Pearson V, 1986) using a Leica CTR6000
microscope. For staining with  WGA- Alexafluor 488 (Molecular Probes, Thermo
Fisher Scientific, Waltham, MA, USA), roots were incubated in 10% (w/v) KOH at
60°C for 3 h. Then roots were washed three times in phosphate-buffered saline
(PBS) (150 mM NaCl, 10 mM Na,HPO, and 1.8 mM KH,PO,, pH 7.4), and incubated
in 0.2 pg mi* WGA-Alexafluor 488 in PBS at room temperature for 16 h. For RNA-
isolation, parasponia WT plants were grown according to conditions above. RNAwas
isolated according to protocols published in (Op den Camp et al., 2011; van Velzen
et al., 2018b). Mock inoculated plants were harvested as control. Three independent
biological replicates were taken per sample. Expression was determined using
RNA-seq. Reads were mapped using kallisto (Bray et al., 2016). Expression values
and differential expression were determined using sleuth (Pimentel et al., 2017).
Differentially expressed genes (Benjamini-Hochberg multiple testing corrected
g-value <= 0.05)

qPCR analysis of panNFPi cDNA samples.

PanNFPi cDNA samples were generated previously (Op den Camp et al., 2011).
gPCR was performed in 10 pl reactions using 2x iQ SYBR Green Super-mix (Bio-
Rad, United States). PCR reaction was executed on a CFX Connect optical cycler,
according to the manufacturer’s protocol (Bio-Rad, United States). Three technical
replicates per cDNA sample were used. Data analysis and statistical analysis
of biological replicates was performed using CFX Manager 3.0 software (Bio-
Rad, United States). Gene expression was normalized against Reference genes
PanACTIN and PanEFlalpha. Primers can be found in Table S4.

ROS assay

Parasponia plantlets were grown on rooting medium (van Zeijl et al., 2018) for 4 weeks
at 28°C before the treatment. Roots, submerged in water, were cut into approximately
1cm pieces. Each well of a black 96 well flat bottom polystyrene plate (Nunc) was
filled with 10 root pieces. 10 replicates per line were analysed. After filling the wells,
the plate was kept 5 hours in 28 °C. After incubation, the water was replaced with
100 pl of assay solution containing 0.5 yM L-012 (FUJIFILM Wako Chemicals), 10
pg/ml Horseradish peroxidase (Sigma), and respective elicitors (; CO7 (ELICITYL)
or LCOs extracted from M. loti or R. tropici) at described concentrations. As a mock
treatment, 100 ul H,O was added. The light emission was immediately measured at
30 second intervals for 30 minutes, using a Clariostar multi well-plate reader. All data
are the average of at least three independent biological replicates.
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Protein extraction from Parasponia and western blotting

Parasponia plantlets were grown on rooting medium (van Zeijl et al., 2018) for 4
weeks at 28°C before the treatment. About 200mg of roots were cut while submerged
in water and collected in a PCR-tube. Root segments were incubated for 5 hours at
28 °C before treatment. Root pieces were treated with water containing 100 uM
CO7 (ELICITYL) for 10 min. After incubation, roots were immediately frozen in liquid
nitrogen. Samples were homogenized using metal beads. Total root protein was
extracted in a buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM KCI, 1 mM EDTA
(pH 7.5), 0.1% w/v Triton X-100, 1 mM DTT, complete protease inhibitors (Roche), and
phosstop (Roche). Amounts of extracted protein were measured with Qubit (Thermo
fisher Scientific) and equal amounts of protein ~20 ug were electrophoresed by Mini-
PROTEAN TGX stain free gels (BIORAD). A Trans-Blot Turbo Transfer system was
used for blotting. To visualize phosphorylated MPK3/MPK®, the antibody for anti—
phospho-p44/42 MAPK was used (no. 4370; Cell Signalling Technology). Anti-rabbit
antibody (no. 7054; Cell Signalling Technology) were used as secondary antibody.
Equal loading was confirmed by CBB staining.

Quantification and statistical analysis

Nodule number was quantified as Mean nodule number + SE for all experiments.
Replicate number is denoted in figure or figure legend. Additionally, all individual
data points were plotted for graphical visualization of variation. Graphs and statistical
analysis were performed using R studio 1.1.456 for nodulation experiments.
Statistical tests on nodule numbers was done using One Way Analysis of variance
(ANOVA) and a Tukey post-hoc test for multiple comparisons. Statistical significance
was defined as a p<0.05. Levenes test for homogeneity of variance was used prior
to running a one-way ANOVA. In cases where normality assumption was violated,
alternative tests such as Mann-Whitney—Wilcoxon (MWW) were used as denoted in
the figure legends. For the mycorrhization experiment a standard linear model was
used to estimate the difference, and the corresponding least significant differences
(LSD), of the knockout mutants with the wild type control. The LSD with respect to
the control was Bonferroni adjusted to correct for multiple testing.

Accession numbers

Sequence data from this article can be found in the GenBank/EMBL data libraries
under accession numbers as mentioned in Table S1.
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Abstract

Parasponia in the Cannabaceae represents the only genus outside the Fabaceae
which forms nitrogen-fixing root nodules with rhizobium. Recent phylogenomic
analyses suggest that the nodulation trait has a single evolutionary origin, dated
~110 million years ago, followed by multiple losses of this trait. Phylogenetic
comparisons between nodulating Parasponia and non-nodulating relative Trema
species has identified seven genes that have nodule-specific expression and are
pseudogenized in Trema. Two of these genes represent uncharacterized membrane-
bound receptor-like kinases; Parasponia LECTIN RECEPTOR-LIKE KINASE 1
(PanLEK1) and CYSTEINE RICH RECEPTOR-LIKE KINASE 11 (PanCRK11). Here
we show that PanLEK1 is essential for defense response suppression in Parasponia
nodules, while multiple PanCRKs play a vital role in infection thread progression in
the nodule. Characterization of the respective L-lectin and Cysteine Rich Kinase
gene families revealed a large CRK gene cluster which contained 12 nodule-
enhanced CRK genes and specific adaptations in the PanLEK1 kinase domain.
CRISPR-CAS9 mutagenesis of PanLEK1 triggered defense response phenotypes in
Parasponia nodules, while a ~1Mb deletion of the CRK gene cluster led to reduced
infection levels. These results demonstrate novel roles for L-lectin receptor kinases
and Cysteine rich kinases in rhizobium infection of the non-legume Parasponia and
adds to the currently known roles of these gene families in the regulation of pattern
triggered immunity and ROS perception.

Introduction

Plant growth is often limited by nutrient availability in the soil. Strategies to overcome
a shortage of nutrients have been instrumental for plants to colonize land. Often these
strategies involve the recruitment of symbiotic microbial partners, such as arbuscular
mycorrhizal fungi and nitrogen-fixing bacteria. The level of symbiotic intimacy may
vary from loose associations up to intracellular hosting of the microbe. The latter
is a well-known strategy of legumes, Parasponia spp. and actinorhizal plants that
establish a nitrogen-fixing nodule symbiosis with either rhizobia or Frankia bacteria
(James 2000; Vessey, Pawlowski, and Bergman 2005). Nodules provide optimal
physiological conditions for enzymatic conversion of dinitrogen into ammonia by the
bacteria, allowing the transfer of fixed nitrogen to the host. In turn, the plant provides
fixed carbon to the microsymbiont.

A commonality of nitrogen-fixing nodule endosymbioses is the ability of bacteria to
bypass immune responses. The signalling pathway leading to successful intracellular
infection is founded on the signalling pathway also used by arbuscular mycorrhizal
fungi, and therefore is called the common symbiosis signalling pathway (CSSP)
(Oldroyd 2013). The CSSP is activated by microbe secreted chitooligomers (COs),
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lipochitooligomers (LCOs), and/or effectors leading to the activation of symbiosis-
specific transcriptional networks. Genes encoding components of the CSSP are
widespread, as over 70 percent of all land plants can establish arbuscular mycorrhizal
symbiosis (Delaux et al. 2013; Hoeksema et al. 2018). In contrast, the nitrogen-fixing
nodulation trait occurs only in 10 paraphyletic lineages of the related orders Fabales,
Fagales, Cucurbitales and Rosales that are collectively known as the nitrogen-fixing
clade (NFC) (Soltis et al. 1995). In two lineages, the nodulating symbiotic partner is
rhizobium, namely in legumes (Fabaceae, Fabales) and Parasponia (Cannabaceae,
Rosales), whereas plant species in the other eight lineages nodulate with Frankia
(Swensen and Mullin 1997). Recent phylogenomic analyses suggest that the
nodulation trait in the NFC has a single evolutionary origin, dated ~110 million years
ago, followed by multiple losses of this trait (R. van Velzen et al. 2018; Griesmann et
al. 2018; Robin van Velzen, Doyle, and Geurts 2019). Yet, the genetic adaptations
that were causal for the evolution of the nitrogen-fixing trait remain elusive.

Comparative analysis of three nodulating Parasponia and two non-nodulating
Trema species identified seven genes that have nodule-specific expression and
are pseudogenized in Trema. Among these are genes that are essential for nodule
organogenesis and bacterial infection, like the LysM-type LCO receptor NOD FACTOR
PERCEPTION (NFP2), the transcription factor NODULE INCEPTION (NIN) and the
coiled-coil protein RHIZOBIUM POLAR GROWTH (RPG). However, the remaining
genes have not been functionally characterized, and include two membrane-
bound receptor-like kinases named LECTIN-LIKE RECEPTOR 1 (PanLEK1) and
CYSTEINE RICH RECEPTOR KINASE 11 (PanCRK11) in Parasponia andersonii
(R. van Velzen et al. 2018). Both these receptor-like kinases belong to relatively
large gene families; the L-type LecRLKs and CRKs. Both these families are greatly
expanded in vascular plants (Vaattovaara et al. 2019; Bellande et al. 2017). Since
these genes have a nodule-specific expression pattern in P. andersonii and got lost
independently in two Trema species, we hypothesise that both receptor-like kinases
commit a symbiotic function. Therefore, we explored their respective gene families
in P. andersonii and studied their symbiotic functions.

Lectin receptor-like kinases are classified into three groups based on their
extracellular lectin domain; G, C, and L-type. L-type lectin kinases, named after
‘Legume Lectins’, are predicted to bind sugar-like oligomers or small hydrophobic
molecules in the extracellular space (André et al. 2005; Bouwmeester and Govers
2009; Wang and Bouwmeester 2017). For example, the Arabidopsis thaliana L-type
lectin receptor AtDORN1 has been shown to bind extracellular ATP, which functions
as an important ‘danger signal’ in pathogen infection (Choi et al. 2014). In recent
years multiple other studies have implicated the involvement of Lectin receptor-like
kinases in signalling upon recognition of Pathogen Associated Molecular Patterns
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(PAMPs), although the ligands that bind to these receptors are often not evaluated
(Singh et al. 2012; Wang et al. 2014; Yeh et al. 2015). The extracellular domains
of the L-type Lectin receptor kinases are homologous to soluble lectins, initially
discovered in legume seeds. Genes encoding soluble lectins are also expressed
in legume roots and the encoded proteins are secreted in the extracellular space.
Soluble legume lectins have sugar binding characteristics and can serve as host
determinants in the legume-rhizobium interaction (Diaz et al. 1989). This has led
to the lectin recognition hypothesis in which soluble legume lectins are important
symbiont recognition proteins, interacting with sugar chains on the bacterial cell wall
(Dazzo and Hubbell 1975; Hirsch 1999). Studies in the legume model Medicago
truncatula showed that that ectopic expression of a truncated L-Lectin receptor-like
kinase significantly increased nodulation efficiency (Navarro-Gochicoa et al. 2003).
Therefore, the potential involvement of a L-lectin receptor-like kinase in Parasponia
symbiotic signaling is intriguing.

The classical structure of CRKs is related to the Leucine Rich Repeat (LRR)- and
S-locus lectin receptor kinases, and comprises of a signal peptide, generally two
DUF26 motifs, a transmembrane domain and a kinase domain (Vaattovaara et al.
2019). The DUF26 motif consist of a core C-x8-C-x2-C structure and around this
usually several more cysteine residues can be present, which may be essential for
intramolecular disulfide bond formation. The DUF26 motif has homology to Ginkgo
biloba GINKBILOBIN2 (GbGNK?2), a small seed protein with antifungal activity
(Miyakawa et al. 2007). The DUF26 motif occurs also in secreted proteins and receptor-
like proteins that lack a kinase but have a transmembrane domain (Vaattovaara et
al. 2019). The exact function of the DUF26 motif is not fully understood. Molecular
modelling of proteins with a double DUF26 motif configuration reveals potential
as carbohydrate recognition modules (Vaattovaara et al. 2019). This is in line with
the finding that GbGNK2 as well as two DUF26 motif containing proteins of maize
(Zea mais AFP1 and AFP2) bind mannose along with functioning in fungal defense
(Miyakawa et al. 2009, 2014; Ma et al. 2018; Han et al. 2019). Therefore, DUF26
motif containing proteins might have the potential for binding sugar-like molecules
(Vaattovaara et al. 2019).

CRKs are mainly known to regulate biotic and abiotic stress responses. Large scale
phenotyping in A. thaliana has led to various abiotic and biotic stress phenotypes
(Bourdais et al. 2015). Ectopic expression of AtCRK4, AtCRK6, AtCRK28, AtCRK36
and AtCRK45 leads to increased resistance to Pseudomonas syringae (Zhang et
al. 2013; Yeh et al. 2015; Yadeta et al. 2017), while ectopic expression of AtCRK5
leads to increase ABA sensitivity and increased drought tolerance (Lu et al. 2016).
Several CRK genes are also implicated in regulating cell death in A. thaliana and
rice (Oryza sativa) (Lee et al. 2017; Yadeta et al. 2017; Du et al. 2018). CRKs have
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been hypothesized to act as sensors for apoplastic Reactive Oxygen Species
(ROS). Mechanistically this is not well understood, tough the cysteine residues
might be sensitive to ROS molecules (Qi et al. 2017). In symbiosis only a single
CRK was found to be essential; namely M. truncatula SymCRK (also known as M.
truncatula DEFECTIVE IN NITROGEN FIXATION 5 (MtDNF5). This gene was found
to be essential for symbiotic differentiation of rhizobium and suppression of defense
responses in the nodule regulated by ethylene (Berrabah et al. 2014, 2018).

Given the involvement of both these receptor families in essential processes of
microbe recognition a role of PanCRK11 and PanLEK1 in symbiotic establishment
can be envisioned. Here we test whether both genes encode potential symbiotic
signaling receptors. We characterize their respective gene families in P. andersonii
and studied their roles in nodule formation by CRISPR-CAS9 mutagenesis.

Results

Characterization of Parasponia Cysteine and L-type Lectin receptor kinases

First, we carried out a phylogenetic reconstruction of the CRK gene family of the
Parasponiaand Tremalineages. In total 32 different CRK genes were identified among
the two lineages. Of these, 29 genes showed to be present in both P. andersonii and
Trema orientalis. P. andersonii carries 29 functional CRK genes, missing functional
orthologs of T. orientalis TorCRK8, TorCRK21 and TorCRK32. T. orientalis carries
31 CRK genes, missing a putative ortholog of P. andersonii CRK11, a gene that is
specifically expressed in nodules (Suppl. Table 3.). Loss of CRK11 has been shown
to be consistent among other Trema species whereas it is present in two additional
Parasponia species, suggesting this gene may commit a nodule-specific function
(R. van Velzen et al. 2018). We made use of previously assembled orthogroups and
merged these with CRK protein sequences from Solanum lycopersicum, Cucumis
sativus, Datisca glomerata, Alnus glutinosa and common bean (Phaseolus vulgaris)
to create a larger dataset (Huang et al. 2009; Tomato Genome Consortium 2012;
Griesmann et al. 2018; R. van Velzen et al. 2018; Quezada et al. 2019). The CRK
gene family is diverse and fast evolving (Vaattovaara et al. 2019). We noted that
among the selected proteins especially the extracellular domain region was highly
variable. Although CRKs mostly occur with two DUF26 motifs in the extracellular
region, it is not uncommon to find proteins with only a single or multiple DUF26
motifs (Suppl. Table 3.). We found that no stable consistent results were obtained
when aiming to infer the phylogeny from alignments of full length CRK protein
sequences. Therefore we conducted phylogenetic reconstruction on the conserved
kinase domains. Similar to previous phylogenies on CRK proteins a clear separation
between a basal and a variable cluster can be found (Vaattovaara et al. 2019). The
basal cluster consists out of clades I, Il, lll, IV and V, encompassing only four P.
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Figure 1. Phylogeny and gene structure of Cysteine-Rich Receptor inases (CRKSs). A,
Phylogenetic reconstruction based on kinase domain of CRK proteins of P. andersonii, G.
max, P. vulgaris, A. thaliana, T. orientalis, M. truncatula, F. vesca, C. sativus, D. glomerata,
D. trinervis, A glutinosa. The CRK family shows a separation between basal clades I-V and
variable clades VI-IX. Node numbers indicate posterior probabilities leading to clades. B,
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Domain organisation of CRK proteins. SP: signal peptide; DUF26: Domain of Unknown
Function 26; TM: transmembrane spanning domain; P-loop: phosphate-binding loop; RD:
conserved amino acids arginine and aspartic acid; activation loop: conserved region that upon
phosphorylation triggers a conformational change. C, Alignments of DUF26a, DUF26b motifs
and catalytic domains of the kinase region between legume MtSymCRK/MtDNF5 orthologs
and PanCRK11. Note that P. andersonii CRK11 does not have arterations in the DUF26a or
kinase domains. LOGO based on alignment of 85 complete protein sequences belonging to
clade IX, supplemented with sequences from Vigna angularis, Cajanus cajan, Cicer arietinum,
Abrus precatorius, Vigna unguiculata.

andersonii CRK genes (Figure 1A). The variable cluster consists out of clades VI,
VII, VIIl and IX. The CRK proteins that cluster in the variable clade mostly separated
into lineage dominated clades rather than intro true orthogroups, which indicates
fast evolution of these genes. Since rearrangements are not uncommon between
CRK genes, it is likely no true orthogroups can be inferred in the variable CRKs
(Vaattovaara et al. 2019).

Nodule enhanced CRKs belong to the variable group and have a classical CRK
structure with RD-kinase

In total 12 P. andersonii CRK genes have a nodule enhanced expression pattern,
of which PanCRK1, PanCRK7 and PanCRK11 are highest expressed in nodules
(Figure S1, Suppl. Table 3.). All of these 12 PanCRK genes belong to the variable
cluster and are dispersed across all four clades. The encoded proteins of the
nodule enhanced P. andersonii CRK genes have a classical configuration with a
signal peptide, two DUF26 motifs in the extracellular domain (named DUF26a and
DUF26b), a transmembrane region and serine/threonine-protein kinase domain
(Figure 1B). PanCRK11 seems closely related to MtSymCRK of M. truncatula,
which groups in a small legume dominated lineage of clade IX. However, unlike
MtSymCRK the PanCRK11 DUF26a and b motifs contain a conserved C-8x-C-2x-C
structure, whereas MtSymCRK has a C-6x-C-2x-C structure in the DUF26a motif
(Berrabah et al. 2014). Furthermore, PanCRK11 also has a classical RD-kinase,
unlike the CD-kinase reported for MtSymCRK (Berrabah et al. 2014) (Figure 1C). In
line with this we hypothesize that PanCRK11 should be capable of auto-activation.

Many Parasponia andersonii variable clade CRKs occur in a genomic cluster

Previously it has been shown that CRK genes of the variable clades often occur
in genomic clusters, for example in A. thaliana (Chen 2001; Bourdais et al. 2015),
soybean (Glycine max) (Delgado-Cerrone et al. 2018) and common bean (Quezada
et al. 2019). We found that in P. andersonii 20 out of 26 CRK genes of the variable
clades were located in a single genomic cluster spanning over ~1 Mbps, whereas
the six remaining CRK genes of the variable clades are in non-clustered locations
(Figure 2A). The cluster is largely colinear between Parasponia andersonii and
Trema orientalis(Figure 2A, Figure S2.).
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Figure 2. Parasponia andersonii CRK gene cluster. A, Schematic representation of PanCRK
gene cluster organisation. CRISPR-Cas9 target sites indicated by scissors. PanCRK11, sites
1 & 2. PanCRK1 sites 3&4, PanCRK?7 site 6, and Panclfk sites 5&6. Overall length of the
CRK cluster is ~1Mbps. B, Genotype of the PanCRK cluster deletion in the Panclfk mutant,
amplified and sequenced by primer set Ru_130 (Suppl. table 1).
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Phylogenetic reconstruction of L-type Lectin kinases.

Asimilar approach to the CRK phylogeny was conducted for the L-type lectin receptor
kinases. Orthogroups were assembled into a large alignment and supplemented
with extra sequences from D. trinervis, A.glutinosa and C. glauca (Griesmann et al.
2018; R. van Velzen et al. 2018). The L-type lectin gene family in the Parasponia
and Trema lineage consists of 26 members. P. andersonii contains 24 L-type Lectins
kinases. T. orientalis is missing a LEK1 ortholog, but in turn has two additional genes,
TorLEK9 and TorLEK10, which appear to be lost in P. andersonii (Suppl. Table 4).
The resulting phylogeny revealed 12 distinct clades, which except for clade Il all
contain P. andersonii and T. orientalis proteins (Figure S3A). PanLEK1 groups in
clade 1. This clade can be separated into subclades la, Ib and Ic, with PanLEK1 gene
falling into clade la (Figure 3A).

PanLEK1 is induced in Nodules and encodes a protein with a highly diverged
kinase domain.

Among all P. andersonii L-type Lectin receptor kinases PanLEK1 is the only gene
with a significant nodule enhanced expression. Notably it appears that most
other members of clade | are lower expressed in the nodules, with close homolog
PanLEK2 specifically expressed in above ground tissues (Figure S3B). PanLEK1
and PanLEK?2 are located in tandem, however the PanLEK1 protein appears to
be highly dissimilar from PanLEK2, as well as other LEK proteins, indicated by its
long branch length. The long branch length warranted a closer look at the protein
structure. The PanLEK1 kinase domain contains several substitutions in amino acids
that are generally conserved and essential for protein kinase activity. PanLEK1
contains amino acid substitutions in the P-LOOP, with two glycines substituted for
charged amino acids, potentially influencing ATP binding. Further, the kinase domain
lacks the RD-motif and shows no conservation in activation loop compared to the
consensus sequence of kinase domains in clade la proteins (Figure 3B,C). Based
on these substantial substitutions we estimate the PanLEK1 kinase domain to be
inactive(Dardick, Schwessinger, and Ronald 2012; Johnson, Noble, and Owen
1996). These kind of substitutions are not found in other L-type lectin kinases in
P.andersonii.

PanLEK1 is essential for effective nodule formation

A protocol for the efficient stable transformation of Parasponia was developed
recently (van Zeijl et al. 2018; Wardhani et al. 2019). We decided to target PanLEK1,
using three guide RNAs. Three T, mutants lines, containing different mutations
in PanLEK1 were selected for experimentation (Figure S4). An EV-control line
expressing CAS9, but without guide RNAs was generated as a control. These mutant
lines were maintained in tissue culture and rooted for experimentation (Webster et al.
1995; Wardhani et al. 2019). Rooted plantlets were grown in Pots for five weeks with
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Figure 3. Phylogeny and gene structure of L-type Lectin kinases. (A), Phylogenetic
reconstruction of clade | L-type Lectin kinases of P. andersonii, Trema orientalis, Discaria
trinervis, Alnus glutinosa, Fragaria vesca, Eucalyptus grandis, Populus trichocarpa, Medicago
truncatula, Glycine max. (Figure S3A) (B), Protein structure of PanLEK1. SP: signal peptide,
L-Lectin: lectin motif; TM: transmembrane spanning domain; P-loop: phosphate-binding loop;
RD: conserved amino acids arginine and aspartic acid; activation loop: conserved region
that upon phosphorylation triggers a conformational change. (C), Protein alignment of kinase
P-loop and activation loop segment compared to clade | consensus and the selected proteins
P. andersonii PanLEK2, T. orientalis TorLEK2, Discaria trinervis Distril04S00160 and M.
truncatula Medtr4g093110. PanLEK1 contains substitutions in these domains, that are not
present in paralog PanLEK2 or in homologous clade | proteins. LOGO based on alignment of
46 clade 1A sequences (Suppl. file 4).

the P. andersonii compatible rhizobium strain Mesorhizobium plurifarium BOR2 (R.
van Velzen et al. 2018). We noted a significant reduction in nodule number among
all three Panlekl knockout lines. However, no consistent difference in biomass,
nodule mass or nodule size was detected (Figure 4A,B,C). Semi-thin sections of
Panlekl1 nodules revealed a striking phenotype. Although Panlek1 nodules showed
no phenotype in infection thread progression, a striking accumulation of phenolic
content in mature mutant nodules was observed. The phenotype was associated
with patches of dead cell (Figure 4D,E,F). This suggests a role for PanLEK1 in
nodule maintenance.

A CRK cluster knockout shows infection phenotypes in Parasponia nodules
To find out the role of P. andersonii CRK genes in nodulation we decided to knock
out PanCRK1 and PanCRK1l by using CRISPR-CAS9. We obtained three T -
mutant lines for PanCRK1 and two for PanCRK11. These mutations consist of small
deletions/insertions at the target guide sites (Figure S5A). Transgenic plantlets
were grown in pots and nodulated with M.plurifarium BOR2 and harvested after four
weeks of inoculation. However, no consistent phenotypes between CAS9 containing
transgenic control and Pancrk1 and Pancrk11 mutant lines could be observed(Figure
S6A,B,C). Also, semi-thin sections revealed no obvious defects in infected cells or
visible signs of activated defense responses(Figure S6D-I).

Since 10 out of 12 CRK genes with a nodule enhanced expression occur in a cluster
(Figure 2A, Figure S1). we investigated whether these genes may have redundant
functions. To do so, we aimed to remove the entire CRK cluster. Two guides located
on either end of the cluster in PanCRK7 and the pseudogene Pancrk21 were used.
Transgenic shoots were screened with cluster spanning primers. We observed a
relatively low regeneration efficiency with this construct, and identified only a single
transgenic shoot in which the ~1 Mbps cluster was effectively removed (Figure 2B).
This line is referred to as the CRK Cluster Full KO or Panclfk. Further we obtained two
lines with only small deletions knocking out only PanCRK7 Pancrk21. Since CRK21
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Figure 4. Phenotype of three independent Panlekl knockout lines. 4 weeks post inoculation
with M. plurifarium BOR2 (A-C), Box plots of biomass (A), root shoot ratio (B), and nodule
number / g. root weight (C). EV-control n=10, Panlekl-1a n=10, Panlek1-2b n=10, Panlek1-
4a n=10 Student’s T-tests relative to empty vector control (EV-control) samples. P>0.05 not
significant (ns), P<0.05 *, P<0.01 ** P<0.001 ***P <0.0001 ****. D, Representative section of
EV-control nodule, scale bar 250 pm, zoom in 100 um. F, Representative section Panlek1-1a
mutant nodule, scale bar 250 ym, zoom in 100 um. G, Representative section Panlekl-4a
mutant nodule, scale bar 250 pm, zoom in 100 pm. Note the accumulation of green/blue
stained phenolic compounds in the infection zone (asterisk). Sections stained with toluidine

blue.
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Figure 5. Phenotype of the Pancltk cluster
deletion mutant 10 weeks post inoculation with
Bradyrhizobium sp. KLD004. (A-C) Box plots of
biomass (A), root shoot ratio (B), and nodule
number / g. root weight (C). Panclfk n=13, EV-
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vector control (EV-control) samples. P>0.05 not
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F, Representative nodule section of a Panclfk
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Representative nodule section of a EV-control
nodule scale bar 500um, zoom in 50 pm.
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represents a pseudogene in P. andersonii, these mutants we kept as Pancrk7-1
and Pancrk7-3 (Figure S5). To further characterize the Pancltk cluster deletion line
we screened for presence/absence of CRK genes in the genome, confirming the
absence of the 20 cluster located CRK genes and the presence of the remaining
CRK genes (Figure S5B).

The Panclfk line grew and rooted normally in tissue culture. In an initial experiment
the Panclfk line was inoculated with M. plurifarium BOR2 for 4 weeks. Although a
small reduction in number of nodules was observed, these differences were not
significant, probably due to variation in plantlet size. Upon sectioning however, we
noted a relatively longer infection zone in Panclfk mutant nodules, with the presence
of thick bulging infection threads (Figure S7). To better observe these phenotypes
a second nodulation experiment was done using an additional rhizobium strain,
one that is native to Parasponia and isolated from the volcanic mount Kelud. This
Bradyrhizobium sp. strain KLD0O04 represents highly effective nodulator and nitrogen
fixer of Parasponia spp., although it showed to be somewhat slower in infecting pants
when compared to the fast growing strain M. plurifarium BOR2. Therefore plants
were examined 10 weeks post inoculation. At this time point the differences between
Panclfk and EV-control plants were clearly visible. In comparison to control plants,
Panclfk plants had a significantly higher root biomass and lower shoot biomass, a
proxy for problems with nitrogen fixation or infection level (Figure 5A,B,C). However
successfully infected cells are indistinguishable from EV-control, with Infection
threads progressing into thinner fixation threads. Sectioning revealed that the
structure of Panclfk nodules was inherently more disordered, with the presence of
large apoplastic colonies (Figure 5F,G). These phenotypes cannot be observed in
any of the crk single mutants inoculated with Bradyrhizobium sp, KLD004. These
Pancrkl, Pancrk7 and Pancrk1l mutant plants formed nodules as effectively as EV-
control, which resulted in similar biomass and root shoot ratio when compared to
control plants (Figure S8A,B,C). Nodules formed on single crk mutant plants had
densely packed infection zones and no visible defects (Figure S8D-K).

Figure 6. Nodules of the cluster deletion mutant Panclfk have a low infection level. with
Bradyrhizobium sp. KLD004. A, Absolute area in mm? of phenolic content, infected area
and lobe size for Panclfk mutant nodules compared to empty vector control (EV-control). B,
Phenolic content and infected area relative to nodule lobe size. Number of nodules analyzed
per line is 16. Student’s T-tests relative to EV-control samples. P>0.05 not significant (ns),
P<0.05 *, P<0.01 ** P<0.001 ***P <0.0001 C, Nodule meristem of Panclfk mutant nodule with
thick apoplastic colonies (yellow arrows), cell containing infection threads indicated by (ic)
infected cells. Empty cell indicated by (ec) D, Nodule meristem of an EV-control nodule. Scale
bars 500um zoom ins 250um.
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Next, we quantified the infection level of Panclfk nodules using nodule sections
through central lobe tissue. Significant reduction was found for both the absolute
and the relative infected area of Panclfk nodules versus EV-control. Interestingly
no difference in lobe size or the area containing phenolic cells could be observed
(Figure 6A,B; Figure S9). This implies that P. andersonii CRKs are involved in
regulating the infection process in cells derived from the nodule meristem. The
meristematic region of Panclfk nodules contains thicker and shorter infection threads,
which is not observed EV-control or in single mutants(Figure 6C,D Figure S8H-K).
Larger apoplastic colonies also occur in the infection zone. This suggest that in P.
andersonii CRKs act redundantly to control infection thread progression in the apex
of the nodule.

Discussion

We studied two large classes of transmembrane receptor kinases and evaluated
their role in the rhizobium nitrogen-fixing nodule symbiosis in the non-legume P.
andersonii. The involvement of two members PanLEK1 and PanCRK1l was
predicted by genomic comparisons of the Parasponia and Trema lineage (R. van
Velzen et al. 2018). Both these genes belong to diverse groups of transmembrane
protein kinases, the Cysteine rich receptor kinases and Legume Lectin receptor like
kinases. Both genes were studied by CRISPR-Cas9 mediated reverse genetics,
which revealed novel symbiotic phenotypes. Panlekl knockout mutants make less
nodules, and within these nodules patches of death cells are observed, suggesting a
role for this transmembrane receptor kinase in nodule formation and maintenance. In
contrast, CRKs act redundantly, and only by deleting a large cluster of 20 CRK genes,
a role of these transmembrane receptor kinases in infection thread progression was
revealed.

PanLEK1 is a member of a large gene family of L-type lectin receptor-like kinases,
and is the only member of this clade with a significant nodule enhanced expression.
Interestingly, closely related paralogous genes are specifically downregulated in
nodules. PanLEK1 showed to have non conserved substitutions in its kinase domain
and is therefore predicted to be inactive. Given the loss of LEK1 in Trema species, itis
likely that this gene neo-functionalized to fulfill a role in defense response repression
or microsymbiont recognition. Based on the nodulation specific expression pattern
and the downregulation of other Lectin receptor kinases, we argue that PanLEK1
has a specific role the promotion rhizobium nitrogen fixing symbiosis, which to date
makes it the first L-type lectin kinase proven known to act in nitrogen-fixing nodule
symbiosis. Clade-I L-type lectin receptor kinases have been functionally analysed
also in A. thaliana. It was shown that AtLecRK-IX.1 and ALecRK-IX.2 are involved in
resistance to Phytophthora spp, however kinase activity was indispensable for this
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function (Wang et al. 2015). PanLEK1 may function as a dominant inhibitor of such
defense responses controlled by lectin receptor kinases, due to its alternative kinase
domain.

CRKs have been studied in several plant species -e.g. A. thaliana, common bean,
soybean, and apple (Malus x domestica)- and in all cases they are encoded by a
large gene family (Chen 2001; Delgado-Cerrone et al. 2018; Quezada et al. 2019;
Zuo et al. 2019). We found that in P. andersonii a large number of the CRK genes
is functioning in symbiotic context. P.andersonii contains 12 CRK genes that are
significantly upregulated in nodules, all of which belong to the fast evolving variable
cluster (Vaattovaara et al. 2019). The specific function of the Parasponia-specific
and nodule expressed gene PanCRK11 is less clear. We generated mutants of
PanCRK11 as well as of two other nodule enhanced CRK genes -PanCRK1 and
PanCRK7-; genes belonging to the three largest expanding variable taxonomic
clades (Figure 1). None of the single mutants has a clearly distinguishable phenotype
in nodulation. Therefore we hypothesized that nodule expressed P. andersonii CRK
genes are -at least in part- functionally redundant. We managed to create a knockout
line in which a large chromosomal segment of ~1 Mbps containing 20 CRK genes
was effectively removed. One of the largest CRISPR deletions reported in plants.
This Panclfk complete cluster deletion mutant showed a phenotype in nitrogen-fixing
nodule symbiosis. Panclfk mutant plants showed a reduced nodulation efficiency
and were affected in intracellular infection..

Parasponia CRKs most likely do not function as pattern recognition receptors, as
was suggested for MtSymCRK. PanCRK11 is related to M. truncatula SymCRK,
since both belong to the same variable clade IX. Within clade IX MtSymCRK groups
in a legume specific subclade. Only Papilionoideae legumes seem to share the
alterations found the DUF26a motif and the kinase domain of MtSymCRK (Figure
1). In MtSymcrk / Mtdnf5 mutants bacteria are released but do not differentiate into
symbiosomes. This developmental defect triggers major defense like responses in
the Mtsymcrk allele, but this affect is less pronounced in the Mtdnf5 allele (Oa et al.
2006; Domonkos et al. 2013; Berrabah et al. 2014; Lang, Smith, and Long 2018). P.
andersonii houses its bacteria in fixation threads, which are still formed in Pancflk
mutant nodules, though in a lower frequency. The reduced infection level coincides
with larger apoplastic colonies and more cell death. However, the mutant does not
trigger generic defense responses, like accumulation of phenolic compounds as seen
in Panlek1l mutants. The reduction in the number of nodules correlated with a lower
number of infection threads in the nodule meristem, resulting in a lower infection
level in the nodule. The results point to a slow progression of infection threads in the
Panclfk nodule meristem and early infection stages. Therefore we hypothesize a role
of P. andersonii CRKs in perceiving signals promoting infection thread progression.
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These signals could be related to more generic signaling roles previously predicted for
CRK proteins, such as perception of ROS. The low oxygen environment in nodules,
created by hemoglobin, coupled to high respiratory demands leads to increased
production of ROS (Wittenberg et al. 1986; Fukudome et al. 2016; Giinther et al.
2007). At early stages of rhizobium infection production of ROS is coupled to the
detection of rhizobium secreted lipo-chitooligosaccharide signal molecules (known
as Nod factors) (Ramu, Peng, and Cook 2002), and hydrogen peroxide accumulation
can be detected in the infection threads of M. truncatula(Jamet et al. 2007). Also
it was shown that the production of hydrogen peroxide is essential for rhizobium
infection, as well as the differentiation of rhizobia into their symbiotic form (Jamet et
al. 2003; Lambert et al. 2011; Montiel et al. 2012; Andrio et al. 2013; Arthikala et al.
2014). Although Parasponia relies on crack entry for initial rhizobial infection into the
root, infection threads are ultimately formed in the nodule primordia and persist in
the region basal to the nodule meristem. In peanut (Arachis hypogaea) ROS signals
are also important for the crack entry infection process (Mufioz et al. 2015). Similar
results were obtained for Sesbania rostrata, which can be infected by roo hair-based
infection threads as well as crack entry(D’Haeze et al. 2003). Clearly the production
of ROS and infection thread progression are extensively linked. A. thaliana AtCRK2,
belonging to the basal cluster of CRKs, has been shown to interact and directly
phosphorylate RESPIRATORY BURST OXIDASE HOMOLOG D (AtRBOHD) at the
C-terminus to regulate ROS bursts in planta (Kimura et al. 2020). Suppression of the
RBOH complex is required for rhizobial colonization in Medicago truncatula nodules
(Yu et al. 2018). Given the large amounts of links of CRKs to ROS sensing in abiotic
and biotic stress interactions in non symbiotic conditions, the co-option of CRKs to
function in ROS signalling in symbiosis seems likely (Bourdais et al. 2015; Du et
al. 2018; Idanheimo et al. 2014; Lee et al. 2017). Therefore a role for P. andersonii
CRKs in ROS sensing and possibly regulating ROS production in the infection stage
is probable.

Taken together, we conclude that Parasponia recruited PanCRK11 into symbiotic
signalling. And although a highly similar MtsymCRK has been recruited to regulate
symbiosome differentiation in legumes, the role of CRKs in the non-legume
Parasponia is clearly not equivalent.
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Materials and methods

Phylogeny constructions

Orthogroups generated in a previous study containing Cysteine rich kinases were
combined in a single database supplemented with Solanum Lycopersicum, Cucumis
sativus, Datisca glomerata, Alnus glutinosa and Phaseolus vulgaris to create a large
CRK dataset(Huang et al. 2009; Tomato Genome Consortium 2012; Griesmann
et al. 2018; Quezada et al. 2019; R. van Velzen et al. 2018). For LEK1 a similar
approach was conducted, this time orthogroups were supplemented with sequences
from Discaria trinervis, Alnus glutinosa and Dastisca glomerata (Griesmann
et al. 2018). Blasts were carried out using a local Blast setup implemented in
GeneiousR8.1.9 using each Parasponia orthogroup sequence. Kinase domains
including transmembrane regions were extracted. Sequences were aligned using
Mafftv7.017. Phylogeny analysis was performed using IQ-tree1.6.12 running model
finder to find the best substitution model (JTT+F+G+R4 for Cysteine rich kinases,
JTT+R4 for Lectin-kinase ) (Nguyen et al. 2015; Kalyaanamoorthy et al. 2017). UF-
bootstrap was set to 1000 iterations and abayes support was calculated for both
phylogenies(Hoang et al. 2018). For visual clarity only branches leading to clades
are shown. Alignment visualizations and LOGOs were done using Geneious R8.1.9.
Genomic regions of Parasponia and Trema belonging to the CRK cluster were
aligned using Mummer3 (Kurtz et al. 2004).

Vector constructs

Binary constructs generated for this study were created using Golden gate cloning
and backbones and several inserts were derived from the golden gate molecular
toolbox(Engler et al. 2009, 2014). Domestication of parts by removal of Bsal or
Bpil sites was carried out as described in Engler et al 2014. The generation and
assembly of CRISPR-CAS9 constructs for Parasponia were done as published
previously(van Zeijl et al. 2018; Wardhani et al. 2019). Vectors were verified using
restriction digestion and sequencing of the sg target containing region.

Guide RNAs were designed using the CRISPR design tool implemented in Geneious
R10, which is based on variables described in Doench et al 2014(Doench et al.
2014). Selected guide target sites have no potential off targets in the Parasponia
genome with less than two indels or three mismatches. A list of constructs generated
for this study is listed in (Table S2).

Genotyping

CRISPR deletions were detected using Phire plant direct PCRs (Thermo fisher,
F130WH) using manufacturer’s recommendations. Target sites were amplified with
spanning primers listed in (Table S1). Potential deletion candidate shoots were
re-genotyped during shoot propagation to ensure line homogeneity. Genotypes of
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obtained lines are visualized in (Figure S4) and (Figure S5). To validate the deletion
for panclfk markers for all Parasponia CRK genes were amplified for presence
absence analysis.

Bacterial strains

All golden gate cloning steps and plasmid propagations were carried out in Escheria
coli DH5a. Agrobacterium tumefaciens AGL-1 was used for all Parasponia stable
transformations. Mesorhizobium plurifarium BOR2 was used for Parasponia
nodulation assays and inoculations(R. van Velzen et al. 2018). Bradyrhizobium sp.
strain KLD0O4, derived from nodules of Parasponia growing at Mt.Kelud Indonesia,
was used as secondary nodulation strain as effective fixer and native symbiont.

Plant growth conditions

Parasponia andersonii WU1 or its direct descendants were used as starting
material for transformations. Prior to co cultivation Parasponia trees are grown in
a greenhouse at 28°C, 85% humidity and a 16/8 h day/night. Parasponia in vitro
tissue culture, CRISPR mutagenesis and rooting were done according to van Zejil
et al 2018(van Zeijl et al. 2018; Wardhani et al. 2019) Rooted tissue culture plants
for phenotyping were transferred to polypropylene containers 1L, fitted with a gas
exchange lid. (OS140BOX, Duchefa Biochemie, Netherlands). Pots were half filled
with 2/3“ Agroperlite(Maasmond-Westland, Netherlands) 1/3 Sterilized Steamed
river sand and watered with modified EKM medium (3 mM MES (C6H13NO4) pH
6.6, 2.08 mM MgSO04, 0.88 mM KH2PO4, 2.07 mM K2HPO4, 1.45 mM CaCl2,
0.70 mM Na2S04, 0.375 mM NH4NO3, 15 uM Fe-citrate, 6.6 phM MnSO4, 1.5 uM
ZnS04, 1.6 uM CuS0O4, 4 uM H3BO3, 4.1 uM Na2MoO4)(Becking 1983). Bacterial
inoculation density was set to OD600 0.025.

Histochemical analysis

Nodules were harvested and fixed in 5% glutaraldehyde in 50mM sodium phosphate
buffer PH7.4 Vacuum was applied for 2 hours on a total incubation time of 48h.
Fixed nodules were embedded in plastic Technovit 7100 (Heraeus-Kulzer, Germany)
to suppliers specifications. RJ2035 microtome was used for thin sections (5 um),
subsequently stained with 0.05% Toluidine Blue O. Images were made using a
DM5500B microscope equipped with a DFC425¢c camera (Leica microsystems).
For sectioning of the larger older nodules a different fixative containing 4%
paraformaldehyde mixed with 3% glutaraldehyde in 50mM sodium phosphate buffer
PH7.4 was used. Incubation time was increased to 7 days to fully immerse the large
nodule samples.
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Quantification and Statistical analysis

Infection levels were quantified using a custom Imaged macro running in Fiji
(Schindelin et al. 2012). The macro is based on differential thresholding in the Red/
Green/Blue channels of the image to effectively generate binary selections. The
binary selections can be converted into Regions Of Interest (ROI). Pixel lengths
were scaled to microns based on image scale bar. Non colonizable areas such as
vascular bundles were manually excised from the pictures to exclude them from the
analysis. Graphs and statistical analysis were performed using R studio 1.1.456
replicate number is denoted in the figure legend. Statistical analysis was done using
student’s T-tests relative to EV-control samples. Significance values were denoted
as P>0.05 NS, P<0.05 *, P<0.01 ** P<0.001 ***P <0.0001 ****. Levene’s test for
homogeneity of variance was used prior to running t-tests.

Additional Supplemental files belonging to this chapter (not included in this
thesis, available on request
Supplemental File 1. Nexus file of Cysteine Rich receptor Kinase consensus Tree

Supplemental File 2. Fasta file of CRK clade IX alignment
Supplemental File 3. Nexus file of Lectin kinase consensus Tree
Supplemental File 4. Fasta file of Lectin RK clade | alignment
Supplemental File 5. Genbank sequence Parasponia CRK-cluster

Supplemental File 6. Genbank sequence of Trema CRK-cluster
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Figure S1. Expression profile of nodule enhanced Parasponia andersonii CRK genes.
Analysis is based RNA-seq data presented in van Velzen et al 2018 (R. van Velzen et al.
2018). Expression in Transcrips per Million (TPM), replicates denoted by open dots.
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Figure S2. Dotplot of CRK cluster comparison of Parasponia andersonii and Trema orientalis.
Alignment of CRK cluster regions made using Mummer3. The CRK cluster of both species is
largely collinear. Increased size of P. andersonii is mainly due to an increased repeat content.
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Figure S3. Phylogeny L-type lectin receptor kinases and expression of Parasponia andersonii
clade | LEK genes. A, Phylogenetic reconstruction, based on protein kinase alignments of
L-type lectin receptor kinases, separates twelve distinct clades. PanLEK1 is part of in clade |
(see also Supplemental file 3 and 4). B, Expression of P. andersonii clade | LEK genes. Only
PanLEK1 has a nodule specific expression profile.
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Figure S4. Gene model and genotype of Panlekl mutant lines. PanLEK1 encodes a single
exon gene. Position of CRISPR target sites is indicated by light blue blocks. Panlekl T
-mutants represent biallelic mutations with small and larger deletions at the target regions.
Mutant lines were genotyped and sequenced with primer pair Ru_296 (Table S1).
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Figure S5. Gene model and genotype of Pancrk mutants. Position of CRISPR target sites is
indicated by light blue blocks. A, Pancrk11, Pancrk7-3 and Pancrk1-5 Tmutants carry bi-allelic
mutations, with different small insertions or deletions at or between the target sites. Pancrk1-3
and Pancrkl1-4 carry homozygous mutations. B, Additional genotyping on the Panclfk
deletion line that lacks Pancrk21, PanCRK16, PanCRK24, PanCRK4, PanCRK6, PanCRKS5,
PanCRK25, PanCRK18, PanCRK14, PanCRK13, PanCRK20, PanCRK15, PanCRK31,
PanCRK11, PanCRK9, PanCRK13, PanCRK1, PanCRK2 and PanCRK7. PCR markers for
all PanCRK genes were tested on genomic DNA of Panclfk, Pancrk7-3 and EV-control. Note
the absence of products in the Panclfk mutant and the presence of the cluster spanning PCR
amplicon SP (primer pair Ru_130, Table S1). The SP amplicon cannot be amplified in the
Pancrk7-3 mutant line and EV-control.
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Figure S6. Phenotype of Pancrkl and Pancrk1l single mutants 4 weeks post inoculation with
M.plurifarium BOR2. (A-C) Box plots of biomass (A), root shoot ratio (B), and nodule number
/ g. root weight (C). EV-control n=10, Pancrk1-3 n=10, Pancrk1-5 n=10, Pancrk11-54 n=10,
Pancrk11=55 n=10. Student’s T-tests relative to empty vector control (EV-control) samples.
P>0.05 not significant (ns), P<0.05 *, P<0.01 ** P<0.001 ***P <0.0001 (D), Pancrk1-4 mutant
nodule scale bar 500 uym (E), Pancrk11-55 mutant nodule scale bar 500 ym (F), EV-control
nodule scale bar 500 ym (G,H,l) Representative nodule sections, scale bars 200 ym. G,
Pancrk1-4 (H), Pancrk11-55 and (1), EV-control.
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Figure S7. Phenotype of Panclfk CRK cluster deletion mutant 4 weeks post inoculation with
M. plurifarium BOR2. (A-C) Box plots of biomass (A), root shoot ratio (B), and nodule number
/ g. root weight (C). EV-control n=10, Panclfk n=9 T-tests relative to empty vector control
(EV-control) samples. P>0.05 not significant (ns), P<0.05 *, P<0.01 ** P<0.001 ***P <0.0001
D, representative section of Panclfk deletion mutant nodule, scale bar 500 ym E, EV-control

nodule scale bar 500 um.
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inoculation with Bradyrhizobium sp. KLD0O4. (A-C) Box plots of biomass (A), root shoot ratio
(B), and nodule number / g. root weight (C). EV-control n=12, Pancrk1-3 n=12, Pancrk1-4
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scale bar 500 um E, Pancrk1-3 mutant nodule scale bar 500 ym F, Pancrk11-54 mutant nodule
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Figure S9. Selections made by custom IMAGEJ macro for quantification of infection level
in nodule sections. Green selection: total nodule lobe, Yellow selection: infected cell, Red
selection: phenolic cells. (A), EV-control nodule with zoom in. (B), Panclfk deletion mutant
nodule with zoom in.
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Pg:)n(;gr Primer name Purpose 5’3’-sequence Size
Ru 230 | PanCRK26m_F Ge”gtf{ping CAAGGATTGCGTGGCATTCG 503
Ru_231 | PanCRK26m_R Ge”&}{ping CCTTGTTGATGGAGGCGGT

Ru_232 | PanCRK23m_F  Cenoping GTCCATAAAAGGGGTAAACTTCGT 600
Ru_233 | PanCRK23m_R Ge”gﬁpi”g GAGTCCTCGCCAACCTCAC

Ru_234 Pancrk8m_F Ge”gtf{ping AAGATGGAAGGGAAGTGGCC 511
Ru 235 |  Pancrk8m_R Genotyping ACCCTTGCCATTCCGAAGTT

Ru_236 Pancrk21m_F Ge”gltf{ping ACCGACTGTTCATCTGGCAG 527
Ru_237 | Pancrk2im_R Ge”&}{ping CAGTGATGTCCCAGGTGCAT

Ru 238 | PanCRK16m_F Ge”gtf{'“ing GCGTCAGCGAGCTCGTGA 599
Ru 239 | PanCRK16m_R Ge”&‘ﬁ’(ping TCCAAAGTTTTTCTCTCTAATCTTTGC

Ru_240 | PanCRK24m_F Ge”&}{ping GCTCCCACGACTGTCAAGAA 414
Ru 241 | PanCRK24m_R Ge”gltf{ping GGCGAAAAGAACAGCAAGCA

Ru 242 | PanCRK4m_F Ge”gtf{ping TTCCACGGCCAGAGAAGTTC 307
Ru_243 | PanCRK4m_R Ge”&}{ping GAACCACCCGATTGACCCTT

Ru 244 | PanCRK6m_F Ge”gl}{pmg TGCTTGCTGTTCTTTTCGCC 479
Ru 245 | PanCRK6m_R Ge”gltf{ping AGCCACCACAACCTTCCAAA

Ru_246 | PanCRK5m_F Ge”&}{ping TCCTCCAGCGATGACTCTGA 305
Ru 247 | PanCRK5m_R Ge”g}{pmg AAAGCCGCCTTCTCAGTCAA

Ru 248 | PanCRK25m_F Ge”gltfiping TGCAAGCCAAGAAGTCACCA 926
Ru_249 | PanCRK25m_R Ge”&}{ping CGCTAATGCTGAAGACGTGC

Ru_250 | PanCRK18m_F Ge”&}{pi”g TCCAGGGAACGCTTCTGAAC 352
Ru 251 | PanCRK18m_R Ge”gltfiping TGTTTCTTGGGGTCTGCACA

Ru_252 | PanCRK14m_F Ge”&}{pmg TATAACGTCACTCGAGCCGC 313
Ru 253 | PanCRK14m_R Ge”g}{ping TATCACGGCCTCCTTCTCCA

Ru 254 | PanCRK13m_F Ge”gltfiping TCGCCACCAGAGAAGTCAAC 768
Ru_255 | PanCRK13m_R Ge”&}{pmg TTGAAAAGTCTACCGCCCCC

Ru 256 | PanCRK20m_F Ge”g}{ping AACAGAGCGATTCAACGGGT 506
Ru 257 | PanCRK20m_R Ge”gltfiping CACCACACCAATTGGCACAG

Ru_258 | PanCRK15m_F Ge”&}{pmg TCTTGGAGAAGCCGTTGGTC 348
Ru_259 | PanCRK15m_R Ge”g}{ping CCAACAAGACCACGGCAATG

Ru 260 | PanCRK31m_F Ge”gltfiping TCGAAAGTGCTCTTGCTCGT 346
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Ru_261
Ru_262
Ru_263
Ru_264
Ru_265
Ru_266
Ru_267
Ru_268
Ru_269
Ru_270
Ru_271
Ru_272
Ru_273
Ru_274
Ru_275
Ru_276
Ru_277
Ru_278
Ru_279
Ru_280
Ru_281
Ru_282
Ru_283
Ru_284
Ru_285
Ru_286
Ru_287
Ru_288
Ru_289
Ru_290
Ru_291
Ru_130
Ru_130

Ru_296

PanCRK31m_R
PanCRK11m_F
PanCRK11m_R
PanCRK9m_F
PanCRK9IM_R
PanCRK3m_F
PanCRK3m_R
PanCRK1m_F
PanCRK1m_R
PanCRK2m_F
PanCRK2m_R
PanCRK7m_F
PanCRK7m_R
PanCRK17m_F
PanCRK17m_R
PanCRK19m_F
PanCRK19m_R
PanCRK12m_F
PanCRK12m_R
PanCRK2m_F
PanCRK2m_R
PanCRK10m_F
PanCRK10m_R
PanCRK27m_F
PanCRK27m_R
PanCRK28m_F
PanCRK28m_R
PanCRK29m_F
PanCRK29m_R
PanCRK30m_F

PanCRK30m_R
seq_CRKcluster-
SP_F
seq_CRKcluster-
SP_R
Seq_LEK1_F

Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
cltk
Genotyping
clfk
Genotyping
clfk
Genotyping
clfk
Genotyping
clfk
Genotyping
clfk
Genotyping
clfk

Genotyping
clfk

Genotyping
LEK1

GCAACACCACGAAGGCAATT
TGCATGCTGTTATGGAGGCA
TGCCGCTACATATCACCCAA
CTCGTCGGGACAAGAATCCG
ACCCGTAAATGCTTCGGTTT
TGGCAGCTGCTTCTTCTTCT
ACTACAGGCGGTAAAGCTGG
CGTCCTCTCCACCCTTGTTC
CAACTGCGAGCGATGAGTTG
AGCCACTAATCATCATCAAGCCA

CGTAACAACTGCGAGCGATGATTC

CTCGGACGCTCTATCCACAC
TCCATCAACAGCCCCAAACA
TACGGCAGCTACCTTTGCAA
GCGGAGGGGGTGGAAAAATA
AGCCTGAATTCGCTCGAACA
CCACCTCCTCTCCACCCTTA
ATTCGCCTCTCTCGTTGCAA
TTCTTCTCGTCGGCCTTGTC
TGGCCTTCTCCAATGCAGAG
ATAGGTGCTGCTTGAGGTGG
ACTGTAACGAAGGCGCTTCA
TGGGTCAAATCAGGTGTGCA
CATTCTTTGGCGCTTCCGAG
TCGTTGACGCTCTTTCTGCT
CGTGCACAAACGGTCAACAT
GTCTTCGAAGCGTCCTCCAA
AGAACATCACGGACAGCGTT
AGCACCCTGTAAACATGGCT
TGTCTCTCCGACCCGAGAAT
AACCCTCACCACGAACAGTC
TCGTGTTCCCAGGTAGTTACC
AGCTTTCCCTGCCATTTCGA

GGGACATCTCATCAGGAAGGC

505

683

850

564

710

562

550

529

503

534

538

520

551

540

562



Ru_296 Seq_LEK1_R
Ru_292 seq_crki_F
Ru_293 seq_crk1_R
Ru_294 seq_crk11_F
Ru_295 seq_crk11_R
Ru_96 seq_crk7_F
Ru_96 seq_crk7_R
Ru_23 seq_IvIO_F
Ru_23 seq_Ivi0_R
Ru_24 seq_IvI1_F
Ru_24 seq_Ivii_R
Ru_25 seq_Ivi2_F
Ru_25 seq_IvI2_R
Ru_73 Kanamycin_F
Ru_73 Kanamycin_R
Ru_74 AtCAS9_mF
Ru_74 AtCAS9 mR
SgRNA_rev
CRK7sgRNA1
CRK7sgRNA2
CRK21sgRNA1l
CRK21sgRNA2
CRK1sgRNA1
CRK1sgRNA2
CRK11sgRNA1
CRK11sgRNA2
Lek1sgRNAL
Lek1sgRNA2
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Genotyping
LEK1

Genotyping
CRK1
Genotyping
CRK1
Genotyping
CRK11
Genotyping
CRK11
Genotyping
CRK7
Genotyping
CRK7
Contruct vali-
dation

Contruct vali-
dation

Contruct vali-
dation
Contruct vali-
dation
Contruct vali-
dation
Contruct vali-
dation
transformation
validation
transformation
validation
transformation
validation
transformation
validation
CRISPR as-
sembly
CRISPR as-
sembly
CRISPR as-
sembly
CRISPR as-
sembly
CRISPR as-
sembly
CRISPR as-
sembly
CRISPR as-
sembly
CRISPR as-
sembly
CRISPR as-
sembly
CRISPR as-
sembly
CRISPR as-
sembly

CCGCGAGAAAAAATACAAAG-
TAAATAC

CGTCCTCTCCACCCTTGTTC
TCTTCCCCTGCCTCTGCTAT
GCGTGCCAATTCTCGTCTTC
TGGAGTGCAGAAAGCTACCG
CTCGGACGCTCTATCCACAC
CCACCTTCTCCGAGCTTGTT
TACCGCCTTTGAGTGAGCTG
GTCTCATGAGCGGATACATATTT-
GAATG

GAACCCTGTGGTTGGCATGCACA-
TAC

CTGGTGGCAGGATATATTGTGGTG
GTGGTGTAAACAAATTGACGC
GGATAAACCTTTTCACGCCC
AAAAGCGGCCATTTTCCACC
GATGGATTGCACGCAGGTTC
TTCGATCTCGCTGAGGATGC
TAGCGAGAGGTCCCACGTAG

tgtggtctcaAGCGTAATGCCAACTTTGTAC

tgtggtctcaattGCGTTACTGGAAACATCACCTgtttta-
gagctagaaatagcaag

tgtggtctcaattGTTTACCGATAGAAGTATGCAgtttta-
gagctagaaatagcaag

tgtggtctcaatt GAGGTATTGTAGAAACCTCCGoftttta-
gagctagaaatagcaag

tgtggtctcaatt GCCGGATACAGTTCCGGCAAAgttt-

tagagctagaaatagcaag

tgtggtctcaatt GCGTATGTCTGCACCTGAT TGgtttta-
gagctagaaatagcaag

tgtggtctcaattGTTGTGGTACTAGCCAGTGGatttta-
gagctagaaatagcaag

tgtggtctcaattGCAACTCTGGCAATGCGCAGqtttta-
gagctagaaatagcaag

tgtggtctcaattGTTACCTGAATAACTAGTTGGgtttta-
gagctagaaatagcaag

gtggtctcaattGCTAGCGTTGTCCGTTACAAGtttta-
gagctagaaatagcaag

gtggtctcaattGACGTGTTCTCGAAGATCGGGgtttta-
gagctagaaatagcaag
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Purpose Backbone Pos1 Pos2 Pos3 Pos4 Pos5 Pos6
MOB2084 CRISPR pICSL4723 kan PNOS::NP- 35S:NLS-
TII:tOCS aCas9-
EV-control MOB1001 MOB1190
EC74839 CRISPR pICSL4723 kan PNOS::NP- 35S:NLS- MOB1191 MOB1192
TII:tOCS aCas9-
panCRK1 MOB1001 MOB1190 CRK1sgl CRK1sg2
EC74840 CRISPR pICSL4723 kan PNOS::NP- 35S:NLS- MOB1193 MOB1193 CRK11sg2
Pan- TII:tOCS aCas9- CRK11sg1
CRKI11 MOB1001 MOB1190
MOB2101 CRISPR pICSL4723 kan pPNOS::NP- 35S:NLS- MOB1091 MOB1092 MOB1093 MOB1094
PanCRK TI:tOCS aCas9- CRK7sgl CRK21sg1 CRK21sg1
cluster MOB1001 MOB1190 CRK7sg2
MOB2180 CRISPR pICSL4723 kan PNOS::NP- 35S:NLS- MOB1199 MOB1200
PanLEK1 TII:tOCS aCas9-
MOB1001 MOB1190 LEK1sgl LEK1sg2




170 | Chapter 5

Supplemental Table 3. Gene IDs of P.andersonii and T.orientalis CRK genes

Gene CRK-type Pan I.D. Tor I.D. Clade
CRK1 Variable, clustered PanWuUO01x14_284910 Tor- VI
. RG33x02_160020

CRK2 Variable, clustered PanWuUO01x14_367340 Tor- i
RG33x02_160040

CRK3 Variable, clustered Panwu01x14_284950 Tor- VI
RG33x02_160000

CRK4 Variable, clustered PanWu01x14_292600 Tor- Vil
RG33x02_188500

CRK5 Variable, clustered PanWuUO01x14 292640 Tor- VIl
RG33x02_188480

CRK6 Variable, clustered PanWu01x14 292610 Tor- VIl
RG33x02_188490

CRK7 Variable, clustered PanWU01x14_121600 Tor- Vi
RG33x02_160050

CRK8 Variable, clustered PanWuUO01x14 292550 _ps Tor- VIl
RG33x02_188540

CRK9 Variable, clustered PanWu01x14 361810 Tor- Vil
RG33x02_159910

CRK10 | Variable, non clustered PanWU01x14_342760 Tor- Vi
RG33x02_328350

CRK11 Variable, clustered PanWu01x14 285030 ND IX

CRK12 Variable, non clustered PanWu01x14 171080 Tor- IX
RG33x02_304800

CRK13 Variable, clustered PanWu01x14 356760 Tor- IX
RG33x02_159720

CRK14 Variable, clustered Panwu01x14_356740 Tor- IX
RG33x02_159700

CRK15 Variable, clustered PanWuU01x14_285100 Tor- IX
RG33x02_159800

CRK16 Variable, clustered PanWuUO01x14 292580 Tor- IX
RG33x02_188520

CRK17 Variable, non clustered PanWuUO01x14 350690 Tor- VIl
RG33x02_198740

CRK18 Variable, clustered PanWuU01x14_292700 Tor- Vil
RG33x02_159660

CRK19 Variable, non clustered PanWuUO01x14 252840 Tor- VIl
RG33x02_285020

CRK20 Variable, clustered PanWuO01x14 364320 Tor- IX
RG33x02_159760

CRK21 Variable, clustered PanWuO01x14 292570_ps Tor- Vil
RG33x02_188530

CRK22 Variable, non clustered PanWuU01x14 236300 Tor- \i
RG33x02_310050

CRK23 | Variable, non clustered PanWuO01x14 301470 Tor- VIl
RG33x02_063470

CRK24 Variable, clustered PanWu01x14 292590 Tor- VIl
RG33x02_188510

CRK25 Variable, clustered PanWuUO01x14 292690 Tor- VIl
RG33x02_188470

CRK26 | Variable, non clustered PanWU01x14_240930 Tor- VI
RG33x02_272860

CRK27 basal PanWU01x14_263500.1 Tor- 1]
RG33x02_052430

CRK28 basal PanWuO01x14 263470.1 Tor- \%
RG33x02_052390

CRK29 basal PanWuU01x14_066090.1 Tor- Il
RG33x02_287430

CRk30 basal PanWuUO01x14 208650.1 Tor- |
RG33x02_199880

CRK31 Variable, clustered PanWuO01x14 285040 Tor- IX
RG33x02_159870

CRK32 Variable, clustered ND Tor- Vil

RG33x02_159920
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Supplemental Table 4. Gene IDs P.andersonii and T.orientalis Lectin kinases

“Gene Pan I.D Tor I.D. Clade
LEK1 PanWUO01x14_069780.1 - 1A
LEK2 PanWU01x14_069800.1 TorRG33x02_104060.1 IA
LEK3 PanWU01x14_358790.1 - IC
LEK4 PanWUO01x14_361850.1 TorRG33x02_071330.1 IC
LEK5 PanWU01x14_361860.1 TorRG33x02_057420.1 B
LEK6 PanWU01x14_086330.1 TorRG33x02_057430.1 B
LEK7 PanWu01x14_086340.1 TorRG33x02_071320.1 1B
LEKS8 PanWUO01x14_086360.1 TorRG33x02_057400.1 1B
LEK9 - TorRG33x02_057390.1 B
LEK10 - TorRG33x02_057360.1 B
LEK11 PanWUO01x14_266520.1 TorRG33x02_329060.1 I
LEK12 PanWU01x14_266510.1 TorRG33x02_329040.1 1
LEK13 PanWU01x14_266530.1 TorRG33x02_329070.1 1
LEK14 PanWUO01x14_045430.1 TorRG33x02_320830.1 \Y
LEK15 PanWU01x14_045450.1 TorRG33x02_320810.1 \Y
LEK16 PanWU01x14_074010.1 TorRG33x02_067090.1 \%
LEK17 PanWuU01x14_066640.1 TorRG33x02_074270.1 IX
LEK18 PanWUO01x14_166220.1 TorRG33x02_041870.1 X
LEK19 PanWU01x14_228390.1 TorRG33x02_246520.1
LEK20 PanWU01x14_351380.1 TorRG33x02_134670.1 XI
LEK21 PanWU01x14_256070.1 TorRG33x02_269950.1 Xl
LEK22 PanWU01x14_351370.1 TorRG33x02_134680.1 Xl
LEK23 PanWuU01x14_281460.1 TorRG33x02_098010.1 Xl
LEK24 PanWU01x14_089790.1 TorRG33x02_023970.1 Vil
LEK25 PanWU01x14_036990.1 TorRG33x02_044150.1 VI
LEK26 PanWU01x14366190.1 TorRG33x02_241560.1 Vil
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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
truncatula (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.

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
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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-YAL, 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 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).
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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 CREL, 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.

Results

Isolation of aMedicago nin mutantin 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 1Aand 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
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Figure 1. In the Medicago nin Mutant daphne-like, 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 postinoculation (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 + SD. (F) and (G) Infection thread formation in mutant
and wild type roots. These confocal images of roots stained with propidium iodide at 1 wpi
show that a bacterial colony (arrowhead) 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 at3 wpi. The section stained with toluidine blue displays an infection
thread (arrow). The infection threads in a mutant can occasionally reach cortical cell layers
and induce some cell divisions (arrowhead). Bars = 50 um. (I) Schematic representation of
the chromosome translocation at the NIN locus in the daphne-like mutant. The strikethrough
indicates a 15-bp deleted sequence.

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.
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Figure 2. The Infection Process in Medicago
nin-1 roots is partially rescued by introducing
ProNIN5kb:NIN or ProNIN2.2kb:NIN. (A) to
(D) Phenotype of nin-1 roots transformed with
ProNIN5kb:NIN at 4 weeks post inoculation
(wpi) with S. meliloti constitutively expressing
GFP. The transmitted light microscopy image of
a longitudinal plastic section of transgenic root
stained with toluidine blue displays infection
threads (arrow) that occasionally can reach
cortical cell layers (A). Bar = 50 uym. The
transmitted light stereo macroscopy image (B)
and corresponding green fluorescence stereo
macroscopy image (C) show excessive infection
thread formation in transgenic roots. Bars = 2
mm. This confocal image of a transgenic root
stained with propidium iodide shows an infection
thread initiated in the curled root hair (D). Bar
= 10 um. (E) to (G) Phenotype of nin-1 roots
transformed with ProNIN2.2kb: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
roots. Bars = 2 mm. In this confocal image of a
transgenic root stained with propidium iodide
(G), colonies are formed inside the chamber of
the root hair curl, but an infection thread does
not develop. Bar = 10 uym. (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 the
transgenic root forms neither infection threads
nor bacterial colonies. Bars = 2 mm. A transgenic
root stained with propidium iodide shows
excessive root hair curling (J). Bar = 10 pm.
(K) to (M) Phenotype of nin-1 roots transformed
with ProNIN5kb(Acyclops):NIN 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 = 2 mm.
This confocal image of a 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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A segregating 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.

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, ProNIN5kb: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
ProNIN2.2kb:NIN construct was introduced into nin-1 by A. rhizogenes-mediated
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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 ProNIN2.2kb: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 ProNIN5kb:NIN transgenic roots.

These results indicate that the -5 kb to —2.2 kb region contains regulatory
sequences that are 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
(ProNIN5kb(Acyclops):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 ProNIN5kb: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 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).
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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 the eight legume species studied here. The
second 3C region is most conserved, and it includes about ten putative B-type cytokinin
signalling RESPONSE REGULATOR (RR) binding sites and is named the CE region (for
cytokinin response elements-containing). CE region in turn contains a highly conserved 472-
bp sequence that was divided into three parts named domains D1, D2 and D3. Domains 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) The number of nodules formed on wild type (A17) roots transformed
with empty vector and nin-1 roots transformed with the constructs carrying NIN 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.

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 4 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
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signalling is essential for nodule organogenesis and induction of NIN expression,
the CE region may be involved in regulation of NIN expression during initiation of
nodule primordium formation.

The CERegioncontainsregulatory elementsrequired fornodule organogenesis.
To determine whether 3C (~4 kb) contains regulatory sequences necessary for
nodule primordium formation, we fused it to the (upstream) —5 kb region (ProNIN3C-
5kb:NIN), as the latter is sufficient for infection. ProNIN3C-5kb: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 (ProNINCE-5kb:NIN). This resulted in 18 out of 37 transgenic roots forming
on average eight nodules per root (Figure 3B). This demonstrates that the CE
region contains regulatory sequences that are required for primordium formation.
Furthermore, the number of nodules formed on ProNINCE-5kb:NIN expressing roots
was similar to the number on wild type roots transformed with an empty vector control
(Figure 3B). 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 ProNINCE-5kb: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 ProNIN3C-5kb:NIN or ProNINCE-5kb: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.

NIN expression cannot be induced by cytokinin in the daphne-like mutant.

Because the ProNINCE-5kb: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 ProNINCE-5kb:NIN (Figures 5E and 5F), and 15
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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 ProNINCE-5kb: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 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 (ProNINCE-35Smin: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 NIN. Because

nin-1 daphne-like
ProNIN, ,,,:NIN ProNIN,,,-NIN ProNIN .z sssmin- NIN
B D w F « H M
M IF IF IF
IF
FX
FX X FX

Figure 5. Non-nodulating phenotypes of nin-1 and daphne-like are rescued by A. rhizogenes-
mediated transformation with ProNIN3C-5kb:NIN, ProNINCE-5kb:NIN and ProNINCE-
35Smin: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 leghaemoglobin. Bars = 2 mm. 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 ym. (E) to (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 = 2 mm. 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 pm.
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Figure 6. NIN and NF-YA1 expression cannot
be Induced by cytokinin application in daphne-
like mutants.

Quantitative real-time RT-PCR analysis of
NIN (A) and NF-YA1 (B) expression in wild
type (Al17) and daphne-like roots 16 h after
application of 10-7M benzylaminopurine
(BAP) or water. Data are means + SEM of

B three biological replicates.

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-YAl 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.

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
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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.

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
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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, 24h 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 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,B). We also analyzed cells at a
slightly later stage at 3 dpi when cortical cells have divided more extensively (Figure
7CD). At both stages, the infection thread had not yet reached the primordia. At the
younger stage, NIN mRNA 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-YAL expression (Figure
7B,D). This suggest that NF-YAL is regulated by NIN in both pericycle and other
nodule primordium cells.

Therefore, rhizobia present in the epidermis induce NIN and NF-YA1l 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.
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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 ProNINCE-5kb:GUS and
ProNIN5kb:GUS in roots. We first introduced these constructs into wild type
Medicago (Al7) 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,B). This
result is surprising considering that ProNIN5kb:NIN is not sufficient for primordium
formation in the nin-1 background. Therefore, we hypothesized that expression of
ProNIN5kb: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.

To test this hypothesis, we introduced ProNINCE-5kb:GUS and ProNIN5kb: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, ProNIN5kb: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, ProNINCE-5kb:GUS 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 ProNINCE-5kb: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.
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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 ProNINCE-
5kb:GUS and ProNIN5kb: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 8,F). 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.

CREL1 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
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Figure 8. The CE Region is required for Rhizobium-induced NIN expression in the pericycle.
(A) to (F) Tissue-specific ProNIN5kb:GUS and ProNINCE-5kb:GUS expression patterns 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 pm.
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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 the susceptible zone of uninoculated
roots. For in situ hybridization, root tips of ~1 cm of 4-d-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. Bar = 50 ym

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 CREL 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 CRE1 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 CRE1
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.

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)
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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 ProNIN5kb: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 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
organogenesisisrestored in the Lotus daphne mutant by NIN driven by a heterologous
Arabidopsis enhancer that is active in endodermis and cortex (Yoro et al., 2014).
When we transformed the Medicago nin null mutant with the ProNIN2.2kb:NIN
construct, nodule organogenesis was not restored. By contrast, Vernie et al. 2015
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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 (CRE1) 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 CRE1 promoter region driving
GUS expression is specifically expressed in endodermis/pericycle cells opposite

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. Amobile 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 feedback regulation. NIN directly activates NF-YAL 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
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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,B), 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,D). 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). As it is a 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., 2010a, 2010b; 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.
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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 F& plates were spot
inoculated with 0.5 pL of rhizobium suspension per root.

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 attBl 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 pPDONOR 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 ProNINCE-F and ProNINCE-R or ProNIN5kb-F and ProNIN5kb-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
[83% 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
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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.

RNA isolation and gRT-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 uL 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
ACTINZ 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, 5to 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 um) 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-YAL. A typical probe set consisted of ~20 pairs of oligonucleotide probes (20-nt
long) that hybridize to specific regions across the target mRNA. 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 ENOD2 (nodule-specific gene)
probe set as a negative control. Images were taken with an AU5500B microscope
equipped with a DFC425¢c 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.
nchi.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 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.
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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 Schmulling, 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 (Medtrlg056530), and RR1 (Medtr3g102600).

Supplemental Data belonging to this chapter
Supplemental data is available online at The Plant Cell: doi:10.1105/tpc.18.0047

Supplemental Figure 1. MAFFT Alignment of the Putative CYCLOPS Binding Site
of Eight Legume Species.

Supplemental Figure 2. MAFFT Alignment of the 472-bp Conserved Region of
Eight Legume Species.23

Supplemental Figure 3. nifH Expression Is Induced in ProNINCE-5kb:NIN
Transgenic nin-1 Root Nodules.

Supplemental Figure 4. Phenotype of nin-1 Transformed with ProNINCE(AD1/D2/
D3)-5kb:NIN Constructs.

Supplemental Table 1. Sequence Information of Aligned Species.
Supplemental Table 2. Primers Used in This Study.
Supplemental Data Set 1. Genomic Sequence of the Mutated Region in FN8113.
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Introduction

In the recent decades, the favoured hypothesis to explain the distribution of
nitrogen-fixing nodule symbiosis was the occurrence of independent origins,
shaped by a single predisposition event the last common ancestor of all nodulating
plant species (Soltis et al. 1995; Werner et al. 2014). The commonalities in gene
regulation, such as the use of transcription factor NODULE INCEPTION (NIN), or
the conservation of the common symbiosis signalling pathway, were regarded as
the result of convergent evolution. In order to find gene gains that would correlate
with a gain of function event, phylogenetic comparisons between nodulating and
Non-nodulating lineages were suggested (Doyle 2016). Parasponia represents an
excellent example for such a comparative study since it is nested within the non-
nodulating Trema lineage. However, no high likelihood gene gains were identified
that correlated to the nitrogen-fixation trait in Parasponia. In contrast, we identified
multiple parallel losses of symbiosis genes in non-nodulating Trema, and other non-
nodulating relatives in the Rosales order. These genes include orthologs of important
symbiotic regulators like NOD FACTOR NOD FACTOR PERCEPTION 2 (NFP2),
symbiotic program regulator NIN and RHIZOBIUM POLAR GROWTH (RPG). All of
these symbiotic genes have been proven to be indispensable for symbiotic infection
(Chapter 3.) (L. Schauser et al. 1999; Arrighi et al. 2008). A complementary set of
genome comparisons throughout the nitrogen-fixation clade has identified similar
gene loss events of NIN and RPG. In this case, many more non-nodulating lineages
throughout the nitrogen fixation clade were sampled (Griesmann et al. 2018).
Strikingly no gene gains were identified in nodulating species that would explain
the nitrogen-fixing trait. The most likely explanations for symbiotic gene loss events
is that they happened independently and in parallel. These results are difficult to
explain under the hypothesis of independent origins of nodulation. These findings
have some implications for our understandings on the origins of root Nodulation. The
hypothesis of independent origins of nodulation represents the most parsimonious
scenario, requiring fewer evolutionary events, which can be supported by ancestral
state phylogenetic reconstructions (Soltis et al. 1995; Swensen 1996; Werner et
al. 2014; Li et al. 2015). Yet, in order to explain its confinement to the nitrogen
fixation clade, it also presents the scientific community with a hard to conceptualize
predisposition event. Since no tangible evidence for the existence of a symbiotic
precursor state was identified to date, the data favours an alternative hypothesis; a
single gain of nodulation in a common ancestor of the nitrogen-fixation clade, followed
by loss of this trait in many lineages. This scenario was proposed as an alternative
hypothesis, yet largely disregarded, since the earliest recognition that nitrogen-
fixing root nodules occur in a single taxonomic clade (Soltis et al. 1995). Assuming
that all nodulating plants are derived from a single nodulating common ancestor, it
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can be predicted that many genes recruited for nodulation are orthologous. In this
case, we find that Parasponia and Medicago have commonly recruited over 290
genes in nodulation (Chapter 3.). Following their recruitment in symbiosis, some
of these genes likely lost (in part) their ancestral functions. Outside of the nitrogen
fixation clade, orthologs of NIN, RPG and NFP are clearly present. In these species,
they likely perform a function independent of symbiotic interaction with rhizobia or
Frankia. In the case of RPG and NFP this function possibly lies in the interaction with
arbuscular mycorrhizal fungi. During the evolution of nitrogen fixation, these three
genes have been recruited into symbiosis for important symbiotic function. NFP2
for the perception of symbiotic LCO signals, RPG for infection thread progression
and NIN as a transcription factor to control infection, nodule organogenesis and the
integration with nitrate homeostasis. A mutation of any of such genes abolishes an
effective nitrogen-fixing interaction in both legumes and in non-legumes. Inside the
nitrogen fixation clade, the presence of these genes exclusively correlates with the
ability to form nitrogen-fixing nodules.

Given that a single mutation can abolish an effective symbiotic interaction, losing
nodulation is conceptually much easier than gaining it. Therefore an a priori equal
weight for gains and losses in complex traits represents a fundamentally flawed
assumption. Replacing the origin of a symbiotic precursor state with nodulation itself
thus represent a simpler solution to explain the current distribution of nodulation.
When a single origin of nodulation is inferred on the species three the number
of losses required to explain the distribution of nodulation is at least 7 losses in
Fagales, 5 in Cucurbitales, 17 in Rosales and 36 in Fabales (Robin van Velzen,
Doyle, and Geurts 2019). Similar examples of parallel loss events and subsequent
gene erosion have been shown in the loss of arbuscular mycorrhizal interactions in
Brassicales and parasitic plant species (Delaux et al. 2014). Another example would
be the loss of limbs in certain groups of vertebrates such as snakes and whales.
Limb loss is associated with the loss of transcriptional enhancers and regulating
genes (McGowen, Gatesy, and Wildman 2014; Infante et al. 2015; Roscito et al.
2018). In other traits, where parallel origins are predicted, such as the evolution
of multicellularity in fungi, the role of losses has been recognized as at least a
contributing driver for the observed evolutionary pattern (Nagy, Kovéacs, and Krizsan
2018). However, the co-option of existing genes and pathways was probably the
dominant mechanism, for example recruiting genes for hyphal morphogenesis, while
gene duplication was apparently less prevalent (Kiss et al. 2019). Therefore it seems
that rather than the gain of completely new developmental modules, the distribution
of nodulation can be best explained by the single co-option of existing developmental
and signalling modules and subsequent loss of the trait. This results in two major still
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outstanding questions. (i) What were the potential drivers for the parallel loss of the
nitrogen-fixing symbiosis trait? (ii) How were existing pathways co-opted for rhizobial
signalling and symbiotic organ development?

(I) Potential drivers for the parallel loss of the nitrogen-fixing
symbiosis trait

The energetic cost of nitrogen fixation

Anitrogen-fixation nodule symbiosis in itself seems like the perfect nitrogen acquisition
strategy. However, biological nitrogen-fixation is a costly process. Sixteen Moles
of ATP are required to fix a mole of dinitrogen. This means nodulation has to be
tightly controlled in regard to the available nitrate by autoregulation both in legumes,
actinorhizal plants and Parasponia (Arnone, Kohls, and Baker 1994; Osipova et
al. 2012; Krusell et al. 2011; Nishida et al. 2018; Dupin, Geurts, and Kiers 2020).
Increased availability of nitrogen thus limits the amounts of effective nodulation and
therefore limits the effective advantage of nodulation. Loss of nitrogen-fixing ability
in high nitrate environments may be an adaptive strategy in specific niches. Since
nitrate availability is likely only a local driver, it would not necessarily be able to
drive the fixation of deleterious fix alleles in a large population. The presence of
microbial “cheaters” or increased pathogen susceptibility has also been postulated
as a potential fithess cost in mutualism (Friesen 2012; Jones et al. 2015). In general,
all nodulating plants are vulnerable to the possibility of microbial “cheaters”, bacteria
that can enter the nodule but do not provide fixed nitrogen. A reason for this is that
symbiotic signalling, needed for nodule formation and bacterial infection, mainly relies
on cues which do not directly infer nitrogen-fixing capacity (Herder and Parniske
2009). Although host-symbiont co-evolution has driven many legumes to highly
stringent symbiont recognition mechanisms, any symbiont can become a cheater
by the mutation of only a few genes (Denison and Kiers 2004; Sachs, Ehinger, and
Simms 2010). Generally, in legumes, ineffective nodules are combated by host
sanctions, but this process may not have been as efficient in some lineages (Oono,
Anderson, and Denison 2011; Friesen 2012). Similarly, pathogenic soil bacteria can
be turned into colonizers by transfer of a symbiotic plasmid (Marchetti et al. 2014).
Similar to nitrogen availability, the presence of microbial cheaters is likely a local
selection driver (Denison and Kiers 2004).

Climate change as a global driver of evolution

Since nodulation is lost in parallel in different symbiotic lineages, selection pressure
on a global scale is likely causal for the loss of the symbiosis trait. Such factors
may represent global changes in temperature or atmospheric CO, concentration.
Changes in atmospheric CO, levels have been a driving force behind the evolution of
plant anatomy and physiology, such as C4-photosynthesis (P.-A. Christin et al. 2008;
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Gerhart and Ward 2010; P. A. Christin et al. 2013; Heyduk et al. 2019). Atmospheric
CO, concentrations have gradually decreased over the last 100 million years. During
the Eocene—Oligocene transition ~34 Mya, the Late Oligocene ~29-23 Mya, and the
Middle Miocene ~14 Mya the decline in CO, concentrations intensified (Zhang et al.
2013; Robin van Velzen, Doyle, and Geurts 2019). Elevated CO, levels showed to
increase the nitrogen fixation capacity of plants, while low CO, attenuates fixation
ability (Rogers et al. 2006; Vogel and Curtis 1995). Therefore during the drop in
atmospheric CO, levels over the last 100-million years fixed carbon could have
become a larger growth inhibitor than nitrogen availability. This would not only
explain the global loss pattern of the nitrogen-fixing trait, but also the_different timing
of these losses (Robin van Velzen, Doyle, and Geurts 2019).

Alternative types of symbiosis

An alternative scenario to climatic factors as the sole driver of loss of the nitrogen-
fixing nodulation trait is the gain of different, possibly more cost-effective, strategies
for nutrient acquisition. Such strategies represent the formation of ectomycorrhizal
associations (Werner et al. 2018). Ectomycorrhizal associations prove to be an
effective phosphate and nitrogen acquisition strategy in a forest environment(Muller
et al. 2007; Hoeksema et al. 2018). The presence of new mutualisms for nitrogen
acquisition may in part contribute to the stabilization of potential loss of function
alleles in a population. It is very hard, if not impossible, to infer what drove symbiotic
gene losses to fixation in any given population tens of millions of years ago. Since
mutations happened at different time points and in different species. The mechanism
can very well be different for each lineage and most likely it is a combination of all of
the above factors in some cases.

Evidence of a host-switch in Parasponia

In Chapter 3. we established that nitrogen-fixing symbiosis in the Parasponia
lineage is an ancestral character, rather than a recent gain. However, as discussed
in the introduction several lines of evidence suggest that Parasponia gained
several symbiotic characteristics relatively recently (Chapter 1.). One of these is
the expression of cluster-l hemoglobin (HB1) in Parasponia nodules. Parasponia
HB1 contains several adaptive mutations making it an efficient oxygen scavenger,
while HB1 of non-nodulating Trema species does not have these mutations (Sturms
et al. 2010; Kakar et al. 2011; R. van Velzen et al. 2018). Without the expression
of hemoglobin an effective nitrogen-fixing symbiosis with rhizobia would not be
possible. Frankia Actinobacteria, unlike rhizobia, are able to protect their Nitrogenase
for oxidation by the formation of hopanoid containing vesicles (Berry et al. 1993).
Therefore additional oxygen protection mechanisms are generally not required in
actinorhizal symbiosis. Some Actinorhizal plants, like Casuarina, offer also oxygen
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protection by hemoglobin expression, which most probably evolved more recently
than hopanoid-based protection (Jacobsen-Lyon et al. 1995). The oxygen protection
system of Frankia allows for a simpler evolutionary trajectory, since the evolution
of elaborate oxygen protection structures is not an a priori requirement for effective
nitrogen fixation with Frankia. Therefore the recent gain of HB1l-based oxygen
protection system in Parasponia, may, in fact, be a recent gain of rhizobium as
microsymbiont over a pre-existing Frankia symbiosis. This implicates that a host
switch occurred in Parasponia, from Frankia to rhizobium.

Actinorhizal symbiosis is generally considered to be older than rhizobium symbiosis.
It can be hypothesized that nodulation first evolved with an LCO-producing Frankia
strain. Different proteobacteria may have obtained LCO biosynthesis and nitrogen
fixation genes by horizontal gene transfer (Bailly et al. 2007; Persson et al. 2015).
Possibly first to y-proteobacteria of the Burkholderiales order (Bontemps et al.
2010). This subsequently gave rise to the massive diversity of nodulating bacteria in
the a-proteobacteria(Bontemps et al. 2010; Remigi et al. 2016). A host switch is also
predicted to have occurred in the Fabales order giving rise to rhizobium nodulation
(Robin van Velzen, Doyle, and Geurts 2019).

Several other lines of evidence suggest a recent gain of rhizobium symbiosis in the
Parasponia lineage. First, it appears that all Parasponia species have lost the ortholog
of thr Lotus LysM-receptor EPR3 (Chapter 3.). In Lotus, the LJEPR3 receptor is
responsible for recognising exopolysaccharide decorations on the symbiont surface
(Kawaharada et al. 2017). The loss of this receptor in Parasponia is peculiar since itis
conserved in most nodulating and non-nodulating plants. The loss of PanEPR could
have alleviated host restrictions on symbiont decorations, allowing the co-option of
rhizobium as a symbiont. Further, Parasponia is promiscuous, interacting with a wide
range of rhizobium symbionts belonging to different clades of a-Proteobacteria (Op
den Camp et al. 2012). Another peculiarity is that Parasponia is highly susceptible
to natural Agrobacterium transformation events. With Parasponia containing
nine natural T-DNA insertions in its genome (Matveeva and Otten 2019). While
Agrobacterium transformants occur in nature, the exceptionally large number of
near to complete T-DNA sequences in Parasponia could be an indication of a recent
gain of rhizobium symbiosis. The close relationship of rhizobia and agrobacteria
together with the recent adoption of rhizobia as a symbiont may have increased the
susceptibility to Agrobacterium infection. In line with this Parasponia nodules can
be readily infected by Agrobacterium carrying SYM-plasmids, leading to ineffective,
though infected, nodules (Bender et al. 1987). Similarly Parasponia commonly hosts
ineffective strains in its nodules such as Rhizobium leguminosarum or Rhizobium
tropici (Trinick, Goodchild, and Miller 1989) (Chapter 3.). Therefore although
nodules may be formed by many strains on Parasponia, many of these interactions
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may prove ineffective. This supports the hypothesis that rhizobium was co-opted
relatively recently as a host and only a few mechanisms for symbiont control are
in place. Host-symbiont switches during the course of evolution of nitrogen fixation
may be common. Symbiont switches, whether it is within or outside a taxonomic
lineage, almost certainly require Host genome evolution. Therefore the plethora of
different symbionts and different requirements for each symbiont may have driven
the large variety of nodule types we see today.

(ii) The co-option of pre-existing pathways to evolve nodulation

Recruitment of LysM-type receptor kinases in the infection process

In Chapter 3. we established that among the symbiosis genes lost in Trema was
putative LCO-receptor NFP2. This warranted a closer look at the evolution of LysM-
type receptor kinases in the nitrogen fixation clade. LysM-type receptors belonging
to the clade of NFP, also called LYR-la, are present in most plant species in or
outside of the nitrogen fixation clade. Exceptions usually involve species that do not
form an interaction with arbuscular mycorrhiza. In Chapter 3. and 4., phylogenetic
comparisons have shown that NFP has duplicated at or near the root of the nitrogen
fixation clade, giving rise to two subclades named NFP-1 and NFP-II. NFP-l and NFP-
Il orthologous genes can be found in species of all four orders of the nitrogen fixation
clade; Fabales, Fagales, Cucurbitales and Rosales. The clade of NFP-II contains
known Nod Factor receptors of Lotus, Medicago, pea, soybean and Parasponia,
while an NFP-1 orthologous gene is present in most lineages except Fabales. NFP-I
orthologs are not present in the currently available genomes for Fabales species.
No pseudogenes could be detected which clearly belong to the NFP-I-clade in
these genomes. The order Fables, Fagales, Cucurbitales and Rosales have arisen
near-simultaneously during the evolution, while the branch of the legumes is often
considered as the earliest split (Janssens et al. 2020; Robin van Velzen, Doyle, and
Geurts 2019). Therefore the possibility exists that the duplication in the NFP (LYR-
la) clade happened in the ancestor of Rosales, Fagales and Cucurbitales and thus
was not present at the origin of all four orders. However, the close relationship of all
NFP-Il sequences suggests this is not the case (Chapter 4). Therefore it is plausible
that the duplication happened at the root of the nitrogen fixation clade, although it
remains best to approach the phylogeny with some caution.

A strict correlation between the presence of an NFP-II-type ortholog and nodulation
exists in Cucurbitales and Rosales. NFP-II-type pseudogenes can be found in the
nodulating Fagales Castanea mollissima and Fagus sylvatica, indicating a recent
loss (Chapter 4.). In Fagales, Rosales and Cucurbitales the NFP-I and NFP-II type
gene copy were initially retained, while the NFP-II-type was favoured for LCO-
signalling during nodulation, the NFP-I-type may be to be involved in arbuscular
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mycorrhizal signalling or defence responses. In early Fabales ancestors, the NFP-
I-ortholog was lost, leaving again a single NFP-lI-type gene for both functions.
Later, independent duplications of the NFP-II ortholog may have again allowed
this functional divergence between a specific receptor for rhizobium symbiosis and
one for mycorrhizal symbiosis. In species that can establish and ectomycorrhizal
symbiosis rather than endomycorrhiza and that do not nodulate, such as Castanea
mollissima and Fagus sylvatica (Fagales), both NFP-type were lost relatively recently,
indicated by remnants of both types in their genome (Chapter 4.). This may be due
to the complete switch to ectomycorrhizal fungi as a nutrient acquisition strategy.
Interestingly, also the Fagales nodulators Casuarina and Alnus lost the NFP-II-type
gene. Both plants have Frankia cluster-l species as microsymbiont. Since cluster-I
Frankia strains do not produce LCOs for symbiotic signalling, it is plausible that the
evolution of a different signalling molecular allowed for the loss of the LCO receptor
NFP-Il in Casuarina and Alnus. In any case, it is clear that the presence of an NFP-II
type NFP gene correlates with LCO-based nodulation. The correlation between NFP-
Il and nodulation is less strict in the Fabales, since Cercis, a known non-nodulating
legume, contains an apparently functional NFP-Il-type gene, possibly for arbuscular
mycorrhizal interactions. In many legumes, independent duplications of this NFP-
lI-type gene has occurred, for example in the Papilionidae where a duplication
gave rise to MINFP/LjNFR5 and MiLYR1/LjLYS11 receptors in Medicago and Lotus
(Gough et al. 2018). It appears that this duplication allowed a functional divergence
of NFP-II functions since MtLYR1 and its direct ortholog LjLYS11 is considered a
mycorrhizal responsive LysM-receptor (Gomez et al. 2009; Rasmussen et al. 2016).
For example, Castanospermum australe, a known non-nodulator in the Papilionidae,
specifically lost its MtINFP/LJNFR5 orthologous gene but kept its LYR1-type copy
(Figure 3, Chapter 4.).

The co-option of LYR-la LysM-type receptors for the nodulation specific LCO-signal
may have happened only once in evolutionary history and likely was depending on the
duplication event at the root of the nitrogen fixation clade. Since in Parasponia NFP1
(as part of the NFP-I clade) does not support symbiosis on its own, the divergence
of the ancestral function over the two copies is likely (Chapter 4.). Strikingly an
LYR-la LysM-type protein of Petunia hybrida can functionally complement a legume
for nodule organogenesis, indicating that a priori functional divergence of LYR-la is
not required for co-option (Girardin et al. 2019). While the role of the LYR-la clade
appears to lie in arbuscular mycorrhizal signalling, the phenotypes of LYR-la type
mutants are often relatively mild. In Parasponia even a Pannfpl;Pannfp2 double
mutant did not show a phenotype in arbuscular mycorrhizal infection level. Also in
Medicago, the Mtnfp mutant has no phenotype. This could be explained that during
arbuscular mycorrhizal infection a combination of chitin oligosaccharide (CO) and
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LCO signalling is used for infection, by which knocking out the myc-LCO signalling
pathway only has minor phenotypic effects (Feng et al. 2019). Perhaps due to the
duality of LCO-signalling in two different symbiotic interactions the importance of myc-
LCOs in arbuscular mycorrhizal symbiosis may have become less in the nodulating
lineage. Gene silencing and mutant analysis indicates that LYR-la type genes such
as Petunia hybrida PtlYK10 and tomato SILYK10 are important for mycorrhizal
infection, with both studies showing reduced colonization levels (Buendia et al.
2016; Girardin et al. 2019)

The second receptor that acts in LCO perception is part of the LYK-I clade. These
LYK-I clade LysM-type receptors are of outstanding importance for LCO perception
in legumes. Legumes have developed a highly specific LysM-type receptor for
rhizobium Nod factor signalling during Nodulation; named MiILYK3/LjNFR1 in
Medicago and Lotus. This receptor evolved on a series of gene duplications in the
Fabales lineage (De Mita et al. 2014). These legume duplications in the LYK-I-clade
are not present in any other nodulating lineages. While a duplication happened early
in the eudicots, giving rise to the LYK-la and LYK-Ib subclades, no duplications
correlate with the origin of the nitrogen fixation clade (Figure 1, Chapter 4). The
MtLYKS/LNFR1 LysM-type receptor is specific for nodulating genera in the Fabales
and is known to be lost in Cercis (De Mita et al. 2014). These duplications also
gave rise to several other LysM-type receptors such as MiLYKO/LJCERK®6, which
are important for immunity and arbuscular mycorrhizal signalling (Bozsoki et al.
2017; Leppyanen et al. 2017; Feng et al. 2019; Gibelin-Viala et al. 2019). While the
functions of most other copies are not yet known, LiLYS1 now renamed LjNFRe
plays additive roles in epidermal nod factor signalling in Lotus (Murakami et al.
2018). The overlap of LCO and CO signalling in arbuscular mycorrhizal symbiosis
makes it difficult to separate their respective roles during mycorrhizal infection. In
Medicago, a Mtlyk9/Mtnfp double mutant significantly reduces colonization, since
in this mutant both CO by LYK9 and LCO signalling by NFP are affected (Feng et
al. 2019). In the Parasponia/Trema lineage, no duplications have occurred in the
LYK-I clade. However, the LYK3 gene in the LYK-Ib clade underwent triplication of
the first exon, giving rise to different protein variants. Though, single exon knockouts
do not have deleterious effects on chitin signalling or rhizobium infection (Chapter
4.). Interestingly Parasponia LYK3 encodes a trifunctional receptor. PanLYK3 is
essential for chitin signalling in defence responses. Although the Panlyk3 mutants
are still able to nodulate, they have severe problems with infection in most nodules.
Interestingly PanLYK3 is partially functionally redundant with PanLYK1 from the
LYK-la clade. Only a double LYK-I clade mutant could fully block nodule formation
and arbuscular mycorrhizal interactions (Figure 6 and 9, Chapter 4.). In general,
chitin signalling appears to be the ancestral function of the LYK-I-clade. Outside of
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the nitrogen fixation clade, chitin signalling appears to be the major role of LYK-Ib
clade members, such as arabidopsis AtCERK1 or tomato SILYK1(Miya et al. 2007;
Liao et al. 2018). While little experimental evidence exists for LYK-la clade members,
tomato SILYK12 is involved in arbuscular mycorrhizal infections (Liao et al. 2018).
This is in line with the role of PanLYK1 and PanLYK3 in arbuscular mycorrhization.
Rice OsCERK, which falls well outside of the eudicot duplication event, also has a
dual function in arbuscular mycorrhizal symbiosis and immunity signalling (Miyata et
al. 2014; Carotenuto et al. 2017; He et al. 2019). Since most non-nodulating species
retained both LYK-la and LYK-Ib copies it appears that these receptors may not have
specialized for a specific role in nodule initiation and symbiont recognition outside of
the Fabales lineage.

The co-option and regulation of the transcription factor NODULE INCEPTION
in nodulation

Outside of the legume family homologs of all symbiosis genes are ubiquitously
present. Therefore nodulation most likely evolved by recruitment of existing pathways
rather than the evolution of completely new genes and interaction. Due to the large
overlap of symbiosis regulated genes in Medicago and Parasponia, some of these
genes may have been recruited only once in evolutionary history. Others may be
recruited in parallel at later stages, because of restrictions in the physiological
requirements of nodules (e.g. hemoglobins). A gene that is essential for nodulation in
all plants tested is the transcription factor NIN. NIN is nearly ubiquitously lost in non-
nodulating genera in the nitrogen fixation clade. Although functional gene models of
NIN may be found in Ziziphus jujuba, and truncated NIN versions are expressed in
Trema, Cannabis and Humulus (Chapter 3.). Previous work has suggested that NIN
has functionally separable roles in the epidermis and nodule organogenesis (Yoro
et al. 2014). While epidermal infection relies on the presence of elements located
relatively close to the NIN transcription start site, such as a binding element for
the symbiotic transcription factor CYCLOPS (Singh et al. 2014), complementation
of a legume nin mutant in for nodule organogenesis was as of yet difficult. In rare
cases, successful nodules were reported with the expression of short nin promoters
or under ectopic expression of NIN (Clavijo et al. 2015).

The first 5 kbp of upstream sequence of the NIN transcriptional start site contains
all cis-regulatory elements necessary for LCO-induced epidermal expression. A
promoter of this length is not enough for effective organogenesis (Chapter 6.). This
is further indicated by the similarities in the mutant phenotypes between the Lotus
daphne mutant and the Medicago FN8113 mutant that both have a chromosomal
translocation between NIN and the first upstream located gene (Yoro et al. 2014)
(Chapter 6.). By genome comparisons of a diverse set of legumes, we detected an
upstream region in the NIN promoter of legumes that is required for the induction
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of the gene in the pericycle during nodule organogenesis. This enhancer element
contains cytokinin response elements and is conserved in legumes. The element was
named the CE region, for Cytokinin response Elements containing region. Cytokinin
biosynthesis genes and the accumulation of bioactive cytokinin are induced upon
Nod factor signalling (Van Zeijl et al. 2015). It has long been known that nodule
organogenesis can be initiated by exogenous cytokinin application in legumes. Both
the cytokinin receptor MtCRE1 and B-type response regulator MtRR1 are expressed
in the pericycle of uninoculated roots. Therefore it is probable that this enhancer is at
least in part regulated by cytokinin. Besides Cytokinin and CYCLOPS, an important
regulator of NIN transcription appears to be the AP2 transcription factor ERN1 (M.
Liu et al. 2019). Since the CE element contains a GCC-box motif, a potential AP2
recognition site, ERN1 may target the NIN promoter in the CE enhancer element.
This would potentially explain why NIN induction by cytokinin is much lower in the
ernl mutant (M. Liu et al. 2019). In legumes cytokinin may feature primarily as a
feed-forward enhancer, to activate primordium formation more quickly below the
developing nodule primordium, possibly in concert with other transcription factors
such as ERN1. Cytokinin application does however not induce pseudo-nodules in
non-legumes, suggesting that the cytokinin-NIN feed-forward loop is legume specific
(Gauthier-Coles, White, and Mathesius 2018). NIN activation in the pericycle also
reduces colonization of rhizobia in the epidermis, which ensures the entrapment of
mostly a single colony in a nodule primordium. The inhibition of epidermal infection
could not always be completely restored by using the CE element plus the 5 kbp
upstream promoter region complementation (Chapter 6.). The mechanism of how
this inhibition of epidermis infection is achieved is largely unknown. Therefore it is
probable that other important regulating sites, primarily negative regulators, bind to
other regions of the NIN promoter.

NIN as a master regulator of the cell cycle and lateral root programme

Nodules in some way resemble lateral roots, however, represent a derived and
distinct structure. Increasing amounts of evidence continue to show the overlap
over lateral roots and nodules, such as the involvement of PLETHORA transcription
factors in nodule meristem maintenance and the expression of the transcription
factor MtWOXS5 that acts as root quiescent centre marker in the nodule vascular
meristem (Franssen et al. 2015; Blilou et al. 2005). In order to generate cell divisions
in the pericycle and inner cortex, an auxin maximum needs to be established. This
process is somewhat similar to the formation of lateral roots, only the auxin maxima
of nodules are wider and less precise (Eva E. Deinum 2015). Also in actinorhizal
plants, a similar broad pattern of an auxin maximum may underlie nodule formation
(Imanishi et al. 2014). Modelling approaches have generated hypothesis on how
these maxima are generated, with roles for the differential organization of PIN auxin
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efflux carriers, AUX1-LAX auxin influx carriers and localized auxin production (Roy et
al. 2017; Takanashi, Sugiyama, and Yazaki 2011). Slightly different locations of the
auxin maxima may also drive the difference between determinate and indeterminate
legume nodules (Eva Elisabeth Deinum et al. 2012). The generation of this auxin
maximum may depend on NIN expression in the inner cell layers induced via a
mobile signal from the epidermis (Eva E. Deinum, Kohlen, and Geurts 2016).
Recently increasing evidence has strengthened this view. Recent work has coupled
NIN expression in the inner cell layers to the induction of ASYMMETRIC LEAVES
2-LIKE18/LATERAL ORGAN BOUNDARIES DOMAIN 16a (ASL18/LBD16a)
(Schiessl et al. 2019; Soyano et al. 2019). Orthologs of these genes are required
for lateral root development in non-legumes (J. Liu et al. 2014). The expression
of LBD16a induces auxin biosynthesis via transcriptional induction of STYLISH
(STY) and YUCCASs (YUC), promoting the formation of auxin maximum (Schiessl
et al. 2019). The use of a key transcription factor in lateral root development for
nodule development, results in a large overlap in transcriptional regulation in both
developmental processes. This raises questions as to how specificity is retained.
The discovery of a Medicago mutant with a nodule to root conversion phenotype
(MtNOQOT1), reveals that additional transcriptional regulators may have been
recruited to regulate this aspect (J.-M. Couzigou et al. 2012; J. M. Couzigou et al.
2016).

Why NIN from the NIN-LIKE PROTEIN (NLP) family has been specifically recruited
for nodulation, remains a central question. While LCO-signalling transduction
was clearly co-opted from the common symbiotic signalling pathway, NIN itself
is not required for arbuscular mycorrhization (Kumar et al. 2020). Therefore NIN
represents a unique component in the regulation of nodule symbiosis signalling. It
was shown that members of the NLP gene family are required for nitrate regulation
of root development and growth responses. Arabidopsis NLPs are central in
nitrate signalling responses, and it was shown that all NLP proteins can bind to
the Nitrate Responsive Element, which is highly similar to the NIN-binding element
(Soyano et al. 2013; Konishi and Yanagisawa 2014). In Arabidopsis AtNLP6 and
AtNLP7 interact with TEOSINTE BRANCHED CELL FACTOR 20 (TCP20) through
the Phox and Beml-domain (PB1) (Guan et al. 2017). During nitrate starvation,
TCP20-NLP6/7 heterodimers accumulate in the nucleus to control the expression
of nitrate assimilation and signalling genes. Curiously this correlates with the
down-regulation of the G2/M cell-cycle marker gene, CYCB1 (Guan et al. 2017). In
order to target NLPs to the nucleus phosphorylation of NLPs by subgroup Il Ca%
SENSOR PROTEIN KINASEs CPKs) is required (Marchive et al. 2013; K.-H. Liu
et al. 2017). Targets of NLP transcription factors include AtLBD37, AtLBD38 and
ATLBD39 (Yanagisawa 2014; Rubin et al. 2009; Alvarez et al. 2020). This close link
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of NLPs with LBD transcription factors may explain how NIN proteins target LBD16
to regulate the lateral root developmental program (Schiessl et al. 2019; Soyano et
al. 2019).

While NLPs are mostly post-transcriptionally regulated by modifying their subcellular
localization, in nodulating plants NIN is under stringent transcriptional control. This
major difference in regulation is not readily explained. Legume NIN proteins contain
degraded domains in the N-terminal region, where in case of NLPs phosphorylation
may take place, this makes it likely that phosphorylation is no longer important
(Leif Schauser, Wieloch, and Stougaard 2005; Suzuki, Konishi, and Yanagisawa
2013). In non-legumes, like Casuarina NIN and Parasponia NIN, these domains
show conservation with the NLP domains (Clavijo et al. 2015; Bu et al. 2019),
indicating that there may be NIN-interacting proteins, like the CPKs, targeting these
domains. Recently the nitrate unresponsive mutant nrsyml was found to encode
LjNLP4, to regulate nodule number according to exogenous nitrate concentrations
(Nishida et al. 2018). A system which was found to be functioning independently of
the autoregulation of nodulation pathway. It highlights that multiple NLP transcription
factors were recruited into a symbiotic role. The recruitment of NIN in the nodulation
gene expression programme seems to have resulted in a loss of the original NIN
function, indicated by the widespread loss in non-nodulating species in the nitrogen
fixation clade. Research toward the role of NIN transcription factors in non-nodulating
plants closely related to the nitrogen fixation clade could help our understanding of
this important transcription factor.

Future for the engineering of Nodulation.

In this thesis we have found evidence that the nitrogen-fixing endosymbiosis with
Frankia or rhizobia may have evolved only once. While the evolution of nodulation did
not require the emergence of new genes it represented a rewiring of transcriptional
modules previously unconnected. While the CE-element is a small part of the NIN-
regulation puzzle, there will be more work to find transcriptional enhancers in other
symbiosis genes. Meanwhile, another strategy might represent the replacement of
lost genes in non-nodulating species which experienced a recent loss of the trait.
In Trema species only a limited number of symbiosis genes have eroded from their
genomes. This means that while Trema does not nodulate, restoration of nodulation
may be feasible. When we take a closer look at the genes lost in Trema NFP2, NIN
and RPG are obviously essential engineering candidates for nodule organogenesis
and infection. Similar to PanNFP2, PanNIN is essential for nodulation in Parasponia.
Pannin knockouts do not form nodules (Bu et al. 2019). However besides the seven
genes identified, which were consistently lost in Trema species, several more
genes showed inconsistent losses in single Trema lineages (Chapter 3., 4. and
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5.). Therefore in any given non-nodulating species in the number of gene losses
might be far higher than the genes we know today. In order to build a functional
gene expression system capable of supporting symbiosis, our understanding of
plant transformation and the integration of large DNA constructs needs to increase.
Meanwhile, another problem in repairing the lost symbiosis genes is not the loss of
the genes themselves, but the loss of their regulatory sequences. Identifying gene
regulatory networks and conserved transcription factor binding sites may prove a
major Bio-informatic challenge. Trema may serve as the first proof of principle that

restoration of the symbiosis trait is feasible in the near future.
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Thesis summary

Nitrogen represents one of the most important elements for plant growth. Therefore
various plant lineages have established a symbiotic relationship with nitrogen-fixing
bacteria. One of the hallmarks of plant-microbe symbioses is the nitrogen-fixing nodule
endosymbiosis. In this interaction bacteria are housed intracellularly in so-called
nodules; specialized organs formed on the plant root or stems. Inside the nodules
plants provide the optimal conditions for the bacteria to convert atmospheric nitrogen
into ammonia, which they provide to the plants in exchange for photosynthates.
Only about 2.5% of the angiosperm families is able to form a nitrogen-fixing nodule
endosymbiosis. The over application of chemical fertilizer in agriculture leads to
major environmental problems in terrestrial and aquatic ecosystems. Excessive
nitrogen deposition causes a loss of biodiversity in natural habitats and nitrogen
leaching into the surface waters causes excessive algal blooms. However, without
the use of chemical fertilizers the food demands in the world as we know it would not
be attainable. Therefore a major aim of the scientific community considers it a major
aim to engineer a form of Nitrogen-fixing endosymbiosis in major crop plants, such
as rice, wheat or maize.

The nitrogen-fixing endosymbiosis with rhizobia or filamentous actinobacteria of the
genus Frankia only occurs in four related taxonomic orders. The Fabales, Fagales,
Rosales and the Cucurbitales. Collectively called the Nitrogen Fixation Clade (NFC)
Within this clade nodulation is restricted to 10 families scattered among mostly non
nodulating families. A nitrogen-fixing endosymbiosis can occur with three different
types of bacteria: i. Filamentous Actinobacteria form the genus Frankia, nodulating a
paraphyletic assembly of 25 genera distributed of 8 taxonomic families. ii. Rhizobia
a paraphyletic group of -a, B and y-Proteobacteria, nodulating only two families,
the Legumes (Fabaceae) and Parasponia (Cannabaceae). In order to explain this
distribution a hypothesis, is the existence of a precursor state or “predisposition”
for nodulation. In this way in the first common ancestor of the NFC, an innovation
happened, which made it more likely for its descendants to evolve nodulation. Most
of the knowledge on rhizobium symbiosis comes from model legumes Medicago
truncatula and Lotus japonicus. In these lineages it was discovered that Nodulation
shares is initiated by the perception of Lipo-chitooligosaccharides (LCOs), which
are structurally similar to the signals produced by Arbuscular Mycorrhizal fungi(AM).
These obligate biotrophic fungi colonize the roots of most land plants, where they
exchange nutrients for photosynthates. Besides the similarity of the signalling
molecule, many of the downstream signalling components between AM-symbiosis
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and rhizobium symbiosis are shared. Therefore the signalling pathway is called
the Common Symbiosis Signalling Pathway (CSSP). Many common aspects of
symbiosis signalling were reviewed in Chapter 2 in more detail.

The genus Parasponia, represents the only lineage to nodulate with rhizobium
outside of the legume family. It was previously estimated to have gained its symbiosis
relatively recently, given its close relationship to the non-nodulating Trema lineage.
In order to find this evolutionary precursor state and the innovations that would have
initiated a symbiosis with rhizobia. We set out to compare nodulator Parasponia with
non nodulating relative Trema in Chapter 3. In contrast to our initial expectations
with did not find any gene gains that would correlate to the nodulation trait. Rather
we found a pattern of gene loss in close relatives of the nitrogen-fixing Parasponia
in the Rosales lineage. In addition we discovered a large overlap in the nodule
enhanced gene set of model legume Medicago and Parasponia. Three genes were
found to be consistently lost in close relatives of Parasponia, transcription factor
Nodule Inception(NIN), LCO-receptor Nod Factor Perception (NFP2) and a protein
related to infection Rhizobial Polar Growth (RPG). In legumes these three genes are
essential for rhizobial infection and nodule formation.

In Chapter 4, | continued work on the gene family of Lysin-Motif receptor like
kinases (Lysm-RKs) in Parasponia, which includes the putative LCO-receptor
NFP2. In legumes it was discovered that the LYR-type Nod factor receptor MtNFP/
LiNFR5, functions as a heterodimer with a LYK type receptor MtLYK1/LjNFR1.
Here | discovered that Parasponia uses at least four LysM-RKs for rhizobial Nod-
factor recognition. Of these four receptors, two are of the LYK-type and have intact
kinases with phosphorylating ability. These are named PanLYK1 and PanLYKS3.
These receptors evolved upon an ancient duplication in the eudicots. In addition to
a role in rhizobium symbiosis, PanLYKS is also involved in chitin triggered immunity,
indicating a dual functionality for this receptor. The second receptor PanLYK1 has
no major phenotype as a single mutant. However only a double panlykl-panlyk3
mutant can complete block nodule formation and Arbuscular Mycorrhizal infection
in Parasponia. This indicates that there seems to be functional overlap but also a
distinction between the two LYK-I type receptors.

The other two receptors, PanNFP1 and PanNFP2, represent two LYR-type LysM-
RKs, with inactive kinase conformations. The duplication which gave rise to these
two copies of LYR-I type receptors happened in an ancestor of the NFC. The
presence of an NFP-ll-type ortholog strictly correlates to the presence of nodulation.
The loss of the NFP2 copy in non-nodulating lineages indicates that this receptor is
committed to functioning as a stringent LCO-perception protein in symbiotic context.
While pannfp2 mutants cannot be infected by Rhizobia or form nodules, they have



228 | Thesis Summary

no apparent phenotype in AM-symbiosis, which further supports its specialized role.
PanNFP1 most likely has a role in AM-symbioses as was suggested previously,
which would be in line with its presence in most non-nodulating lineages in the NFC-
clade. However, besides a minor phenotype in Nodulation a functional role for this
receptor in AM-colonization could not be supported.

Besides the loss of LCO-receptor NFP2. Orthologues of two other receptors,
PanLEK1 and PanCRK11, were consistently lost in the Trema lineage. In Chapter
5, | characterized their respective gene families and show that PanLEK1 plays an
essential role in regulating defense responses in the Nodule. Mutants in panlekl
show a reduction in nodule number and a accumulation of phenolic compounds in
the nodule. PanCRK11 belongs to a large gene family of Cysteine-Rich Receptor
like kinases (CRKs), many of which are regulated in symbiotic context. A genomic
cluster of 20 CRKs was targeted by CRISPR-CAS9, which resulted in a reduction of
nodule number and infection level in the mutant. These results hint towards a role for
cysteine richt kinase receptors in regulating infection thread progression.

Most of the genes used the context of Nodulation exist outside of the NFC, where they
have a different function. The recruitment of these genes in nodulation required novel
Cis-regulatory elements in their respective promoters. Finding these Cis-regulatory
elements may prove essential for future engineering efforts in crop species, since they
allow the correct spatio-temporal gene expression. NIN-represents one of the most
central transcription factors in Nodulation, however its regulation in both Symbiotic
infection and Nodule formation was to date not well understood. In Chapter 6, we
discovered a novel a Cis-regulatory element required to initiate NIN-expression in
the pericycle. This element, proved to be essential for functional complementation of
a nin mutant. The expression of this element is in part regulated by cytokinin, which
by itself is capable of stimulating nodule organogenesis.

The findings in Chapter 3,4 and 5 are not in line with a independent origin of
Nodulation, rather they suggest a Single origin of Nodulation in the NFC. This scenario
would imply a widespread loss of the Nodulation trait. In the general discussion
Chapter 7, | discuss the potential drivers which could have led to the widespread
loss of the nitrogen fixing endosymbiosis. | discuss the implications of these findings
for the potential of engineering the nitrogen fixation trait in crop species.
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