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OUTLINE

Plants are sessile organisms. This characteristic severely limits their
ability of approaching nutrients. To cope with this issue, plants evolved
endosymbiotic relationships with soil fungi to extend their interface with
surrounding environment. In case of arbuscular mycorrhizae (AM) fungi
this occurred about 400 million years ago. The AM fungi can interact with
most angiosperms. In this symbiotic relationship, the plant get nutrients,
especially phosphate, from the fungi, and plants provide carbohydrates to
the fungi in return. About 60 million years ago, a group of plants evolved
N,-fixing nodule symbiosis. This includes interactions of legumes plants
with rhizobium bacteria and actinorhizal plants with Frankia bacteria.
Currently, all plant species that are able to establish a nodule symbiosis
belong to the Rosid I clade. In the nodule symbioses the bacteria produce
ammonia and the plant provides carbohydrates to the bacteria.

In the root nodule symbiosis, the nitrogen fixing bacteria are hosted in
the cell of the root nodule. Although the function and structure of the
root nodule are different from the other plant organs, it does share some
features with other organs, especially the lateral root. To get further insight
into the similarities and differences between root nodule and lateral root,
I made use of the model legume (Medicago truncatula) and the non-
legume Parasponia (Parasponia andersonii) that is the only genus outside
the legumes that forms nodules with rhizobium.

In Chapter 1, | will give a general introduction on the process of root nodule
formation in legume plants. | will mainly focus on nodule organogenesis
and the plant hormones that are known to be important for this process.
Root nodules are supposed to have a close relationship with lateral roots.
Therefore a comparison between lateral root and root nodule development
will be included in this introduction.

Lateral root development has especially been studied in in Arabidopsis.
To be able to compare the root and root nodule developmental process,
especially at the early stages, a Medicago lateral root development fate
map has been made. This will be described in Chapter 2 and showed that
in addition to the pericycle, endodermis and cortex are also mitotically
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OUTLINE

activated during lateral root formation. Pericycle derived cells only form
part of the stem cell niche as endodermis derived cells also contribute to
this.

In Chapter 3, a Medicago root nodule fate map is presented. In this
Chapter, the contribution of different root cell layers to the mature nodule
will be described. A set of molecular markers for root tissue, cell cycle
and rhizobial infection have been used to facilitate this analysis. The fate
map showed that nodule meristem originates from the third cortical layer
and many cell layers of the base of the nodule are directly derived from
cells of the inner cortical layers, root endodermis and pericycle. The inner
cortical cell layers form about 8 cell layers of infected cells while the root
endodermis and pericycle derived cells forms the uninfected tissues that
are located at the base of the mature nodule. Nodule vascular is formed
from the part of the primordium derived from the cortex. The development
of primordia was divided in 6 stages. To illustrate the value of this fate
map, a few published mutant nodule phenotypes are re-analyzed.

In Chapter 4, the role of auxin at early stages of Medicago nodule formation
is studied. In this chapter auxin accumulation is studied during the 6 stages
of primordium development. It is studied by using DR5::GUS as an auxin
reporter. Auxin accumulation associates with mitotic activity within the
primordium. Previously, it has been postulated by theoretical modelling
that the accumulation of auxin during nodulation is induced by a local
reduction of PIN (auxin efflux carriers) levels. We tested this theory, but
this was hampered due to the low level of PIN proteins in the susceptible
zone of the root. It is still possible that auxin accumulation is initiated by a
decrease of PIN levels. However, the level of 2 PIN already increase before
the first divisions are induced. In young primordia they accumulate in all
cells. At later stages PINs mainly accumulate at the nodule periphery
and the future nodule meristem. The subcellular position of PINs strongly
indicates they play a key role in the accumulation of auxin in primordia.

Previous studies showed that a group of root apical meristem regulators
is expressed in the nodule meristem. In Chapter 5, we tested whether the
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Medicago nodule meristem expresses PLETHORA genes that are expressed
in the root meristem. These PLETHORAs were functionally analysed, by
using RNAIi approach using a nodule specific promoter. Knockdown of
PLETHORAs expression hampers primordium formation and meristem
growth. Hence, we conclude rhizobium recruited key regulators of root
development for nodule development.

In Chapter 6, we first introduced the non-legume lateral root and nodule
fate maps by using Parasponia. In Parasponia nodules the nodule central
vascular bundle is completely derived from the pericycle similar as its
lateral roots. The nodule infected cells were shown to be derived from
cortex. Together with the data obtained in this thesis, this Chapter further
discussed several developmental aspects of the different lateral root
organs. Especially, it focused on the vasculature and meristem formation
of legume and non-legume nodules.
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General introduction
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CHAPTER 1

Legume plants are able to interact with nitrogen-fixing rhizobia which
results in the formation of a unique lateral organ, the root nodule. These
root nodules are made to host the bacteria and to create an environment
where they can fix nitrogen (Desbrosses and Stougaard, 2011; Oldroyd
et al.,, 2011). This symbiotic relationship between legume plants and
nitrogen-fixing rhizobia brings major advantages for agriculture and
environment. Inside the root nodule, bacteria convert N, into ammonia
providing a fixed nitrogen source for its host. In return, the plant supports
the bacteria with carbohydrates. This symbiotic nitrogen fixation makes
legume crops almost independent of nitrogen fertilizer, the use of which
causes major damage to the environment. Not only legume plants profit
from the fixed nitrogen, for example when legume material is eaten
or when it decomposes, the fixed nitrogen becomes available to other
organisms.

In this introduction, | will mainly focus on nodule organogenesis and the
plant hormones that are known to be important for this process. Further,
root nodules are supposed to have a close relationship with lateral roots.
Therefore, a comparison between lateral root and root nodule development
will be included in this introduction.

Root nodule formation and bacterial infection

Legume root nodules can have either a determinate or indeterminate
growth, which depends on the host plant species (Franssen et al., 1992;
Maunoury et al., 2008). Determinate nodules are formed on plants like,
Lotus japonicus (Lotus) and Glycine max (soybean). These nodules have
a transient nodule meristem. Indeterminate root nodules are formed on
plant species like, Medicago, pea, alfalfa, and clover. These nodules have
a meristem at their apices and this keeps on adding cells to the nodule
tissues, through the lifespan of the nodule (Franssen etal., 1992; Maunoury
et al., 2008; Lotocka et al., 2012). An example of an indeterminate root
nodule (Medicago nodule) is shown in Fig. 1. At the apex of the root nodule
is the nodule meristem, which remains mitotically active and adds cells to
the different nodule tissues. The center of the nodule is composed of two
types of cells: cells that are not infected and cells that are fully infected
by rhizobia. Within the infected cells bacteria are hosted as symbiosomes
(Roth and Stacey, 1989). These are membrane compartments containing
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General introduction

Fig. 1. Medicago root nodule.

Longitudinal section of a Medicago root nodule (A) with the magnification of nodule
meristem (B), infection zone (C) and fixation zone (D).

Arrows indicate infection thread (C) and fully infected cell (D).

Bars, 75 pmin A, 25 um C-D.

a single or a few differentiated rhizobia. At the nodule periphery, there
are 3 uninfected tissues. These are 2 to 3 layers of non-infected nodule
parenchyma and 3 to 4 layers of cortex (Van De Wiel et al., 1990; Brewin,
1991). In between these tissues there is also one cell layer of endodermis.
Nodule vascular bundles, which are connected to the root stele, are located
within the nodule parenchyma.

In general, the formation of this symbiotic organ requires two processes,
nodule organogenesis and bacterial infection. Both are triggered by
Nodulation (Nod) factors, which are rhizobium secreted signal molecules.
These are lipochito-oligosaccharides, which can have specific substitutions
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at their terminal sugar residues. When the plant perceives Nod factors
(Nod factor signalling see next section), cortical cells are mitotically
activated (Libbenga and Harkes, 1973; Dudley et al., 1987; Timmers et
al., 1999). This cluster of dividing cortex cells is named nodule primordium
(Libbenga and Harkes, 1973; Dudley et al.,, 1987; Yang et al.,, 1992;
Timmers et al., 1999). Concurrently, Nod factors induce root hair curling
at the root epidermis by which closed pockets are formed that entrap
the rhizobia. Within these pockets the host cell wall is locally degraded
and plasma membrane starts to invaginate by which an inward growing
tube is formed, the infection thread. This involves deposition of new cell
wall and membrane material by the host (Brewin, 2004; Gage, 2004). By
this cell wall bound infection thread, rhizobia pass the epidermis and are
delivered to the nodule primordium cells. There, rhizobia are released in
host cells. This involves the formation of a small region at the infection
thread that lacks a cell wall, the unwalled droplet. This brings bacteria in
direct contact with the host membrane. By a specific exocytosis process
(lvanov et al., 2012), bacteria become surrounded by a plant-derived
membrane and are individually taken up by the host cells. In this way
symbiosomes are formed. Subsequently, symbiosomes proliferate and
differentiate into N,-fixing organelles (Roth and Stacey, 1989). In case of
indeterminate nodules, like those of Medicago and pea, nodule primordia
are derived from inner cortex cell layers. Once the infection thread invades
the nodule primordium, a meristem is formed and this starts to add cells
to the developing root nodule (Timmers et al., 1999) (Chapter 3).

Nod factor signalling

Nod factors are lipo-chitooligosaccharides. In general, they have a
backbone of four or five N-acetyl glucosamine residues that are B-1,4-
linked. A fatty acid chain (16 or 18 carbon atoms) is attached to the
terminal non-reducing glucosamine residue. Depending on the rhizobium
species, variations may occur in the structure of the fatty acid. Further,
specific substitutions can be present on the terminal residues. The
structure of Nod factors determines their biological activity and is also
a major determinant of host specificity (Ardourel et al., 1994). Genetic
studies on legumes have identified genes that are essential for Nod factor
perception or signal transduction.
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Nod factors are recognized by the plant by (at least) 2 LysM receptor-like
kinases (RLKs) this are NFR1/NFR5 in Lotus and NFP/LYK3 in Medicago
(Ben Amor et al., 2003; Radutoiu et al., 2003; Arrighi et al., 2007; Smit
et al., 2007). Perception of Nod factors triggers calcium oscillations in
and around the nucleus (Oldroyd and Downie, 2006). This requires, in
addition to the Nod factor receptors, a plasma membrane located LRR-
type receptor kinase, SYMRK, and an ion channel (DMI1 in Medicago;
CASTOR and POLLUX in Lotus) (Endre et al., 2002; Bersoult et al., 2005;
Imaizumi-Anraku et al., 2005; Limpens et al., 2005; Charpentier et al.,
2008) that is localized on the nuclear envelope. These are required for
Nod factor induced Ca spiking. The calcium oscillations are then perceived
by a nuclear localized calcium and calmodulin-dependent kinase (CCaMK)
(Levy et al., 2004; Mitra et al., 2004), which interacts and activates a
transcriptional regulator (IPD3 in Medicago; CYCLOPS in Lotus) (Yano et
al., 2008; Horvath et al., 2011; Ovchinnikova et al., 2011; Singh et al.,
2014). Downstream of CCaMK/CYCLOPS several transcription factors are
essential for Nod factor induced responses. This includes two GRAS type
transcription regulator NSP1 and NSP2 (Kalo et al.,, 2005; Smit et al,,
2005); an ethylene response factor (ERN1) (Andriankaja et al., 2007);
nodule inception (NIN) (Marsh et al., 2007) and one CCAAT-binding family
transcription factor NF-YA1l (Combier et al., 2006; Laporte et al., 2014).
These transcription factors are involved in nodule organogenesis as well
as infection. In this symbiotic signalling pathway CCaMK/CYCLOPS plays
a key role, since dominant active forms of CCaMK as well as CYCLOPS are
able to trigger nodule organogenesis independent of rhizobia (Gleason
et al., 2006; Tirichine et al., 2006; Yano et al., 2008). Also ectopic NIN
expression induces nodule formation in the absence of bacteria (Soyano
et al., 2013). Further, to induce nodule organogenesis a specific cytokinin
receptor (LHK1 in Lotus and CRE1 in Medicago) is essential. Loss of function
of this gene blocks nodule primordium formation and infection threads
fail to enter the cortex (Murray et al., 2007; Plet et al., 2011). A gain of
function LHK1 mutant is able to induce nodule-like structures, which is
independent of CCaMK, but depends on NSP1/2 and NIN (Gonzalez-Rizzo
et al.,, 2006; Murray et al., 2007; Tirichine et al., 2007; Ovchinnikova et
al., 2011; Plet et al., 2011).

The involvement of a specific cytokinin receptor leads to the conclusion
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that cytokinin plays a key role in nodule organogenesis. This creates an
intriguing paradox, as it has been shown that the cytokinin antagonist
auxin is most likely instrumental in triggering the cortical divisions that
lead to the formation of a nodule primordium. In the following section |
will summarize the current knowledge on the role of auxin and cytokinin
in nodule organogenesis.

The role of cytokinin and auxin in nodule organogenesis

Auxin has been shown to be involved in early steps of nodule organogenesis.
The involvement of the auxin signalling in nodule primordia has been
shown by using GH3 and (a more sensitive) DR5::GUS fusion reporter
systems (Pacios-Bras et al., 2003; Huo et al., 2006; Van Noorden et al.,
2007; Takanashi, 2011; Takanashi et al., 2011; Turner et al., 2013).
Recently, auxin has even been shown to be involved at the start of nodule
primordium formation in Lotus, by using a DR5 based reporter system
(Suzaki et al., 2012). In the same study, auxin signalling was also shown
to occur during spontaneous nodule formation, induced by CCaMK, LHK1
and NIN dominant active mutants (Suzaki et al., 2012).

The involvement of auxin in nodule organogenesis is well in line with the
role of auxin as a central regulator of plant development. The formation
of plant organs starts in general with the accumulation of auxin and it is
a prerequisite for organ formation (Benkova et al., 2003). The formation
of root nodules seems no exception, although the importance of auxin
signalling at initial steps of nodule formation remains to be demonstrated.
Based on the expression of auxin signalling reporters during nodule initiation
(Van Noorden et al., 2007; Suzaki et al., 2012), we can hypothesise that
auxin signalling is required for cortical cell reprograming and divisions.

Cytokinin signalling is absolutely crucial for nodule organogenesis. As |
described above, a specific cytokinin receptor (LHK1 and CRE1) is needed
to induce nodule primordium formation. How is this receptor activated by
Nod factor signalling? A recent study shows that Nod factors are able to
induce cytokinin accumulation within 3 h (de Camp, 2012). Furthermore,
it has been shown that exogenous cytokinin can induce nodulin gene
expression in Sesbania (Dehio and Debruijn, 1992) and cytokinin
producing nod- rhizobia (deficient in producing Nod factors) induce nodule
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primordium formation in alfalfa (Cooper and Long, 1994). Together these
studies strongly suggest that cytokinin that accumulates upon Nod factor
perception, triggers cortical cell division. So during nodule initiation, on
one hand auxin signalling correlates with cortical cell division; on the other
hand, cytokinin triggers these divisions. Since, cytokinin and auxin work
in an antagonistic manner to control different aspect of plant development
(Laplaze et al., 2007; Dello Ioio et al., 2008; Moubayidin et al., 2009;
Sablowski, 2011), the involvement of both hormones signalling during
nodule initiation creates a paradox.

To further understand the mechanism behind the paradox, a theoretical
computer model has bridged auxin and cytokinin signalling during
nodulation (Deinum et al., 2012). The model tested 3 possible ways of
achieving auxin accumulation during nodulation, which includes increased
local auxin production, increased auxin transport influx and decreased
auxin efflux. Model prediction suggested that auxin accumulation at the
primordium site can efficiently be created by regulating auxin transport,
especially by decreasing auxin efflux in a local region.

Auxin efflux is controlled by the PIN-FORMED (PIN) proteins. In general,
these proteins have a hydrophobic domains of about five transmembrane
regions their N and C-terminal regions and there is a distinct central
hydrophilic loop (Krecek et al., 2009). These PIN proteins are located in
the plasma membrane, but are asymmetrically/polarly distributed within
the cell. This polar localization determines the directionality of intercellular
auxin flow (Benkova et al., 2003; Vieten et al., 2005; Vieten et al., 2007;
Peret et al., 2013).

In the theoretical model the concentration of PINs in the plasma membrane
was locally reduced. This theory is consistent with the fact that cytokinin
is able to trigger this. For example, cytokinin promotes differentiation
of root meristematic cells by reducing PIN expression (Dello loio et al.,
2008). Also, cytokinin disturbs lateral root formation by reducing PIN
gene expression, stimulating PIN1 degradation and it affects PIN polar
localization (Laplaze et al., 2007; Marhavy et al., 2011; Marhavy et al.,
2014).

Although this model remains to be tested by experimental work, several

19



CHAPTER 1

previous studies are in line with it. A block of polar auxin transport is
observed in Medicago roots 24 h after inoculation with rhizobium (van
Noorden et al., 2006; Plet et al.,, 2011) and this is dependent on the
cytokinin receptor (CRE1) (Plet et al., 2011). Further, auxin transport
inhibitors, like N-1-naphthylphthalamic acid (NPA) and 2,3,5-triiodobenzoic
acid (TIBA), induce the formation of nodule-like structures (Hirsch et
al., 1989; Wasson et al., 2006; Rightmyer and Long, 2011). It has been
proposed that flavonoids can affect auxin polar transport and they may
also contribute to the block of auxin transport during nodulation (Yang
et al., 1992; Mathesius et al., 1998). These studies are in line with the
idea that rhizobia affect polar auxin transport by which auxin locally
accumulates. However, whether this involves the local reduction of PIN
levels remains to be demonstrated. Currently, only studies have been
published in which Medicago PIN expression is globally affected (Huo et
al., 2006; Plet et al., 2011).

Reduced MtPIN expression by using RNAi knockdown driven by 35S
promoter caused a reduction in nodule numbers (Huo et al.,, 2006).
However, this effect on nodulation is most likely indirect as auxin
homeostasis will be affected in the complete root. To identify whether PIN
proteins are really targets of Nod factor signalling, extensive studies on
this protein family during nodulation have to be performed (Chapter 4).

Evolution of Nod factor signalling

The evolutionary origin of the Nod factor signalling pathway has been
revealed by genetic studies on legume plants. These studies showed that
a group of essential Nod factor signalling genes are also required for the
endosymbiosis with arbuscular mycorrhizal (AM) fungi (Oldroyd, 2013).
This symbiosis is far more ancient than the rhizobium legume symbiosis
as it originated more than 400 million years ago, whereas the nodule
symbiosis arose about 60 million years ago (Lavin et al., 2001; Lavin et
al., 2005; Sprent and James, 2007; Swensen and Benson, 2008; Wang et
al., 2009; Doyle, 2011). Therefore, at least part of the signalling pathway
used by AM fungi has been co-opted in the legume rhizobium nodule
symbiosis. This part of the signalling cascade has been named the common
symbiotic signalling pathway. This common signalling pathway is activated
in the interaction with rhizobium by the Nod factor receptors. However, in
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legumes loss of function mutations in Nod factor receptors do not affect
mycorrhization. Although receptors activated by mycorrhizal (Myc) factors
have not yet been identified, recent studies support the hypothesis that
Nod factor receptors evolved from ancestral Myc factor receptors. First, AM
fungi were shown to produce lipo-chitooligosaccharides (Myc factor) with
a similar structure as Nod factors. Plants treated with these Myc factors
have an increased colonization by AM fungi (Maillet et al., 2011). Second,
Parasponia is the only non-legume plant genus that also can establish
nodule symbioses with rhizobia. This symbiosis evolved independent from
legume and arose more recent (Doyle, 2011). In contrast to legumes,
Parasponia has only one NFP-like gene. It was tested whether this gene is
required for nodulation. Suppression of Parasponia NFP blocked nodulation.
Further, it also blocked the formation of arbuscules (intracellular infection)
by AM fungi. Arbuscules are highly branched intracellular hyphae that are
surrounded by a host membrane. The fact that knockdown of NFP affects
both symbiotic interactions suggests that Parasponia NFP has kept its
ancestral function, which is recognition of Myc factors of AM fungi (den
Camp et al., 2011). In legumes the Nod factor receptor genes are part of
gene families. Therefore it seems probable that in legumes the Myc factor
receptor genes duplicated and by neo-functionalization specialised Nod
factor receptors evolved.

In addition to the common signalling pathway the intracellular
colonization of host cells by rhizobia and AM fungi also share similarities.
In Medicago, a specific exocytotic pathway has been identified that is
required for symbiosome and arbuscule formation (Ivanov et al., 2012).
This exocytotic pathway involves 2 symbiosis specific vesicle-associated
membrane proteins MtVAMP72’s. The common signalling pathway and
the shared cellular mechanism for intracellular infection strongly suggest
that the rhizobium legume symbiosis evolved from the ancient arbuscular
mycorrhizal symbiosis.

Although both Nod and Myc factors activate the common signalling
pathway, legume plants are able to distinguish between the two signals,
as the responses are different. Nod factors trigger division in inner cortical
cells and from these a nodule primordium and subsequently, a nodule
is formed. In the case of mycorrhization the fungal hyphae penetrate
inner cortical cells and subsequently arbuscules are formed. Cortical cells
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in which arbuscules are formed do not divide, although they undergo
endoreduplication (Bainard et al., 2011). As we described in the previous
paragraph Nod factor induced cytokinin signalling is essential for the
induction of cortical cell division (nodule organogenesis). However,
cytokinin signalling seems not essential for arbuscule formation (Andrea
Genre, personal communication). Therefore, the integration of cytokinin
signalling within Nod factor signalling might be causal to the different
readouts. However, how Nod factors activate cytokinin signalling, whereas
Myc factors do not, remains to be demonstrated.

Are root nodules modified lateral roots?

As described above rhizobium symbiosis evolved from the ancient
arbuscular mycorrhizal symbiosis. However, only in the rhizobium
symbiosis a new organ is formed. Although the function and structure
of root nodules are different from other plant organs, it shares some
features with other organs (Hirsch et al., 1997), especially the lateral root
(Gualtieri and Bisseling, 2000; Stougaard, 2001; Roudier et al., 2003;
Bright et al., 2005; Soyano et al., 2013).

Lateral roots are derived from the pericycle (Malamy and Benfey, 1997;
Lucas et al.,, 2013). In Arabidopsis, lateral roots initiate in pairs of
founder cells that are located in the pericycle (Lucas et al., 2013). Both
anticlinal and periclinal cell divisions of these founder cells contribute to
the formation of the new lateral root primordium. Then, the primordium
becomes progressively organized and a meristem including a stem
cell niche is formed. When the lateral root has emerged, the meristem

Fig. 2. Lateral root developmental stages of Arabidopsis.
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becomes functional and adds cells to the different root tissues (Malamy
and Benfey, 1997). In total, 8 anatomical stages have been described for
Arabidopsis (Fig. 2) (Malamy and Benfey, 1997).

In non-legume plants, such as actinorhizal plants (Callaham and Torrey,
1977; Torrey and Callaham, 1979) or Parasponia (Lancelle and Torrey,
1985), root nodules appear to be modified lateral roots, since they have
a pericycle-derived central vascular bundle (Hirsch et al., 1997). In
legumes, loss of function of the Arabidopsis BLADE-ON-PETIOLE ortholog
NOOT/COCH, results in the change in identity of root nodule meristem
into a root meristem (Ferguson and Reid, 2005; Couzigou et al., 2012),
which suggests that these meristems are closely related. Further, lateral
roots and root nodules are both initiated in front of protoxylem poles in
the root differentiation zone (root nodule, Libbenga and Harkes, 1973;
lateral root, Sussex et al., 1995) and both start with cell divisions in the
pericycle (lateral root, Malamy and Benfey, 1997; root nodule, Timmers
et al., 1999). Some studies on legume plants show that also cortical cell
divisions occur during lateral root development (Popham, 1955; Mallory
et al.,, 1970; Herrbach et al., 2014), pointing to similarities in root and
nodule development. Although similar tissues are activated, it is unclear
whether these activated cells contribute to the newly formed organs. For
example it is not known whether these activated cortical cells contribute to
the newly formed lateral root or whether activated pericycle cells become
part of the nodule. To study in more depth similarities and differences
in the root and nodule developmental programs it will be essential to
develop detailed fate maps for these 2 organs (Chapter 2, Chapter 3,
Chapter 5 and Chapter 6).
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CHAPTER 2
SUMMARY

Lateral root development involves the formation of a new stem cell niche,
which is composed of a quiescent center that is surrounded by initials
(stem cells). In Arabidopsis the lateral root, including its stem cell niche,
completely originates from pericycle cells. As lateral root formation is an
important function of the pericycle, it is assumed that pericycle has a stem
cell like nature. Therefore, during lateral root formation the formation of
a new stem cell niche from pericycle cells most likely does not involve cell
dedifferentiation. In many other species endodermis and cortex cells also
divide during lateral root formation. However, it is assumed that they do not
contribute to the lateral root. The exceptions are some monocots in which
endodermis derived cells contribute to the root cap of the lateral root. We
studied lateral root formation in the dicot Medicago and addressed the
question whether cortex and endodermis derived cells contribute to the
formation of the stem cell niche. We showed that in Medicago endodermis
derived cells form about half of the stem cell initials of the lateral root
stem cell niche. This shows for the first time that dedifferentiation of fully
differentiated cells into stem cells occurs during lateral root formation in
a dicot.

Key words: Medicago, lateral root, primordium, endodermis, quiescent
center, stem cell initials
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Lateral root fate map
INTRODUCTION

The architecture of plants is controlled by embryonic as well as post-
embryonic development. Examples of post-embryonic development
are the indeterminate growth of roots by their apical meristem and the
formation of lateral roots. Root apical meristems contain a stem cell niche
that by division maintains itself and adds cells to different tissues (van den
Berg et al., 1997). Lateral root formation is best studied in Arabidopsis.
It is initiated from pairs of founder cells in the pericycle. Further division
forms a primordium in which a new stem cell niche is created (Malamy and
Benfey, 1997; Benkova et al., 2003; Benkova and Bielach, 2010; Lucas
et al.,, 2013). The pericycle is (most likely) kept in an undifferentiated
state with a stem cell like nature (Laplaze et al., 2007; Sugimoto et al.,
2011) by which it is specialized to form a new stem cell niche. Whereas it
is textbook knowledge that lateral roots are solely derived from pericycle
cells (Sugimoto et al.,, 2011; Roberts, 2007), in several plant species
endodermis or endodermis/cortex cells can also be mitotically activated
during lateral root formation (Bell and Mccully, 1970; Mallory et al., 1970;
Byrne et al., 1977; Casero et al., 1995; Casero et al., 1996; den Camp et
al., 2011). However, whether these fully differentiated cells can form stem
cells is not known. Medicago truncatula (Medicago) is a model legume
especially used to study the rhizobium nodule symbiosis. During Medicago
lateral root development, in addition to pericycle cells, fully differentiated
endodermis and inner cortical cells also divide (den Camp et al., 2011;
Herrbach et al., 2014). Here, we use Medicago to address the question
whether such fully differentiated cortical and endodermis cells can form
stem cells.

Recently, early stages of Medicago lateral root formation have been
described. Like in Arabidopsis Medicago lateral root development starts
with divisions in a few pericycle cells, named founder cells (stage | in
Arabidopsis and Medicago) (Malamy and Benfey, 1997; Herrbach et
al., 2014). However, subsequently it diverges from Arabidopsis lateral
root development, as endodermis and inner cortex cells also undergo
some anticlinal and periclinal divisions and add cells to the primordium
(stage II, I1l) according to Herbach et al. (2013). At stage | to Ill a
new stem cell niche is not yet formed, but at later stages of Medicago
lateral root development it is not possible to trace from which root layers
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the primordium cells are derived (Herrbach et al., 2014). So, it remains
unclear from which cells the lateral root stem cell niche is derived. Here,
we will use specific markers for the endodermis and the Quiescent Center
(QQC), that organizes the stem cell niche to answer the question whether
the endodermis/inner cortex derived cells contribute to the stem cell
niche.

The root stem cell niche of Arabidopsis has been well characterized. It has
a QC, composed of 4 cells, located at its center. The QC is surrounded by
4 sets of stem cells initials. These initials divide and by a stereotypical
division pattern add cells to stele, endodermis/cortex, epidermis/lateral-
rootcap and columella, respectively (van den Berg et al., 1997). These
stem cells are maintained by signals from the QC. In the QC cells, certain
genes are essential for the stem cell maintenance, e.g. AtWOX5 (De Smet
et al., 2008; Forzani et al.,, 2014) and AtSCR (Benfey et al., 1993; Di
Laurenzio et al., 1996; Heidstra et al.,, 2004; Lee et al.,, 2008). They
can be used as markers to identify the QC cells. The presence of stem
cells is frequently studied by using a prominent marker of differentiated
columella cells, the accumulation of amyloplasts (Bennett et al., 2014).
These amyloplast are absent in the layer of columella initials.

In this study we used markers for QC, endodermis and columella to
determine whether cells derived from fully differentiated endodermis
and cortex cells can contribute to the newly formed stem cell niche.
This shows that endodermis derived cells form initials from which the
columella, lateral root cap, epidermis and outer cortical cell layers are
formed, respectively. In contrast, the cortex derived cells do not form
initials. So, this study shows that in addition to the stem cell-like pericycle
cells, fully differentiated root cells also can form stem cells. This implies
that these cells must fully dedifferentiate.

RESULTS
Medicago root structure

To study Medicago lateral root formation, we first describe the stem cell
niche and tissue organization of roots. Whereas the Arabidopsis root
cortex is composed of a single layer, Medicago has 5 cortical cell layers
(Chapter 2) (Xiao et al., 2014). Epidermis, endodermis and pericycle are
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in both species composed of a single layer (Fig. 1). In a parallel study the
Medicago QC has been identified. In this study the Arabidopsis specific
QC gene AtWOX5 was expressed in transgenic Medicago roots (Henk
Franssen personal communication) and shown to be active in 1-2 tiers
that are located below the stele pole. Based on position and expression of
AtWOX5 it is concluded that these tiers represent the QC. Previously, we
used AtSCR as a marker for the Medicago endodermis (Xiao et al., 2014).
In Arabidopsis AtSCR is expressed in the root endodermis and QC (Di
Laurenzio et al., 1996). Therefore, we determined the expression pattern
of this gene in the root tip. Indeed AtSCR::GUS is also expressed in the
1-2 cell layers that form the Medicago QC (Fig. 6A).

Fig. 1. Medicago root tip.

Median longitudinal section of a Medicago root tip. The QC is indicated with green dash
line. The cell files of endodermis and inner cortex are linked to the QC. Files of the
outer cortex and epidermis convolve to the 3rd cell trailer below QC.

Red lines indicate the border between tissues that are described in the figure.

Bar, 75 pm.

To obtain a first characterization of the stem cells around the QC, median
sections were made of root tips of Medicago lateral roots. This showed

37



CHAPTER 2

that the endodermis and inner cortex cell layers are linked to the QC.
This indicates that cells lateral to the QC are the endodermis/inner-cortex
initials (Fig. 1). To identify the columella initials, starch granules were
stained with lugol, which showed that about 3 cell layers below the QC
lack starch (Chapter 5). In analogy with Arabidopsis these layers might all
represent columella stem cells. However, it is also possible that only the
cells directly adjacent to the QC are stem cells and the other 2 cell layers
are at an early stage of columella differentiation in which amyloplasts
remain to be formed. The outer cortex and epidermis can be traced to
these 2" and 3™ cell layers below the QC (Fig. 1).This indicates that these
layers are also the origin of the outer cortex, epidermis and lateral root
cap. Therefore, we decided that the cell layers that are linked to outer
cortex and epidermis are the outer-cortex/epidermis/lateral-rootcap/
columella initials. These layers are located below the QC and absent of
amyloplasts.

A schematic overview of Medicago root tissue organization is shown in Fig.

Fig. 2. Histology of Medicago root.
Cell layers from left to right are
epidermis, 5 cortex layers (C1, C2,
C3, C5 and C5) (Xiao et al., 2014
and Fig. 3B), endodermis, pericycle
and vasculature. All cell files can be
traced to the root stem cell niche.
Two tiers of cells located at the stele
pole are/form the quiescent center
(QQC); at the side of the QC region is
the endodermis/inner-cortex initial;
on the top of the QC is the vascular
initial; three trailers of cells adjacent
and below the QC region are a group
of stem cells that are give cells to
the outer-cortex, epidermis, lateral-
rootcap and columella. Schematic
longitudinal section was made by
tracing cells from median plastic
sections of Medicago roots.
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2. The characterization of the Medicago stem cell niche was subsequently
used to determine which cells form the stem cell niche during lateral root
development.

Cortex and endodermis contribute 6-7 cell layers to lateral root
primordia

We aimed to determine the Medicago lateral root fate map and especially
studied whether pericycle, endodermis and/or inner cortex derived cells
contribute to the stem cell niche. To study this, AtCASP::GUS was used to
trace cells derived from the endodermis (Xiao et al., 2014). This gene is
induced in the mature Medicago root endodermis cells (Fig. 3A). Further,
during nodule primordium formation this gene remains active after mitotic
activity has induced in the endodermis. As the endodermis is located in
between cortex and pericycle this endodermis marker allows tracing of
cells of all three tissues. Medicago roots expressing AtCASP::GUS were
harvested. Median longitudinal sections (7 um) were made and analysed
by light microscopy. Based on these analyses lateral root development
was divided into 7 stages. At stage 7 the lateral roots had just emerged
(Fig. 3B-H). For stage I-III we followed the classification as proposed by
Herrbach et al. (2013). For the subsequent stages we defined how the
root tissues had contributed to the primordium, as this is not possible by
the cytological analyses published by Herrbach et al. (2013).

At stage | (Fig. 3B), anticlinal divisions are induced in the pericycle and
the first anticlinal division can occur in the endodermis. At stage II (Fig.
3C), anticlinal divisions in the endodermis have continued and cells of the
inner most cortical layer (C5) started to divide anticlinally. Furthermore,
periclinal divisions have occurred in the pericycle by which 2 cell layers
are formed. These cell layers are named pericycle derived inner layer
(PIL) and pericycle derived outer layer (POL). Note that, in these dividing
endodermis cells AtCASP::GUS remains active. At stage Ill (Fig. 3D),
anticlinal divisions in C5 have occurred more abundantly and anticlinal
divisions in C4 have started. PIL, POL and endodermis have divided
periclinally, and collectively form 6 cell layers. The 2 cell layers derived
from endodermis are named endodermis derived inner layer (EIL) and
endodermis derived outer layer (EOL), respectively. At stage 1V (Fig. 3E),
C5 derived cells have divided periclinally and PIL has gone through several
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Fig. 3. Subsequent stages of Medicago lateral root development.

AtCASP::GUS, which is used to trace endodermis derived cells. It is expressed in the
endodermis of a Medicago root (A). At stage | (B), anticlinal divisions are induced in the
pericycle (arrows). At stage Il (C), anticlinal divisions continued in endodermis and are
induced in the most inner cortical layer (C5, arrows); periclinal divisions are induced in
pericycle by which 2 cell layers are formed. This are the pericycle derived inner layer
(PIL) and outer layer (POL). At stage Ill (D), periclinal divisions continued in PIL and
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POL and are induced in endodermis. The latter results in endodermis derived inner
layer (EIL) and outer layer (EOL). AtCASP::GUS remains active in EIL an EOL. Further,
anticlinal divisions are induced in C4 (arrows). At stage IV (E), periclinal division are
induced in C5 (arrows) and endodermis and cell division continued in PIL forms a cone.
At stage V (F), periclinal divisions continued in PIL. An addition periclinal division occur
in one of the POL derived cell layers. At this stage 3 POL layers are formed; POL1,
POL2 and POL3. C1, C2 and C3 collapse. At stage VI (G), Periclinal divisions induced in
EIL and EOL form 4 cell layers (arrow). AtCASP::GUS expression is reduced in EIL and
EOL and is induced in POL at the base of the primordium (arrows). At stage VII (H),
primordium emerges through the epidermis and cells derived from C4/5 at the apex of
the primordium start to enlarge (arrow).

In E, F, G and H black lines indicate the border between cells derived from PIL, POL,
endodermis and C5, respectively.

Epidermis (ep), Cortical cell layer 1 (C1), 2 (C2), 3 (C3), 4 (C4), 5 (C5), Endodermis
(ed), Pericycle (pc).

Bars, 75 pm.

periclinal divisions and forms a cone. The 2 cell layers derived from POL
have only divided a few times anticlinally. At stage V (Fig. 3F), PIL derived
cells have continued to divide. One cell layer of the POL derived cell layers
has divided periclinally once more by which 3 POL derived cell layers
are formed. The few POL derived cells adjacent to the tip of the cone
remained 2 cell layers. We name the POL derived layers POL1 to POL3
and POL1 is adjacent to the endodermis derived cells. At this stage, cells
of the outer cortical layers start to collapse. At stage VI (Fig. 3G), EIL
and EOL cells located on top of the cone have divided periclinally and
form 4 cell layers. This is the last stage that endodermis derived cells can
still be recognized by AtCASP::GUS expression, since the expression of
AtCASP::GUS is markedly reduced. At this stage AtCASP::GUS is induced
in the few cells that belong to POLs at the lateral root base. At stage VII
(Fig. 3H), lateral root primordia have emerged from the main root and
at the apex of the primordia, C4 and C5 derived cells start to enlarge.
AtCASP::GUS is expressed in 3 cell layers POL2, POL3 and the outer most
PIL layer. The AtCASP::GUS expression level in POL3 is clearly higher than
in the other two layers.

To determine whether AtCASP::GUS expressing cells in the primordium
are functional endodermis cells, we studied whether casparian strips
are present (Fig. 4). At stage I-V, AtCASP::GUS is still expressed in
the endodermis derived cells, since GUS signal is at least as intense,
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despite cell division and increase in cytoplasmic density as non-dividing
endodermis. However, casparian strips are not present (Fig. 4A, B). At
stage VII (Fig. 4C, D), casparian strips are formed in POL3, the cell layer
with the highest AtCASP::GUS expression. So, POL3 forms the lateral root
endodermis.

So far we have shown that endodermis and inner cortex contribute 6-7
cell layers to the apex of the lateral root primordia. This is the region that
contributes to the apex of the lateral root. Therefore, we addressed the
question whether endodermis and inner cortex derived cells contribute to
the stem cell niche.

Fig. 4. PLO3 differentiates into endodermis of the lateral root at developmental stage
VII.

Casparian strips are absent in dividing endodermis cells stage Il1-1V (A), although
AtCASP::GUS marker is expressed in these cells (B). At lateral root development stage
VII, casparian strips are formed in the POL3 cell layer (C). In this layer AtCASP::GUS
is highest expressed (D). Magnifications of POL3 cells for figure C and D are shown on
the top right corners.

In D black lines indicate the border between cells derived from PIL, POL and endodermis,
respectively.

Bars, 75 pm.
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Origin of the lateral root stem cell niche

Auxin is essential for maintaining the stem cell niche. It is present at a
high concentration in the stem cell niche as well as columella cells. To
identify where the stem cell niche is located, we first used a DR5::GUS
line. The DR5::GUS expression pattern during lateral root primordium
formation is shown in Fig. 5. At early stages (stage IV, Fig. 5A) of
development DR5::GUS is expressed in more or less all primordium cells.
At stage V (Fig. 5B), DR5::GUS expression pattern gradually becomes
more restricted to the central part at the apex of the primordia. At stage
VI (Fig. 5C), DR5::GUS is highly expressed at the apex of the lateral root
primordium, in a group of cells derived from POL, endodermis and C5.
This suggests that this group of cells forms the future stem cell niche and
columella.

Fig. 5. Cells derived from POL, endodermis
and C5, at the apex of the primordium form
the stem cell niche and root cap.
DR5::GUS is expressed in all dividing
primordia cells until stage IV (A). Then the
expression gradually confined to the apex
of the primordium (stage V, B). At stage
VI (C), it is highest expressed at the apex
of the primordium, which includes cells
derived from POL, endodermis and C5. At
this stage, DR5::GUS is also expressed in
C4 derived cells at a relatively low level.

In C black lines indicate the border between
cells derived from PIL, POL, endodermis
and C5, respectively.

Bars, 75 pm.

To identify the QC within the group of cells with high DR5 expression,
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we used Medicago roots expressing the promoter fusion construct
AtSCR::GUS. AtSCR encodes an Arabidiopsis GRAS transcription factor
and is specifically expressed in endodermis and QC (Di Laurenzio et
al., 1996). In Medicago roots (Fig. 6A), AtSCR::GUS is also expressed
in endodermis and QC. At stage VI (Fig. 6B), AtSCR::GUS is highly
expressed in POL3 (lateral root endodermis) and the few POL cells that
are on the top of PIL derived “cone”. Therefore these cells form the QC of
the lateral root primordium. It also implies that the stem cells giving rise
to epidermis, outer cortex and columella of the lateral root can be formed
from endodermis and cortex derived cells.

Fig. 6. POL forms the QC of the lateral
root at development stage VI.
AtSCR::GUS is highly expressed in QC
and the endodermis of the Medicago
root (A) and weakly expressed in the
pericycle and C5 cell layer in the root
meristem region. At stage VI (B),
AtSCR::GUS is highly expressed in the
few POL cells (arrow) that are on the top
of PIL derived “cone” and POL3. It is also
expressed in POL1, POL2 and the most
outer layer of PIL but at a lower level.
In B black line indicates the border
between cells derived from pericycle and
endodermis.

Bars, 75 pm.

Starch accumulates in columella cells and it is absent in the stem cells
(Ding and Friml, 2010; Bennett et al., 2014). To distinguish the group of
stem cell initials that give cells to the outer-cortex, epidermis, lateral-
rootcap and columella from differentiated columella cells, we used lugol
staining to visualise the starch granules. This shows that at stage VI (Fig.
7A) to VII (Fig. 7B) starch is present at the apex of the primordium in 4-5
cell layers of which are derived from C4/5 and one from EOL. So, these
cells form the columella of the root cap. In between the root cap and QC
there are 3 cell layers, which form the stem cell cluster. So, the group of

44



Lateral root fate map

Fig. 7. Endodermis derived inner layers form the group of stem cells that are adding
cells to the outer-cortex, epidermis, lateral-rootcap and columella.

Starch granules start to appear in 4-5 cell layers (L1-L5) in the columella of the
primordium at stage VI-VII (A). C4 derived cells are not connected with the lateral root
epidermis and it only contribute to the lateral root cap (B). Magnifications of apex of
the primordium for figure A and B are shown on the right.

Bars in A-B equal to 75 um; in C and D magnifications equal to 25 um.

Fig. 8. The Medicago lateral root fate map.
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stem cell initials that give cells to the outer-cortex, epidermis, lateral-
rootcap and columella is formed from cells of endodermis derived cells.
Furthermore, although C4 cell divide during lateral root formation, those
cells do not integrate with the newly formed primordium or lateral root
and they gradually falling off after the lateral root emerged (Fig. 7B).

DISCUSSION

We showed that during Medicago lateral formation endodermis and
pericycle derived cells form the stem cell niche (Fig. 8). This is the first
time that it is shown that endodermis derived cells form initials of the
newly formed stem cell niche in a dicot.

Lateral root formation is best studied in Arabidopsis and the lateral root is
completely formed from founder cells of the pericycle. Neither endodermis
nor cortex is mitotically activated. It is assumed that the pericycle cells
are specialised cells with a stem cell like nature (Laplaze et al.,, 2007;
Sugimoto et al., 2011). Therefore the formation of the lateral root stem
cell niche most likely does not involve the (partial) dedifferentiation of a
differentiated cell into a cell with stem cell properties.

In several dicots it has been shown that endodermis cells divide during
lateral root development (Popham, 1955; Mallory et al.,, 1970; den
Camp et al., 2011; Herrbach et al., 2014). However, in none of these
cases was shown that endodermis derived cell develop into stem cells.
We used AtCASP1 as a marker to trace endodermis derived cells. This
allowed us to show that the columella stem cells as well as the stem cells
that form epidermis, outer cortex and lateral root cap are all endodermis
derived. This implies that the fully differentiated endodermis cells
have to dedifferentiate to form stem cells. When the endodermis cells
are mitotically activated they lose their casparian strips. However, the
AtCASP1::GUS remains active upto stage V (Fig. 3F). This suggests that
endodermis derived cells in part maintain their endodermis identity upto
this stage. At stage VI (Fig. 3G), the CASP1 gene is switched off and a
subset of these cells dedifferentiate into various stem cells at the apex of
the primordium. The other endodermis derived cells differentiate in outer
cortex cells. It is unlikely that this involves a transient stem cell fate.
Therefore it is probable that it involve a transdifferentiation (Jopling et al.,
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2011) from endodermis into another differentiated form. Also the cortex
derived cells most likely undergo transdifferentiation as these do not form
stem cells, but become epidermis and outer layer of root cap cells.

Although it is the first time shown that in dicot endodermis derived cells
contribute to the lateral root stem cell niche, this feature might be more
wide spread in angiosperm than previously assumed. In monocots, like
maize, rice, barley, wheat, it is already known that endodermis derived
cells form the root cap and this includes some initials cells (Bell and
Mccully, 1970; Orman-Ligeza et al., 2013). Within the legumes, Arachis
hypogaea L. and Pisum sativum endodermis derived cells also integrate
into the lateral root primordium (Popham, 1955; Mallory et al., 1970).
However, it has not been studied whether these cells form initials. Based
on our study in Medicago and a reanalysis of the Pisum sativum lateral
root primordia (Popham, 1955), we hypothesize that it is common in
legumes that endodermis derived cells form stem cells. Also in dicots
outside the legume family, like Cucuribita maxima, it was shown that
endodermis and cortex derived cells contribute to lateral root primordia
(Mallory et al., 1970), which is grouped outside of monocots and dicots.
Taken together our studies on Medicago and previous reports indicate that
lateral roots are not exclusively formed from pericycle perhaps rather wide
spread among angiosperms species. In several plant species, in addition
to pericycle also endodermis and cortex contributes to the formation of
lateral roots and this might include part of the stem cell niche.

The involvement of endodermis in the formation of the initials of the lateral
root is not a feature that only occurs in angiosperm plants. In ferns, which
are the most basic vascular plants and belong to lycophytes, lateral roots
are even completely formed from the endodermis (Lin and Raghavan,
1991; Hou et al., 2004). It is unknown whether lateral root formation
in different land plant lineages (lycophytes and euphyllophytes) evolved
independently. Studies on the involvement of the endodermis with more
species in these plant lineages might provide insight in the evolution of
lateral root formation.

MATERIALS AND METHODS

Plant materials
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M. truncatula accession Jemalong A17 wt plants were used to study root
tip structure. This accession is also used to generate AtCASP1::GUS
and AtSCR::GUS Agrobacterium rhizogenes (strain MSU440) mediated
transgenic roots as previously described by Limpens et al. (2004). M.
truncatula accession R108 was used to make the stable DR5::GUS
transgenic line by using Agrobacterium tumefaciens (strain AGL1) according
to Chabaud et al. (2003). The formation of lateral root primordia in R108
is similar as described for A17. The surface-sterilization and germination
of Medicago seeds were performed as previously described by Limpens et
al. (2004).

Constructs

The AtCASP1::GUS and AtSCR::GUS constructs are described in Roppolo
et al. (2011) and Xiao et al. (2014), respectively. To create the DR5::GUS
construct, pPENTR™/D-TOPO® Cloning Kits (Invitrogen) and Gateway®
technology (Invitrogen) were used to generate the entry clone and
genetic promoter-GUS construct (Karimi et al., 2002), respectively.
First, 14 synthetic DR5 DNA fragments repeats (Ulmasov et al., 1997)
were included in the entry clone. Then, the entry vector was recombined
into Gateway®-compatible binary vector pKGW-RR, that contains GUS
reporter gene and AtUBQ10::DsRED1 as a selection marker (Limpens et
al., 2004), by using Gateway® LR Clonase® Il enzyme mix (Invitrogen).

Histochemical B-glucuronidase (GUS) staining

Transgenic plant material containing GUS constructs were incubated in
GUS buffer (3% sucrose, 2 mM K ,Fe(CN),, 2 mM K,Fe(CN),, 10 mM EDTA,
and 1 mg/ml X-Gluc salt in 100 mM phosphate buffer solution, pH 7.0)
under vacuum for 30 min and then at 37 °C for 3 to 24 h (Jefferson et
al., 1987).

Tissue embedding, sectioning and section staining

Root segments were fixed at 4 °C overnight with 4% paraformaldehyde
(w/v), 5% glutaraldehyde (v/v) in 0.05 M sodium phosphate buffer
(pH7.2). The fixed material was dehydrated in an ethanol series and
subsequently embedded in Technovit 7100 (Heraeus Kulzer) according to
the manufacturer’s protocol. Sections (7 um) were made with a RJ2035
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microtome (Leica Microsystems, Rijswijk, The Netherland), stained
5 min in 0.05% toluidine blue O for wt material and 15 min in 0.1%
ruthenium red for transgenic GUS material. Sections were analysed by
using a DM5500B microscope equipped with a DFC425C camera (Leica
Microsystems, Wetzlar, Germany).

Lugol staining

Root segments were stained with Lugol’s solution (Merck, Germany) to
visualize starch grains and tissues were cleared in chloral hydrate solution,
which contains 2 ml water, 1 ml glycerol and 8 g chloral hydrate (VWR
BDH Prolabo, Belgium). Whole mount root segments were analysed by an
Axio Imager A1l microscope (Zeiss) supplied with Nomarski optics.
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CHAPTER 3

SUMMARY

Legume root nodules are induced by N_-fixing rhizobium bacteria which
are hosted in an intracellular manner. These nodules are formed by
reprogramming differentiated root cells. The model legume Medicago
truncatula forms indeterminate nodules with a meristem at their apex.
This organ grows by the activity of the meristem that adds cells to the
different nodule tissues. In Medicago sativa it has been shown that the
nodule meristem is derived from the root middle cortex. During nodule
initiation also inner cortical cells and pericycle cells are mitotically
activated. However, whether and how these cells contribute to the
mature nodule has not been studied. Here we produce a nodule fate map
precisely describing the origin of the different nodule tissues based on
sequential longitudinal sections and the use of marker genes allowing
to distinguish between cells originating from different root tissues. We
show that nodule meristem originates from the third cortical layer while
several cell layers of the base of the nodule are directly formed from cells
of the inner cortical layers, root endodermis and pericycle. The latter 2
differentiate into the uninfected tissues that are located at the base of the
mature nodule whereas the cells derived of the inner cortical cell layers
form about 8 cell layers of infected cells. This nodule fate map has then
been used to re-analyse several mutant nodule phenotypes. This showed
for example that intracellular release of rhizobia in primordium cells and
meristem daughter cells are regulated in a different manner.

Key words: Medicago, indeterminate root nodule, nodule primordium,
nodule meristem, endodermis, inner cortex
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INTRODUCTION

The symbiosis of rhizobium and legumes results in the formation of N,-
fixing root nodules, which can have a determinate or indeterminate growth.
Determinate nodules lose their meristem at an early stage of development.
In contrast, indeterminate legume nodules have a persistent meristem
at their apexes by which they add cells to the different nodule tissues
throughout their lifetime (Hadri et al., 1998). The model legume Medicago
truncatula (Medicago) forms indeterminate nodules, so their nodule
tissues are of graded age with the youngest cells near the meristem. The
central tissue of the nodule is composed of 2 cell types, the infected cells
that harbour the rhizobia, interspersed with specialized uninfected cells.
This central tissue is surrounded by 3 uninfected peripheral tissues, the
nodule parenchyma, endodermis and cortex (Bond, 1948; Van de Wiel et
al., 1990; Brewin, 1991). Uninfected tissues are also present at the basal
part of the nodule (See Fig. 7A).

In general it is assumed that in indeterminate nodules the cells along
the complete apical-basal axis are derived from the apical meristem.
However, this assumption creates some paradoxes. For example, how can
the uninfected tissues at the basal part of the nodule be formed from
the meristem and not be infected by rhizobium, whereas the layers that
are subsequently formed do become infected? Further, the nf-yal mutant
forms nodules lacking a meristem or have a meristem that gives rise to
daughter cells in which intracellular infection is blocked. However, several
cell layers with fully infected cells are present at the base of these nodules
(Combier et al., 2006; Laporte et al., 2014).

Root nodule formation is initiated by mitotic activation of root cells. The
most detailed analysis of which root tissue cells are activated has been
performed on Medicago sativa (Timmers et al., 1999). This study showed
that inner and middle cortical cells as well as pericycle cells become
mitotically active upon rhizobial inoculation. Further, it was shown that the
cells of the middle cortex form the nodule meristem. However, whether
cells derived from the inner cortex and pericycle contribute to the mature
nodule has not been studied. Based on the mutant nodule phenotype of
nf-yal-1, we hypothesize that cells derived from inner cortex form several
cell layers of infected cells at the base of the nodule and intracellular
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infection of these cells is less strictly controlled than infection of cells
derived from nodule meristem. To test this hypothesis, we selected
Medicago (M. truncatula A17) to generate a detailed nodule fate map.

The infection process in Medicago starts with the formation of an infection
thread in a root hair and it grows to the base of the infected root hair
cell. Subsequently, infection threads traverse outer cortical cells allowing
rhizobia to reach the dividing cortical cells. This cluster of dividing cells is
named nodule primordium and at its apex a meristem is formed (Libbenga
and Harkes, 1973; Yang et al., 1994). Infection threads penetrate host
cells derived from the meristem and rhizobia are internalised. During this
release from infection threads, rhizobia become surrounded by the host
membrane, a process controlled by a specific exocytotic pathway (Ivanov
et al.,, 2012), leading to the formation of nitrogen-fixing symbiosomes
(Roth and Stacey, 1989; Brewin, 2004). Symbiosomes then divide,
differentiate and ultimately fill the infected cells.

Nodule formation as well as the infection process is controlled by specific
lipochito-oligosaccharides, Nod factors, which are secreted by rhizobia
(Lerouge et al., 1990). Nod factors mitotically activate root cells and such a
cluster of dividing cells forming nodule primordium (Bond, 1948; Nutman,
1948; Libbenga and Harkes, 1973; Lancelle and Torrey, 1985; Dudley
et al., 1987; Nap and Bisseling, 1990; Brewin, 1991; Yang et al., 1994;
Timmers et al., 1999). However, the difference between a primordium and
a young nodule is not well defined.

Our fate map studies confirmed that in Medicago, like in M. sativa, the
inner and middle cortical and pericycle cells are mitotically activated upon
rhizobium infection and the nodule meristem is derived from the middle
cortex (Timmers et al., 1999). We have in addition established, that the
first and second cortical layers only have a limited role in nodule ontogeny,
that the third cortical layer gives rise to the nodule meristem and about
8 cell layers with fully infected cells at the base of the central tissue are
derived from the inner cortex (4t and 5% cortical layer). Furthermore, cell
divisions are also induced in the root endodermis and the endodermis/
pericycle derived cells form the uninfected cell layers at the base of the
nodule. Using this nodule fate map we re-analysed several Medicago
mutants.
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RESULTS

Pericycle, endodermis and cortical layers contribute to the
Medicago nodule primordium

Medicago roots have in general 5 cortical cell layers, although also roots
with 4 and 6 layers do occur. We will name the outer most layer C1 and
the inner most C5. The inner most cortical cells are about 15 um thick,
whereas the cells of the other 4 cortical layers are about twice as thick
(30 um). The epidermis, endodermis and pericycle each contain a single
cell layer (Fig. 1A).

To determine which cell layers of the root contribute to the formation of a
nodule primordium, Medicago seedlings were inoculated with S. meliloti
2011 and root segments were collected at different time points within
1-5 days after inoculation. These were fixed and embedded in Technovit
7100. Longitudinal sections of about 50 root segments were made and
analyzed by light microscopy. Based on these analyses we divided nodule
developmentin 6 stages (Fig. 1). At stage | (Fig. 1A), anticlinal divisions are
induced in the pericycle. This is rapidly followed by anticlinal divisions first
in C5 and slightly later in C4 (stage I1) (Fig. 1B). During stage 111 (Fig. 1C),
periclinal divisions are induced in C5 and C4 and anticlinal divisions occur in
C3 and endodermis. At stage IV (Fig. 1D), periclinal divisions occur in C3,
pericycle and endodermis, cell divisions continued in C5 and C4 and some
anticlinal divisions are induced in C2. At stage V (Fig. 1E), C3 derived cells
have formed a multi layered (future) meristem, C4 and C5 have formed
about 8 cell layers and the endodermis and pericycle 6-8 cell layers. At
this stage of nodule development mitotic activity in the non-meristematic
(C4/5) cells stops. These cells start to enlarge and are penetrated by
infection threads. These characteristics distinguish them morphologically
from the (future) meristem cells (C3) which are small and not infected.
At stage V it still can be traced from which root cell layers the primordium
cells are derived. At stage VI (Fig. 1F) this is not well possible due to the
formation of peripheral tissues, but meristem and C4/5 derived cells can
be recognized based on their distinguishing morphological characteristics.
At stage VI, vascular bundles are established at the periphery. Further,
the meristem starts now to add cells to the nodule tissues, this is why we
named it (future) meristem at stage V. We propose to name the clusters
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of cells a nodule primordium up to stage V and nodule from stage VI on.
Previously, it was proposed to call the clusters of dividing cells at stage
I and Il an initial primordium (Timmers et al., 1999). However, as these
cells become part of the mature nodule (see below) there is no reason to
distinguish these primordia stages from I11-V.

Fig. 1. Medicago nodule primordia at subsequent stages of development.

Longitudinal sections of Medicago root segments. (A) Stage |: Anticlinal cell divisions
are induced in the pericycle (arrows) and that occasionally occur in C5 and C4. (B)
Stage II: Cell divisions (anticlinal) extend to C5 and C4 (arrows); anticlinal divisions
occasionally occur in C3. The higher frequency of divisions in the inner layers reflects
that the divisions start from there. (C) Stage Il1: Anticlinal divisions occur in C3 (arrow)
and endodermis (arrows); periclinal divisions are induced in C4 and C5 derived cells
(arrow); anticlinal cell divisions occasionally occur in C2. (D) Stage IV: Periclinal cell
divisions are induced in C3 (arrow), endodermis (arrow) and pericycle (arrow); C4
and C5 cell division continue; anticlinal cell divisions occur in C2 (arrow). (E) Stage
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V: C3 derived cells form multiple cell layers (arrow); C4/5 have form about 8 cell
layers; pericycle and endodermis contribute about 6 cell layers to the basal part of the
primordium; C2 and C1 have divided a few times anticlinally. (F) Stage VI: vascular
bundles are formed at the periphery of the primordia; meristem starts functioning.
From this moment on a nodule primordium become a nodule.

In C, D, E and F a red line indicates the border between cells derived from C3 and C4/5
and endodermis, respectively.

Epidermis (ep), Cortical cell layers 1st (C1), 2nd (C2), 3rd (C3), 4th (C4), 5th (C5),
Endodermis (ed), Pericycle (pc).

Bars, 75 pm.

To obtain better insight in the timing of the different stages of nodule
primordium formation, we also spot inoculated Medicago roots with S.
meliloti. Stage I starts at about 24 hours post inoculation (hpi); stage II
at 27-33 hpi; stage III at 33-35 hpi; stage IV at 42-48 hpi; stage V at 65-
70 hpi; stage VI after 80 hpi.

Medicago lateral root formation also starts with divisions in the pericycle,
endodermis and cortex cells (den Camp et al., 2011; Herrbach et al.,,
2014), which is very similar to nodule primordium initiation. To distinguish
a young lateral root primordium from an early stage (I-111) nodule
primordium, we made use of transgenic Medicago roots expressing
MtENOD40::GUS. This reporter is strongly induced in rhizobium activated
pericycle, endodermis, cortical cells and vascular tissue and markedly
less and restricted in pericycle and vascular tissues of the lateral root

Fig. 2. MtENOD40::GUS is a marker to distinguish between early lateral root primordium
and nodule primordium.

The root (A) and nodule (B) primordia are initiated on the same MtENOD40::GUS
transgenic root. In both primordia C5 and pericycle cells have divided (black and white
arrows), MtENODA40 is markedly higher expressed in the nodule primordium (B).
Bars, 75 pm.
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primordia (Fig. 2). At stage | a marker like MtENODA40 is essential to
distinguish lateral root and nodule primordia. However, at later stages this
is not essential as in nodule primordia the frequency of divisions is highest
in cortical layers whereas in lateral root primordia mitotic activity is higher
in pericycle and endodermis (Xiao, pers. comm.).

We showed that in Medicago the mitotic activation of root cells by
rhizobium starts in the pericycle and extends outwards to the cortical
cell layers. The middle cortical cell layer (C3) ultimately forms the nodule
meristem. This is similar to nodule primordium initiation in M. sativa
(Timmers et al., 1999). In addition, we showed that the endodermis also
divides and together with pericycle and inner cortex cell layers (C4/5)
contribute about 16 cell layers to the nodule primordium. Based on these
observations we addressed the question whether primordium cell that
originate from pericycle up to C4 contribute to mature nodule tissues?

Do primordium cells derived from C4/5 become part of the mature
nodule?

First we determined whether rhizobia can infect C4/5derived cells. Serial
sections of 30 primordia at stage IlI-1V were analyzed. In 5 primordia
(stage Ill), the infection thread was still in C1 or C2 and in 10 (stage
III) primordia, the infection thread had just reached C3 (Fig. 3A). In
15 primordia, the infection thread was present in cells derived from C4
and C5 (Fig. 3B). In 10 of these latter primordia, C3 cells had divided
several times including both anticlinal and periclinal divisions (stage 1V).
Therefore it is likely that cells derived from C3 can still be penetrated by
an infection thread after the first anticlinal divisions (stage III). As nodule
meristematic cells are not penetrated by infection threads it is probable
that infection threads have to reach C4 and C5 derived cells before stage
1V, i.e. before periclinal divisions are initiated in the C3 layer.

To determine the timing of the infection of the primordium more precisely,
spot inoculated Medicago roots were analyzed. At 42-48 hpi, the infection
thread had reached C4/5 derived cells (stage 1V). Around 80 hpi (stage
V1) bacterial release had taken place in cells derived from C4/5 (Fig. 3C-
D). This means that release occurs about 32 h after the infection thread
reached the primordium cells.
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Fig. 3. Infection threads reach C4/5 derived cells before stage IV.

(A) At stage Ill of primordium development, anticlinal divisions are induced in C3
and the tip of the infection thread (arrow) reached C3. (B) At stage 1V, the tip of the
infection thread has reached the cells derived from C4/5 (arrow). (C) At stage VI (80
hpi), rhizobia are released in C4/5 derived cells . (D) Magnification of C shows the
released rhizobia (arrows).

In A and B a red line indicates the border between cells derived from C3 and C4.
Bars, 75 pm in A-C; 10 pm in D.

C4/5 derived cells that are infected by rhizobia develop into large infected
cells. So, in a mature nodule about 8 cell layers of the central tissue
directly developed from C4/5 derived cells and not from the meristem
(C3).

Do primordium cells derived from pericycle/endodermis become
part of the mature nodule?

The analysis of nodule primordia showed that C4 and C5 derived cells
can be infected by rhizobia. However, whether endodermis and pericycle
derived cells may also become infected cannot be excluded. In order
to trace primordium cells derived from endodermis and pericycle more
precisely, we made use of CASP1, an Arabidopsis gene that is specifically
expressed in the root endodermis. It encodes a transmembrane protein
that is involved in the formation of casparian strips (Roppolo et al., 2011).
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To determine whether this gene can be used as an endodermis marker in
Medicago, we transformed Medicago roots with AtCASP1::GUS (Vermeer
et al., 2014) and showed that this construct is expressed in endodermis
and also in pericycle but at low level (Fig. 4A).

In general, it is presumed that root cells that are mitotically activated are
completely de-differentiated. Therefore we expected that AtCASP1::GUS
would be repressed when cell divisions are induced in the endodermis.
However, when the endodermis had undergone several periclinal as well
as anticlinal divisions all endodermis derived cells displayed GUS activity.
Therefore we were able to trace endodermal cells during the formation of
a nodule primordium and could distinguish them from cortex derived cells
(Fig. 4B). The intensity of the signal in the endodermis derived cells is
(at least) as high as in the endodermis before division. On that account,
it is not simply a dilution of GUS present in the root endodermis and the
AtCASP1 promoter must have remained active during endodermal cell

Fig. 4. Endodermis and pericycle derived cells of the primordium are not infected.
AtCASP1::GUS (A) is specifically expressed in the Medicago root endodermis and
also in pericycle but at low level. AtCASP1::GUS (B) remains in endodermis derived
cells at stage IV. Cells at the periphery region (indicated in between black lines) will
differentiate into nodule parenchyma include vascular bundles and endodermis. These
cells show different division pattern with their neighboring cells which derived from the
same tissue. Infection threads (arrow) never reach endodermis and pericycle derived
cells. (C) At stage VI, AtCASP1::GUS expression is restricted to a single cell layer
surrounding the nodule vascular bundle (endodermis).

Bars, 75 pm.
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divisions. Analyses of serial sections of 30 stage IV-V primordia showed
that infection threads do not penetrate endodermis and pericycle derived
cells in contrast to C4 and C5 derived cells. For that reason, the origin of
the primordial cells appears to determine whether they can be penetrated
by an infection thread or not.

At stage VI the expression of AtCASP1::GUS is repressed in most of the
endodermis derived cells and becomes restricted to a single cell layer.
Further, it is induced in vascular endodermis (Fig. 4C).

The maintenance of endodermal specific gene expression in nodule
primordium is also illustrated by the expression of Scarecrow (SCR).
Arabidopsis SCR is a GRAS type transcription factor that is specifically
expressed in the root endodermis and is essential for the formation of
this tissue (Di Laurenzio et al., 1996). AtSCR::GUS is also specifically
expressed in the endodermis of transgenic Medicago roots (Fig. S1A).
Like AtCASP1, it remains active in divided endodermal cells in a nodule
primordium up to the stage when vascular bundles start to be formed
(Fig. S1B). It is also activated in cells around the vasculature (Fig. S1C).

So, AtCASP1 and AtSCR promoters are expressed in the root endodermis
and remain active when cell division is induced. Therefore we studied
whether casparian strips, the hallmark of endodermal cells, are formed in
the dividing endodermis cells (Fig. 5). Casparian strips are present in the
Medicago root endodermis (Fig. 5A), but upon the first divisions induced
by rhizobium, these are lost (Fig. 5B). They are again formed in the single
cell layer at the base of the nodule, where expression of AtCASP1::GUS is
maintained (Fig. 5C). AtCASP1::GUS is also expressed in the endodermis
around the nodule vascular bundles, and there casparian strips are
present (Fig. 5D; Fig. S2). In contrast, AtCASP1::GUS is not expressed
in the nodule endodermis and casparian strips are not formed (Fig. 5D;
Fig. S2). A “real” endodermis is only formed at the base of the nodule and
around nodule vascular bundles. The fact that the casparian strips are
(have to be?) removed before cell division is induced could be a reason
why induction of mitotic activity in this tissue is slightly delayed compare
to C4 and 5 cells.

These results show that primordium cells derived from pericycle and
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endodermis, in contrast to those with a cortical origin, cannot be infected by
rhizobia. As the endodermis derived primordium cells maintain expression
of endodermal genes, it is most likely that these cells do not completely
de-differentiate, but switch from one differentiated cell type into another,
a process named trans-differentiation (Sugimoto et al., 2011). By which
mechanism infection in these endodermis derived cells is prohibited is
unclear. We hypothesise that the (partial) maintenance of the endodermal

Fig. 5. Casparian strips disappear in the dividing endodermis of nodule primordium.
(A) Casparian strips (arrows) in the root endodermis. (B) Casparian strips are absent
in dividing endodermal cells. (C) At stage VI, casparian strips (arrow) are formed in
the single cell layer at the base of which AtCASP1 are expressed. (D) Casparian strips
(arrows) are formed in the endodermis of nodule vascular bundles but not in the
nodule endodermis (split channels in Fig. S2).

In B and C red lines indicate the border between cells derived from endodermis and
C5 or pericycle, respectively; in D a red line indicates the border between nodule
endodermis and nodule parenchyma.

Casparain strips are detected as autofluorescence under UV light.

Nodule vascular endodermis (NVE), Nodule endodermis (NE).

Bars, 50 pm.
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fate can contribute to this.

In primordia, infection threads are restricted to the central region of the
C4/5 derived cells (Fig. 4B; Fig. S1B). At the transition from stage V to
VI the peripheral tissues and vascular bundles start to be formed. These
are cells derived from the periphery of the nodule primordium, which
includes cells derived from C4, C5, endodermis and pericycle (Fig. 4B;
Fig. S1B). In nodules, the pericycle and endodermis derived cells form
the peripheral tissues at the base of the nodule. These are the nodule
parenchyma and the few cell layers that are adjacent to the root vascular
bundle. In between these two tissues an endodermis containing casparian
strips is present.

Markers to distinguish C4/5 derived cells and meristem

We searched for molecular markers enabling us to distinguish between
C4/5 derived cells and (future) meristem cells. Infected cells in the
infection zone of a mature nodule undergo endoreduplication. Therefore,
we expected that C4 and C5 derived cells enter endoreduplication when
they stop dividing (stage V or VI). In this case markers for mitosis and
endoreduplication could be used to distinguish these cells from (future)
meristem cells. To identify mitotically active and endoreduplicating cells
we used Medicago lines containing an Arabidopsis Cyclin B1 reporter
(AtCyclIB1.1::GUS) which is active during mitosis and MtCCS52A::GUS
which is expressed in endoreduplicating cells (Vinardell et al., 2003).
AtCyclIB1.1 is active in (future) meristem and not in C4/5 derived cells
at stage V and later stages (Fig. 6A). The endoreduplication reporter is
not expressed in nodule primordia before stage V and has an expression
pattern that is complementary to that of AtCyclB1l at stage VI; when
the latter is switched off in the C4/5 derived cells, MtCCS52A::GUS is
switched on in these cells (Fig. 6B).

We also tested whether the nodule specific remorin (MtSYMREM1) that
is involved in bacterial release (Lefebvre et al., 2010) can be an extra
marker. MtSYMREM1::GUS is first induced in C4/5 derived cells and it is
not active in cells derived from C3 at stage V/VI (Fig. 6C).
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Fig. 6. Molecular markers to distinguish C4/5 derived cells from the nodule meristem
(C3).

(A) At stage VI, AtCycIB1.1::GUS is expressed in C3 derived cells, but not in C4/5
derived cells. (B) At stage VI, the cell endoreduplication marker MtCCS52A::GUS is
expressed in C4/5 derived cells and some C1/2 and epidermis derived cells, but not in
C3 derived cells. (C) In transition from stage V to VI, MtSYMREM1::GUS is detected in
C4/5 derived cells.

A black line indicates the border between cells derived from C3 and C4.

Bars, 75 pm.

We thus have identified three markers allow to distinguish between C4/5
and C3 derived cells at stage V/ VI.

DISCUSSION

Analyses of symbiotic mutants

To illustrate the value of our Medicago nodule fate map we have re-analyzed
four previously characterized mutants with greater accuracy, namely nf-
yal-1 (Combier et al., 2006; Laporte et al., 2014), sickle (Penmetsa and
Cook, 1997), ipd3 (Horvath et al., 2011; Ovchinnikova et al., 2011; Singh
et al., 2014) and lin (Kuppusamy et al., 2004; Kiss et al., 2009; Guan et
al., 2013), respectively.

nf-yal-1

nf-yal-1 (Combier et al., 2006; Laporte et al., 2014) forms nodules of
variable size, but all are markedly smaller than wild type (wt) nodules.
The largest nf-yal-1 nodules (Fig. 7B) have about 8 cell layers with well
infected cells at their basal part. In these cells development of rhizobium
into N,-fixing symbiosomes (Fig. S3) is like in wt, as described in Laporte
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et al (2014). These nodules have a relatively small meristem. In cells
derived from it, infection threads are present, but release is blocked. This
phenotype suggests that during primordium formation, cell divisions in C4
and C5 have occurred and rhizobia are released in these cells. However,
the formation of a wt-sized meristem that can produce daughter cells
competent for bacterial release requires NF-YAl. In addition to these
relatively large nf-yal-1 nodules also smaller nodules are formed. These
can have only a few layers with fully infected cells (Fig. 7C), a nodule
meristem is absent and the nodule is completely surrounded by the
nodule endodermis. In these nodules, divisions in C4 and C5 have most
likely occurred to a certain extend and these cells differentiate into wt-like

Fig. 7. Mutant nf-yal-1 forms nodules with a small nodule meristem or no nodule
meristem.

Two weeks old wt (A) and nf-yal-1 (B-C) nodules have a central part well infected by
rhizobia. (B) A relatively large nf-yal-1 nodule has a small nodule meristem (Infection
threads are indicated by arrows). (C) A small nf-yal-1 nodule does not have a nodule
meristem and develops closed nodule endodermis (arrow).

Meristem (M), Infection zone (IF), Fixation zone (FX), Vascular bundle (VB), Nodule
parenchyma (NP), Nodule cortex (NC).

In A and B a red line indicates the border between nodule meristem and infection zone.
Bars, 75 pm.
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infected cells. However, the formation of a meristem (from C3) appears
to be blocked.

To test these hypotheses we studied nodule primordia of the nf-yal-1
mutant. Roots were sectioned at 1-5 dpi. This showed that primordia are
rather diverse, which is well in line with the diverse nodule phenotypes.
The largest primordia are composed of cells derived from pericycle up to
C3 (Fig. 8A). Cells derived from C4/5 are infected and contain released
bacteria which in wt is a hall mark of stage VI (Fig. 8B) and several of
these infected cells have already enlarged (Fig. 8A). In such primordia,
some periclinal divisions have occurred in C3 derived cells, but markedly
less than in wt stage VI. It seems that such primordia can develop into the
relatively large nf-yal-1 nodules with a small meristem and hampered
bacterial release in its daughter cells. In addition, markedly smaller
primordia are formed, where cell divisions have occurred in C4 and C5,
albeit with a lower frequency. Further, only a few anticlinal and no periclinal
divisions or bacteria release have occurred in C3 (Fig. 8C). Probably, such
primordia develop into the small nodules that lack a meristem.

Fig. 8. Reduced cell division in C3 of nf-yal-1 nodule primordia.

(A) Relatively large nf-yal-1 nodule primordium with bacteria release in C4/5 derived
cells; the number of C3 derived cells is less than in wt at stage III or VI (arrows). (B)
Bacteria are released from infection threads (arrow) (magnification of the primordium
A). (C) A nf-yal-1 nodule primordium with about 8 cell layers derived from C4/5 and
no periclinal division in C3.

In A and C a red line indicates the border between cells derived from C3 and C4.
Bars, 75 pym in A and C; 10 ym in B.

Using our fate map we have thus been able not only to confirm and to
describe more thoroughly that meristem formation is hampered in the
nf-yal-1 mutant but we have also shown the well infected cells inside
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mutant nodules are derived from C4 and C5. Further the cells that are
derived from the (small) nodule meristem cells cannot differentiate into
cells competent for bacterial release. The latter implies that release of
rhizobia in primordia cells derived from C4/5 is not affected in the nf-
yal-1 mutant, whereas in daughter cells derived from the meristem
release requires NF-YAl. Our data also suggest that NF-YAl is required
for proper nodule meristem formation.

sickle

sickle makes markedly more root nodules than wt as it is mutated in an
ethylene signalling gene. The nodule histology of this mutant is in general
considered to be wt-like (Penmetsa and Cook, 1997). We sectioned
about 50 sickle nodules that are formed at the “sickle” shaped zone (Fig.

Fig. 9. Meristem formation is hampered in some sickle nodules.

Two weeks old sickle (A-B) and wt (C) nodules. (A) sickle nodules that are “fused” have
no meristem and are surrounded by an endodermis. (B) A sickle nodule is smaller than
(C) wt nodule.

In A a red line indicates the border between cells derived from C3 and C4 and nodule
meristem and infection zone in B and C. Infection threads are indicated by arrows (B-
C).

Bars, 75 pm.
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S4A) (Penmetsa and Cook, 1997). The vast majority has about 8 (or
less) layers with well infected cells. These nodules have no meristem
and are surrounded by the endodermis (Fig. 9A). This mutant also forms
a few nodules morphologically more similar to wt (Fig. 9B; Fig. S4B).
However, their size is much smaller compared to wt, indicating a sub-
optimal functioning meristem (Fig. 9C; Fig. 4C). So, the defect in ethylene
signalling has a positive effect on nodule primordium formation, but
directly or indirectly has a strong negative effect on nodule meristem
formation.

sickle was previously used by Timmers et al. (1999) to study the timing
of meristem formation and infection thread growth. However, as the sickle
mutant is disturbed in nodule meristem formation these studies might not
provide reliable insight in the timing of these processes in wt nodules.

ipd3

The fate map studies show that infection threads have passed C3 before
periclinal divisions are induced. This suggests that nodule primordia will
not be infected when infection thread growth is delayed in comparison
to divisions in C3. IPD3 is a transcriptional regulator that interacts with
the kinase CCaMK and is essential for release of bacteria from infection
threads (Horvath et al., 2011; Ovchinnikova et al., 2011; Singh et al,,

Fig. 10. Infection thread failed to pass the future nodule meristem cells (C3) before
stage IV in ipd3 mutant.

(A) Small non-infected ipd3 nodule with infection thread (arrow) arrested in outer
cortex layers. Nodule primordia (B) with infection threads (arrows) successfully
reached cells derived from C4/5 and (C) with infection thread (arrow) failed to pass
through C3 at stage IV.

In B and C a red line indicates the border between cells derived from C3 and C4.
Bars, 75 um.
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2014). The Medicago ipd3 (Mtsym1-1/TE7) mutant can form nodules
with a meristem and numerous infection threads from which rhizobia are
not released. However, many nodules remain very small and lack infection
threads (Fig. 10A) (Ovchinnikova et al., 2011).

To test whether lack of infection threads in primordia is due to delayed
infection thread growth in the outer cortex, serial sections of roots (1-5
dpi) were made. Two types of primordia were detected. One type is similar
to wt (Fig. 10B), C4 and C5 have formed about 8 cell layers and these
cells contain infection threads. So, the infection threads have successfully
passed C3. These primordia probably develop into nodules containing
numerous infection threads. The other type of primordium is composed of
cells derived from C5, C4 and C3. C3 has already periclinal divided several
times whereas the infection thread has just reached the outer cortex (Fig.
10C). These primordia probably result in small non-infected nodules (Fig.
10A) and this is consistent with the hypothesis that infection threads no
longer can traverse C3 when periclinal divisions have been induced (stage
1V). In this way, a few hours difference in reaching or passing C3 can
cause a major difference in nodule development.

lin

Rhizobium induced cell division in pericycle and endodermis is arrested
at an early stage (IV-V) of development. Some Medicago mutants
form nodules with central vascular bundles, whereas wt nodules have
peripheral vascular bundles. We hypothesize that this is due to more
extensive divisions in pericycle and endodermis. An example is LIN, which
is essential for infection (Kuppusamy et al., 2004; Kiss et al., 2009; Guan
et al.,, 2013) and codes for a E3 ubiquitin ligase. lin-1 (Kuppusamy et
al., 2004) forms non-infected nodules with central vascular bundles (Fig.
11A).

We tested our hypothesis in lin-1 primordia by using the endodermis
marker (AtCASP1::GUS). In several primordia, cortical divisions (C4/5)
are at stage I11-1V, while pericycle and endodermis divisions are at stage
V or have divided even more frequently (Fig. 11B). In addition to that, C3
divisions are in between stage II-1V and never go further than stage IV.
This indicates that the higher mitotic activity of pericycle and endodermis
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probably leads to the formation of central vascular bundles (Fig. 11C).
The phenotype of the lin-1 mutant suggests that the expression of this
gene is important to block at an early stage of development cell divisions
in endodermis/pericycle derived cells.

Fig. 11. Extensive cell divisions in root pericycle and endodermis during lin1l-1 nodule
primordium development correlates with formation of central vascular bundle.

Two weeks old lin1-1 nodule (A), which have a few central vascular bundles (arrows)
and does not have a meristem. (B) In AtCASP1::GUS expressing linl-1 roots, a
nodule primordium has more endodermis and pericycle divisions than the wt stage V
primordium. The number of C3 and C4/5 derived cells are less or comparable to wt cell
numbers at stage IV. (C) Central vascular bundles of lin1-1 nodules are derived from
pericycle.

In B and C the lines confine cells derived from endodermis.

Bars, 75 pm.

Integrated model for cell fate control and initiation of cell division

Fig. 12. Indeterminate root nodule fate map, (A) nodule primordium and (B) nodule.
The origins of cells in primordium and nodule are indicated by the same colour.
The origin of nodule cortex are not shown.
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Table 1. Characteristics of the Medicago nodule primordia developmental stages.

- . . Infection
Stages Primordia Characteristics Thread Tip
| 1) Pericycle: anticlinal divisions -
1 1) C4/5: anticlinal divisions ---
1) C3: anticlinal divisions
1 2) C4/5: first periclinal division C3orC4
3) Endodermis: anticlinal divisions
1) C2: anticlinal divisions
2) C3: first periclinal divisions
v C4/5
3) C4/5: cell division continued
4) Endodermis/pericycle: first periclinal divisions
1) C3: multi layered (future) meristem
2) C4/5:
i central part cell division stops
ii. 6-8 cell layers
iii. central cells start to enlarge
Central part
\% iv. peripheral cells start to differentiate into vascular of C4/5
bundles and peripheral tissues derived cells
3) Endodermis/pericycle:
i central part cell division stops
ii. 6-8 cell layers
iii. peripheral cells start to differentiate into vascular
bundles and peripheral tissues
1) C3: functional meristem start adding cells to the
nodule
2) CA4/5:
i. central cells enlarged
Central part
ii. peripheral cells differentiated into vascular of C4/5
VI bundles and peripheral tissues derived cells
(bacteria
3) Endodermis/pericycle: released)
i. central cells differentiated to parenchyma and an
endodermis layer with casparian strips
ii. peripheral cells differentiated to vascular bundles
and peripheral tissues
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In this study we produced a fate map for Medicago root nodules. This
fate map is summarized in the cartoon shown in Fig. 12 and Table 1.
In a mature nodule, about 8 cell layers of the basal part of the nodule
tissue are derived directly from the nodule primordium (C4/5 derived)
and not from the meristem. The uninfected basal tissues develop from
primordium cells, which are derived from endodermis and pericycle. The
nodule meristem is derived from a single central cortical layer (C3) and
when the meristem becomes functional at stage VI, it continuously adds
cells to the different nodule tissues.

Nodule primordium formation starts with cell divisions in the pericycle and
subsequently extends towards more outer layers. When pericycle cells are
mitotically activated by Nod factors secreted by rhizobia the bacteria are
still present at or in the epidermis. As Nod factors are rather immobile
signal molecules (Goedhart et al.,, 2000), perception of Nod factors at
the epidermis most likely triggers mitotic activity in inner root cell layers.
So how could an exogenously applied signal lead to cell division starting
in the cell layer that is most remote, while the cells closest to the signal
respond last?

Previously, we made a theoretical model to investigate how Nod factors
can induce cortical cell divisions (Deinum et al., 2012). It is known that
Nod factor perception leads to cytokinin signaling (den Camp et al., 2011),
while cortical cell division is associated with increased auxin (Mathesius
et al., 1998). Cytokinin is known to affect negatively the accumulation
of auxin efflux carriers (PIN) in the plasma membrane (Dello Ioio et al.,
2008; Marhavy et al.,, 2011). Therefore we simulated that Nod factor
signaling induces the decrease of the level of PIN protein in all cortical
cell layers of the region responding to Nod factors. This block of cortical
cells was named “controlled area”. This resulted, in the model, in a local
increase of auxin in the cortex which coincided with the site were cortical
cell divisions are induced. Here we included the pericycle and endodermis
into the “controlled area” (Fig. 13A) and further we focused on the early
dynamics of the predicted auxin accumulation in the cell layers where cell
division is induced.

For our current simulations we start from a PIN layout that gave rise to
auxin accumulation in inner root layers (Fig. 13B), as divisions have been

76



Root nodule fate map

Fig. 13. Auxin accumulation following a local reduction of the effective efflux permeability
starts from the inner root layers.

Simulations are based on a root segment representing the susceptible zone of Medicago
roots (A) (Deinum et. al, 2012). At T = 0 s, the efflux is reduced in a block of cells that
is 5 cells long and comprises all cell files from epidermis to pericycle. This we call the
“controlled area”. The PIN distribution (B) of this root segment is such that the main
auxin flux in the vascular tissue is rootward and reversed in the cortex. The starting
concentration of PINs in each membrane segment is one of three levels: “high” (red,
P = 20 um s™), “low” (cyan, P, = 5 um s*), or “bg” (background level; white, P_,
= 1 um s?) (Laskowski et al., 2008; Deinum et al., 2012). The colored symbols serve
as a legend for F-H. (C-E) Concentration heat maps of the middle part of the root
segment including the controlled areaat T =1 min (C), T=5min (D) and T=1 h (E)
(Movie 1). (F) The concentration in the middle row of cells is tracked for all cell files
in the controlled area. The concentration in the pericycle remains highest, followed
by endodermis and inner cortex (C5). (G) When rescaling the concentration in each
file from its starting level to the level reached at the end of the simulation (T = 1 h),
it becomes clear that the concentration in the pericycle increased first, followed by
the other layers in an interior to exterior order. The moment of fastest concentration
increase, the peaks of the curves in H (time derivative of G, expressed in rescaled
concentration units per minute), showed the same relative order.

Start from pericycle, vasculature cell layer 1st (V1); 2nd (V2); 3rd (V3).
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observed to coincide with an auxin maximum (Mathesius et al., 1998; own
observations). This layout, and all variants that we have used, produce
a root-ward auxin flux in the stele/vascular tissue and a shoot-ward and
inward flux in the cortex.

The reduction of membrane PINs resulted in an increase of the auxin
concentration in all cell layers. However, only in the pericycle, endodermis
and inner cortical layers the auxin concentration in the controlled area
reached a level similar to or higher than the vascular starting level.
Furthermore, in the outer layers the absolute increase was very small
compared to this (Fig. 13C-F). A detailed modeling study of the auxin
sensing system of TIR1-SCF controlled ubiquitination of Aux/IAA proteins
showed it has the potential to detect changes in auxin concentration
(Middleton et al., 2010). We therefore plotted the concentration increase
in each layer normalized by the concentrations at the beginning and the
end of the simulation (Fig. 13G) and the time derivative of these curves
(Fig. 13H). This shows that the auxin concentration increased first and
fastest in the pericycle, followed by the endodermis and C5 and then by
other layers in an outward fashion. The time derivatives (Fig. 13H) clearly
show that the pericycle was also the first layer where the increase of
concentration started slowing down; the peaks of these curves occurred
in an interior to exterior order. Two sets of control simulations, slowing
down the dynamics by decreasing all influx and efflux parameters (Fig.
S5) and changing the cortical auxin distribution of the segment by varying
the inward: outward ratio of the cortical PINs (Fig. S6), show that auxin
accumulation from the inner layers is a robust feature of the model.

If we use auxin as a proxy for the induction of cell divisions, these results
predict that the divisions would start from the interior layers and proceed
outward. This would happen both when absolute auxin concentration
controls divisions, and when the change in auxin concentration does it.
So this model can explain the initial steps (stage | and Il) of nodule
primordium formation, although this does not address the later stages.

Divisions in pericycle and endodermis are arrested when a few layers
are formed. In the lin mutant the arrest of division in these cell layers
is delayed and this is correlated with the formation of vasculature in the
central region of the nodules. As this vasculature is not well integrated
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into nodule tissue derived from cortical cells, it underlines the importance
of an early block of division in pericycle and endodermis.

In nodule primordia where rhizobia are not released central tissue cells
(and their nuclei) remain small as in ipd3 and lin. Therefore it is probable
that induction of endoreduplication requires release of rhizobia from
infection threads or vice versa.

Our nodule fate map underlines the impact of the multistep nature of
nodule formation as well as the involvement of different root tissues in
nodule formation. Similar processes can occur at different time points
and in different cell types. A clear example is the release of rhizobia
from infection threads in nodule primordium cells and in daughter cells
of the meristem. In the latter case, NF-YA1 appeared to be essential for
release, whereas release is not affected in primordium cells of the nf-
yal-1 mutant. This shows that similar processes can be controlled by
different mechanisms (or with different stringency) during subsequent
steps of nodule development.

In conclusion we have shown that a nodule fate map is indispensable for
identification of the affected developmental steps in nodulation mutants.

MATERIALS AND METHODS
Plant materials and bacterial strains

M. truncatula accession Jemalong Al7 plants were used to study
nodule primordium formation. This accession is also used to generate
Agrobacterium rhizogenes (strain MSU440) mediated transgenic roots
as previously described by Limpens et al. (2004). Another M. truncatula
accession that is used is R108. This accession has roots with 5 or 4 cortical
layers. In both root types nodule meristem is derived from C3. Root with
5 cortical cell layers the formation of primordia is similar as described for
Al7 in Fig.1l. M. truncatula accession R108 seedlings were used to make
the stable AtCycIB1.1::GUS (Burssens et al., 2000) transgenic line by
using Agrobacterium tumefaciens (strain AGL1) and followed the protocol
described by Chabaud et al. (2003). MtCCS52A::GUS is also introduced
in R108 (Vinardell et al., 2003). The symbiotic mutants re-analyzed in
this study were described previously, namely nf-yal-1 in Laporte et al.
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(2014), sickle in Penmetsa and Cook (1997), ipd3 in Ovchinnikova et al.
(2011) and lin1-1 in Kuppusamy et al. (2004). The surface-sterilization
and germination of Medicago seeds were performed as previously
described by Limpens et al. (2004). Roots of A17 were inoculated with
Sinorhizobium meliloti (S. meliloti) strain 2011 and R108 with S. meliloti
Rm41.

Constructs

The AtCASP1::GUS construct is described in Roppolo et al. (2011).
For MtENOD40::GUS and AtSCR::GUS constructs, DNA fragments of
putative promoters were amplified from M. truncatula and A. thaliana
genomic DNA respectively using primer combinations listed in Table S2
and Phusion™ High-Fidelity DNA Polymerase (Finnzymes).Then, the
Gateway® technology (Invitrogen) was used to create genetic promoter-
GUS constructs (Karimi et al., 2002). For MtENOD40::GUS, the pENTR™/
D-TOPO® Cloning Kits (Invitrogen) was used to create entry clones. The
entry vector was recombined into Gateway®-compatible binary vector
pKGW-RR, that contains GUS reporter gene and AtUBQ10::DsRED1
as a selection marker (Limpens et al.,, 2004), by using Gateway® LR
Clonase® Il enzyme mix (Invitrogen). For AtSCR::GUS, the AtSCR DNA
fragment was introduced into Gateway® donor vector pENTR4-1, GUS
reporter gene into pENTR1-2 and 35S CaMV terminator into pENTR2-3,
using Gateway® BP Clonase® Il enzyme mix. These entry vectors were
recombined into Gateway®-compatible binary vector pKGW-RR-MGW,
that contains AtUBQ10::DsRED1 as a selection marker using Gateway®
LR Clonase® Il Plus enzyme mix (Invitrogen).

Histochemical B-glucuronidase (GUS) staining

Transgenic plant material (nodules and part of roots) containing GUS
constructs were incubated in GUS buffer (3% sucrose, 2 mM K Fe(CN),,
2 mM K,Fe(CN),, 10 mM EDTA, and 1 mg/ml X-Gluc salt in 100 mM
phosphate buffer solution, pH 7.0) under vacuum for 30 min and then at
37 °C for 3 to 24 h (Jefferson et al., 1987).

Tissue embedding, sectioning and section staining
Root segments and nodules were fixed at 4 °C overnight with 4%
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paraformaldehyde (w/v), 5% glutaraldehyde (v/v) in 0.05 M sodium
phosphate buffer (pH 7.2). The fixed material was dehydrated in an
ethanol series and subsequently embedded in Technovit 7100 (Heraeus
Kulzer) according to the manufacturer’s protocol. Five um thin longitudinal
sections were made by using a RJ2035 microtome (Leica Microsystems,
Rijswijk, The Netherland), stained 5 min in 0.05% toluidine blue O. For
GUS stained plant material 9-10 pm thick longitudinal sections were
stained for 15 min in 0.1% ruthenium red. Sections were analysed by
using a DM5500B microscope equipped with a DFC425C camera (Leica
Microsystems, Wetzlar, Germany).

Simulation methods

We used our previously described simulation platform (Deinum et al., 2012)
to simulate changes in auxin transport in root segments representing the
susceptible zone of legume roots. Inside cells and within the apoplast,
auxin moves by diffusion with diffusion constants 300 um? st and 44
pm? st respectively. Auxin transport over membranes is modeled using
effective permeabilities. This results in an outward flux of J__ =C_, P —
C,.i P.e » With negative values indicating a net inward flux. In this, C_, and
C__ are the concentrations in the pixels on either side of the membrane,

wall

P, is the local effective efflux permeability, which starts at one of three
levels (“high” = 20 pm s1, “low” = 5 um s7?, or “bg” (background level)
= 1 pm s* as shown in fig. 3B), and P, . = 20 um s* the effective influx

permeability, as shown in figure 13A.

The PIN layout of these root segments is derived from the model of
(Laskowski et al., 2008), which is based on their experimental observations
in Arabidopsis, with cell sizes and number of cortical layers adapted to the
Medicago geometry. Individual cells are 100 pm long and 20 um (cortex)
or 10 um (all others) wide.

In the middle of the segment we have indicated a five cell long block of
cells, comprising epidermis to pericycle on one side of the root, which
we call the “controlled area”. At T = O we reduce all P_, parameters in
the controlled area by a factor 10. Using larger factors did not affect the
qualitative behaviour of the model, i.e., any of the effects described in
the main text. It only resulted in larger absolute increases of the auxin
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concentration and corresponding increases of the time to reach the new
steady state concentration (not shown).

The full segments are 28 cells long to avoid boundary effects near the
controlled area. For further details and references, see (Deinum et al.,
2012). Because we focus on early events we used a smaller integration
time step of 0.1 second.
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SUPPLEMENTARY FIGURES AND TABLE

Fig. S1. AtSCR::GUS is expressed in endodermis (A) and cells derived from endodermis
(B) and these cells are not infected by rhizobium (B-C). Infection threads are indicated
by arrows.

In B, cells at the periphery region (indicated in between black lines) will differentiate
into nodule parenchyma include vascular bundles and endodermis.

Bars, 75 um.

Fig. S2. Casparian strips are present in cells where AtCASP1::GUS is expressed.

Split channels of Fig. 5D. (A) AtCASP1::GUS is expressed in NVE but not in NE; (B)
Casparian strips (arrows) are present in NVE but not in NE.

Bars, 50 pm.
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Fig. S3. S. meliloti strain 2011 expresses nifH::GFP in nf-yal-1 nodules.
Bars, 250 um.

Fig. S4. Three weeks old sickle nodules (A-B) in comparison to wt nodules (C).
(A) Nodules formed at the “sickle” shaped zone. (B) Small pink nodules.
Bars, 250 pm.

87



CHAPTER 3

Fig. S5. Also with slowed down auxin dynamics, auxin accumulation following a local
10x reduction of the effective efflux permeability starts from the inner root layers.
The starting concentration of PINs in each membrane segment is one of three levels:
“high” (red, P = 2 um s*), “low” (cyan, P_. = 0.5 um s*), or “bg” (white, P, = 0.1
pm s?1) (Deinum et. al, 2012). (A-C) Concentration heat maps of the part of the root
segment including the controlled area at T =5 min (A), T=30 min (B) and T = 2
h (C). (D) The concentration in the middle row of cells is tracked for all cell files in
the controlled area. The concentration in the pericycle remains highest, followed by
endodermis and inner cortex (C5). (E) When rescaling the concentration in each file
from its starting level to the level reached at the end of the simulation (T = 20 h),
it becomes clear that the concentration in the pericycle increased first, followed by
the other layers in an interior to exterior order. The moment of fastest concentration
increase, the peaks of the curves in F (time derivative of E, expressed in rescaled
concentration units per minute), showed the same relative order.
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Fig. S6. Auxin accumulation always starts from the interior layers, regardless of inward:
outward PIN bias in the cortex.

The amount of PIN (P_.) before efflux reduction in the abaxial membrane of the cortical
cells decreases from A, with P, = 5 um s* (“low”) for abaxial and adaxial cell faces,
to E, with P_. = 1 ym s* (*bg”) for the abaxial cell face. This is illustrated in the
cartoon on top. The root from Fig. 13, E in this figure, is marked with an asterisk
(*). The full PIN distribution pattern is illustrated for A and E similar to Fig. 13B. This
also shows the markers for the different cell layers. I: Concentration in the controlled
area from the moment of efflux reduction (c.f. Fig. 13F). II: Concentration, rescaled
from the initial value to the concentration at the end of the simulation (T = 1 h; c.f.
Fig. 13G). Ill: Concentration change. This is the time derivative of Il, expressed in
rescaled concentration units per minute (c.f. Fig. 13H). In all cases (A-E) the same
relative order occurs: the first, strongest and fastest increase occurs in the pericycle,
followed by endodermis, C5, etc. towards outer layers. The stronger the inward bias
of the cortical PINs, the lower the steady state concentrations reached in the exterior
root layers epidermis and outer cortex. It is likely that with a strong inward bias, i.e.,
towards the bottom of the figure, the maximum concentration reached in the outer
cortex is insufficient to trigger a cell division response.
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Table S1. List of primers used for MtENOD40 and AtSCR promoter amplification.

Gene name

Corresponding
gene locus

Primer name

Primer sequence (5'-3)

pMtENOD40-F

cacctaaattgtcagtctcgtaaaatagc

MtENODA40 AJ388939.1
pMtENOD40-R tctctgatcattgttttaaatacttg
AtSCR-F aacacgtcgtccgtgtctc
AtSCARECROW At3g54210 P g greoe
PAtSCR-R gtaagaaaagggttaaatccaaaatcg
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CHAPTER 4
SUMMARY

Legumes can establish a symbiosis with rhizobium by forming a novel
plant organ, the root nodule. There are indications that auxin is involved
in nodule organogenesis. Some studies showed that auxin accumulates
during nodulation by using reporter constructs. However, how this auxin
landscape is created is not known. In this chapter, we studied how the
auxin accumulation pattern is created and maintained during nodulation
by analysing the expression and accumulation of auxin efflux carriers,
PIN proteins. We first analysed the auxin accumulation pattern during
subsequent nodule primordium developmental stages by using DR5::GUS
as reporter system. This showed that auxin accumulation associates with
mitotic activity within the primordium. Further, we tested whether the
accumulation of auxin during nodulation is induced by a local reduction
of PIN activity. However, this was hampered due to the low level of PIN
proteins present in the susceptible zone of the root. It is still possible that
auxin accumulation is initiated by a decrease of PIN levels. However, MtPIN2
and MtPIN10O proteins accumulate in cells that will form a primordium
prior cell division. At initial stages (I-111) these MtPINs accumulate in all
primordium cells. At later stages (I1V-VI), MtPIN10 mainly accumulates
at the nodule periphery and MtPIN2 mainly at the future meristem (C3
derived cells). Further, a Mtpin10-1 mutant forms nodule primordia with
more cell layers. Based on these observations we conclude that MtPINs
play a role in the accumulation of auxin in primordia at early stages and
the formation of an auxin maximum in the nodule meristem at later stages
(1V-VI).

Keywords: Medicago, root nodule, nodule primordium, auxin, DR5, MtPIN
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INTRODUCTION

Rhizobium can establish a symbiotic relationship with legume plants
and this leads to the formation of root nodules. This involves the mitotic
reactivation of cortex, endodermis and pericycle cells, by which a nodule
primordium is formed (Xiao et al., 2014). Within these primordia an
increased auxin response occurs (Mathesius et al., 1998; Huo et al., 2006;
Suzaki et al., 2012; Turner et al., 2013). It has been hypothesised that this
is caused by a local increase in auxin levels, which is triggered by a local
reduction of auxin efflux (Deinum et al.,, 2012). In a theoretical model
this is the most efficient way to increase the auxin levels in cells that form
the nodule primordium. However, this hypothesis remains to be tested
experimentally. To test this, we characterized the Medicago truncatula
(Medicago) auxin efflux carriers (MtPINs) and determined during nodule
primordium formation, the dynamics of MtPIN expression as well as their
subcellular localization. Further, the importance of MtPINs was studied in
a loss of function mutant of one abundantly expressed MtPIN gene.

On the roots of legume plants, soil-borne bacteria, collectively known as
rhizobium are able to induce the formation of organised structures, called
root nodules. Rhizobia become hosted herein and provide ammonia to
the plant. In return the host provides rhizobium with sugars and other
nutrients. Nodule formation is initiated by lipo-oligosaccharides, called
Nod factors, secreted by rhizobia. These signal molecules are also required
for rhizobial infection. Rhizobia penetrate the root via root hairs, where
tubular structures called infection threads are formed. Concomitantly,
differentiated root cells are mitotically activated in an organised manner
by which the nodule primordium is formed (Xiao et al.,, 2014). The
infection thread that contains rhizobia, grows towards the primordium
and there bacteria are released into the host cells. During this process
bacteria become surrounded by a host-derived membrane and in this
way transient organelles, designated symbiosomes, are formed (Roth and
Stacey, 1989). In the primordium a meristem is formed by which facilitates
further growth of the nodule. In general, two types of nodules can be
distinguished based on the lifespan of the meristem, determinate and
indeterminate nodules. In determinate nodules (e.g. Lotus) the meristem
is active for a short time, while in indeterminate nodules (e.g. Medicago)
a persistent meristem is formed.
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Medicago is the model legume to study indeterminate nodule development.
A detailed Medicago nodule fate map has recently been made (Xiao et
al., 2014). It describes how cells of the cortical cell layers, endodermis
and pericycle contribute to the development of a nodule. We hypothesise
that an increased auxin response during primordium formation correlates
with mitotic activity. Therefore, we will summarize the fate map and
focus on where and when cell division occurs during the 6 stages of
primordium development. Cell division starts in pericycle cells (stage 1)
and immediately extends to (inner) cortical cell layers 4 and 5 (C4/5)
(stage Il). From stage Ill until stage IV cell division is maintained in
C4/5 and this leads to 6-8 cells layers. Further, C3 and endodermis also
divide but with a lower frequency. At stage V, cell division continues in
C3 (meristem), whereas division stops in the cells derived of pericycle,
endodermis, C4/5 that are located in the central part of the primordium.
At the periphery of the primordium some groups of cells continue with a
few additional anticlinal divisions (from Stage 1V) and will develop into
nodule vascular bundles.

In both determinate and indeterminate nodule formation, auxin
responsive promoter activity suggests that auxin accumulates during
nodule formation (Mathesius et al., 1998; Huo et al.,, 2006; Suzaki et
al., 2012; Turner et al., 2013). Most studies have made use of the auxin
responsive promoter DR5 (Huo et al., 2006; Suzaki et al., 2012; Turner
et al.,, 2013) or GH3 (Mathesius et al., 1998). For determinate nodule
development detailed DR5 expression patterns have been obtained in
Lotus (Suzaki et al., 2012) and Soybean (Turner et al., 2013). In the
case of Lotus nodule development, the DR5 promoter is first activated in
the cells that divide, which are the outer cortical cells, and also at later
stages DR5 expression seems to correlate (more or less) with mitotic
activity (Suzaki et al.,, 2012). During indeterminate nodule primordium
development auxin response promoter activity has also been shown to be
increased (Mathesius et al., 1998; Huo et al., 2006). However, whether it
correlates with mitotic activity at all stages of development, has not been
studied. The detailed fate map for Medicago nodule development allows
us to study this.

Genetic studies on model legumes have revealed a group of genes that
are important for Nod factor perception and the signalling pathway that
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is activated. This includes 2 LysM receptor-like kinases (NFR1 /NFR5 in
lotus, and NFP/ LYK3 in Medicago) located at the plasma membrane (Ben
Amor et al., 2003; Radutoiu et al., 2003; Arrighi et al., 2007; Smit et al.,
2007); a plasma membrane located LRR-type receptor kinase (SYMRK or
DMI2), a nuclear envelop localized ion channel (CASTOR and POLLUX or
DMI1) that is essential for the induction of calcium spiking (Endre et al.,
2002; Bersoult et al., 2005; Imaizumi-Anraku et al., 2005; Limpens et
al., 2005; Charpentier et al., 2008); a calcium and calmodulin-dependent
kinase (CCaMK or DMI3) to recognize the oscillating calcium signal (Levy
et al., 2004; Mitra et al., 2004) and to activate a transcriptional regulator
(CYCLOPS or IPD3) (Yano et al., 2008; Horvath et al., 2011; Ovchinnikova
et al.,, 2011; Singh et al.,, 2014). Downstream of CCaMK/CYCLOPS,
several other transcription factors are active. This includes two GRAS type
transcription regulators (NSP1 and NSP2) (Kalo et al., 2005; Smit et al.,,
2005); an ethylene response factor (ERN1) (Andriankaja et al., 2007)
and nodule inception (NIN) (Marsh et al., 2007). These transcription
factors are involved in nodule organogenesis as well as infection. Further,
Nod factor signalling induced nodule organogenesis requires a specific
cytokinin receptor, CRE1 (Murray et al.,, 2007; Plet et al., 2011). This
indicates that Nod factor induced cytokinin signaling is essential for nodule
organogenesis.

The importance of cytokinin signalling in nodule organogenesis seems
contradictory to the involvement of auxin. Recently, they were theoretically
brought together by a computer simulation, which proposed that Nod
factor induced cytokinin signalling triggers local reduction of the level of
auxin efflux proteins (PINs). PINs are generally polar localized in cells
and export auxin directionally (Benkova et al., 2003; Vieten et al., 2005;
Petrasek et al., 2006; Wisniewska et al., 2006; Vieten et al., 2007; Krecek
et al., 2009; Peret et al., 2013). This model showed that in this way a
local auxin maximum is formed that could initiate primordium formation
(Deinum et al., 2012).

In this study, we shows that during Medicago nodule primordium
development mitotic activity and high auxin response strictly correlate. At
a very early stage the expression level of MtPINs is transiently decreased
preceding the first mitotic activity. Subsequently, MtPIN2 and MtPIN10O
were shown to be induced during all stages of primordium formation.
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Their function is studied by determining their subcellular location and the
effect of a loss of function mutation in MtPIN10.

RESULTS

Auxin accumulation coincides with cell divisions during root
nodule primordium formation

To determine the dynamics of auxin accumulation during different stages
of nodule primordium development, we used a transgenic Medicago
line containing the auxin-response promoter DR5 fused to GUS gene
(B-glucuronidase). After inoculation with Sinorhizobium meliloti 2011,
roots were harvested at different time points and sectioned (Fig. 1). At
stage | (Fig. 1A), DR5 is expressed in the dividing pericycle cells and it
is also active in not yet dividing cells of endodermis and cortex. At stage
Il (Fig. 1B) DR5 expression is maintained in these inner layers and has
extended to outer layers. At stage 11l and IV (Fig. 1C, D), DR5 expression
is high in C4/5 derived cells. Although cell division has started in C3,
the GUS signal is lower than in the C4/5 derived cells. This might be
because C3 cells still contain relatively large vacuoles, whereas the C4/5
derived cells are more cytoplasmic rich. DR5 expression starts to reduce in
pericycle and endodermis, which correlates with decreased cell division at
those stage. At stage V and VI (Fig. 1E, G), DR5 is highly expressed in the
(future) meristem (C3 derived cells). During stage V the expression level
in the C4/5 derived cells of the central part of the primordium markedly
decreases and at stage VI it is no longer detectable (Fig. 1G). In young
(non-dividing) infected cells directly adjacent to the meristem some GUS
protein is present. This might be due to the relatively stable nature of
GUS. Further, at the periphery vascular bundles start to be formed and in
these dividing cells DR5::GUS is (weakly) expressed. So, mitotic activity
in primordia and young nodules correlates with DR5 expression, whereas
endoreduplication in the C4/5 derived cells does not.

Characterization of the Medicago PIN family

Our theoretical model indicated that auxin accumulation in the nodule
primordium can be triggered by a local reduction of the PIN proteins
(Deinum et al., 2012). To be able to test this model, we identified all
Medicago homologs in the Mt4.0 genome database by reciprocal BLAST
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Fig. 1. DR5::GUS expression in different root nodule development stages.

(A) Stage I, DR5 is expressed in the dividing pericycle cells and not yet dividing
endodermis and inner cortex (C5 and C4) cells. (B) Stage Il, DR5 is expressed in
pericycle, endodermis and all cortex cell layers. (C-D) Stage Il11-1V, DR5 expression is
high in C4/5 derived cells and it is also expressed in C3 (and outer cortex). (E) Stage
V, DR5 is highest expressed in the (future) meristem (C3 derived cells) and expression
level in the pericycle, endodermis and C4/5 derived cells markedly decreases (arrow).
(F) Stage VI, DR5 is highly expressed in nodule meristem and (non-dividing) infected
cells directly adjacent to the meristem. It is also weakly expressed in the developing
nodule vascular tissue.

ep, epidermis; C1, 1st cortical cell layer; C2, 2nd cortical cell layer; C3, 3rd cortical
cell layer; C4, 4th cortical cell layer; C5, 5th cortical cell layer; ed, endodermis; pc,
pericycle

Bar equal to 75 pm.
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using the Arabidopsis PIN genes. In this way we identified 12 putative
PIN genes in the Medicago genome. Two of these have not been reported
previously, and were named MtPIN11 (Mt6G011400) and MtPIN12
(Mt2G038470) (Table 1).

Table 1 Arabidopsis PINs and Medicago PINs in different groups from phylogeny analysis

Group Arallgllcli\lospss AtPINs gene Me,fl',‘fggo MtPINs gene
number (AtPINS) 1D (MtPINs) 1D

MtPINS Mt7G009370

Group 3A AtPIN8 At5G15100
MtPIN11 Mt6G011400

And and and
and and

Group 3B AtPIN5S At5G16530
MtPIN9 Mt7G079720
MtPIN2 Mt4G127100
Group 4 AtPIN2 At5G57090 MtPIN7 Mt4G127090
MtPIN12 Mt2G038470
MtPIN4 Mt6G069510

Group 5 AtPIN1 At1G73590
MtPIN5S Mt8G107360
Group 6 -- -- MtPIN10 Mt7G089360

AtPIN3 At1G70940
MtPIN1 Mt4G084870

Group 7 AtPIN4 At2G01420
MtPIN3 Mt1G030890

AtPIN7 At1G23080
Group 8 AtPING At1G77110 MtPING Mt1G029190

The phylogeny of PIN genes is studied intensively in higher plants, showing
a conserved topology with 6 groups in higher plants (Krecek et al., 2009).
PINs can be divided into two major subclasses according to phylogenetic
and functional analyses; the endoplasmic reticulum localized PIN5-type
(groups 3 and 8; short PINs) and the plasma membrane localized PIN1-
type (groups 4 to 7; long PINs).

To establish the relation of Medicago PINs to known PIN genes a
phylogenetic tree was reconstructed involving PIN genes of 29 species
representing all major plant lineages (Fig. S1). The Medicago PIN genes
all belong to the previously identified 6 groups. In comparison to non-
legumes MtPINs in group 3 (subgroup 3A), group 4, group 5 and group 7
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have been duplicated. These duplications are conserved in other legume
species, suggesting a common origin. The newly identified MtPIN11 is a
short PIN belonging to subgroup 3A (Fig. S1G), whereas MtPIN12 is a long
PIN that groups to group 4 (Fig. S1C). Furthermore, the group 4 genes
MtPIN2 and MtPIN7 originated from a recent duplication in the Medicago
lineage. All Medicago PIN genes have an orthologue in Arabidopsis, with
the exception of MtPIN10 (group 6; Fig. S1B). This gene is also not present
in other Brassicaceae species.

In this study we focused on the plasma membrane located PINs (PIN1-
type). These belong to group 4 to 7, and include MtPIN1, 2, 3, 4,5, 7, 10
and 12.

Nod factor signalling transiently represses MtPIN expression and
subsequently induces MtPIN2 expression

Rhizobium can only mitotically activate root cells in a specific zone. This
is the susceptible zone, which is the region where root hairs emerge
and grow. Therefore, we tested by qRT-PCR which PIN1-type genes are
expressed in this zone using RNA from the susceptible zone as template.
This showed that MtPIN1, 2, 3, 4 and 10 are expressed in this zone,
whereas the expression of MtPIN5, 7, and 12 is very low (Fig. S2).
Therefore, we further only studied MtPIN1, 2, 3, 4 and 10.

To determine the spatial expression pattern of these MtPINs in Medicago
root, about 2.5 Kbp upstream of the coding region of a MtPIN gene was

Fig. 2. MtPIN promoter derived GUS expression in Medicago roots.

Longitudinal sections of the root susceptible zone of MtPIN1::GUS, MtPIN2::GUS,
MtPIN3::GUS, MtPIN4::GUS or MtPIN10::GUS expressing roots. (A-C) MtPIN1, 2, and
3 are expressed in the cortex and epidermis; (D) MtPIN4 is expressed in all vascular
tissues; (E) MtPIN1O is expressed in the pericycle.

Bar equals to 75 pm.
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used to drive the expression of GUS. Agrobacterium rhizogenes mediated
transformation was used to generate transgenic roots. Sections of
these roots showed that these 5 MtPINs are expressed at a markedly
higher level in the meristem than in the susceptible zone (Fig. 2). In the
susceptible zone MtPIN1, 2, and 3 (Fig. 2A-C) are expressed in the cortex
and epidermis; MtPIN4 (Fig. 2D) is expressed in all vascular tissues and
MtPIN10O (Fig. 2E) is expressed in the pericycle. The expression patterns
are described in more detail in Fig. S3.

To test whether auxin accumulation involves a reduction of PIN levels
during nodule primordium formation, we first determined whether MtPIN
expression level is reduced. Our DR5::GUS expression studies (Fig. 1)
indicated that during nodule primordium formation auxin accumulation
precedes cell division. Therefore, we studied MtPINs expression during the
first 3 hours after Nod factor application by qRT-PCR (Fig. 3). This showed
that the expression of MtPIN1, 2, 3, 4 and 10 are all reduced at least 2
fold, within 1 h after Nod factor application. However, the expression level
soon increased after this reduction. At 3 h after Nod factor treatment
MtPINs expression levels were similar to control or higher. Especially,
MtPIN2 shows more than 3 fold increase compared to control.
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Fig. 3. MtPIN expression transiently decreased upon Nod factor treatment.

Real time gRT-PCR of MtPIN1, 2, 3, 4 and 10 expression at the root susceptible
zone treated with S. meliloti Nod factor for 30 min, 1 hour, 3 hours and water (MQ)
inoculated control.

Data are means +/-SD.
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So, MtPINs expression is reduced shortly after Nod factor application,
which is consistent with the model. However, markedly before the first
divisions have occurred (24 h) the expression of MtPINs is up-regulated.
This transiently reduced expression happens in a too short time window
to visualise it in transgenic roots expressing a MtPIN::GUS construct
(data not shown). Further, the expression level of the MtPIN genes in the
susceptible zone, turned out to be too low to visualise the MtPIN proteins
in a reproducible quantitative manner (see below). However, the increased
expression of MtPIN genes (after their transiently reduced expression),
allowed studies on MtPINs during nodule primordium formation.

MtPIN expression is enhanced during nodule primordium formation

We determined the spatial expression pattern of MtPIN1, MtPIN2, MtPIN3,
MtPIN4, and MtPIN1O during nodule primordium formation, by using
transgenic roots containing the MtPIN::GUS fusion constructs.

These roots were spot inoculated with S. meliloti and root fragments were
harvested 1-3 days post inoculation (dpi). Longitudinal sections show that
especially MtPIN2 and MtPIN10 are highly induced in primordia, whereas
the expression of the other 3 MtPIN genes is hardly affected (Fig. 4 and
Fig. S4). MtPIN1 (Fig. 4A, B), is expressed at a similar level in nodule
primordia as in surrounding non dividing cortical cells, whereas MtPIN3
(Fig. 4C, D) expression is reduced. MtPIN4 (Fig. 4E, F) remains active
in the endodermis and pericycle derived cells. MtPIN2 and MtPIN10O are
both induced in the dividing nodule primordium cells (Fig. 4G-L). In the
primordium, their expression co-localizes up to stage IV (Fig. 4G, J and
Fig. 4H, K). In addition MtPIN2 is also expressed in the epidermis and some
non-dividing outer cortical cells through which the infection thread has
passed (Fig. 4G). At stage IV, MtPIN2 (Fig. 4H) and MtPIN10 expression
is reduced in the centre of the primordia, where cells are infected by
infection thread. At stage V-VI, MtPIN2 (Fig. 41) is mainly expressed
in the nodule meristem and outer cortex cells that are adjacent to the
meristem. It is relatively weakly expressed in pericycle derived cells and
nodule periphery. In contrast, MtPIN10 (Fig. 4L) is mainly expressed in
pericycle derived cells and cells at the periphery that will differentiate into
nodule vascular bundles. It is relatively weakly expressed in the nodule
meristem.
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Fig. 4. MtPIN2 and MtPIN10 expression are induced in nodule primordium.
Longitudinal sections of root nodule primordia expressing (A, B) MtPIN1::GUS, (C,
D) MtPIN3::GUS, (E, F) MtPIN4::GUS, (G-1) MtPIN2::GUS or (J-L) MtPIN10::GUS
construct. (A, B) MtPIN1 is expressed at a similar level in nodule primordia and
the surrounding non dividing cortical cells; (C, D) MtPIN3 expression is reduced in
the dividing primordium cells; (E, F) MtPIN4 remains active in the endodermis and
pericycle derived cells. (G, H) MtPIN2 is expression is induced in dividing primordium
cells; outer cortex and epidermis cells which the infection thread has passed. (J, K)
MtPIN10 expression is induced in dividing primordium cells. At stage IV, (H, 1) MtPIN2
and (L) MtPIN10 expression are reduced in the infected primordium cells. At stage VI,
(1) MtPIN2 is primarily expressed in the nodule meristem and C2 cortex cells (arrows)
adjacent to meristem; relatively weak expressed in pericycle derived cells and nodule
periphery and infected cells. Whereas (L) MtPIN10 is primarily expressed in pericycle
derived cells and periphery cells that are going to differentiate to nodule vascular
bundles of the primordium; relatively weak expressed in the nodule meristem and
infected cells.

Bars equal to 75 pm.
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MtPIN2 and MtPIN10 are the highest expressed PIN genes during nodule
primordium formation. Therefore, these most likely are key players in
shaping the auxin landscape during nodule primordium formation. Auxin
flow and its accumulation pattern is mainly determined by the (polar)
subcellular position of PINs. Therefore, we determined the subcellular
localization of MtPIN2 and MtPIN10 during nodule primordium development.

MtPIN2 and MtPIN1O subcellular localization during nodule
primordium formation

Fig. 5. MtPIN2 accumulates prior cell division in cortex cells.

(A) MtPIN2-GFP accumulates in dividing pericycle cells and non-dividing cortex cells
(arrows). (B) It is accumulated in the cytoplasm surrounding the nuclei (arrows) and
at the cell plate.

Bar is equal to 60 pm in A; 30 um in B.

To determine the localization of MtPIN2 and MtPIN10, MtPIN2:eGFP and
MtPIN10:eGFP protein fusion constructs under the control of their own
promoter were made and introduced in Medicago roots. In the meristematic
region of the root these 2 MtPIN proteins can be detected and their polar
subcellular location is described in Fig. S5. In the susceptible zone both
PIN proteins are reduced to a level that is too low to allow reproducible
detection. Therefore, it was not possible to study whether the amount of
PIN protein in the plasma membrane is (transiently) reduced upon Nod
factor signalling.
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Fig. 6. MtPIN2 and MtPIN10 protein localization in nodule primordium.

(A) MtPIN2 and (D) MtPIN10 accumulate at the plasma membrane in dividing primordia
cells. They are positioned towards the center of the primordium in cells located at
the primordium periphery and have no polarity in cells located at the center of the
primordium. magnifications of (A) and (D) are shown in (B) and (E), respectively. At
stage V-VI, (C) MtPIN2 is specifically positioned to the nodule meristem in C2 cortex
cells adjacent to meristem; it is either positioned towards the nodule center or no
polarity in meristematic cells. Whereas (F) MtPIN10 is facing towards the root vascular
bundle in the pericycle derived cells; it is positioned towards the nodule meristem in
the cells at periphery that will form the nodule vascular tissues.

White arrowheads indicate the direction of auxin transport.

Bars equal to 60 um.

We determined the localization of MtPIN2 and MtPIN1O in nodule
primordium cells. At early stages (I-111, Fig. 5 and Fig. 6A, B, D, E), both
PIN GFP fusions accumulate in all nodule primordium cells. At stage | (Fig.
5A) MtPIN2 accumulates in the dividing pericycle cells. Further, MtPIN2
starts to accumulate in the cytoplasm in cortical cells that have not yet
divided (Fig. 5B). This is also the stage when auxin accumulates in these
cells (Fig. 1A). This suggests that in case the start of auxin accumulation
is indeed controlled by a transient reduction of PIN levels this reduction
will only last for a very short period.
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At stage IV-V (Fig. 6C), MtPIN2:eGFP accumulates in meristem, whereas
it only accumulates to a relatively low level at periphery and pericycle
derived cell. In contrast, MtPIN10 (Fig. 6F) accumulates at a relatively
high level in pericycle derived cells and periphery, whereas it is only
present at a low level in the meristem.

For the subcellular MtPINs localization, we analysed several primordia for
each stage and results are shown in Fig. 6 and Fig. S6, 7. An overview of
the subcellular localization of MtPIN2 and MtPIN10 is presented in cartoons
for stage Il and V, respectively (Fig. 7). At stage I-111, MtPIN2 and MtPIN10
co-localise in the dividing primordia cells. They are positioned towards the
center of the primordium in cells located at the primordium periphery. In
cells located at the center of the primordium, they are equally distributed
in the plasma membrane. This subcellular localization probably facilitates
transport of auxin to the primordium from the surrounding area and to
an equal distribution of auxin in the developing primordia. At later stages
(IV-VI), MtPIN2 in the cortex cells that are adjacent to the meristem,

Fig. 7. Conclusion of MtPIN2 and MtPIN10 plasma membrane positions and auxin levels
at nodule primordium stage Il and V.
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is positioned towards the meristem center. In the meristem, MtPIN2 is
positioned either to the nodule center or has no polarity. This indicates
that MtPIN2 maintains the auxin maximum in the meristem. In the
pericycle derived cells, MtPIN1O is especially present at the site facing
the root vasculature. This suggests that they could play a role in keeping
auxin levels low in the central part of the primordium. In the cells at the
periphery that will form the nodule vascular tissues, MtPIN10 is located
especially at the distal lateral site by which auxin is transported from
root vasculature to the meristem of the primordium/young nodule. Based
on this, we hypothesise that MtPINs proteins are specifically expressed
and positioned to transport auxin from cortex and root vascular into the
nodule primordium. At later stages the position of MtPIN2 and 10 will lead
to an auxin maximum in the meristem.

MtPIN1O is essential for nodule primordium development

A Medicago Mtpin10-1 mutant is available (Zhou et al., 2011). Therefore,
we could study whether this PIN is essential for nodule primordium
development. Mtpinl10-1 roots were harvested at different time points after
inoculation with rhizobia. Early stages of nodule primordium formation
are similar to wt. However, at stage IV-V, (Fig. 8A; about stage IV-V)
C4/5 derived cells form about 12 cell layers, which is markedly more than
in wt (around 8 cell layers). Further, C3 has formed multiple cell layers

Fig. 8. Mtpin10-1 nodules.

(A) Mtpin10-1 nodule primordium has 12 cell layers derived from C4/5. (B) Around
12 non-infected cell layers at the proximal part of the nodule, which are derived from
pericycle, endodermis and C4/5 cortex cell layers. And a relatively small meristem.
Bars equal to 75 pm.
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(comparable to wt stage V), but the infection thread has not reached C4/5
derived cells (comparable to wt stage V). In mature mutant nodules (Fig.
8B), the number of non-infected cell layers at the basis of the nodule is
markedly more than in wild type nodules. Together with the pericycle and
endodermis derived cells it forms 10-12 non-infected cell layers (wt forms
about 6 cell layers). Further, the nodule meristem is relatively small.

DISCUSSION

In this study we precisely determined the accumulation of auxin during
different stages of Medicago nodule primordium development. We showed
that auxin accumulation associates with mitotic activity induced in the
three (root) tissues that contribute to primordium formation. Further, we
tested whether a local reduction of PIN activity triggers the accumulation
of auxin. However, the low level of PIN proteins in the susceptible zone of
the root hampered these studies. In contrast, we showed that PIN proteins
accumulate in primordium when cell division occurs. This especially
involves MtPIN2 and MtPIN10. Based on their expression pattern and
subcellular location, we conclude that they control the accumulation of
auxin in primordia at early stages of development and the formation of
an auxin maximum in the nodule meristem at later stages. Functional
analysis of Mtpin10-1 mutant nodules supports that it is essential for
normal primordium development.

Auxin accumulation correlates with mitotic activity of the nodule
primordium

In this study we used DR5::GUS expression to study auxin accumulates
during Medicago nodule primordium formation. In general our auxin
activity pattern agrees with the results from clover (Mathesius et al.,
1998; Huo et al., 2006). It is active in the pericycle and cortex at early
stages of primordium formation, whereas at later stages the activity is
restricted to the vascular tissue and meristem of the young nodule.

Here, we showed that auxin accumulation (DR5) correlated with mitotic
activity during nodule formation. During stage I-111 auxin accumulates in
dividing cells derived from cortex, endodermis and pericycle. At stage IV
auxin levels decline in endodermis and pericycle derived cells coinciding
with reduced mitotic activity in these cells (Xiao et al., 2014). At stage
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V-VI, auxin is present in the developing vascular bundles, where cell
division continued.

Further, at stage V-VI auxin levels in the C4/5 derived cells are
markedly decreased, which coincides with their switch from mitosis to
endoreduplication. Auxin has been shown to repress the switch from
mitosis to endoreduplication in Arabidopsis roots (Ishida et al., 2010; Atif
et al., 2013). We expect that also in Medicago nodules auxin can repress
endoreduplication.

Auxin accumulation during nodule formation might be triggered
by a transient reduction of PIN expression

In this study, we tried to test the theoretical model, which predicts that
Nod factor signalling triggers auxin accumulation by locally reducing
PIN levels. Unfortunately, low PIN protein levels in the susceptible zone
hampered these studies. Although studies on PIN protein levels were
technically not possible we could still study the PIN transcript levels. This
showed that the expression of PIN genes is transiently repressed at a
stage that markedly precedes the first cell divisions leading to primordium
formation. Whether this leads to reduced functional PIN levels in the cells
that form a primordium remains to be shown.

In this study we show that MtPIN2 and MtPIN10 accumulate in nodule
primordia. Accumulation precedes division and (more or less) coincides
with auxin accumulation. Therefore, in case PIN levels are transiently
reduced to trigger auxin accumulation this can only occur for a very
short period. This transient PIN reduction must happen before the auxin
accumulation and the first cell divisions.

PIN mediated auxin transport is involved in nodule development

We showed that the levels of MtPIN2 and MtPIN1O are increased during
nodule primordium development. MtPIN2 is highly expressed in the
meristem and MtPIN10 is markedly lower. Our studies are in agreement
with transcriptome analysis published by Limpens et al (2013). However,
more recent transcriptome analyses of Medicago indicate that MtPIN10 is
expressed at a high level and MtPIN2 at a low level in the Medicago nodule
(Roux et al., 2014). How these transcriptome studies resulted in such
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contradicting data is unclear. Further, our study shows that peripheral
tissue play an important role in the development of the central tissue.
Therefore, transcriptome studies that are merely focused on the central
tissue cannot fully reveal mechanisms controlling development of this
tissue.

MtPIN10 is important for nodule primordium development. Mtpin10-1
nodules show more C4/5 cell division and more non-infected cell layers in
the basal part of the nodule primordium. Since cell division is correlated
with auxin accumulation during nodule primordia development. This
increased cell division most likely is due to a delay in the reduction of the
high auxin level in the C4/5 derived cells. Further, the increased number
of non-infected cell layers is most likely caused by the continuous cell
division in C4/5 at stage IV-V, which will block infection thread growth
in these cell layers (Xiao et al., 2014). To test these hypotheses, further
study is needed.

MATERIALS AND METHODS
Plant materials and bacterial strains

M. truncatula R108 seedlings were used to make the stable DR5::GUS
transgenic line by using Agrobacterium tumefaciens (strain AGL1)
according to the protocol described by Chabaud et al. (2003). M.
truncatula Jemalong Al17 plants were used to generate Agrobacterium
rhizogenes (strain MSU440) mediated transgenic roots as previously
described by Limpens et al. (2004) for MtPIN promoter GUS and protein
GFP fusion constructs. Surface-sterilization and germination of Medicago
seeds were performed as previously described by Limpens et al. (2004).
Sinorhizobium meliloti 2011 was used to induce root nodule formation on
plates with buffered nod medium (BNM) (Ehrhardt et al., 1992).

Constructs

DNA fragments were amplified from M. truncatula genomic DNA using
primer combinations listed in Table S1 and Phusion™ High-Fidelity DNA
Polymerase (Finnzymes). To create the constructs, pENTR™/D-TOPO®
Cloning Kits (Invitrogen) and Gateway® technology (Invitrogen) were
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used to generate the entry clone and genetic promoter-GUS or protein-
GFP constructs (Karimi et al., 2002). First, 14 synthetic DR5 DNA
fragments (Ulmasov et al., 1997) or the MtPIN promoter was introduced
in the entry clone. Then, the entry vector was recombined into Gateway®-
compatible binary vector pKGW-RR, that contains the GUS reporter gene
and AtUBQ10::DsRED1 as a selection marker (Limpens et al., 2004), by
using Gateway® LR Clonase® Il enzyme mix (Invitrogen). For MtPIN
eGFP fusion constructs, the promoter and first part of the DNA fragment
was introduced into Gateway® donor vector pENTR2-1, eGFP DAN
fragment without start codon were introduced into pENTR1-2 and the rest
of the gene which includes the terminator was introduced into pENTR2-3,
using Gateway® BP Clonase® Il enzyme mix. These entry vectors were
recombined into Gateway®-compatible binary vector pKGW-RR-MGW,
that contains AtUBQ10::DsRED1 as a selection marker using Gateway®
LR Clonase® Il Plus enzyme mix (Invitrogen). Insertion sites for the
eGFP reporter in PIN genes were selected based on functional AtPINs:GFP
protein fusion constructs in Arabisopsis (Xu and Scheres, 2005), which
are at position 1237 and 1565 for MtPIN2 and MtPIN10, respectively.

Histochemical B-glucuronidase (GUS) staining

Transgenic plant material containing GUS constructs were incubated in
GUS buffer (3% sucrose, 2 mM K,Fe(CN),, 2 mM K, Fe(CN),, 10 mM EDTA,
and 1 mg/ml X-Gluc salt in 100 mM phosphate buffer solution, pH 7.0)
under vacuum for 30 min and then at 37 °C for 3 to 24 h (Jefferson et
al., 1987).

Tissue embedding, sectioning and section staining

Root segments were fixed at 4 °C overnight with 4% paraformaldehyde
(w/v), 5% glutaraldehyde (v/v) in 0.05 M sodium phosphate buffer
(pH 7.2). The fixed material was dehydrated in an ethanol series and
subsequently embedded in Technovit 7100 (Heraeus Kulzer) according to
the manufacturer’s protocol. Sections (7 um) were made of thin by using
a RJ2035 microtome (Leica Microsystems, Rijswijk, The Netherland),
stained 5 min in 0.05% toluidine blue O for wt material and 15 min in
0.1% ruthenium red for transgenic GUS material. Sections were analysed
by using a DM5500B microscope equipped with a DFC425C camera (Leica
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Microsystems, Wetzlar, Germany).
GFP fluorescence sample preparation and confocal microscopy

Fresh transgenic roots or root nodules were manually sectioned in a
longitudinal direction and mounted on microscope slides with phosphate
buffer, PH 7.2. Then plant material was immediately observed under a
Leica SP2 confocal microscope. GFP is visualized by excitation at 488 nm
and by detection at 505-530 nm. DsREDL1 is visualized by excitation at
543 nm and by detection at 560—-615 nm.
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Fig. S1. Phylogenetic analysis of PIN genes of 29 species that represent all major plant
lineages.

A to G are indicated parts of the overview and show a specific PIN group. Medicago PIN
genes are marked within blue squares. Plant species are listed in the table.

Higher plant PINs are grouped in 6 groups (groups 3 to 8). Further, PINs can be
divided into two major subclasses according to phylogenetic and functional analyses;
the endoplasmic reticulum localized PIN5-type (groups 3 and 8) and the plasma
membrane localized PIN1-type (groups 4 to 7).
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Fig. S1A

120




Auxin transport during root nodule formation

Fig. S1B
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Fig. S1D
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Fig. S2. PIN1-type MtPINs gqRT-PCR analysis at the Medicago root susceptible zone.
MtPIN1, 2, 3, 4 and 10 are higher expressed than MtPIN5 and 7 in Medicago roots.
Data are means and +/-SD.

Fig. S3. MtPIN promoter::GUS activity in Medicago root meristem region.

In the root meristematic region, (B, D, E) MtPIN2, 4 and 10 are expressed at a
relatively high level compared to (A, C) MtPIN1 and MtPIN3. (A) MtPIN1 is expressed in
epidermis and weakly in root cortex; (B) MtPIN2 in cortex and epidermis; (D) MtPIN4
in root vascular bundle; (C) MtPIN3 and (E) MtPIN10O are expressed in all root tissues,
except root cap and columella cells.

Bars equal to 75 um.
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Fig. S4. MtPINs expression after 7 days after inoculation.

Seven days after spot-inoculation with S. meliloti 2011, MtPIN1, 2 and 10 expression
levels are increased in Medicago root compare to the root susceptible zone, especially,
MtPIN2 (more than 6 fold increase). While, MtPIN3 and MtPIN4 expression are reduced.
Data are means and +/-SD.
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Fig. S5. MtPIN2 and MtPIN10 sub-cellular localization in Medicago root meristem region.
(A, B) MtPIN2 accumulates in cortex, epidermis and lateral root cap cells. (A) MtPIN2
is apical localized in the root epidermis and lateral root cap cells; basal localized in the
cortex. (B) From the transition zone shoot ward, which is located between the root
meristem and elongation zone, MtPIN2 is apically localized in the outer cortex (about
C1 and C2) and remains basal in the inner cortex. (B) Shoot-ward from the transition
zone, the PIN level dramatically decreases and no longer detectable. (C, D) MtPIN10O
accumulates in all root tissues of the root meristem region. (C) It is basal localized
in the vascular tissues and cortex; apical localized in epidermis and lateral root cap
cells. (D) MtPIN1O level markedly decreased before the meristematic cells enter the
transition zone.

Bars equal to 60 pm.
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Fig. S6. Split channel of Fig. 5B.

Fig. S7. MtPIN10 is positioned towards the center of the nodule primordium at the
periphery of the nodule primordium.
Bars equal to 60 um.
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Table S1. Primers for PCR products.

Primers for MtPINs protein GFP fusion constructs

MtPIN2-F1 GGGGACAACTTTGTATAGAAAAGTTGCGGACACTATTCTAAGTAGCGTTTG
MtPIN2-R1 GGGGACTGCTTTTTTGTACAAACTTGCCTTTTGATGCAACGGAATTTTC
MtPIN2-F2 GGGGACAGCTTTCTTGTACAAAGTGGGACTGTTACTGAATTGATTGAGAAC
MtPIN2-R2 GGGGACAACTTTGTATAATAAAGTTGCCAATGCAAAGAATCCACTATG
MtPIN10-F1 | GGGGACAACTTTGTATAGAAAAGTTGCGTGCTCGAATATTAGCCCAAC
MtPIN10-R1 | GGGGACTGCTTTTTTGTACAAACTTGCCATAGCTTCACCTTGAGATCCAG
MtPIN10-F2 | GGGGACAGCTTTCTTGTACAAAGTGGAGCCAACAAACATGCCAC
MtPIN10-R2 | GGGGACAACTTTGTATAATAAAGTTGGTGGCGGAATTCTTC
eGFP-F GGGGACAAGTTTGTACAAAAAAGCAGGCTCCCGGGGGTACCTGGTGAGCAAG-
GGCGAGGA
eGFP-R GGGGACCACTTTGTACAAGAAAGCTGGGTACTTGTACAGCTCGTCCATGC

Primers for MtPINs promoter GUS fusion constructs

pPMtPIN1-F1 | TACAATTCCGCTCCTTATCTGTTC

pMtPIN1-R TTTGATGAAGGCTTTTTTGGAA

pMtPIN2-F GAGGGACAATAGAGGTGTAGAGTTG
pMtPIN2-R GGTTATAGATAGGTCAAGGTAGATTAGATTAGAC
pMtPIN3-F1 | TTAAGATAACCATAGCATGCAGTCAC
pMtPIN3-R TTTGGATTTTTTTGTTGGTTTTTTTAG
pMtPIN4-F2 | TCGTGGTCAAGAACGTTCTC

pMtPIN4-R GTTTTTGAGTTGAGGTTTGAAGAAG
pMtPIN10-F | TGCTCGAATATTAGCCCAAC

PMtPIN10-R | TTTGTTTGGCTTATTGAAGTTTTG
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CHAPTER 5
SUMMARY

Nodules on the roots of legume plants host nitrogen-fixing rhizobium
bacteria. Several lines of evidence indicate that nodules are evolutionary
related to roots. We determined whether patterning of the Medicago
truncatula nodule meristem bears resemblance to that in root meristems
through analyses of root meristem expressed PLETHORA genes. In
nodules, particular PLETHORA genes are preferentially expressed in cells
positioned at the periphery of the meristem abutting nodule vascular
bundles. Their expression overlaps with an auxin response maximum and
WOX5 that marks the root quiescent centre. Strikingly, the cells in the
central part of the nodule meristem have a high level of cytokinin and
also display PLETHORA gene expression. Nodule-specific knock-down of
PLETHORA genes results in reduced number of nodules and/or in nodules
in which meristem activity has ceased. Our nodule gene expression map
indicates that the nodule meristem is composed of two domains and that
PLETHORA genes redundantly function in nodule meristem maintenance.

Keywords: Medicago truncatula, nodule meristem, PLETHORA genes,
DR5
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INTRODUCTION

The interaction between legumes and soil-borne bacteria collectively
known as rhizobia leads to the formation of new organs, root nodules
(Stougaard, 2001; Limpens and Bisseling, 2003). As nodules are formed
on roots it has been hypothesized that the nodule developmental program
is derived from the lateral root developmental program (Nutman, 1948;
Hirsch et al., 1997; Mathesius et al., 2000; de Billy et al., 2001; Roudier
et al., 2003; Bright et al.,, 2005; Desbrosses and Stougaard, 2011).
Recently, the expression of several root meristem regulators has been
observed in the nodule meristem (NM) (Osipova et al.,, 2011; Osipova
et al.,, 2012; Roux et al., 2014), thereby creating molecular support for
this hypothesis. However, whether the identified genes function in the
formation of NM and root meristem (RM), a prerequisite for concluding
that nodule developmental program is derived from that of the root,
remained unclear.

Root tissues are continuously replenished by stem cells and in Arabidopsis
these stem cells are surrounding the quiescent center (QC) cells (Dolan et
al., 1993). The QC functions as a so-called organizer and is essential for
maintenance of the surrounding stem cells (van den Berg et al., 1997) and
together they form the stem cell niche. The daughter cells of these stem
cells form files of transit-amplifying cells and together with the stem-cell
niche they form the RM (Heidstra and Sabatini, 2014).

Auxin accumulation is critical for the specification of the stem cell niche
in the Arabidopsis RM that co-localizes with an auxin concentration and
response maximum (Sabatini et al., 1999; Blilou et al., 2005; Petersson et
al., 2009). Several Arabidopsis transcription factors have been identified
that are required for proper formation and function of the root stem cell
niche, among them WUSCHEL- RELATED-HOMEOBOX 5 (WOX5; Sarkar et
al., 2007), SCARECROW (SCR; Di Laurenzio et al., 1996; Sabatini et al.,
2003) and four PLETHORAs (PLTs; Aida et al., 2004; Galinha et al., 2007).
WOXS5 transcript accumulates specifically in the QC and mutant analyses
revealed that it functions to preserve QC activity with respect to columella
stem cell maintenance (Sarkar et al., 2007). PLTs are part of the small
AINTEGUMENTA-like (AIL) gene clade of transcriptional regulators within
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the large AP2/ERF family(Horstman et al., 2014). Among this clade, PLT1-
4 are essential for root formation as their higher order mutants are root-
less (Galinha et al., 2007). In double mutants of pltl/plt2 stem cells and
transit-amplifying cells are lost, while ectopic expression of is sufficient
to induce root niche formation (Aida et al., 2004; Galinha et al., 2007).
This shows that a combination of PLT1 and PLT2 is most indicative for RM
activity. A gradient of PLT activity controls root zonation and the highest
PLT concentration co-localizes to the stem cell niche (Mahénen et al.,
2014).

Legume nodule formation is initiated by dedifferentiation of cortical
cells which divide and form the nodule primordium. Upon infection by
the microsymbiont, the nodule meristem (NM) is formed at the apex of
the primordium (Timmers et al., 1999; Stougaard, 2001; Limpens and
Bisseling, 2003). In the model legume Medicago, that forms nodules with
a persistent meristem at its apex, nodule development can be divided in 6
stages based on the sequential pattern of anti- and periclinal cell division
events in inner cortical cell layers C3-C5, endodermis and pericycle (Xiao
et al., 2014). The cluster of cells formed up till stage V is called the nodule
primordium. It consists of 6-8 cell layers derived from pericycle and
endodermis, about 8 cell layers of infected cells derived from the inner
cortical cell layers C5 and C4 and a few cell layers derived from cortical
cell layer C3 that will develop into the nodule meristem (Xiao et al., 2014).
From stage VI onward the Medicago nodule apical meristem becomes
functional and adds cells to form the different nodule tissues; the central
tissue, consisting of infected and non-infected cells, and the peripheral
tissues including the nodule cortex, endodermis and parenchyma. The
latter contains vascular bundles, that develop from nodule vascular
meristems (NVM) (Roux et al., 2014). The part of the NM that adds cells
to the central tissue forms a large domain at the apex and is composed
of 4-6 cell layers. Transition of meristem cells to the central tissue cells is
accompanied with a switch from mitosis to endo-reduplication in the cells
that become infected by rhizobia (Cebolla et al., 1999).

Recent studies confirmed the expression of a number of known root
meristem regulators in the nodule, among them MtWOX5, MtPLT2 and
MtBBM/PLT4 (Osipova et al., 2011; Osipova etal., 2012; Roux et al., 2014).
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These genes appeared to be expressed in the central meristem region and
at the tip of the nodule vascular bundles, where also a maximum DR5
activity is observed (Couzigou et al., 2013), suggesting that a root—like
developmental program is operational in the NM. To functionally address
how the nodule developmental program resembles the root developmental
program, we studied the expression of MtPLT genes in the NM and the
effect of their knock-down on nodule formation. Based on these results
we propose that the NM consists of a distinct central and peripheral
meristematic domain and four MtPLT (MtPLT1-4) genes redundantly
control nodule formation and NM maintenance. This is reminiscent of the
described function of AtPLT genes in root development and suggests that
rhizobia recruited major regulators of root development.

RESULTS

MtPLT genes are required for nodule development and NM
maintenance

Recent studies showed that MtPLT2 and MtBBM/PLT4 are expressed in the
NM (Limpens et al., 2013; Roux et al., 2014). We asked whether also the
Medicago orthologs of AtPLT1 and AtPLT3 (Aida et al., 2004; Galinha et al.,
2007) are expressed in the NM and performed reciprocal BLAST searches
using the AtPLT protein sequences as a query to identify their homologs
in Medicago (Table 1). The proposed gene annotations were subsequently
used to design primers (Table S2) to enable gene expression studies by
gPCR. Our data reveal that all four MtPLT genes are expressed in nodules,
albeit at lower levels than in roots (Fig. 1A).

Table 1. Accession humbers of Arabidopsis thaliana and Medicago truncatula PLETHORA
genes.

Arabidopsis thaliana Medicago truncatula
PLT1 At3g20840 MtR_2g098180
PLT2 At1g51190 MtR_49065370
PLT3 At5g10510 MtR_5g031880
PLT4 (BBM) At5g17430 MtR_7g080460

Crucial for root growth is the maintenance of the RM, a process for which
in Arabidopsis four redundantly acting PLT genes are essential (Aida et al.,
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2004; Galinha et al., 2007). Therefore, we asked whether down-regulation
of MtPLT expression will influence nodule growth and whether MtPLT
genes act redundant. We first reduced the expression of the individual
MtPLT genes by RNA interference (RNAIi) under the control of the 35S
promoter by A. rhizogenes-mediated root transformation. We analysed
nodules formed on at least 15 transgenic roots 15 d post inoculation in two
experimental replicas. The level of MtPLT gene expression reduction was
determined by gPCR on RNA isolated from roots and nodules (Fig. S1A,B).
This showed that different degrees of RNA reduction were obtained for
the different genes in roots as well as in nodules. However, RNAI did not
lead to a significant reduction in nodule number compared to the humber
of nodules formed on control roots in all replicas (data not shown). Next,
we investigated in detail the effect of MtPLT knock-down expression on
nodule development by analysing serial micro-sections of control and
transgenic nodules and counting the cell layers in meristem, infection
and the fixation zone (Fig. S2, Table S1). We did not observe significant
differences between the number of cell layers in MtPLT knock-down and
control nodules. Altogether, these results indicate that down-regulation of
individual MtPLT genes has no large effect on nodule development. Subtle
effects, however, may remain uncovered due to the variation between
transgenic roots obtained after a hairy root transformation (Limpens et
al., 2004).

In contrast to single plt mutants, Arabidopsis root growth in compound
plt mutants is severely hampered (Aida et al., 2004; Galinha et al., 2007)
indicating redundant activity of AtPLT genes. Therefore, it is possible that
MtPLT genes act redundantly in nodule growth. However, the formation
of nodules requires the formation of roots. To demonstrate the effect
of reducing gene expression of more than one MtPLT in nodules, we
conducted RNA interference using the MtENOD12 promoter. During nodule
ontogenesis this gene is activated in the nodule primordium, the NM and
in the infection zone of mature nodules (Limpens et al., 2009; Limpens
et al.,, 2013). We tested the effect of simultaneous down-regulation of
MtPLT1 and MtPLT2 (MtPLT1i/2i), MtPLT3 and MtPLT4 (MtPLT3i/4i) and
of all four MtPLT genes (MtPLTi) in three replicas on nodule growth and
development.
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The level of down-regulation of the PLT genes was determined by gqPCR
(Fig. 1B-D). We confirmed that MtPLT1 and MtPLT2 RNA levels were
reduced in transgenic MtPLT1i/2i nodules, while MtPLT3 and MtPLT4 RNA
levels were not (Fig. 1B). Similarly, MtPLT3 and MtPLT4 RNA levels were
reduced in MtPLT3i/4i nodules, while MtPLT1 and MtPLT2 RNA levels were
not (Fig. 1C). In transgenic MtPLTi nodules all MtPLT genes were reduced
in their expression, albeit to different levels (Fig. 1D). On transgenic
quadruple MtPLTi roots the number of nodules was reduced by 80% (Mann
Whitney test, p<0.001) compared to control roots, while the reduction in
the number of nodules formed on transgenic MtPLT1i/2i or MtPLT3i/4i
roots reached 50% (Mann Whitney test, p< 0.05).
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Fig. 1. Quantification of MtPLT expression levels in non-transgenic roots and nodules
and RNAIi nodules.

(A) Relative MtPLT expression in 15 d old nodules (grey bar) compared to their
expression in roots (black bar) shows that expression in nodules is lower than in roots
(expression is normalized to 1 in roots for each MtPLT gene); (B-D) Relative MtPLT
expression (grey bars) in 15 d old transgenic nodules MtPLT1i/2i (B); Mt PLT3i/4i (C)
and MtPLTi (D) with respect to expression in control nodules (black bars, normalized
to 1 for each MtPLT gene).

Quantification was normalized using MtACTIN-2 as reference gene. Bars represent SD
of three technical repeats. A representative of three biological replicas is shown. (* is
P<0.05, ** P<0.001 in t test).
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All multiple MtPLT RNAIi transgenic nodules were smaller compared
to nodules on control roots. To determine potential causes of the size
reduction, we analysed longitudinal sections of transgenic nodules (Fig.
2). Analyses of 20 control nodules, collected per replica, shows that
the NM consists of 4-6 cell-layers and the central tissue of 16-19 cell
layers distributed over 6-7 cell-layers in the infection zone and 10-12 cell
layers in the fixation zone (Fig. 2A). We analysed the transgenic nodules
collected from the three replicas, collected 15 days after inoculation and
observed a high percentage of phenotypically aberrant nodules (Table 2).
We classified the observed phenotypes into two groups: class I nodules in
which the number of cell layers in meristem and infection zone is reduced
(Fig. 2B) and class Il nodules that lack the NM and the infection zone.
These class Il nodules only consist of 6-8 layers of infected cells (Fig.
2C). Notably, a complete block of meristem formation still allows nodules
with 6 layers of infected cells, which are derived from the C4 and C5
cortical cells (Xiao et al., 2014). These results indicate that MtPLT activity
is needed for proper NM formation and maintenance, but not for infection
of primordium cells.

Fig. 2. RNA-interference of MtPLT genes affects meristem formation of Medicago
nodules.

(A) Control wild type nodule. Apart from wild-type looking nodules, two classes
of nodules are formed after RNA-interference of more than one MtPLT gene. (B)
Representative class | nodule. The number of cell layers in meristem (M) and infection
zone (12) is reduced. (C) Typical class Il nodules lacking a meristem. All infected cells
in the fixation zone (FZ) originate from primordium cells derived from C4 and C5 cortex
layers.

Bars, 75 pm.
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In nodules formed on MtPLT1i/2i roots, 71% of the affected nodules
grouped into class | (n=25 out of 35). This percentage decreases to 64%
in MtPLT3i/4i nodules (n=9 out of 14) and to 31% in MtPLTi nodules (n=5
out of 16, Table 2). In contrast, 69% of the MtPLTi nodules fall into class
Il (n= 11 out of 16, Table 2). These percentages show that the down-
regulation of all four MtPLT genes simultaneously has a more dramatic
effect on meristem formation and maintenance than down-regulation of
a combination of only two MtPLT genes, indicating that MtPLT activity is
redundant in nodule development.

Table 2. Percentage of nodules showing phenotypes of class | and class II.

RNAI N(#) Phe(#) | 9% Phe | Class I(#) | Class II(#) %l %l 1
MtPLT1/2i 54 35 65 25 10 71 29
MtPLT3/4i 23 14 61 9 5 64 36

MtPLTi 21 16 76 5 11 31 69

Two types of phenotypes (Phe) were distinguished for MtPLT RNAi nodules;

| reduced number of layers in meristem derived from C3 cells, infection zone,
and infected primordium cells derived from C4 and C5.

II no meristem, no infection zone, only infected primordium cells; derived from
C4 and C5.

N (#) total number of nodules collected over three independent biological replicas.
Phe is the number of nodules with a phenotype

In conclusion, our results show that MtPLT genes redundantly affect
nodule development through NM formation.

MtPLT promoter activity marks the Medicago RM

The striking difference between PLT-directed root and nodule growth is
that Mtplt3/4i affects nodule growth, while in Arabidopsis plt3/plt4 knock-
out mutants minimally affect root growth (Galinha et al., 2007). To seek
a putative explanation for this discrepancy, we compared expression
patterns of the different MtPLT genes by using pMtPLT::GUS fusions in
nodule and root. In Arabidopsis, AtPLT3 and AtBBM/AtPLT4 are expressed
in the RM in an overlapping but slightly different pattern compared to
AtPLT1 and AtPLT2 (Galinha et al., 2007). Before testing the activity of
MtPLT promoters in the NM, we first identified their activation pattern in
the root.

In primary Medicago roots, cell files converge to a group of cells that
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are suggestive to be QC cells (Fig. 3A, arrow). Distal of the QC cells are
the columella cells that accumulate starch granules (Fig. 3A). Similar to
the pattern observed in Arabidopsis (Sabatini et al., 1999), the highest
level of DR5::GUS expression is detectable in the proposed stem cell
niche in Medicago roots of plants into which a DR5::GUS construct was
integrated (Fig. 3B). Comparison of MtPLT1::GUS (Fig. 3C), MtPLT2::GUS
(Fig. 3D), MtPLT3::GUS (Fig. 3E) and MtPLT4::GUS (Fig. 3F) expression
patterns shows that these are mostly overlapping in the RM with the
highest activation coinciding with the root stem cell niche. This indicates
that the MtPLT::GUS and AtPLT gene activation patterns (Galinha et al.,
2007) are similar in the RM. It has been shown that the activation pattern
of MtWOX5::GUS also marks the proposed stem cell niche (Osipova et

Fig. 3. GUS expression patterns of PLT and DR5 promoters in the Medicago RM.

(A) Medicago truncatula root apical meristem stained with Lugol to visualize starch
granules. Cell files converge to a central point showing the presence of the presumptive
QC cells (arrow). Distally are the columella cells that accumulate starch. (B) In a
DR5::GUS transgenic root DR5 is active in a cluster of cells encompassing the QC. (C)
MtPLT1::GUS, (D) MtPLT2::GUS, (E) MtPLT3::GUS and (F) MtPLT4::GUS expression
patterns are overlapping with the highest activity in and around the QC. Arrow indicates
the location of the presumptive QC.

Bars, 75 pm.
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al., 2012). Hence, MtPLT::GUS, DR5::GUS and MtWOX5::GUS expression
patterns can be used to mark RM-like compartments in Medicago nodule
organogenesis.

MtPLT::GUS promoter activity in nodule primordia

The dramatic reduction in nodule numbers on the quadruple MtPLTi
roots indicates that MtPLT gene activity is crucial in nodule primordium
formation. If so, MtPLT genes should be expressed in nodule primordia.
To test this, we analysed sections of pMtPLT::GUS containing transgenic
hairy roots for promoter activation in stage I1-V primordia (Xiao et al.,
2014). These analyses revealed that the promoters of all four PLT genes
are indeed activated in primordia (Fig. 4A-D) confirming their crucial role
in nodule formation.

Fig. 4. MtPLT genes are activated in the nodule primordium.

(A-D) Examples of nodule primordia of stages Il-V (according to Xiao et al., 2014)
showing MtPLT1::GUS (A, stage IV) MtPLT2::GUS (B, stage IlIl) MtPLT3::GUS (C,
stage I1) and MtPLT4::GUS (D, stage Il) activity.

Bars, 75 pm.

Patterns of MtPLT activation and auxin-cytokinin response mark
distinct meristematic domains in the NM
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Cells in the Medicago NM divide for a prolonged time, suggesting that stem
cells may contribute to the maintenance of the NM. DR5::GFP (Couzigou
et al., 2013) and MtWOX5::GUS (Osipova et al., 2012) activation patterns
have been allocated to distinct peripheral regions in the NM abutting
vascular bundles (Fig. 5A, B arrows). Presuming that DR5::GUS and
MtWOX5::GUS co-localize to areas of stem cell activity in nodules, in
analogy to the situation in roots, this observation suggests that stem
cells are present in the NM periphery. Strikingly, upon prolonged time of
incubation (16 hours) DR5 activity also becomes detectable throughout
the nodule apex (Fig. 5C, arrowhead), including the central part of the
NM.

For both MtPLT1::GUS and MtPLT2::GUS, we observed that GUS activity
is highest in discrete domains within the nodule apex (Fig. 5D, E arrows)
similar to DR5 and MtWOX5 expression (Fig. 5A, B). The domains of highPLT
promoter activity appear embedded in a region with lower GUS activation

Fig. 5. DR5, MtWOX5, MtPLT and TCS promoter activities in nodules.

(A, B) Top view of a DR5::GUS nodule (A) and MtWOX5::GUS (B) nodule shows GUS
activity in distinct regions at the periphery in the NM (arrows). (C) Upon prolonged
incubation time GUS activity becomes apparent throughout the NM in DR5::GUS nodules
(arrowhead). (D, E) Top view on MtPLT1::GUS (D) and MtPLT2::GUS (E) nodules show
highest GUS activity in discrete regions in the periphery in the NM (arrows), with
a lower GUS activity throughout the NM (arrowhead). (F, G) MtPLT3::GUS (F) and
MtPLT4::GUS (G) activity throughout the NM (arrowhead). (H) Top view of a TCS::GUS
nodule marking the whole NM.

Bars, 75 pm.
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encompassing the NM. In contrast, MtPLT3::GUS and MtPLT4::GUS are
activated throughout the nodule apex (Fig. 5F, G arrowhead).

To determine whether the activation patterns of DR5::GUS, MtWOX5::GUS
and MtPLT2::GUS in the NM periphery are overlapping, we analysed
serial sections from the nodule apex downwards. A low DR5 and MtWOX5
activity is present in a sub-population of cells within the apex adjacent to
the vascular bundle (Fig. 6A, D). In subsequent sections, the radial tissue
organization of a vascular bundle becomes apparent and all cells of this
vascular bundle display DR5 and MtWOX5 activity (Fig. 6B, E). Finally,
within this radial organized tissue, xylem (thin arrow) and phloem can
be discriminated and at this developmental stage, the activity of both
DR5 and MtWOX5 decreases (Fig. 6C, F). Series of longitudinal sections
through MtPLT2::GUS nodules reveals that the highest GUS activity is
restricted to cells that are contiguous to nodule vascular bundles (Fig.

Fig. 6. DR5::GUS and MtWOX5::GUS expression patterns co-localise in the NVM.
(A-C) Serial tangential sections of nodules 2h-incubated in GUS buffer to specifically
localize the DR5::GUS activation region. A low DR5 activity first appeared in a group
of cells (A) that seemingly are not clonally linked to surrounding cells in the NM. In
subsequent sections, DR5 activity reached a maximum (B) and DR5 activity remains
in cells that are part of the nodule vascular bundle (C). (D-F) Serial tangential sections
of MtWOX5::GUS nodules shows a pattern comparable to DR5::GUS. White arrow
indicates differentiation of xylem in the nodule vascular bundle (compare panel A and
D, panel Band E, and panel C and F).

Bars, 10 pm.
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7A-D, arrow), resembling the DR5 (Fig. 6A-C) and the MtWOX5 (Fig. 6D-
F) promoter activity pattern. These analyses show that MtPLT2, MtWOX5
and DR5 are active in pro-vascular tissue, in analogy with their expression
pattern in Medicago roots (Fig. 3B, D; Osipova et al.,, 2011; Osipova et
al., 2012). Sections of MtPLT3::GUS and MtPLT4::GUS nodules show
that both mark the whole NM and, in addition, are also activated in cells
of the infection zone (Fig. 7E, F), albeit at lower levels. For MtPLT4 this
is in agreement with the reported expression pattern (Roux et al., 2014).

Fig. 7. Distinct MtPLT::GUS expression patterns in nodules.

(A-D) Serial sections of MtPLT2::GUS nodules show that the highest MtPLT2::GUS
activity is in the NVM (arrows). A lower MtPLT2::GUS activity is in the central region of
the NM (A-C, arrowhead). MtPLT3::GUS (E) and MtPLT4::GUS (F) expression patterns
are of equal activity in NVM (arrow) and the central part of the NM (arrowhead). White
arrow indicates differentiation of xylem in the nodule vascular bundle.

Bars, 75 pm.

The co-localization of MtPLTs and high DR5 activity in the periphery of the
NM suggests that an auxin-driven root-derived developmental program
is operational in the nodule. In addition, several genes in the cytokinin
signalling cascade are reported to be activated in the NM (Frugier et al.,
2008; Plet et al., 2011; Mortier et al., 2014). To determine the cytokinin
response distribution in the NM, we studied the expression of TCS::GUS,
a synthetic cytokinin responsive promoter (Muller and Sheen, 2008), in
transgenic Medicago roots and nodules. In roots the TCS::GUS activation
pattern (Fig. 8A) is similar to the activation pattern in Arabidopsis roots
(Zurcher et al., 2013). In contrast to the DR5::GUS activity pattern
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Fig. 8. TCS::GUS pattern in Medicago root and nodule.

(A) TCS::GUS root shows activity in columella and lateral root cap cells. (B) In nodules
TCS::GUS activity is confined to the central region of the NM.

Bars, 75 pm.

(Fig. 5A, C), TCS::GUS activation is equally distributed over the apex of
the nodules (Fig. 5H). Longitudinal sections of these nodules show that
TCS::GUS activity is confined to cells in the central part of the NM (Fig.
8B).

In conclusion, based on the activation of root meristemm markers DR5,
MtWOX5, MtPLT1, MtPLT2, MtPLT3, MtPLT4 and TCS, gene expression
signatures can be distinguished within the NM. One region at the periphery
of the nodule that includes the NVM for which the gene activation patterns
suggest that an auxin/PLT-directed root-like developmental program is
active at each of the vascular bundle tips. A second domain is marked by
high TCS, MtPLT3 and MtPLT4 activity. Cells within this second domain
are centrally positioned within the NM and give rise to the central tissue.
We will refer to this latter domain as the nodule central meristem (NCM).
Based on our results we propose that the NM is built up of two adjacent
but distinctly operating NVM and NCM.

DISCUSSION

Down-regulation of four Medicago orthologs of Arabidopsis PLETHORA
genes hampers nodule formation and growth. Therefore we conclude
that root developmental programs are used in nodulation. MtPLT1 and
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MtPLT2 are highly expressed in regions located at the periphery of the NM
corresponding to the NVM. Also the highest auxin response activity and
the activation of MtWOX5::GUS (Fig. 2B; Osipova et al., 2012; Roux et
al., 2014) coincides with the NVM. These expression patterns indicate that
the developmental program directing peripheral tissue formation bears
similarities to root developmental programs in which MtPLT genes are key
regulators (Galinha et al., 2007). However, in the absence of a suitable
promoter that marks the NVM specifically, the effect of knock-down of
MtPLT genes could not be tested in the NM periphery.

In addition to the high peripheral NM expression, MtPLT1 and MtPLT2 are
expressed at lower levels in the central part of the NM, while MtPLT3 and
MtPLT4 expression levels are comparable in both central and peripheral
zones of the NM. In contrast to the peripheral part, characterised by a high
auxin response, the central part of the NM is characterised by a higher
cytokinin and a lower auxin response. Together these observations indicate
that the NM harbours two meristems; one at the periphery, including the
NVM (Roux et al., 2014) and the other in the central part, the NCM. Our
RNAI studies show that PLT genes play a crucial role in NCM formation
and maintenance. Interestingly, whereas root growth in Arabidopsis that
is minimally affected in plt3/plt4 plants (Galinha et al., 2007), nodule
growth is affected in Mtplt3i/4i nodules. Therefore, we hypothesise that a
PLT-directed developmental program is also involved in shaping of NCM.

During ontogenesis MtPLT genes are expressed in the nodule primordium
including layer C3 from which the future NM will develop. However, in
mature nodules MtPLT1 and MtPLT2 expression is high in the peripheral
region but low in the NCM. This indicates that during nodule formation
expression of MtPLT1 and MtPLT2 is reduced in the NCM. To what extent
the PLT-directed programs that shape the NVM and the NCM differ remains
to be elucidated. Comparing genes differentially regulated by either set
of MtPLTs may provide insight into this issue. In addition, identification
of genes involved in controlling expression of MtPLT1/2 and MtPLT3/4
may uncover how a PLT-directed root developmental program is recruited
to form the NM and its subdomains. Such knowledge may also uncover
mechanisms underlying the communication between the NVM and NCM
domains to enable proper nodule growth.
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In conclusion our data provide molecular and also mechanistic support
that Rhizobium has recruited key regulators of root development for
nodule formation.

MATERIALS AND METHODS
Constructs

DNA fragments of 1-3 Kb putative promoter regions of MtPLT genes were
generated via PCR on Medicago genomic DNA as a template using Phusion
High-Fidelity DNA polymerase (Finnzymes) and specific primers (Table
S2). Fragments were cloned into pENTR-D-TOPO (Invitrogen) verified by
nucleotide sequence analysis and recombined into the modified Gateway
vector pK7GWIWG2(II)-UBQ10::DsRED-GUS-GFP (Karimi et al., 2002).

DNA of single Medicago MtPLT genes for RNA-interference constructs were
generated via RT-PCR on cDNA made from nodule RNA using Phusion
High-Fidelity DNA polymerase (Finnzymes) and gene specific primers
(Table S2).

To generate MtPLT1-MtPLT2 and MtPLT3-MtPLT4 DNA fragments for double
RNA interference constructs the single MtPLT DNA fragments were used
as a template in a PCR using primer combinations as shown in Table S3.
Fragments obtained in this way were diluted 1:500. mixed and used in a
subsequent PCR using primers combinations as shown in Table S3. The
obtained PCR fragment was cloned into pENTR-D-TOPO and recombined
into the Gateway compatible binary vector pENOD12-pK7GWIWG2(I1)-
UBQ10::DsRED (Limpens et al., 2004; Ivanov et al., 2012) to create the
final RNAI construct.

For the quadruple RNAi of MtPLT genes, MtPLT1-MtPLT2 and MtPLT3-
MtPLT4 DNA fragments were amplified using primer combinations shown
in Table S3. The obtained fragments were diluted and combined in a second
PCR using primers listed in Table S3. The amplified fragment was cloned
into pPENTR-D-TOPO and then recombined into the Gateway compatible
binary vector pENOD12-pK7GWIWG2(II)-UBQ10::DsRED (Limpens et al.,
2004; Ivanov et al., 2012).
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Hairy root transformation

All constructed binary vectors were introduced into M. truncatula Al17
through A. rhizogenes-mediated transformation as described (Limpens et
al., 2004). Hybrid plants carrying transgenic roots were grown for 15 days
in the presence of S. meliloti 2011 to induce nodules. For each experiment,
at least 15 individual roots and nodules were examined.

Histochemical GUS staining

Plant tissues containing promoter-GUS fusion, were incubated in 0.1 M
NaH,PO,-Na,HPO, (pH 7) buffer including 3% sucrose, 0.05mM EDTA, 0.5
mg/ml X-gluc, 2.5 mM potassium ferrocyanide and potassium ferricyanide.
Incubation (at 37 °©C) time varied depending on tissues and different
promoter-GUS fusions. GUS stained roots were cleared (2 ml water, 1
ml glycerol, 8 g chloral hydrate). Whole mount pictures of roots were
analysed by an Axio Imager Al microscope (Zeiss, Germany) supplied
with Nomarski optics.

Histological analysis and Microscopy

Root tips and nodules were fixed in 5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.2) at 4 °C overnight, then washed with 0.1 M phosphate buffer
15 min four times and once with H,O for 15 min, dehydrated for 10 min in
10%, 30%, 50%, 70%, 90% and 100% EtOH, respectively, and embedded
in Technovit 7100 (Heraeus Kulzer, Germany). Sections were made of
5-10 ym using a microtome (RJ2035, Leica Microsystems, Rijswijk, The
Netherlands), stained either by 0.05% toluidine blue (Sigma, Germany)
or 0.1% ruthenium red (Sigma, Germany), mounted in Euparal (Carl
Roth, GmbH, Germany), and analysed with a Leica DM5500B microscope
equipped with a DFC425c camera (Leica, Microsystems, Wetzlar, Germany).
At least 10 GUS-stained nodules from each transformation experiment
were sectioned and analysed. Representative sections are depicted.
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Fig. S1. Quantification of MtPLT expression levels.

m Control nodule
RNAi nodule

(A, B) Relative MtPLT expression in single MtPLT RNAi roots (A, grey bar) and 15 d old
nodules (B, grey bar) compared to their expression in control roots and nodules (black
bar), respectively. Relative expression levels were determined by gqPCR and normalized
to 1 in control plants for each MtPLT gene using MtACTIN-2. Bars represent SD of three
technical repeats. Shown graphs are a representative of three biological repeats (* is

P<0.05, ** P<0.001 in t test).

Fig. S2. Longitudinal sections of representative single MtPLT RNAi nodules.

(A) Control nodule. (B) MtPLT1i. (C) MtPLT2i. (D) MtPLT3i. (E) MtPLT4i. All nodules
were sampled 15 d after inoculation. For statistics on cell layers per zone see Table S1.

M, meristem; 1Z, infection zone; FZ, fixation zone.
Bars, 75 pm.
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Table S1. Analyses of 20 control nodules, collected per replica, shows that the meristem
consists of 4-6 cell-layers and the central tissue of 16-19 cell layers distributed over 6-7
cell-layers in the infection zone and 10-12 cell layers in the fixation zone. Compared
to control nodules the meristem, infection and fixation zones of single MtPLT RNAI
nodules consist of a number of cell layers that is within the variation observed in the
control. Data was collected in two biological replicas.

Meristem Infection zone | Fixation zone | Nodule number
Control 4-6 6-7 10-12 20
MtPLT1i 4-6 6-8 10-14 19
MtPLT2i 4-7 5-7 9-10 17
MtPLT3i 4-5 6-8 8-10 20
MtPLT4i 4-7 7-9 8-12 17

Table S2. Primers used in this study.

Promoters

MtpPLT1F caccgacttgacggtgaaggtt
MtpPLT1R gcacaacctgcatctaaaaagtttact
MtpPLT2F caccatccaaacacacccttagtc
MtpPLT2R gagggaatgaaagccagttattgttc
MtpPLT4F cacctctcaaatagaatttacctccaac
MtpPLT4R gaaagaaaaaaaaagacaaagagagatcgg
MtpPLT3F caccttgcactcccctcctctcaaag
MtpPLT3R caaagtctttgaacagaaacaacgg
MtpWOX5F cacccaaccaagccttatcatagtat
MtpWOX5R gctctcttccatatttcaattctaga

Single MtPLTi

MtPLT2F cacctgaacacacacaacagcaatgaagttcc
MtPLT2R gaagttctttgtccaaatgtctctg

MtPLT 1F cacccttgatgaatagtagtcacaactc
MtPLT 1R ccttgttacaccacgatatattgatg

MtPLT 4F caccatcatcatcaacaacacttccc

MtPLT 4R cctttaatctcactctcacc

MtPLT 3F caccagcttcctcttcagttg

MtPLT 3R cactgctactaccaacttc
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Double MtPLTi

MtPLT 1com2R

gttgtgtgtgttcagecttgttacaccacg

MtPLT 2com1F

cgtggtgtaacaaggctgaacacacacaacag

MtPLT 4com3R

caactgaagagcatcatcaacaac

MtPLT 3com4F

gttgttgatgatgctcttcagttg

Quadruple MtPLTi

12-43F

gggaagtgttgttgagaatagtagtcacaactc

43-12R

gagttgtgactactattctcaacaacacttccc

gPCR primers

qMtPLT4F tcacgaggtgcatccatttaccga
qMtPLT4R acatcatatgcctctgctgcctct
qMtPLT1F2 ggacttttggtaccgaggaa
qMtPLT1R2 tttgcagcacctcctcctat
qMtPLT2R gcaatggttgaggttgttca
qMtPLT2F2 tcgagaaaacgcgaagaaat
qMtPLT3R gttgctgctgctgctgttaag
qMtPLT3F tgacgtggaagcgataatga
qMtACT2F cagatgtggatctccaagggtga
gqMtACT2R tgactgaaatatggcacaagactgaga
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Table S3. Strategy to obtain MtPLT DNA fragments for cloning into RNAI vectors.

Input

Final fragment fragment First PCR Second PCR

MtPLT1-MtPLT2 MtPLT1 MtPLT1F+Mt PLT1com2R MtPLT1F+MtPLT2R
MtPLT2 MtPLT2com1F+MtPLT2R

MtPLT3-MtPLT4 MtPLT3 MtPLT3com4F+MtPLT3R MtPLT4F+ MtPLT3R
MtPLT4 plt4F+plt4com3R

MtPLT3-MtPLT4- MtPLT1-

MtPLT1-MtPLT2 MtPLT2 12-34F+MtPLT2R MtPLT3R2+ MtPLT2R
MtPLT3-
MtPLT4 MtPLT3R2+34-12R
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CHAPTER 6

The evolution of root nodules, especially, the relationship between root
nodule and lateral root, remains a puzzle (Hirsch and La Rue, 1997).
Mutant studies are definitely very useful to understand this relationship.
However, phenotypes of nodules with disturbed development are often
poorly described. In this thesis, | created organ fate maps for both lateral
root and root nodule by using the model species Medicago (Chapter 2
and Chapter 3). With these as tools, mutants could be properly analyzed.
Further, | studied the mechanisms controlling nodule meristem formation
and maintenance (Chapter 4 and Chapter 5). In this Discussion | will,
among others, discuss the differences and similarities between legume
and non-legume root nodule development. | especially focus on nodule
vascular bundle and nodule meristem formation. Legumes can form
determinate or indeterminate nodules. Indeterminate nodules have a
persistent meristem at their apex, whereas determinate nodules have a
transient meristem that is only active at early stages (Newcomb et al.,
1979). Medicago forms indeterminate nodules. When | describe aspects
of nodule development in this Discussion it confers to indeterminate
nodules. However, as the tissue organization of the 2 nodule types is
similar, the development will share a common part.

I will start with a short introduction on non-legume root nodule formation.
Non-legume nodule formation

N,-fixing root nodule symbioses are confined to a single large clade
termed the N,-fixing clade (Fig. 1) (Soltis et al., 2009; Doyle, 2011),
which belongs to the Rosid | clade (Eurosids I/Fabidae/Fabids) (Wang
et al.,, 2009). This N -fixing clade encompasses the Leguminosae (or
Fabaceae) in the Fabales order (Fig. 1A), which is the third largest
family of flowering plants. The Leguminosae family contains about 700
genera with approximately 20,000 species, of which the majority can be
nodulated (Doyle, 2011). In contrast, the non-legume families containing
species that can be nodulated, are relatively small and contain in general
only a few species that can form the nodule symbiosis. The non-legume
plants can establish this nodule symbiosis with rhizobium in the case of
Parasponia and all others with Frankia bacteria. The latter form the so-
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called actinorhizal nodules. These non-legumes belong to three different
orders, which are Cucurbitales, Fagales and Rosales (Fig. 1). These have
more than 170 genera, but only around 300 species belonging to 25
genera are able to form nitrogen fixing nodules.

Fig. 1. N,-fixing clade.

Nodes marked A through E are Swensen and Benson’s (Swensen and Benson, 2008)
designations for lineages that can be nodulated; circles associated with letters mark
when nodulation evolved in the lineage An additional origin is indicated for the genus
Parasponia. Possible additional origins of nodulation within these lineages are indicated
by colored boxes, which are placed a short distance from the base of each lineage to
indicate that the origin could be anywhere along that branch; dashed lines indicate
uncertainty about the date of origin of nodulation between the oldest (circle) and
younger (box) date. The origin of the predisposition for nodulation is indicated by a red
star. Red lines trace the minimal retention of this predisposition from its origin to the
oldest ancestor of each lineage containing nodulated species: the predisposition must
have been retained from its origin at least to the common ancestor of each labeled
nodes (e.g., node B in Fagales) and Parasponia. Topology and dates are from Bell et
al. (Bell et al., 2010), with the exception of Parasponia and the nodulating species of
Rosaceae, which were not included in their analysis. These dates have been estimated
by (Doyle, 2011).
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Actinorhizal as well as Parasponia root nodules have been characterized
as modified lateral roots (Torrey and Callaham, 1979; Lancelle and Torrey,
1985). The cortical cell divisions that have been reported to precede the
formation of these modified lateral roots are reported as transient and
only facilitating the infection by the bacteria. Therefore they are named
pre-nodule. This in a way seems to be lack of biological logic, since all
nodulation symbioses appear to be derived from the arbuscular mycorrhiza
(AM) fungal symbiosis (Parniske, 2008). In this latter symbiosis exclusively
cortical cells are intracellularly infected (Parniske, 2008; Oldroyd et al.,
2011; Oldroyd, 2013). Therefore, it is unlikely that cortical cells that form
the pre-nodule are just transiently present and do not become part of the
real nodule. For this reason, | decided to reexamine whether non-legume
nodules are just modified lateral roots. As a first step root nodule and
lateral root fate maps are made for the non-legume Parasponia andersonii
(Parasponia).

Parasponia root nodule and lateral root fate map

Parasponia belongs to the Cannabaceae (Fig. 1). The Parasponia nodule
symbiosis evolved independent from the legume-rhizobium symbiosis
(Lavin et al., 2005; Sprent, 2007; Swensen and Benson, 2008; Wang et al.,
2009; Bell et al., 2010; Doyle, 2011). Compared to the nodule symbiosis
of model legumes, Parasponia nodule symbiosis is rather primitive. A
rather broad spectrum of rhizobia is able to infect Parasponia via crack
entry, unlike the curly root hair entrance in Medicago that is restricted
to a single rhizobium species (Trinick and Galbraith, 1980; Lancelle and
Torrey, 1984; Bender et al., 1987). Further, membrane compartments
containing one or a few rhizobia (symbiosomes) are not formed. Instead,
long intracellular fixation threads are formed, from which the interaction
between rhizobia and host takes place (Lancelle and Torrey, 1984). The
crack entry infection strategy is shared with some basal legumes, for
example Arachis (Chandler, 1978) and Stylosanthes (Chandler et al.,
1982). However, Parasponia nodule histology is distinct from all legumes
and will be described in the following section. The Parasponia lateral root
and root nodule fate maps are shown in Fig. 2 and Fig. 3.

Parasponia lateral roots are primarily derived from the pericycle and 4-6
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Fig. 2. Parasponia lateral root developmental stages.

Parasponia lateral root formation involves 4-6 pericycle cells and starts with anticlinal
division (A). Periclinal divisions are induced in pericycle and this results in the formation
of 2 cell layers (B). Divisions continue in those pericycle cells and form a multi layered
primordium (C). Primordium cells derived from the pericycle continue to divide and
the endodermis starts to divide anticlinally (arrows) (D). Pericycle derived primordium
cells continue to divide and endodermis derived cells differentiate (E). Lateral root
primordium starts to resemble a lateral root (F).

Bars, 75 um.

pericycle cells are mitotically activated (Fig. 2). Endodermis cells do divide
during initiation of lateral root formation, but only anticlinally (Fig. 2B-
F). Ultimately, these cells form the outer most layer of the lateral root
primordium (Fig. 2D-F) and later become part of the lateral root cap and
columella. Cortex cells do not divide during lateral root formation and so
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do not contribute to the formation of lateral root primordia. Thus, the
complete stem cell niche of the Parasponia lateral root is derived from
the pericycle (Fig. 2E-F). When lateral root primordia have formed 8 cell
layers, the different root tissues (epidermis, cortex and vasculature) start
to become visible (Fig. 2D).

Parasponia root nodule formation starts with cell divisions in the epidermis
(Fig. 3A). Then cell divisions are progressively induced in cortical cell
layers. Subsequently, the first anticlinal divisions are induced in the
pericycle (Fig. 3B). This occurs in at least 8 pericycle cells and so it
involves more pericycle cells than during lateral root formation (Fig. 3B,
C). In the next stage, cell division continues in the outer cortical cell
layers and forms a few centers of cell division. Also the cell division in
the pericycle continues, forming a dome-shaped structure (with at least
10 cell layers) in which no specific tissues can yet be discerned (Fig. 3D).
Cell division continues in the cell division centers derived from the cortex.
The pericycle derived dome-shaped structure starts to elongate and forms
the vascular bundle, but an endodermis and cortex are not formed. At
the tip of this dome-shaped structure a nodule meristem is formed. It
includes cells derived from the pericycle, endodermis, inner cortex and
possible also some cells division centers derived from the outer cortex
(Fig. 3E). At the next stage the outer cortex derived centers of dividing
cells are penetrated by infection threads and fixation threads start to be
formed (Fig. 3F) and these cells become an integral part of the lobes with
infected cells. The meristem adds cells to different nodule tissues, includes
vascular tissue, lobes with infected cells. Our preliminary data shows that
the part of the meristem that originated from the root cortex adds cells
to the infected lobes. The root endodermis derived cells that flank the
pericycle derived vascular tissues differentiate into the endodermis of the
nodule vascular bundle (Fig. 3G-1). Casparian strips are formed in these
vascular endodermis cells, except in the meristematic region (Fig. 31). So
in contrast to what is published, the modified lateral root that is formed
from the pericycle and endodermis does not have any cortical layers.
It has been claimed that the cortex of modified lateral root forms the
infected lobes (Lancelle and Torrey, 1984). However, it is the mitotically
reactivated cortical cells that become infected.
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Fig. 3. Parasponia root nodule development stages.

Nodule formation starts with cell divisions in the epidermis (A). Then cell divisions
are induced in outer cortical cell layers and anticlinal divisions are induced in the
pericycle in at least 8 cells (B). In the next stage, cell division continues (C) in the
outer cortical cell layers and this leads to the formation of a few centers of cell division
and in the pericycle a dome-shaped structure is formed (D). Cell division continues in
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the centers with dividing cells (derived from the outer cortex). The pericycle derived
dome-shaped structure starts to elongate and forms the vascular bundle. At the tip of
this dome-shaped structure a nodule meristem is formed, which includes cells derived
from pericycle, endodermis and inner cortex (E). In the outer cortex derived centers of
dividing cells fixation threads start to be formed (F). Casparian strips are formed in the
endodermis derived cells, except in the meristematic region (G-1). (G) is primordium
at stage III; (H-I) are primordia at stage IV.

Bars, 75 ym.

Based on these observations | conclude: 1. Infected cells of Parasponia
root nodules are derived from root cortex cells that are mitotically activated
and this is similar to legume nodule formation. The group mitotically
activated cortex cells was named pre-nodule (Lancelle and Torrey, 1985).
Because they become part of the infected tissue of the nodule this term is
confusing. Therefore | propose not to name them pre-nodule but simply
part of the nodule primordium. These cortex derived cells become an
integral part of the nodule infected tissue. 2. Different from lateral root
formation, during nodule formation the pericycle only forms the vascular
bundle and does not form cortex cell layers. Further, nodule vascular and
lateral root developments are different from the beginning, as there are
more pericycle cells involved in nodule formation (at least 8) than in lateral
root formation (4—6). 3. The lateral root meristem is completely derived
from the pericycle, but the nodule meristem is formed from a group of
cells derived from pericycle, endodermis and cortex. The cortex forms
the meristematic part adding cells for bacterial infection. Our studies
show that the published description of Parasponia nodule development is
wrong. As actinorhizal nodule development is supposed to be similar to
that of Parasponia, it is essential to re-analyze as well.

Legume root nodulation is evolutionary more successful than non-
legume nodulation

As described above (section Non-legume nodule formation), the nodulation
trait is widely spread within the legume family, whereas in the non-legume
families this trait is rather rare. The latter could mean that this trait arose
rather recent in evolution or its advantage for the host is less than in
legumes. However, the actinorhizal nodulation trait is at least as old as
legume nodulation (Fig. 1) (Doyle, 2011; Santi et al., 2013). Therefore,
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the nodulation trait is more successful in legumes than in actinorhizal
plants, because it is more beneficial to the host.

What could make legume nodulation so successful? A clear difference
between legume and non-legume nodules concerns the vascular bundles.
Legume nodules have multiple peripheral vascular bundles, whereas non-
legume nodules have a central vascular bundle. The peripheral vasculature
is relatively close to the gas present in the soil and so oxygen will be
rather easily accessible. In contrast, a central vasculature is surrounded
by infected cells and this may be a problem. In the infected cells, the
respiration rate of the microbes is high, which produce sufficient ATP for the
high energy consuming reduction of N, to NH,. This leads to a low oxygen
level in infected cells. In infected legume nodule cells, leghemoglobin is
present at high levels to facilitate the transportation of oxygen to the
rhizobia at such low oxygen concentrations (Ott et al., 2005). However,
nodule vascular bundles do not have a high hemoglobin level to transport
oxygen. So, a central vasculature might suffer to some extend from
hypoxia. Because oxygen is well available for peripheral vascular bundles,
they might function more efficiently than a central vascular bundle that is
surrounded by infected cells. Peripheral vascular bundles are present in
nodules of the current most basal legumes, like Arachis (Chandler, 1978)
and Stylosanthes (Chandler et al., 1982). This suggests that peripheral
vascular bundles are probably formed at the start of the evolution of
nodulation in legumes and this could be an important factor that made
nodulation so successful in the legume family (Downie, 2014).

Similarities and differences between legume and non-legume
nodules

The root nodule fate maps described in this thesis provide further insight
into the developmental differences and similarities between legume and
non-legume nodules. For both legume and non-legume nodules, infected
cells are derived from cortex cells, whereas vascular bundles are derived
from different tissue. The legume vascular bundles are mainly derived
from mitotically activated cortex cells. In contrast, the non-legume
vascular bundles are completely derived from pericycle cells. Further, the
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origin of the meristem in legume and non-legume nodules is different.
The legume nodule meristem (indeterminate nodules; Chapter 3) is
completely derived from cortex cells. While the non-legume Parasponia
nodule (section Parasponia root nodule and lateral root fate map)
meristem is derived from pericycle, endodermis and cortex cells. This
difference between legume and Parasponia nodules might also be true
for actinorhizal nodules, as actinorhizal nodule ontogenesis is most likely
similar to that of Parasponia (Torrey and Callaham, 1979; Lancelle and
Torrey, 1985; Imanishi et al., 2014).

The legume and non-legume root nodule and lateral root fate maps
described in this thesis are summarized in Fig. 4. Further discussion on
legume and non-legume nodule development will focus on the formation
of nodule vascular bundles and meristem.

Fig. 4. Legume and non-legume root nodule and lateral root fate maps.
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Development of nodule vascular bundles

Legume nodule vascular bundles mainly develop from cortex derived cells
and not from pericycle cells. This is not because pericycle cells are not
mitotically activated. During nodule primordium formation (Chapter 3)
pericycle cells are mitotically active during early stages (I-1V). However,
this mitotic activity stops at stage V. In some legume mutants this fails,
for example in lin (Kiss et al., 2009; Guan et al., 2013). Nodules without
LIN have central vascular bundles, which are derived from pericycle cells
(Chapter 3), and cortex derived cells do not form vasculature. The origin
of these central vascular bundles is similar to the central vascular bundle
in non-legume (Parasponia) nodules. This suggests that the formation
of peripheral vascular bundles requires the repression of mitotic activity
in pericycle derived cells at an early stage of legume nodule primordium
formation. The vascular bundles in lin resemble the Parasponia vasculature,
which is a modified lateral root. Therefore, it seems that part of the legume
nodule development is the suppression of a lateral root program at an
early stage of nodule primordium formation. Further, these mutants fail to
form peripheral vascular bundles. | propose that this is most likely due to
disturbed PIN expression (More discussion see next section).

By which mechanism could mitotic activity be suppressed in pericycle
derived cells during legume nodule primordium formation? I will first
summarize the events that occur simultaneously with this suppression
of division. The start of differentiation (including endoreduplication) of
infected primordium cells that are derived from the cortex coincides with
this suppression. This differentiation seems important for this block of
division in the pericycle as in nodules formed by mutants which are blocked
in infection, mitotic activity in pericycle derived cells persists. Examples
are the Medicago mutants lin (Kiss et al., 2009) and vpy-2 (Murray et
al., 2011), but it also occurs in Medicago nodules formed by S. meliloti
mutant exoY, which is defective in the first step of exopolysaccharide
biosynthesis (Kuppusamy et al., 2004; Guan et al., 2013). This mutation
leads to abortion of infection in the root hair curl. In these mutant primordia
nodule cells remain small, indicating they did not enter endoreduplication,
which is part of the differentiation process. | propose that differentiation
of the cortex derived primordium cells leads to the suppression the mitotic
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activity of pericycle cells.

What could induce differentiation of the central primordium cells into
infected cells? In the nodule, cell differentiation starts in the cell layer
that forms the border between the meristem and infection zone. Here,
cells become infected, stop dividing and enter endoreduplication. Rhizobia
present in infection threads in these cells most likely produce Nod factor
(Den Herder et al., 2007). Only in this cell layer the Nod factor receptors
NFP and LYK3 accumulate at a relatively high level and it triggers bacteria
release from the infection threads (Moling et al., 2014). Those data suggest
cell differentiation is induced by Nod factor signaling. This conclusion is
also supported by the spontaneous nodules that are induced by dominant
active CCaMK constructs (Gleason et al., 2006; Liu, 2014). Dominant
active CCaMK activates Nod factor signaling cascade down stream of this
kinase.

Dominant active CCaMK induced nodules have many large cells in the
nodule center, although these nodules are formed in the absence of
bacteria. This large size of the cells in the nodule strongly suggests that
they entered endoreduplication and are at least in part differentiated. In
these nodules, the pericycle cell divisions are suppressed and peripheral
vascular bundles are formed (Gleason et al., 2006; Liu, 2014), like in wt.
This suggests that infection by itself is not essential, but the differentiation
process that it initiates. From this we conclude that Nod factor signaling
induced cell differentiation of the primordium cells leads to periphery
vascular bundles formation.

Formation of nodule meristem

In Chapter 3 we show that the legume nodule meristem is formed from
cortex derived cells. The formation of this coincides with the differentiation
of the infected cells and the formation of periphery nodule vascular bundles
in the primordium. So these three processes somehow are interlinked.
Mutant nodule primordia that fail to start differentiation (endoreduplicate)
in the central part, such as lin, vpy-2 and exoY induced primordia, do
neither form a meristem nor peripheral vascular bundles (Chapter 3)
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(Guan et al., 2013). So, although the differentiation of infected cells and
the formation of a meristem and periphery vascular bundles are spatially
separated, these processes appear to be tightly interlinked.

I will first discuss a mechanism by which the formation of nodule vascular
bundle and meristem formation might be linked. This is most likely due
to the auxin accumulation pattern, which in part is controlled by the
transport of auxin through the vascular tissues. In Chapter 4 we show,
based on DR5 expression, how auxin accumulates during root nodule
primordium development. When bacterial infection occurs in the central
part of the nodule primordium (C4/5 derived cells), auxin levels rapidly
decrease in these cells. This coincides with a block of mitotic activity and
start of differentiation. Concomitantly, at the primordium periphery PINs
accumulate and their subcellular position indicates that they facilitate
transport of auxin to the future meristem (C3 derived cells). | propose
that this high auxin level at the apex is essential to form and maintain
the meristem and this would explain why the formation of peripheral
vasculature is essential for the formation of a meristem. The next question
is how the differentiation of central cells is linked to these 2 processes.

Infection of the primordium center cells (C4/5 derived) triggers their
differentiation, which coincides with auxin reduction in those cells. This
(in part) might be accomplished by the PINs accumulating at the future
meristem and at the basal part of the primordium (Chapter 4). In the
future meristem, PINs are positioned to transport auxin into the future
meristem. At the basal part of the primordium, PINs are positioned
to transport auxin to the root vasculature. However, whether this PIN
accumulation is sufficient to trigger a decline in auxin level or how this
differentiation of the central cells results in PIN accumulation remains
to be solved. Such insight might shed light on how cell differentiation of
the center cells is tightly linked to nodule vascular bundle and meristem
formation.

In legumes, infection and cell differentiation in the nodule primordium
center seems crucial for meristem formation. However, this is probably
not the case in non-legume nodule development. In non-legumes the
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pericycle and endodermis derived cells that form the central vasculature
also contribute to the nodule meristem. In legume nodules in which
infection is blocked the activity of the pericycle/endodermis cells that lead
to a central vasculature is even stimulated. This makes it unlikely that in
non-legumes infection and the formation of a meristem are linked.

Since there are no non-legume mutants available with blocked infection,
it is difficult to study the link between infection and meristem formation
genetically. However, in Parasponia intracellular infection is blocked (Seifi
Kalhor Maryam, personal communication) by high nitrate treatment. In
contrast to legumes, nitrate does not block nodulation in Parasponia.
These nitrate nodules are relatively big, but fixation threads are not
formed from the infection threads. Nevertheless a nodule meristem is
formed by which big lobes are formed. This provides some support for the
idea that nodule meristem and vasculature formation, in non-legumes,
are less dependent on intracellular infection. This may add another reason
why legume nodulation is more successful than non-legume nodulation.
Legumes are able to regulate nodule organogenesis when infection is not
successful by blocking meristem formation. In this case a non-profitable
investment in nodule formation is reduced. In contrast non-legume nodule
seems do not have this ability and therefore is less capable to balance the
tradeoff between investment and profit, which is important for successful
symbiosis.

Nodule and lateral root development

It has been postulated several times that legume root nodule development
is derived from the root developmental program (Hirsch and La Rue,
1997; Gualtieri and Bisseling, 2000; Stougaard, 2001; Roudier et al.,
2003; Bright et al., 2005). On the other hand the peripheral location of
the legume vascular bundles has also been used to point to a relation
with shoot development (Hirsch and La Rue, 1997). Recently, several
root apical meristem regulators have been shown to be expressed in the
nodule meristem (Osipova et al., 2012; Roux et al., 2014). These genes
have first been identified and functionally analyzed in Arabidopsis. The
genes studied are; WOX5, a homeodomain transcription factor expressed
in the QC (Forzani et al., 2014); ACR4, a receptor kinase controlling
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WOX5 expression upon CLE peptide perception (De Smet et al., 2008);
PLETHORAs (Chapter 5), AP2/ERF transcription factors (Aida et al., 2004;
Galinha et al., 2007); SHORTROOT (SHR) and SCARECROW (SCR), two
GRAS-type transcription factors essential for stem cell niche maintenance
(Benfey et al., 1993; Di Laurenzio et al., 1996; Heidstra et al., 2004; Lee
et al., 2008); JACKDAW (JKD), a C2H2 zinc finger transcription factor that
is needed for SCR expression (Ogasawara et al., 2011); EFZ and SMB,
two NAC domain TFs involve in lateral root cap and columella production
(Willemsen et al., 2008). Within this group of key regulators only WOX5
is really root specific (Nardmann et al., 2009; Majer and Hochholdinger,
2011), whereas the other regulators are also reported to be involved
in other developmental processes. The PLTs for example also regulate
shoot phyllotaxis (Prasad et al.,, 2011); ACR4 regulates the ovule and
sepal development (Gifford et al., 2003); SHR and SCR play a role in leaf
growth (Dhondt et al., 2010).

To compare the developmental programs of nodules and other organs, the
nodule meristem organization has to be taken into account. In Chapter
5, we confirmed that the nodule meristem is composed of two types of
domains by using WOX5 and PLTs expression patterns (Osipova et al.,
2012; Roux et al., 2014). One domain is located at the center of the
nodule meristem and adds cells to the central and peripheral tissues. This
was named the nodule central meristem. The others are located at the
periphery of the nodule meristem and add cells to the vascular bundles.
These are named the nodule vascular meristems (Osipova et al., 2012;
Roux et al., 2014) (Chapter 5).

When identical genes are expressed in the nodule and root meristem
does this mean that the underlying nodule programs are recruited
from the root? For example WOXS5 is specifically expressed in the (non-
dividing) QC in the root, whereas it is expressed in dividing nodule
meristem cells and even in the endodermis of the vasculature (Roux et
al., 2014). Such observations are for sure not sufficient to conclude that
the QC developmental program is recruited for the development of nodule
meristem as well as endodermis of the vascular bundle. In Chapter 5 we
conclude that nodule development has recruited key regulators of root
development, based on WOX5 and PLTs expression. However, to obtain
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insight in whether and how a developmental program has been coopted, it
is essential that studies are not restricted to single components, but that
regulatory networks are analyzed.

Non-legume nodules have been described as modified lateral roots, based
on their structure and development (Torrey and Callaham, 1979; Hirsch
and La Rue, 1997; Imanishi et al., 2014). The Parasponia nodule fate map
that | describe in this thesis shows that at least the work on Parasponia
is not correct. However, it is still consistent with the conclusion that
development of the central nodule vascular bundle is coopted from root
development. This conclusion is especially based on the observation that
the central vascular bundle and lateral root are both derived from the
pericycle. However, a comparison at the molecular level, using regulators
as described above, has not been performed. In none of transcriptome
studies on non-legume nodules, attention was given to the nodule
meristem or vascular bundles (Hocher et al., 2006; Hocher et al., 2011;
Demina et al., 2013). So a comparison at the molecular level of root and
nodule development in non-legumes remains to be done.

Symbiotic cells are derived from the root cortex

There is increasing evidence that supports the hypothesis that nodule
symbiosis evolved from the AM symbiosis. In legumes the Nod factor
signaling pathway most likely evolved from the Myc factor signaling
pathway. This conclusion is based on the fact that many components of
the Nod factor signaling cascade are also essential for the interaction with
AM fungi. Further, the structure of Nod factors and a class of Myc factors
is very similar (Maillet et al., 2011). In non-legumes this has been less
well studied, but knockdown of the SymRK orthologue in Casuarina glauca
(CgSymRK) (Gherbi et al., 2008) or the orthologue of a Nod factor receptor
in Parasponia (PaNFP) (den Camp et al., 2011) inhibit both nodulation and
AM colonization. Similar results were found in Casuarina glauca with the
orthologue of CCaMK (Svistoonoff et al., 2013). On the cellular level there
are also similarities. In most, if not all, these endosymbiotic interactions,
the cell cycle machinery is activated in root cortical cells. During nodule
symbioses cell division is induced in cortex cells and mycorrhiza infected
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root cortex cells have entered endoreduplication (Bainard et al., 2011). So
in both cases entry into the cell cycle is induced, but only during nodule
formation the mitotic cycle is completed. Further, in Medicago MtVAMP72s
are required for both rhizobium and AM fungal symbiosis, which indicates
that they share the same exocytotic pathway (lvanov et al., 2012). In
this thesis, root nodule fate maps showed that the symbiotic root nodule
cells (infected cells) are derived from root cortex in both legume and the
non-legume Parasponia. | assume this also holds for actinorhizal nodules.
So, it seems probable that all these endosymbiotic interactions share with
AM fungal symbiosis that especially root cortical cells (or cells derived of
it) can be intracellularly infected. In case nodules are formed also cells
derived from a newly formed meristem can be infected.

The studies described in this thesis have strengthened the conclusion that
nodule endosymbiotic interactions in plants are derived from the ancient
AM fungal symbiosis. We showed that the root cortical cells which is the
only cell type that can be intracellulary infected by mycorhizal fungi, is
also intracellularly infected in the non-legume symbiosis of Parasponia and
rhizobia. However, a striking difference between the nodule and AM fungal
symbioses is that the bacteria inducing a nodule symbiosis are never
intracellularly accommodated in an existing root cortical cell. In all cases
at least these cortical cells have been mitotically activated. So, a major
question that remains to be answered is what changes have to be induced
in cortical cells to allow intracellular infection by bacteria. In addition to
mechanisms related to nodule organogenesis it also is very important to
understand by which mechanism plant cells control intracellular infection
by bacteria.
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Root nodule endosymbiosis, which evolved from the more ancient
endosymbiosis arbuscular mycorrhizal symbiosis, is formed in a
group plants that belong to a single clade, the N, -fixing clade. In this
endosymbiosis the host plant interacts with soil borne nitrogen fixing
bacteria, which are collectively known as rhizobium and Frankia. They
are able to trigger the formation of a novel plant organ the root nodule.
It is a special organ that is formed to host the bacteria. In these nodules
the bacteria convert N, into ammonia providing a fixed nitrogen source
to its host. In return, the plant supports the bacteria with carbohydrates.
Although root nodules often thought to have a close relationship with
lateral roots, the ontogeny of these two organs in legume plant was not
known. During my PhD research | focused on the development of these
two organs in nodulating plants.

It is well known that Arabidopsis lateral roots completely originate from
pericycle cells and it has almost become a dogma that this is also the
case in other plant species. However, in legumes the ontogeny of lateral
roots was not well studied. In this thesis it is shown that during Medicago
lateral root development, in addition to the pericycle, also endodermis
and cortex contribute to lateral root development. The pericycle derived
cells form part of the stem cell niche, but interestingly, the endodermis
derived cells also form about half of the initials of the stem cell niche.
This means part of these endodermis cells were really dedifferentiation
and obtained a stem cell nature. This is the first time that it is shown
that fully differentiated cells dedifferentiate and become stem cells during
dicot lateral root formation.

In the Medicago root nodule fate map we showed that the nodule meristem
originates from the third cortical layer, while several cell layers at the base
of the nodule are directly formed from cells of the inner cortical layers, root
endodermis and pericycle. The latter 2 differentiate into the uninfected
tissues that are located at the base of the mature nodule, whereas the
cells derived of the inner cortical cell layers (C4/5) form about 8 cell
layers of infected cells. This means that the middle cortical cells (C3)
dedifferentiate to form the nodule meristem, while the endodermis trans-
differentiates into parenchyma and vascular endodermis. The peripheral
vascular bundles are formed from cortex derived cells. Using this fate
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map we reanalysed several mutants, among others the lin mutant. This
forms nodules with central vascular bundle derived from pericycle and a
meristem is not formed. This indicates that nodule development requires
suppression of mitotic activity in the pericycle derived cells division at an
early stage of development. Another example is nf-yal, it makes small
nodules that contain well-infected inner cortex derived cells. However,
bacterial release is blocked in cells derived from the meristem. Based on
this we conclude intracellular release of rhizobia in primordium cells and
daughter cells of the meristem are regulated in different manners.

Auxin plays a critical role in plant organ organogenesis and root nodules
are no exception. Some studies have shown that auxin accumulates during
nodulation by using reporter constructs. Previously, it has been postulated
by theoretical modelling that the accumulation of auxin during nodulation
is induced by a local reduction of PIN (auxin efflux carriers) activity. In
this thesis this model is tested. However, this study was hampered due
to the low level of MtPIN proteins in the susceptible zone of the root.
It is still possible that the PIN levels are transiently reduced, but we
showed that at a rather early stage (before divisions have occurred) PIN
proteins start to accumulate during primordium formation. To correlate
PIN accumulation with the auxin landscape, we first analysed the auxin
accumulation pattern during the nodule primordium developmental
stages, by using DR5::GUS as reporter system. This showed that auxin
accumulation associates with mitotic activity within the primordium.
Then, MtPINs expression was studied. This showed that at initial stages
(Stage I-111) these MtPINs accumulate in all primordium cells. At later
stages (IV-VI), MtPIN10 mainly expressed at the nodule periphery and
MtPIN2 predominantly expressed at the future meristem (middle cortex
derived cells). The subcellular position of the PINs in these primordium
areas make it very likely that they play a key role in creating the auxin
landscape in the primordium.

It has been suggested that nodule development is closely related to that
of lateral roots. | studied whether the Medicago nodule meristem shares
molecular markers with the root meristem, by studying the expression and
function of PLETHORA genes in the root nodule meristem. Nodule-specific
knockdown of PLETHORA genes resulted in a reduced number of nodules
and in nodules the meristem size is reduced. Hence, we conclude that
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Medicago recruited some key regulators of root development for nodule
development. To investigate further the relationship between lateral root
and nodule development, we made a lateral root and nodule fate map
of Parasponia. This is a non-legume plant that makes nodules. These
studies showed that the nodule central vascular bundle is completely
derived from the pericycle similar as its lateral root, however, the infected
cells originated from cortex. The latter showed that the published
characterisation of Parasponia nodule ontogeny is wrong.

At the end of this thesis is a discussion based on the data we obtained in
this thesis and the literature related to it. Mutant nodules which cannot
form peripheral vascular bundles, such as lin, vpy-2 and rhizobium exoY
induced nodules, never form a meristem. To explain this tight link 1
proposed a putative mechanism. The high auxin level at the apex is most
likely essential to form and maintain the meristem. PINs accumulate at
the nodule periphery where the peripheral vasculature is formed. Further,
their subcellular position indicates that auxin is transported towards the
meristem. This PIN accumulation pattern in the peripheral vasculature
could explain this tight link between the formation of peripheral vasculature
and meristem.

The legume nodulation trait is markedly more wide spread than nodulation
in non-legumes. This suggests that the nodulation trait is evolutionary
more successful in legumes. | discussed that the peripheral vascular
bundles may contribute to this success. Another reason might be that
legumes have a mechanism in place to stop nodule development when
infection is not successful. So a non-profitable investment in nodule
formation is reduced in legume plants. Such a mechanism seems absent
in the non-legume Parasponia.

The idea that root nodule symbiosis is derived from mycorrhizal symbiosis
is supported by several studies. In the case of the rhizobium legume
symbiosis it is for example clear that the cell type that can be intracellularly
infected is the root cortex. However, a major difference is that rhizobia
can only enter these cells after they have been mitotically activated. It
had been reported that in non-legumes cortical cells of a newly formed
modified lateral root could be infected which seemed strikingly different
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from the rhizobium-legume interaction. However, the fate map of
Parasponia nodules, described in this thesis, clearly showed that also in
this interaction mitotically activated cortical cells are the prime targets for
intracellular infection. This indicates that the mechanism by which cortical
cells are modified to become susceptible for intracellular infection might
be shared by the different nodule symbioses.
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Wortelknolsymbiose, de samenwerking tussen plant en bacterién in de
knollen, is geévolueerd uit de endosymbiotische interactie van mycorrhiza
schimmels en planten. Wortelknolsymbiose is tijdens de evolutie een
aantal malen onafhankelijk bij verschillende soorten ontstaan, maar
alle planten die een knolsymbiose aangaan behoren tot dezelfde clade,
d.w.z. ze stammen af van de zelfde evolutionaire voorouder. Dit wordt de
N-fixatie clade genoemd. De bacterién die een wortelknolsymbiose kunnen
vormen zijn of rhizobia- of Frankia- bacterién. Deze bacterién induceren
de vorming van een nieuw orgaan, de wortelknol. In deze wortelknollen
vinden de bacterién de juiste omgeving om atmosferische stikstof om
te zetten in ammonia, die gebruikt kan worden door de gastheer. Als
tegenprestatie voorziet de plant de bacterién van koolhydraten.

Vaak wordt gesuggereerd dat wortelknollen gemodificeerde zijwortels
zijn. Echter, de basis voor deze veronderstelling is zeer gering aangezien
zelfs de ontogenie van deze twee organen in vlinderbloemige planten
niet bekend was. Tijdens mijn PhD-onderzoek heb ik mij gericht op de
ontwikkelingsbiologie van deze twee organen in planten die wortelknollen
kunnen maken.

Zijwortels van Arabidopsis - een niet-vlinderbloemige - ontstaan alleen
uit cellen van de pericykel. De gedachte dat dit ook bij andere planten
het geval is, is algemeen aanvaard. Echter, in vlinderbloemigen was de
ontogenie van zijwortels niet eerder bestudeerd. In dit proefschrift wordt
beschreven datin Medicago naast de pericykel ook de endodermis en cortex
bijdragen aan de ontwikkeling van zijwortels. De cellen van de pericykel
vormen een deel van de nieuwe stamcelniche. Maar ook cellen afkomstig
van de endodermis dragen bij aan de vorming van de stamcelniche. Dit is
de eerste keer dat is aangetoond dat bij de vorming van zijwortels volledig
gedifferentieerde cellen geherprogrammeerd worden tot stamcellen.

Ook voor Medicago-wortelknollen is een gedetailleerde fate map gemaakt.
Een fate map laat zien van welke wortel cellen de verschillende knoldelen
afkomstig zijn. Deze fate map toont aan dat naast de cortex ook de
mitotisch geactiveerde endodermis en pericykel bijdragen aan vorming
van de knol. Deze cellen vormen de niet-geinfecteerde weefsels aan de
basis van de knol. Medicago-knollen hebben een persistent meristeem aan
de apex. Dit meristeem wordt gevormd uit de middelste corticale cellaag.
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De mitotisch geactiveerde binnenste corticale cellagen veranderen direct
in ongeveer acht cellagen met geinfecteerde cellen. Deze cellagen zijn
dus niet afkomstig van het meristeem. Deze gedetailleerde fate map van
de knol blijkt een krachtig instrument om knolfenotypes van mutanten
nauwkeurig te beschrijven.

Bij de ontwikkeling van planten speelt het plantenhormoon auxine een
cruciale rol. Dit is ook bij wortelknolvorming het geval. Hierbij worden
gebieden met een hoge auxine concentratie gecreéerd door met behulp
van b.v. auxine efflux carriers (PINs) auxine gericht naar deze gebieden te
transporteren. Twee Medicago-PINs blijken een belangrijke rol te spelen
bij de vorming van een auxinemaximum in het knolmeristeem. Dit zijn
MtPIN10 en MtPIN2. MtPIN wordt vooral gevormd in de knolperiferie
en is zodanig gepositioneerd dat het het transport van auxine van de
wortel naar het knolmeristeem faciliteert. MtPIN2 is gelokaliseerd in het
meristeem. En de sub-cellulaire lokalisatie draagt bij aan een ophoping
van auxine in het meristeem.

Om de relatie van knol- en zijwortelvorming te bestuderen is er gebruik
gemaakt van de PLETHORA-genen, die een belangrijke rol spelen bij
zijwortelvorming. Een verminderde expressie van deze genen verlaagt
het aantal knollen dat gevormd wordt. Verder missen deze knollen vaak
het apicale meristeem.

Vlinderbloemige wortelknollen hebben vaatbundels die aan de periferie
van de knol gelegen zijn. Dit is een belangrijk verschil met wortelknollen
van niet-vlinderbloemigen. Deze laatsten vormen allemaal knollen met
een centraal gelegen vaatbundel. Een gedetailleerde fate map van knollen
van de niet-vlinderbloemige Parasponia laat zien dat deze vaatbundel een
gemodificeerde zijwortel is. Ik bediscussieer in dit proefschrift hoe de
perifere positie van de vaatbundels kan bijdragen aan het evolutionaire
succes van knolvorming binnen de vlinderbloemige planten. Dit in
tegenstelling tot de centrale vaatbundel bij niet-vlinderbloemigen.
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