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Abstract

In this work we aim to characterise the role of the plant hormone auxin in the development of
nitrogen-fixing, indeterminate legume nodules. More specifically we want to know the timing
of, and the processes responsible for, the auxin signaling induction detected upon inoculation
of the root of Medicago truncatula with its symbiotic rhizobium, Sinorhizobium meliloti. Us-
ing a variety of approaches, we uncover the role of local auxin biosynthesis in the initiation
of the indeterminate nodule, and indicate how local auxin biosynthesis is necessary and suffi-
cient for lateral organ induction in M. truncatula. By employing the use of dynamic models
of auxin transport, we combine our results with previous studies into a unified understanding
of the interactions between auxin biosynthesis, auxin transport, and gene regulatory networks
driving nodule development.
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Chapter 1

Introduction

1.1 The evolution of plant root symbioses

Symbiosis between different phyla is a recurring and important novelty of life[1]. In many
cases, modification of development underpins symbiotic success. This holds true in many
species across the kingdoms of life, from the general adaptations of mammals to host bacte-
ria in their intestines to the specific adaptations of Acacia trees to host ant colonies on their
branches[2]. Plants, specifically, are masters in forming symbioses. Among these, the ones
that aim to increase the influx of bio-available nitrogen from the atmosphere are decisive
for the lifecycle and biomass of many ecosystems on Earth, and are formed between plants
and diazotrophic bacteria[3]. Examples include the symbiosis of Cycads and nitrogen-fixing
cyanobacteria, inside collaroid roots[4], the symbiosis of actinorhizal plants with filamentous
Frankia actinomycetes[5], the symbiosis of diazotrophic bacteria in the mucilage of aerial
roots of Mexican maize[6], and the symbiosis of legumes and Parasponia with rhizobia. These
plants have the capability to form developmental structures specifically designed to host the
symbiont, which in many cases increases the rates of nitrogen-fixation greatly. Legumes are
prime example of this, as they form specialized root organs, the nodules, in which they host
rhizobia. Not all plants, however, are capable of forming such symbioses, and in many an-
thropogenic environments on earth there is a lack of nitrogen-fixing plants. This thesis aims
to elucidate how symbiosis and plant development are interlinked in legume nodules, in the
broadest sense possible. The work herein should help in engineering this symbiosis into cere-
als.



2 Introduction

1.1.1 The two main symbioses

The most ancient and widespread symbiosis of land plants is with mycorrhiza. Starting as
far back as the Devonian period[7], it is estimated that currently as much as 80% of plant
species might engage in it[8]. During mycorrhization the plant provides to the fungus fixed
carbon and gets in return water and mineral nutrients, effectively increasing root foraging. In
the case of the symbiosis of plants with Arbuscular Mycorrhizal (AM) fungi of the phylum
Glomeromycota, the fungal hyphae penetrate root cells and form branched structures inside
them, called arbuscules, where resource exchange takes place. The fungal networks in many
cases are essential for sufficient phosphate supply, and engage in sophisticated trading with
the plant hosts[9].

Building on previous success, plants of the orders Fabales, Fagales, Rosales and Cucur-
bitales have managed to allow, instead of fungi, nitrogen fixing bacteria of the genus Frankia,
or Rhizobium, to colonize their roots. Phylogenetic analyses have estimated that land plants
became predisposed to form this symbiosis around 100 million years ago[10, 11]. Similarly
to the AM symbiosis, the bacteria penetrate the root, either intercellularly or intracellularly. In
many cases the root cells reinitiate cell divisions and form a host organ, the nodule, with spe-
cialized morphology. Rhizobia provide the plant with ammonium by fixing nitrogen directly
from the atmosphere, and the plant in return sustains them with fixed carbon.

1.1.2 Switching symbiotic partner

Intimate chemical communication between the two symbionts is key for symbiotic success.
Before and during AM symbiosis starving plant roots exude strigolactones, which the fungi
recognize as chemical signals. The fungi from their part produce polysaccharides known as
Mycorhization (Myc) factors that the plant roots perceive using the so-called Common Sym-
biosis Pathway[12]. Perception of these symbiont-derived polysaccharides is mediated by
LysM-receptor-kinases at the plasma membrane. These receptors have been co-opted from
chitin-perception of immunity signaling, and have been evolving to recognize a diverse ar-
ray of Myc and Nodulation (Nod) factors[13]. In fact plants seem to recognize both chitin-
oligosaccharides (COs) derived from the fungal cell wall and lipo-chito-oligosaccharides (LCOs)
made by both types of symbionts, to recognize friend from foe[14]. Recently it was shown
that fungal LCOs have a much more widespread role than previously anticipated in regulat-
ing fungal development, even in non-symbiotic fungi[15]. Switching symbiotic partner is
mediated by the ability of the LysM receptors to recognize new molecular signatures[16].
The most important switch happened when plants learned to recognize rhizobia in increasing
stringency. Nitrogen-fixing rhizobia have since evolved highly decorated LCOs called Nod
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factors, which they produce upon perception of exuded flavonoids from plant roots[17, 18].
Plasmids containing the genes required for nitrogen fixation as well as the production of Nod
factors can confer symbiont status to Agrobacteria[19, 20], so Nod factors could act to ad-
vertise to plants the existence of nitrogen fixing capabilities. Consequently, like in marketing,
product personalization and brand loyalty can be of paramount importance. Gene duplication
and neofunctionalisation of the LysM-receptors have equipped legumes with stringent and
extremely sensitive recognition of LCOs from their symbiotic partner, of which they can be
highly selective[14]. It was recently shown that cereals, under extreme nutrient deficiency,
can recognize LCOs categorized as Nod factors with the same proclivity as Myc factors[21],
so one can ponder as to what stopped cereals from evolving a nitrogen-fixing symbiosis.

Upon recognition of COs or LCOs by the LysM-receptor-kinases, in conjunction with a
Leucine-Rich Repeat (LRR) - containing receptor kinase, a burst of reactive oxygen species
(ROS) and influx of calcium across the plasma membrane (PM) happen, as well as induc-
tion of calcium oscilations at the nucleus[14, 22]. These are present in both AM and nodule
symbiosis, and are realized by ion channels regulating synchronous counterflows of calcium
and potassium across the nucleus and the endoplasmic reticulum (ER)[22]. This in turn leads
to the activation of the Ca2+/calmodulin-dependent protein kinase (CCaMK), which decodes
calcium oscillations and induces subsequent transcriptional cascades[23–25].

1.1.3 The nodule symbiosis

Successful molecular signaling between legumes and rhizobia leads to two processes that
develop in parallel. The first one is the internalization of the bacteria, and the second one is the
formation of the nodule primordium, where cells will be made, capable to host the bacteria.
Internalization of the bacteria can be done in many ways, the most primitive being crack
entry and extracellular infection of the site. In many legume species however, like Medicago
truncatula, successful signaling leads to activation of chemotactic root hair growth, that leads
to the tip of the root hair encircling the rhizobium and sealing it from the rhizosphere[26].
After this, major cytoskeletal, polar cargo transport, and signaling changes enable the plant
cell to grow an “infection thread”, a tube that will pass from cell to cell in an elaborate process
that requires cell to cell signaling, and transfer the rhizobia for internalization in specialized
plant cells, where they differentiate and form symbiosomes[26].

Another novelty of the symbiosis with bacteria is the formation of the nodule, a lateral
organ of the root specifically grown to host the bacteria. The importance of having an organ
regulating the site of bacterial infection is easily apparent. The nodule acts to provide the bac-
terioids with enough space to occupy, while at the same time spatially restricting the bacteria
within a tissue type capable of hosting them. It connects the bacteria with the plant vasculature
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and the atmosphere, so that the necessary exchange of nutrients and gasses can occur. As a self
regulated unit, it can itself be regulated in terms of numbers by whole-plant morphogenetic
regulatory processes, such as the Autoregulation of Nodulation (AON)[27]. A number of
different nodule types are recognized in different plant lineages, the main ones being the two
appearing in legumes, the indeterminate (Medicago sativa (alfalfa), Medicago truncatula (bar-
rel medic), Pisum sativum (pea), Trifolium sp. (clover) etc.) and determinate nodules (Glycine
max(soybean), Phaseolus sp. (bean), Lotus japonicus (Japanese trefoil) etc.)[28], a classifica-
tion that has nothing to do with legume phylogeny[29] . Outside the legume family, nodules
are also present in the symbioses of some plants with actinomycetes of the genus Frankia, for
example in the plant Casuarina glauca[30]. Parasponia of the Ulmacae family is also able
to nodulate[31]. The angiosperm Gunnera, on the other hand, hosts Nostoc cyanobacteria
inside infected glands at the base of its leaves[32]. Here we are specifically interested in the
morphogenesis of the indeterminate and determinate nodules formed by the legume family.
Classification in these two nodule types has to do with growth patterns[29]: In indeterminate
nodules, the initial cell divisions happen in the pericycle, endodermis and inner cortex layers
of the root, and then a new meristem surpasses the infected cells of the cortex and positions
itself in the outer cortex, making this type of nodule capable of sustained growth, leading to
an elongated shape with a cell differentiation gradient[33]. In determinate nodules this pattern
inverts, with the first cell divisions happening in the mid or outer cortex[34] and briefly mov-
ing to inner cortex, with arrest of cell division when the domain of cell divisions reaches the
vasculature, or non-sustained central cell divisions and radial expansion[35]. The last cells to
differentiate are at the periphery of the determinate nodule[36]. Although Lateral Roots (LRs)
and nodules appear to be related organs, there is a key difference in the way they are initiated.
LRs have been shown to emerge from pre-patterned lateral root founder cells[37], whereas
nodules do not seem to have a site preference, apart from the tissue type they emerge from. In
some plants however, nodules appear to stem from LR initials and maintain a more primitive
LR-like structure[38].

1.1.4 Root zone and tissues susceptible to nodulation

Legume nodules arise from a specific zone of the root, called the susceptibility zone. Already
suggested by Nutman as the zone of the root where the root hairs grow (1948,[39]), the ex-
tent of the susceptibility zone was carefully measured by Bhuvaneswari et al in a series of
publications[40–43]. In cowpea and soybean, the root was reported to have peak infectivity at
the point of the root where the root hairs are just emerging (best spot for inoculation, BSFI),
after flood inoculation with rhizobia. The vast majority of nodules grew in a region of the root
with BSFI at the center of this region, and the distance between BSFI and root tip as the radius
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of this region. Nodules were reported to grow on new growth of the root as well, after the
point where the root tip was at the time of inoculation[40, 42]. Different legumes have differ-
ent susceptibility zone profiles: Alfalfa and cowpea were reported to prefer to nodulate from
the part of the root that has no root hairs at the time of inoculation. Alfalfa and white clover
were able to also nodulate from parts where the root hairs had matured, compared to cowpea
and soybean which did not. In Medicago truncatula, assessment of the susceptibility zone
extent has been done by Mohd-Radzman et al [44] to measure the effect of MtCEP peptide on
competency for nodulation. The results show that, similar to other legumes, nodules initiate
at most 10mm away from the root tip (a point where root hairs have fully emerged), and that
exogenous application of CEP peptide shifts nodule initiation to younger parts of the root. The
question of what changes the extent and profile (in terms of infectivity) of the susceptibility
zone is an important one, as it can identify endogenous pathways with which the plant can
modulate nodule numbers.

Nodules initiate, apart from a specific zone, also from specific tissues. In Medicago trun-
catula and many other species the first cell divisions occur at the pericycle cells opposite
protoxylem poles[33, 45], the same tissue part where lateral root initials are formed[46, 47].
In Arabidopsis thaliana these cells are the most sensitive to exogenous auxin application and
divide readily[48]. Understanding how these cells start to divide in nodule initiation, in re-
gards to the signal they receive as well as the main pathways involved should give us a clear
perspective on the evolution of nodulation, with the main question being how the nodule is
related to lateral roots and which point in lateral root development, if any, was exploited by
evolution to link rhizobial infection to developmental processes. Elucidating the main com-
ponents of both processes is not trivial since both are central to root function and thus heavily
regulated and connected to many other aspects of root physiology. In recent years however,
central components have been identified, which are both necessary and sufficient for nodule
as well as LR initiation[49, 50]. In the next section we will dive deep into the developmental
programs of the nodule to describe the key players involved in them.

1.2 Signaling and transcriptional regulation during nodule
initiation

The first step of bacterial infection and host-symbiont signaling is perception of a Nod-factor
signal through a heterodimeric LysM receptor kinase complex of Medicago truncatula Nod
Factor Perception (MtNFP) and LysM domain-containing Receptor-Like Kinase (MtLYK3)[51]
that leads to Does-not-Make-Infections-2 (MtDMI2)-mediated nuclear calcium oscilations[12].
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These are decoded by the Calcium and Calmodulin-dependent protein Kinase (CCaMK) which
forms an activated protein complex with, and phosphorylates, Interacting-Protein-of-DMI3
(MtIPD3) (or its functionally redundant copy IPD3-like)[52]. At this point the signal enters the
gene regulatory network (GRN) of the plant cells, as IPD3 forms complexes with the transcrip-
tion factors Nodulation-Signaling-Pathway-1 (MtNSP1) and MtNSP2[53, 54] bridged through
binding with DELLA growth regulators[55], and can activate the expression of the master
nodulation regulator Nodule-INception (NIN) by direct binding to its gene promoter[23], ei-
ther by itself or in a complex. The NSPs are able to form other complexes as well, for
example (in Lotus japonicus) with Interacting-Protein-of-NSP2 (IPN2), again targeting the
NIN promoter and acting to promote or suppress its transcription based on the presence-
absence of each transcription factor[56]. NIN originates from the NIN-Like-Protein (NLP)
family of nitrate-responsive transcription factors which affect root growth GRNs in response
to nitrate[57], a response which involves Calcium sensing as well, via the action of Calcium-
dependent-Protein-Kinases (CPKs)[58]. On close inspection, it is apparent that NIN and NLPs
bind to a similar motif: If I compare the Arabidopsis thaliana NLP6 consensus binding motif
published by Konishi et al[59] to the consensus binding motif of Lotus japonicus NIN pub-
lished by Soyano et al [60], I can observe similarities of the motif form CTT-N(10)-AAG.
Other studies allow the suggestion that NIN is a derived form of NLPs, that has lost bind-
ing domains of NLPs important for the nitrate sensing cascade[61] but might have retained
the capability to activate the same developmental programs[57, 58, 62, 63]. To summarize,
the signaling and transcriptional cascade that leads to expression of NIN happens first in the
epidermis, and it is essential for both infection and nodule organogenesis [60, 64, 65]. NIN,
alongside ERF-Required-forNodulation-1 (ERN1) will go on to regulate genes crucial for in-
fection thread formation, like Early-NODulin-11 (ENOD11), as well as the group of genes
Rhizobium-directed-Polar-Growth (RPG), Vapyrin (VPY) and Lumpy-INfections (LIN), the
proteins of which organize polar exocytosis and the cytosceletal connection between the nu-
cleus and the tip of the infection thread[26] (Figure 1.1, left part). In the following section we
will focus on NIN and nodule organogenesis.

1.2.1 Gene Regulatory Network of Nodulation (GRNN) and Cytokinin

Downstream of NIN expression, the most important and well characterized role in nodule
initiation is held by cytokinin. Multiple studies show that cytokinin sensing through the
Cytokinin-REceptor-1 (MtCRE1) is necessary and sufficient for nodule organogenesis[66–
69]. Intriguingly, NIN does not sit downstream or upstream of cytokinin response, but rather
at the same level: NIN directly induces the expression of CRE1[70], increasing cytokinin sen-
sitivity, and on the other hand cytokinin signaling, through CRE1, induces the expression of



1.2 Signaling and transcriptional regulation during nodule initiation 7

NIN[65–67, 71]. The elusive direct mechanistic link between cytokinin signaling and NIN
was found recently in the form of Cytokinin Elements (CEs) which sit upwards of 15 kilo-
bases away from the NIN transcriptional start site (TSS) in most nodulating species[72], a
distance that might be indicative of the importance of regulating the magnitude of the pos-
sitive feedback between cytokinin and NIN, assuming regulatory magnitude is a function of
distance (meaning, if they were closer to the TSS, the positive feedback might activate every-
thing spontaneously). NIN is also indirectly activated by cytokinin through type B response
regulators (RR-Bs) binding on the promoter of, and activating the expression of, NSP2[73]. As
such there are two well established feedback loops. NIN directly upregulates CRE1, which in
turn, in the presence of cytokinin, activates RR1, which upregulates NIN, directly by binding
to the CEs, and indirectly through the upregulation of expression of NSP2 which activates the
IPN2-NSP1-NSP2 complex to upregulate NIN (Figure 1.1, in red and orange). This positive
feedback loop with a positive coherent feed forward loop embedded in it could be siting at
the core of nodule organogenesis, as feedback loops are known to act as forcing structures in
GRNs, creating a dynamic lockdown of the regulatory state[74]. The type of feed forward loop
embedded is known to encode for a delay function that makes sure over time that the activating
input signal is persistent before activating the downstream target[75], acting as a check, which
could include the conditional nuclear relocalization of NSP2[53]. It is interesting to note
that cytokinin biosynthesis, through activity of the enzymes LOnely-Guy-1 (MtLOG1) and
IsoPentenyl-Transferase-3 (IPT3), is also locally upregulated during nodulation[76], at least
through the action of KNOTTED1-like-homeobox-3 (MtKNOX3)[77], however upstream ac-
tivators are elusive. Lastly, other notable targets of the type-B RRs activated during nodule
cytokinin response are CytoKinin-oXidase-1 (CKX1), the protein of which degrades cytokinin,
the type-A RR4, the protein of which should inactivate CRE1[78–80], forming negative feed-
back loops on cytokinin signaling, keeping it in check, and bHLH476, encoding for a tran-
scription factor that enhances organogenesis[73].

From the point of view of nodule initiation, ranking other parallel and downstream com-
ponents of the GRNN is less clear. For example, it is known that ERN1/2 AP2/ERF tran-
scription factors (TFs) are essential for nodulation, since the Medicago truncatula ern1-ern2
double mutant is unable to initiate infection or nodule development[81]. In Lotus japonicus,
ERN1, like NIN, is directly upregulated by CCaMK-IPD3[82], while in Medicago truncat-
ula ERN1 is directly upregulated by the GRAS TFs NSP1 and NSP2[83, 84]. ERNs directly
regulate ENOD11, with ERN3 being a repressor and ERN1/2 being activators of this impor-
tant nodulin gene for infection[85]. NSP1/2 are also directly upregulating ENOD11[54] in
Medicago. NIN’s role in regulating this module is less clear however, as there is evidence
that NIN directly or indirectly represses ENOD11 expression, [86], while at the same time it
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is established that NIN directly upregulates Nuclear-Factor-Ys (NF-Ys)[60], the proteins of
which in turn directly upregulate ERN1[84]. It is not known if the role of ERNs in nodule
organogenesis is direct or if it is due to successful infection being a natural checkpoint of the
process.

1.2.2 GRNN and Auxin

The rest of the regulatory network parts we will consider here will be delineated from the point
of view of auxin signaling, as auxin is crucial for both nodule organogenesis[28, 30, 68, 112–
115] and infection[116, 117]. Briefly, during infection we have the upregulation of the Auxin-
Response-Factor-16 (ARF16) around infection threads, whose mutant in Medicago truncatula
is resistant to infection. In terms of organogenesis, to study auxin dynamics we have to take
into account the mobile nature of this principal plant hormone. Auxin has a complex re-
lationship with its transport, which can lead to spatial patterning and morphogenesis[118],
and it has been proposed that, in indeterminate nodulators, auxin accumulates proximal to
the site of infection due to decreased acropetal polar auxin transport (PAT), either by local
increase in flavonoids[18, 112, 119], or another unknown signal that inhibits PAT, which
could conceivably be cytokinin[105, 120]. In Medicago truncatula, CRE1-dependent up-
regulation of flavonoid biosynthesis genes inhibits acropetal auxin transport, and external
application of flavonoids can rescue nodulation in the cre1 mutant[68](Figure 1.1, in deep
blue). In determinate nodulators however, auxin transport inhibition is not required for nod-
ule organogenesis[113, 121], and flavonoids seem to only act in their regular role in plant-
rhizobium communication as rhizobial NOD gene inducers[17, 121]. In Lotus japonicus
auxin accumulation comes about by the expression of the auxin biosynthesis gene Tryptophan-
Aminotransferase-of-Arabidopsis thaliana (TAA)[114]. We show in chapter 3 and 4 that, in
Medicago truncatula, we also have the expression of auxin biosynthesis genes of the YUCCA
(YUC) family, early during nodule initiation[50], in agreement with previous gene expression
studies[122]. How these genes are induced downstream of NIN is not known. One possibility
is that STYLISH TFs, the genes of which are known to be directly upregulated in Medicago
truncatula by NF-Y[93], are upregulating YUC genes, as they are known to do in Arabidopsis
thaliana and Physcomitrella[94–96]. Another possibility is that auxin biosynthesis is regu-
lated directly or indirectly by Lateral-organ-Boundaries-Domain (LBD) transcription factors,
auxin upregulated master regulators of lateral roots[90–92]. LBD16 was recently shown to
be directly upregulated by NIN both in Medicago truncatula and in Lotus japonicus([49, 50],
and more evidence in chapter 5). Yet another possibility is that meristem master regulators
PLETHORA (PLT) TFs are regulating YUCCAs, as they are redundantly involved in nodule
meristem maintenance[97, 98]. PLTs are known in Arabidopsis thaliana to be slowly up-
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Figure 1.1: Gene Regulatory Network of Nodulation, derived from literature. Solid edges
denote regulatory interactions with substantial experimental support. Dashed edges denote
incomplete information or regulatory interactions known from non-legume species. 1:[51, 87],
2:[88], 3:[52], 4:[23], 5:[23, 82], 6:[73], 7:[56], 8:[83, 84], 9:[84], 10:[85], 11:[54], 12:[86],
13:[72], 14:[89](more support in chapter 3), 15:[70], 16:[73], 17:[78–80], 18:[77], 19:[76],
20:[60], 21:[49, 50], 22:[90–92], 23:[93], 24:[94–96], 25: see chapter 3, 26:[97–101], 27:[68,
91], 28:[102], 29:[103–105], 30:[68], 31:[68], 32:[106–109], 33:[110], 34:[111], 35:[72].
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regulated by auxin signaling[99] and to create a feedback by directly upregulating YUCCAs
[100, 101]. Lateral roots need PLTs to form properly, with two groups delineated, early ex-
pressed AtPLTs 3, 5 and 7, and late AtPLTs 1, 2 and 4[123]. It remains to be seen how these
TFs are induced and function during nodule formation and maintenance. Lastly, the impor-
tant root meristem regulator WUSCHEL-related-homeobox-5 (WOX5) is implicated in nodule
development[97]. It has been shown both in Arabidopsis thaliana and Medicago truncatula
that WOX5 is auxin inducible[106–109], and that , in Arabidopsis thaliana, WOX5 is driving
auxin biosynthesis through expression of AtYUC1[111]. WOX5 was recently shown to upreg-
ulate type-A RRs in Medicago truncatula[110], but WOX/WUSCHELs are known to directly
downregulate ARRs in Arabidopsis thaliana meristems[124] so more work is needed. It is in-
teresting to note that WOX TFs are known to drive stem cell programs and define meristematic
regions through direct interaction with conserved co-factors of the HAiry-Meristem (HAM)
family[125](GRAS domain TFs), of which NSP2 is a member. They also repress local auxin
signaling by upregulating IAAs[111] as well as via histone modification and repression of im-
portant auxin signaling genes[126] and thus act to maintain high auxin levels and low auxin
sensitivity at stem cell regions, taking the role of an auxin response rheostat[126]. Auxin sig-
naling during nodule development might then feedback positively to NIN expression, as there
is evidence that auxin treatment of Glycine roots upregulates NIN ([89], more evidence in the
results). This potentially puts NIN as a key regulator of a second positive feedback between
NIN and auxin signaling, as well as a coupler of signaling activation of the two major plant
hormones, auxin and cytokinin(Figure 1.1, right part). More work is needed to show if this is
the case.

Lastly, no review of TFs involved in nodule development can be complete without men-
tioning the enigmatic action of NOOT-BOP-COCH-Like (NBCL) genes in sustaining nodule
identity. In Medicago truncatula, nodule-root1 (Mtnoot1) mutant has impaired nodule meris-
tem maintenance, leading to the decoupling of the peripheral vascular meristems to the cen-
tral one, loss of meristem identity, and formation of lateral roots from the peripheral vascu-
lar meristems[127]. This result has also been demonstrated in Pisum sativum (pea) ortholog
cochleata1 (Pscoch1) mutant[128], and in Lotus japonicus Ljnbcl1 mutant[129], making this
TF’s action conserved across nodule types, with concomitant floral phenotypes.

We can appreciate how powerful the above GRNN is in making nodules when we consider
how genetic induction of its components can give nodules in the absence of rhizobia. Gain-of-
function (GOF) mutants of CCamK can give spontaneous cortical cell proliferation without
calcium spiking[130], and so do constitutively active and expressed NIN[60], NF-Y[60] and
phosphomimetic CYCLOPS[23]. GOF Mutations of CRE1 - LHK (snf2) are able to produce
spontaneous fully formed nodules.[24, 71]. All of these are accompanied by a local increase
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in auxin signaling[115]. On the whole, nodule initiation and maintenance involves a GRN
where most components can be found in other plant developmental processes, but has unique
wiring that presumably contributes to the unique patterning and shape of the nodule.

1.3 Auxin and cytokinin in plant development and nodula-
tion

As we have seen above, the two main plant hormones, auxin and cytokinin, are heavily in-
volved in the creation of the nodule. This comes with no surprise, as just application of these
two hormones together can induce callus formation in many plant species[131], and so are
expected to have a role in the de-novo organ formation process of nodule initiation. Histori-
cally, it was proposed as early as 1936 by Thimann[132], that the nodule is an active auxin-
producing center, based on the amount of auxin that can be extracted. Thimann proposed
rhizobia as the source of auxin, a position later elaborated by Libbenga et al (1973,[133]),
who suggested cell divisions occur due to both auxin and cytokinin produced by rhizobia,
when the rhizobia reach tissues with high concentration of stimulatory host factors. Cytokinin
has been shown for more than 60 years now to induce cortical cell divisions[134], is able to
induce nodule formation[67, 71, 135–138] and is certainly produced by rhizobia[139, 140].
While cytokinin and auxin[30, 141–144] secretion by bacteria can alter root development, and
one can think that this might have facilitated early nodule symbiosis evolution, in that case
plants have taken back control of nodule development, as pure Nod factors alone can trigger
nodule formation[145]. Looking at the larger picture of hormonal regulation of plant develop-
ment should provide a foundation to understand how hormones might be implicated in nodule
development.

1.3.1 Auxin and cytokinin in plant development

Normally when we talk about auxin we refer to indole-3-acetic acid, but auxins are a group
of tryptophan-derived compounds that regulate plant patterning and morphogenesis. They act
mainly through changing gene expression via the TRANSPORT INHIBITOR RESPONSE 1
(TIR1) - related auxin signaling pathway[146]. The core of this pathway consists of a sig-
naling cascade where, upon perception of auxin by its receptor domain, TIR1 ubiquitinates
AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) proteins, causing their degradation. Normally
Aux/IAA bind and inhibit AUXIN RESPONSE FACTORS (ARFs), TFs that heavily regulate
gene expression. In this way auxin application releases ARFs to bind to their targets[147] and
detectable change in transcript abundance can occur within 5 minutes[148]. Auxin however
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affects cell physiology in other ways as well. Recently, TIR1-dependent non transcriptional
auxin effects on cell expansion[149] were reported, which involve coupling of auxin influx and
calcium signaling at the plasma membrane[150], an effect that could explain auxin involve-
ment in root hair growth[151], a process known to be heavily regulated by cyclic nucleotide-
gated channels (CNGCs) forming oscillating, emergently tip-focused calcium gradients[152].
Another line of research suggests that interdigitation of pavement-cells happen through auxin
perception at the plasma membrane by auxin binding protein 1 (ABP1) and recruitment of the
cytoskeleton by emerging RHO OF PLANTS (ROP) protein domains[153]. Lastly, parallel
auxin signaling pathways exist, as TRANSMEMBRANE KINASE 1 (TMK1) can perceive
auxin at the plasma membrane and then translocate to the nucleus and phosphorylate non-
canonical IAAs, as identified in Arabidopsis thaliana apical hooks[154].

Auxin transport is an elaborate process heavily expanded by evolution. Auxin, as a weak
acid, is apolar in the cell wall, where the pH is close to 5.5. Thus it does not interact with
the cell PM and can pass into the cytoplasm. There, due to the neutral pH, auxin molecules
shed the proton and become polar, and are unable to get out of the cell by passive diffu-
sion. As such, plant cells are regarded to act as acid traps, and this mechanism is believed
to govern the underlying dynamics of auxin localization in plant tissues, with all the above
being called the “chemiosmotic model”[155]. Polar auxin transport (PAT) appears to be the
evolutionary adaptation addressing these issues of hormone developmental regulation of large
body plans[156]. Auxin is known to be actively polarly transported in plant tissues, follow-
ing a pattern, in my opinion, reminiscent of an inverted Benard convection cell: in cortical
tissues it flows towards the top of the plant, towards all shoot meristems, and there it is redi-
rected in the inner, vascular tissues, and is transported to root meristems, where it is deflected
again to the cortical tissues. Auxin transport is directed by an intricate system of polar ex-
porters, apolar importers and transport facilitators, at the cellular and subcellular level, able
to produce Byzantine patterning dynamics on plant tissues[157–161]. Prime examples of pat-
terning processes directed by auxin in plant tissues are the establishment of the root pole in the
embryo[162], the emergence of new organs in the shoot apical meristem and their connection
to the existing vasculature[163], and vein formation in leaves[164]. Auxin accumulation trig-
gers developmental change in plant tissues[165], mainly through the rapid induction of gene
expression by the Aux/IAA- and ARF-dependent auxin signaling pathway, described above.
The main protein families that modulate auxin transport between different compartments and
through the plasma membrane, as research in Arabidopsis thaliana has shown, are the influx
transporters of the AUX1-LAX family, the efflux transporters of the PIN family, and the ATP-
symporters of the PGP family. We will discuss these transporter families in the section about
auxin transport in the nodule.
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The role of auxin in the formation and development of lateral shoot and root organs is well
established in Arabidopsis thaliana, however is heavily context-dependent. In the shoot apical
meristem (SAM) emergence of auxin maxima at the peripheral zone (PZ) is solely directed
by auxin transport[118, 166], where phenomenologically PIN proteins polarise towards cells
with high auxin concentration, creating a positive feedback that patterns new primordia. The
positioning of these is phyllotaxis, which, after millennia of mathematicians trying to decipher
the origin of its beauty, can now be mechanistically understood[167, 168]. In the case of shoot
bud outgrowth, auxin transport also plays a key role, whereby it is activated and connects
the bud to the vasculature only when the right signals come along, which can be the loss of
the main auxin stream from the dominant apical meristem[169], cytokinin[170], sugars[171],
stringolactone, or all of the above[172]. In the root meristem (RM), auxin is an instructive
gradient for cell elongation and differentiation, at least through the concentration coupling
with PLETHORA TFs[99]. The auxin gradient is maintained through polar auxin transport
that forms a fountain with a reflux loop[158]. The peak of auxin concentration coincides with
the stem cell niche, but this positioning is maintained by auxin biosynthesis, as its abolition
shifts the peak to the root tip[173]. Modulation of auxin concentration at the sides of the RM
due to laterally differential transport rates induced by root environmental perception gives rise
to root tropisms[174]. Lateral root initials are patterned through an oscillation of auxin sig-
naling at the differentiation front of the pericycle[175], opposite xylem poles. The mechanism
behind this periodic priming is not yet sufficiently explained, but it seems to be dependent
on differential auxin loading of the large cells arriving periodically at the shootward end of
the RM[176]. During aquisition of lateral root initials fate an auxin signaling coherent feed-
forward loop upregulates PIN3[177], and later an asymmetric cell division occurs, mediated
by auxin upregulated LBD16[178]. For the subsequent step of lateral root emergence auxin
signaling is again required, through regulation of auxin biosynthesis gene YUC4 by B3 TFs
LEAFY COTYLEDON 2 (LEC2) and FUSCA3 (FUS3)[179].

Cytokinins are a group of compounds synthesized from adenine. In the first step of syn-
thesis, IPT enzymes make iP-type cytokinins. These are then converted by cytochrome P450
CYP735A enzyme to zeatin-type cytokinins[69]. Both types are transported through the vas-
culature to act in different tissues, trans-zeatin-types from root to shoot via the xylem, and
iP-type from shoot to root through the phloem[180]. In the last step, LOG enzymes produce
free base, active cytokinin. Cytokinin signaling is a multistep phosphorelay system[181] in-
volving histidine kinases (HKs) that have a cytokinin receptor domain, authentic histidine
phosphotransferases (AHPs) and type-B RRs[182]. In the SAM, cytokinin regulates cen-
tral zone (CZ) and meristem size, through a positive feedback with SHOOTMERISTEM-
LESS (STM), a KNOX family TF, which at the same time downregulates gibberellin acid
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(GA) and upregulates cytokinin biosynthesis[183]. Cytokinin signaling is integrated into the
WUS patterning system responsible for the width of the CZ and placement and size of the
stem cell domain[184], as cytokinin upregulates WUS, and, through negative regulators of
cytokinin signaling type-A RRs, also upregulates Clavata-3, expressing a spatially patterned
WUS repressor[185]. Auxin interferes with cytokinin regulation of the WUS patterning sys-
tem by downregulating the same ARRs through MONOPTEROS (MP) auxin response factor
[185]. This action is overall considered to connect the two hormones in synergy in the SAM,
while the opposite interaction is observed during root pole specification and in the root meris-
tem, where auxin stimulates the expression of ARRs[186]. Auxin in the SAM, however, has
higher concentration in the Peripheral Zone (PZ) where organs initiate, and there the interac-
tion with cytokinin is considered antagonistic, by to the least supression of STM[187]. For
the purpose of probing the role of cytokinin in nodule organogenesis, it is interesting to note
that, in Arabidopsis thaliana, nitrate availability in the root modulates production of cytokinin
precursors, which act as long range signals and get converted in the SAM by LOG enzymes
to cytokinin, which in turn modulates shoot organogenesis rate[188]. In the root meristem
(RM), cytokinins inhibit root growth, in contrast to their action in the SAM. This happens
through cytokinin local action in the differentiation front of the RM, which, when increased,
acts to shift the front rootward and retard main root growth[189, 190]. This is done at least
in part through antagonistic interaction, activation by cytokinin and repression by auxin, of
the IAA SHORT HYPOCOTYL 2 (SHY2) expression, the protein of which in turn represses
PINs and IPTs[190, 191]. Cytokinin, in Arabidopsis thaliana, also regulates root branching,
by inhibition of lateral root initiation[192].

1.3.2 Cytokinin in nodule development

There has been considerable research on the hormonal mechanisms leading to the initiation
of the nodule primordium. Cytokinin and auxin have central roles in the reprogramming of
cells of the pericycle, endodermis and inner cortex to undergo cell divisions. The cytokinin
Histidine Kinase (HK) receptor mutant Mtcre1, (Ljlhk1 in Lotus japonicus) has unaffected
epidermal responses to rhizobia, but no transition to cell divisions and no primordium, sug-
gesting that cytokinin signaling is crucial for nodule organogenesis[66, 67]. The cre1 mutant
is able however to produce very few nodules[67, 68], and redundant activity of other HKs in
the process has been shown in both Medicago truncatula[193] and Lotus japonicus[194]. On
the other hand, gain-of-function mutants of CRE1 (or the analogous gain-of-function (GOF)
snf2 mutant of LHK1 in L.j.) are prone to spontaneously produce nodule-like structures in
the absence of bacteria[114, 195]. In addition, as discussed already above, cytokinin appli-
cation in wild-type legume roots can induce cortical cell divisions and the expression of Nod
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genes[38, 43, 71, 196], and can lead to fully formed nodules[135, 197]. Some rhizobial species
secrete CK-like compounds affecting root development in soybean[139, 140], and addition of
a gene involved in the secretion of trans-zeatin can rescue the ability of nod- rhizobia mu-
tants to induce nodule organogenesis, but not infection thread formation[198]. These results,
taken together, suggest that cytokinin and its signaling is involved in the initial steps of nod-
ule organogenesis, in a manner analogous to the reported role of cytokinin in the Arabidopsis
thaliana embryo, where it directs stem cell specification at the root pole through the action
of B-type ARR proteins[186]. Detailed analyses on the spatiotemporal dynamics of cytokinin
responses during nodule initiation are lacking, but a dual sensor for auxin and cytokinin has
shown that different tissues of the mature nodule can be distinguished on the basis of signaling
ratios between the two hormones[199]. At the same time, although upregulation of cytokinin
synthesis genes (MtLOG1,2, LjIPT3) upon infection has been shown[27, 76, 200, 201], and
nodulation is hampered in the respective mutants[76, 202], the mechanism by which cytokinin
signaling is augmented in the first 10 hours after inoculation is not properly understood, apart
from the upregulation of CRE1 by NIN[70]. Measurements of cytokinin concentration in Med-
icago truncatula after application of LCOs show an increase in bioactive cytokinins within 3
hours, the expression of CK biosynthesis genes is upregulated, and the majority of the tran-
scriptional changes at this point in time depend on the activity of CRE1[203]. These re-
sults indicate a possible central role of the hypothesized cytokinin signaling feedback with
NIN in the early response to rhizobia, and point to the need of better characterization of
these early responses, to understand if cytokinin signaling feedbacks can play the role of
the elusive signal from the epidermis to the pericycle, responsible for nodule initiation[105].
It has been proposed that accumulation of auxin via inhibition of polar auxin transport is
mediated by CRE1-dependent production of auxin-transport-altering flavonoids and/or CK
itself[18, 28, 33, 68, 103–105, 112].

1.3.3 Auxin transport in plant and nodule development

Auxin transport has the ability to pattern plant tissues[118, 204], and has been proposed to
be responsible for auxin accumulation and signaling during nodule development[18, 28, 205,
206]. In order to better understand auxin transport during nodule initiation, we will present the
main auxin transporter protein families and published results on their activity during nodule
development.

The auxin transporters that we focus the least here are the phosphoglycoproteins (PGPs,
otherwise known as ABCBs) of the ATP binding cassette transporter family (ABC). PGP
mutants result in reduced auxin transport and growth, and PGPs are capable of import as
well as export of auxin from the plant cell[207, 208]. The role of PGPs in auxin transport
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is believed to be supplemental, limited to reinforcing existing auxin fluxes defined by other
transporters[209], and stabilizing PM efflux complexes in ”lipid rafts”[208]. In nodulation
two PGPs have been identified to be highly upregulated upon infection, named AMN2 and
AMN3. Phenotypic analysis of the double mutant, however, did not show any nodulation
phenotype[210].

The AUX1 family comprises of auxin importers with high affinity to auxin, that have dis-
tinct roles in plant development[211]. The AUX1-LAX proteins are largely homogeneously
distributed in the plasma membrane. Their morphogenetic importance is that via differential
expression between cell types (or cells of the same type with differential responses to ex-
ternal stimuli), they affect the directionality of auxin transport and the accumulation of the
hormone[212, 213]. For example, expression and PM localization of AtAUX1 is observed
at the L1 epidermal layer in the shoot apical meristem, where it serves to position and sta-
bilize new primordia by restricting auxin diffusion to the inner layers[163]. On the other
hand, AtLAX2 regulates vascular development[211]. In Medicago truncatula, five LAXes
have been identified [214]. They have been shown to be upregulated during nodule forma-
tion and to localize in the nodule primordium and mature nodule veins. They play a role in
auxin accumulation at the nodule meristem, and mutants of these transporters have reduced
nodulation[102, 210, 215].

The PIN proteins are exporters of auxin that have striking mutant phenotypes. In Arabidop-
sis thaliana, mutants of AtPIN1 are unable to produce phyllotaxis, and have shoots growing
upwards like a pin (hence the name)[216]. AtPIN2 mutants on the other hand exhibit a strong
agravitropic phenotype[186]. All PINs have a basic structure of two hydrophobic domains of
5 transmembrane helices and a variable hydrophilic region in the middle. The family can be
subdivided into two groups based on the contents of the hydrophilic loop[217]: class I with
a very short hydrophilic loop and class II with a long one (AtPIN1-4 and AtPIN7). The hy-
drophilic loop affects localization of the protein. Long PINs undergo constitutive cycling be-
tween the PM and endosomal compartments[218] creating clusters of high concentration[219].
Their correct positioning plays an important role in the directionality of auxin transport[165].
The molecular components underlying the different modalities of PIN polarity is a field of
considerable research and controversy. The auxin receptor ABP1 has been proposed to medi-
ate fast reactions like the rapid inhibition of clathrin-mediated endocytosis of PINs from the
plasma membrane, and to function in cytoskeletal rearrangements mediated by ROP GTPases.
[220, 221]. Its role however in plant development has been disputed[222]. Short PINs, on the
other hand, localize in the endomembranes and, for example in the case of AtPIN5 (ortholog
of Medicago truncatula MtPIN9) which is localized in the ER, have been suggested to control
auxin homeostasis in the cell[223] through their action in compartmentalizing auxin in the
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ER, where auxin can be inactivated by conjugation.

Long PINs appear to have functional redundancy in Arabidopsis thaliana, as they have
overlapping domains of expression, can functionally replace each other when localized in the
same side of a cell, and their promoter activity is flexibly regulated leading to ectopic expres-
sion of homologs in Atpin mutants[224]. The long AtPIN1 (the closest homologs of which in
Medicago truncatula are MtPIN4, MtPIN5 and MtPIN10[225]), is expressed in Arabidopsis
thaliana in the apical part of the embryo proper, the shoot apical meristem and developing
organs and in the vascular system. AtPIN7 is expressed in the basal part of the embryo and
in the root tip. AtPIN2 (Medicago truncatula homologs MtPIN2 and MtPIN7), AtPIN3 and
AtPIN4 (homologs MtPIN3 and MtPIN1) are also expressed in the root tip, where they take
part in the maintenance of the “reflux loop”[158]. The expression topology of the Arabidop-
sis thaliana short PINs can be summarized as ubiquitously expressed for AtPIN5 (Medicago
truncatula ortholog MtPIN9), and in the male gametophyte for AtPIN8[224]. It is interesting
to note that there is a second family of putative auxin transporters that resemble in activity the
short PINs, the PILS[226], but they do not seem to play a role in intercellular auxin transport.

One interesting difference in the set of PINs that Medicago truncatula possesses is that
it has MtPIN10, an ortholog of the “sister of PIN1” SoPIN1 clade, present in monocots like
Brachypodium[227], that is missing in Arabidopsis thaliana. The SoPIN1s are a class of PINs
related to AtPIN1 that seem to have undergone subfunctionalization: In Arabidopsis thaliana,
the creation of a new auxin maximum at the shoot apical meristem surface as well as the con-
nection of it to the existing vasculature is mediated by initial polar auxin transport towards
the emergent maximum by AtPIN1 and subsequent canalization of auxin from the maximum
to the vasculature by the same PIN, its repolarization mediated by the upregulation of MAB4
and the action of PINOID[228]. In contrast, in Brachypodium, the formation of the maximum
is mediated by a SoPIN1, and the canalization by PIN1a and PIN1b[227]. Thus, it is possible
that MtPIN10 acts in a similar fashion, mediating the creation of auxin maxima, by pointing
“up the auxin gradient”[157]. Analysis of the Mtpin10 mutant showed that indeed PIN10 acts
to create the auxin maxima at the leaf primordia and leaf and flower margins[229, 230]. Cross
complementation with AtPIN1 however shows that they are functional orthologs. Since Mt-
PIN10 is upregulated during nodulation[67, 68], it is interesting to explore if it has a role in
the creation of an auxin maximum at the nodule primordium. Preliminary results show that
MtPIN10 polarizes towards new primordia and its mutant has a mild phenotype in the ex-
tent of nodule primordium cell division domain(Ting Ting Xiao, unpublished results from her
thesis[231]). To date, there is no published work on assessing the polarity and localization of
PINs in the nodulation of legumes. There is, however, a detailed study of the localization of
PINs and LAXes in the nodules of Casuarina glauca[30], where it was found that AUX1 ex-



18 Introduction

pression in infected cells and PIN1 expression in uninfected cells, in conjunction with possible
auxin production by the Frankia symbiont, acted to restrict and accumulate auxin in infected
cells.

A number of studies have determined the expression changes that PINs undergo under
nodulation. MtPIN10 has been reported to be mildly upregulated 6hpi(hours post inocula-
tion), something that does not happen in the cre1 mutant[68], and be mildly inducible as early
as 3hpt(hours post treatment) under nod factor treatment[67]. MtPIN2 is expressed in the
uninoculated root in the epidermis and cortex, but has an extremely low expression level in
the differentiation zone[232]]. Upon infection, it has been reported to be expressed (with a
5-fold change) as early as 24hpi[68]. It has been observed in developing nodules at 72hpi
localized at the side of the primordium, and it is present in the base of nodules as well as
LRs, possibly to divert auxin from vasculature to the new organ (or vice versa). Although it is
present throughout LR development at the tip of the LR, it is absent in mature nodules[232].
MtPIN4 is also upregulated upon inoculation 3-6hpi [67, 68]. The short MtPIN9 (ortholog of
the ER-localized AtPIN5) shows a quick and consistent downregulation upon infection. It is
also strongly downregulated in response to short-term cytokinin treatment[67]. In this study,
we will hypothesize that PIN9 affects auxin availability in the susceptibility zone, and test
for possible effects on susceptibility zone span and nodule numbers. We will also probe the
localization and polarity of MtPIN2 and MtPIN9, to provide groundwork on assessing how
the cortical auxin stream is affected by nodulation.

Two other approaches worth mentioning in understanding the effect of PINs on nodulation
are RNAi silencing of PIN translation[232] and using anti-PIN antibodies[30, 67]. Silencing
MtPINs 1-4 respectively, with detected cross-silencing, led to a drop in nodule numbers upon
infection, but no detectable changes in root morphology. Using antibodies, PIN localization
was detected to be highest in inner cortical cells close to the root tip, but the authors do
not report on PIN localization at the susceptibility zone or in the young nodule primordia.
Interestingly, PINs were more abundant in the cre1 mutant, suggesting a connection between
steady state auxin transport dynamics and cytokinin signaling. All in all, PINs show promise
as being important in nodule development.

1.3.3.1 Nodule initiation affects auxin flow, and vice versa

Studies have shown that in order to understand auxin localization in plant tissues, a detailed
analysis of its transport has to be carried out[157, 158, 233], and, in some cases, auxin sources
and sinks can be thought to have negligible effects on the local auxin levels[104, 158]. This
seems to be especially true for the domains of the plant where the activity of auxin transporters
is high, for example in the meristems. In the case of the nodule, there has been considerable
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research into understanding how the initial auxin signaling activation - accumulation, crucial
for the development of both determinate and indeterminate nodule primordia[33, 115, 196],
comes about. One approach, favored by many labs, takes the form of assessing the root-
level changes in major auxin flows (acropetal, basipetal) under nodulation[18, 67, 68, 112,
113, 121, 205, 234]. Acropetal auxin transport is thought to be mediated by the vasculature
and inner cortex, whereas the basipetal is considered to take place in tissues close to the root
epidermis[235]. Using radiolabeled IAA, auxin transport can be assessed by application at the
root tip or at a cut made above the inoculation point in the root, and measurement above or
below the site of spot inoculation, respectively, or at the middle. In Vicia sativa (indeterminate
nodules), rhizobia and nod factors inhibit auxin transport within 24hpi[234]. In the same
study, a time course of the auxin transport changes showed that rhizobia inhibit acropetal polar
auxin transport (PAT) from 16hpi onwards. Acropetal PAT inhibition from 24hpi onwards was
also observed in Medicago truncatula (indeterminate nodules)[18, 68, 205]. Interestingly,
an increase in basipetal auxin transport (in the order of 200%) after inoculation has been
shown[68],. No inhibition of auxin transport was detected in Lotus japonicus (determinate
nodules) before nodule initiation[113](24hpi), but increase of acropetal auxin transport was
detected at 48hpi. These results point to a difference in PAT changes during initiation of
determinate and indeterminate nodules, and have led to the formation of the hypothesis that, at
least in indeterminate nodules, auxin accumulation at the site of nodule primordium formation
comes about by alterations in auxin transport.

This hypothesis is supported by experiments that show that, in a reverse manner, disturb-
ing auxin flow can cause nodule initiation. When polar auxin transport inhibitors (PATIs)
are applied to the root of legume species forming indeterminate nodules, pseudonodules are
formed[68, 198, 236–240], i.e. uninfected nodule-like structures that express genes specific
to nodule symbiosis[198] even in nsp2 and nin mutants[237]. Proposing PAT alterations as a
common legume strategy for auxin accumulation fails however due to PATIs failure to produce
pseudonodules in species forming determinate nodules [241–243], where they can even inhibit
nodule formation in rhizobium inoculated plants[241]. It is interesting to note that PATIs can
also not produce pseudonodules in the Medicago truncatula ethylene insensitive sickle1-1
mutant[237]. PATIs commonly used to induce pseudonodules are naphthylphthalamic acid
(NPA) as well as 2,3,5-triiodobenzoic acid (TIBA), which both inhibit auxin transport, by
similar methods[244]. NPA, a flavonol analog, controls dimerization of PINs and affects their
ability to direct auxin efflux protein complexes[245], and binds to PGPs[246]. TIBA has
been shown to bind at the same protein as NPA[247], but, unlike NPA, is thought to be po-
larly transported similarly to IAA[248]. Since TIBA reduces acropetal auxin transport both
in Medicago truncatula and Lotus japonicus[242], which make nodules of different type, but
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produces pseudonodules only in Medicago truncatula, more work is required to understand
PAT’s role in Medicago truncatula nodule development.

1.3.4 Auxin signaling in indeterminate nodules

A complementary approach to study auxin dynamics in nodulation is through the use of auxin
reporters on nodulation experiments. Two reporter types have been extensively used to date,
based on the auxin responsive GH3 promoter (pGH3, normally the promoter of the auxin
responsive gene encoding for the auxin degradation enzyme GH3[249]), or based on the pro-
moter DR5, which consists of repeated auxin responsive elements (AuxREs), targeted upon
auxin signaling by the ARF transcription factors[250]. Pivotal results have shown that using
a pGH3:GUS (auxin induced β-Glucuronidase (GUS) gene) auxin reporter DNA construct to
transform Trifolium repens (indeterminate nodulator) can uncover elaborate auxin responses
during nodulation[112]. Spot inoculating roots of transgenic plants led to a reported decrease
of the pGH3 signal at the cortex and vasculature, locally and acropetally of the inoculation
site, 5hpi and 10hpi. After these timepoints, the authors reported an increase of the signal
both locally at the cortex, and the reappearance of the signal at the vasculature acropetally
from the site of inoculation, at 20hpi. At 30 hpi, they report an increase of cortical and vas-
cular local signal all around the root at the site of inoculation, and at 50hpi a signal only at
the first dividing cells. These results point to alteration of auxin levels not only at the site
of inoculation 20hpi onwards, but also basipetally and acropetally from the site before that,
leading the authors to suggest that auxin transport is affected by inoculation, resulting in early
changes of auxin levels throughout the root. A formal statistical analysis of the results is lack-
ing however, and a statistical analysis by us on these published data showed that the reported
alterations at 5hpi and 10hpi are not strictly statistically significant, due to low percentages of
samples with altered phenotypes and low numbers of replicates([112],table 2 of the article).
The authors show however that similar alterations to the pGH3 signal can come about by local
application of the flavonol quercetin or NPA, leading them to suggest that alterations in PAT
come about early during nodulation, possibly by the polar auxin transport inhibition action
of locally produced flavonoids on the vascular acropetal auxin stream[112, 119]. Application
of Nod-factors, however, led to a different pattern, where there was an auxin (pGH3) mini-
mum at the site of local treatment 20hpt, which subsequently inverted to an increased signal
in the general area at 30hpt. Its important in my opinion to reevaluate these results and the
timing of the auxin response perturbations, since from these results 20 years of research into
auxin transport during nodule initiation stem from, mainly due to how fast these responses are
reported to be, and how they alter vascular auxin reporter profiles. Using the auxin reporter
pDR5:GUS in transgenic roots of Medicago truncatula [232], a similar auxin pattern of higher
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vascular signal at and above the inoculation site has been observed, albeit at the later timepoint
of 72h after flood inoculation. These observational results are lacking any form of quantifi-
cation. In a different study[68], the GH3 promoter was used to investigate auxin signaling
changes in transgenic roots of Medicago truncatula wild type (WT) and cre1 mutant. The
authors show that, upon infection, a cortical pGH3 signal can be observed as early as 24hpi
(and not at 6hpi), with a concomitant increase in the directly measured auxin IAA at the spot
of infection, as measured by mass spectrometry, and a decrease in acropetal auxin transport
and increase in basipetal auxin transport. These effects were not present in the cre1 mutant
under inoculation, but, interestingly, the pGH3 signal in the root hairs was present as in WT.
In conclusion, results from auxin reporters in plants making indeterminate nodules show that
there is an accumulation of auxin 20hpi onwards at the site of inoculation, and alterations of
auxin levels and presumably auxin fluxes at the root level with a pivot at the inoculation site.
There is some probability of this happening before 20hpi. Although the alterations in auxin
levels and transport are consistent among studies after 24hpi, before that timepoint conclusive
evidence of such processes being present at the site of infection is lacking.

1.3.5 Auxin signaling in determinate nodules

Studies of auxin signaling - accumulation upon nodulation in plants making determinate nod-
ules paint a different picture. In soybean, pDR5:GUS (auxin induced β-Glucuronidase) stud-
ies showed no alteration in the auxin signal at 8 hours post inoculation (hpi) compared to
control[121]. While alterations in PAT and severe reduction in nodulation were observed
when key isoflavone biosynthetic genes were silenced using an RNAi method, nodulation was
rescued by isoflavone-hypersensitive rhizobia or purified Nod-factors, indicating that modula-
tion of PAT via production of flavonoids was not essential for nodulation. The authors of this
study conclude that it is flavonoid induction of Nod-factors in bacteria that explains the RNAi-
silencing phenotype, rather than flavonoid modulation of PAT. In Lotus japonicus, pGH3:GUS
and pGH3:GFP (auxin induced Green Fluorescent Protein (GFP)) reporters provided evidence
of auxin signaling and possible auxin accumulation in the outer cortex[113] upon inoculation.
Spot inoculation of the pGH3:GUS showed staining linked to cortical cell divisions, 2-5dpi.
Staining was higher at the outer cortex and in the main root vasculature directly in contact
with the nodule primordium. Nod factor application showed no signal 6hpt, and a slight auxin
signal at the spot of application 24hpt, accompanied by a relative decrease of auxin signal at
the root tip. In a different study[241], the pGH3 signal was again detected in the outer cortex,
at 2dpi, with no effect on the GUS staining auxin signal of the vasculature above and below
the nodule primordium. All in all, auxin signaling and possible accumulation can be detected
early during nodule organogenesis, it appears to be localized and concurrent with cell divi-
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sions, and in different legume families might come about by, or/and have different effects on,
auxin localization and flow across the whole root.

1.3.6 Computational nodule auxin transport

Computational modeling studies of polar auxin transport (PAT) have proven indispensable
in the characterization and understanding of the emergence of auxin patterning by different
transporter spatial arrangements and polarity feedbacks[146, 163, 169, 213, 251–256]. Only
one such line of research, spanning several publications[33, 103–105] has been carried out
for the characterization of auxin dynamics during indeterminate nodule organogenesis. Using
a 2-dimensional representation of a longitudinal slice of the susceptibility zone of Medicago
truncatula, where auxin and auxin transport dynamics are modeled expicitly, the authors start
from a simulation setup that portrays what they presume are the native dynamics of auxin dif-
fusion and transport. The setup is an adaptation of the first model used to study the root auxin
reflux loop[158]. In this setup each cell is represented by a homogeneous subdomain of the
2D plane, and between the cells there is explicit apoplastic connected space. Then they con-
sider how the concentration of auxin in each point of the space changes through time. In order
to do this the authors use partial differential equations describing auxin diffusion inside the
cells and in the apoplast, and varied permeability, “auxin transport”, at the interface between
the cell and the apoplast, which are extrapolated by how PIN proteins position in microscopic
observations of the Arabidopsis thaliana root[158]. This is due to lack of comprehensive
characterization of any Medicago truncatula PIN localization, to date. With this simple model
they then test how different alterations of PAT at the site of infection can produce a local auxin
maximum, and how the profile of this maximum is. They find that between the three different
hypotheses of PAT alterations (increased auxin influx, decreased efflux, local auxin biosynthe-
sis) the most parsimonious is the decrease in local auxin efflux, leading to auxin accumulation
in specific simulated inner root tissues. The authors also produce a modeling description of
how diffusion of a mobile signal from the site of infection that inhibits auxin efflux leads to
the formation of a local auxin maximum[105]. They propose that this model captures the
essential features of how auxin accumulates early during nodule organogenesis, and indicate
that in planta such a signal could be cytokinin or flavonoids. Indeed, both hormone classes are
known to alter auxin transport. In Arabidopsis thaliana, cytokinin (CK) signaling through the
action of Cytokinin Response Factor (CRF) TFs is able to directly alter PIN expression[257],
and CK redirects PINs for lytic degradation through a branch of fast CK signaling that does
not involve transcription[120, 258]. Flavonoids have been shown to regulate the activity of
ABCB auxin transporters[259], and to act as PATIs like NPA[260]. There are, however, a
number of inconsistencies between the model and experimental data. First, the model makes
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the prediction that basipetal auxin transport is inhibited in cortical tissues, and this is how
auxin accumulates. This precludes possible inhibition of vascular acropetal auxin flows[105].
Experimental results, though, show a 2-fold increase of basipetal auxin transport 24hpi in
Medicago truncatula[68]. Secondly, PIN localization studies at the susceptibility zone are
lacking, so the authors use efflux transport rates deduced from studies of the elongation zone
of Arabidopsis thaliana, or, as a test for model robustness, 10-times less. Both these assump-
tions might be inaccurate, and experimental studies are needed to assess the localization and
abundance of auxin transporters at the site of inoculation. At the same time, although the
authors point to a decrease of efflux as the mechanism for auxin accumulation, an increase in
transcription of PINs has been observed in response to infection[67, 68]. Thirdly, the model
assumes a static polar efflux pattern, that does not change due to auxin perturbations. Al-
though this might be true in the differentiated tissue of the susceptibility zone, reorientation
of auxin transport machinery due to changes in auxin concentration is a regular occurrence
in plant tissues[228, 261]. Including this possibility in the model might introduce complexity
that could hamper the experimental-modeling cycle, but might drastically alter the outcome of
the study, especially the reported incapability of local auxin biosynthesis to give rise to auxin
accumulation and a subsequent primordium. There is a clear need to study if and how, in
reality, PAT is affected by infection.

1.4 Outstanding questions and research objectives

At the beginning of my PhD there was considerable lack of knowledge as to how symbiosis
signaling recruits auxin to drive nodule formation. Most reviews of the literature suggested
that the two nodule types have different ways to recruit auxin[28], something that would be in-
teresting to elaborate on if both types have a common evolutionary origin[10].Thus we focused
on two main questions, when can we first detect auxin signaling during nodule initiation, and
how does it come about. I wanted to put the models, predicting auxin transport to be respon-
sible for auxin accumulation, to the test. I designed experiments to test their assumptions and
their results, as directly as possible, to inform the next modeling cycle. For a start I wanted
to see if cortical auxin flow at the site of infection was enough to provide auxin for a new
primordium. I also wanted to provide the first Medicago truncatula GFP-tagged PINs to di-
rectly observe their behavior during nodule formation, to see if model predictions of transport
reduction held true. Understanding when auxin signaling appears can give us a clue as to how
it happens, by comparing the timing to gene expression. To this end I worked with others
to prepare a detailed timecourse of gene expression changes during the first steps of nodule
development by RNA-seq transcriptomics. Concurrently I measured auxin signaling changes
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in time using our new Medicago truncatula auxin reporter lines. By comparing the timing
of gene expression with the timing of auxin signaling we were able to show that changes in
auxin transport might be subsequent to auxin accumulation, and that auxin biosynthesis might
be actually responsible for initial auxin accumulation. After this discovery my objective was
to put our new hypothesis to the test by perturbing auxin biosynthesis. I also modeled the pro-
cess to better understand how auxin biosynthesis, although potentially at the core of nodule
initiation for both nodule types, might affect differently auxin transport in the primordia of the
two nodule types.



Chapter 2

Auxin transport during nodule
organogenesis

2.1 Introduction

It is known for more than 30 years that chemicals that act as polar auxin transport inhibitors
(PATIs) are able to produce pseudonodules in legumes[68, 198, 237–240]. This has led to
the proposition of the hypothesis that auxin transport inhibition underpins the formation of an
auxin signaling maximum and initiation of the cell cycle in natural nodule formation[28, 34,
67, 68, 112, 119, 198, 242, 262]. A natural first step is to replicate the results on pseudon-
odule formation using PATIs. I then test how local application of auxin or auxin transport
inhibitors affect auxin signaling in stably transformed Medicago truncatula pDR5:GFP-NLS
auxin reporter line, and compare the response to the timing and intensity of the natural auxin
maximum formed during nodule initiation. These experiments aim to test the hypothesis pro-
posed previously that inhibition of cortical auxin flow gives rise to the nodule auxin maximum
[33, 103, 104]. We also tag Medicago truncatula auxin transporters PIN2 and PIN9 with GFP
in order to observe their localization patterns and ask if they are relevant for nodulation. Two
pin9 mutant lines were also tested for nodulation phenotypes. The results suggest that auxin
transport is active through the region where a nodule appears, however, local cortical inhibi-
tion of auxin transport does not seem to be a plausible hypothesis for the creation of a local
auxin maximum.
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2.2 Results

For the purpose of this study, I selected newly developed Medicago truncatula plants stably
transformed with the auxin responsive marker pDR5:GFP-NLS (Green Fluorescent Protein
with Nuclear Localisation Signal driven by Direct Repeat 5 auxin sensitive promoter) for high
fluorescence and response. Our reporter line showed comparable auxin response patterns to
Medicago truncatula pDR5:GUS lines as well as DR5:GFP reporter lines of other plants,
where an auxin response maximum is observed in the root meristem as well as lateral root
primordia. We also developed from first principles a Medicago truncatula GFP-DII-NLS
auxin degradable protein construct, as well as a full R2D2 ratiometric auxin sensor[263],
which passed all auxin sensitivity tests (for more information and microscopy pictures see
Methods 9). However, I was unable to use the DII based auxin sensors in this study due to
delay in making a stably transformed Medicago truncatula line, a task delegated to another
lab.

2.2.1 Flood application of Polar auxin transport inhibitors produces pseudon-
odules

I treated the roots of 4 day old Medicago truncatula pDR5:GFP-NLS as well as wild-type
(Jester) seedlings grown on plates with flood application of polar auxin transport inhibitors
(PATIs) (see Methods 1) . I used water solutions of naphthylphthalamic acid (NPA) 200μM as
well as 2,3,5-triiodobenzoic acid (TIBA) 200μM. Root growth was assessed by epifluorescent
microscopy of pDR5:GFP-NLS seedlings as well as plain observation of wild-type (Jester line)
seedlings. Careful observation of the pDR5:GFP-NLS signal did not show drastic changes 6 -
48 hours post treatment (hpt), except from a perceived mild increase in the GFP signal at the
region where the root tip used to be at the start of the application of the inhibitors, in both NPA
and TIBA treated roots, compared to pDR5:GFP-NLS seedlings grown on normal medium
(control case). I observed a slight loss of fluorescence in treated roots at 4 days post treatment,
compared to control. 6 days after application there was an increase of GFP signal across the
root, and abnormalities on the surface of the roots. At 13 days post treatment I observed lateral
structures emerging from the roots, some of which resembled nodules (Figure 2.1), compared
to control root systems where none emerged. Lateral structures were much more prevalent and
dense 3 weeks post treatment in TIBA treated roots (Figure 2.1 B-C) compared to NPA treated
roots. Although many of the structures resemble the pseudonodules reported in the literature,
I also report a great number of stunted lateral roots, round structures resembling nodules but
with root hairs emerging, as well as some instances where a structure resembling a nodule
changed fate and a lateral root emerged from within (Figures 2.1 D-E).
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Figure 2.1: TIBA and NPA produce pseudonodules: A,B,C Medicago truncatula roots flood-
treated with TIBA 200μM, 3weeks post treatment. Pseudonodules and abnormal lateral struc-
tures were present in all root systems (replicate N=18 root systems, control N=20). D Flu-
orescent microscopy picture of pseudonodule created by flood-treatment of NPA 200μM in
pDR5:GFP-NLS, 13dpt. These structures were rare, with two such structures found in N=14
root sustems. E Same pseudonodule as in D, 3wpt, normal stereoscopic picture. A lateral root
emerged from the pseudonodule.
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2.2.2 Local perturbation of auxin dynamics in the susceptibility zone

Although root-level auxin transport perturbation is able to produce pseudonodules, as seen
in the previous section, there is a need for experiments to address if this is the process by
which auxin maximum formation occurs during normal nodule initiation. To better under-
stand how auxin signaling at the cortex of the susceptibility zone of Medicago truncatula
roots responds to different local chemical perturbations, I treated pDR5:GFP-NLS seedlings
with water droplets containing different chemicals that could affect auxin signaling and trans-
port (Methods 13). 24 hours post treatment I observed the changes in auxin signaling of the
treated region of the root using fluorescent stereoscopy. I then quantified the local auxin re-
sponse by calculating the ratio of fluorescence of the region of the root under the droplet to
the regions of the root above and bellow the droplet (Figure 2.4 B, Methods 6). Prelimi-
nary results showed that local application of a water droplet on the susceptibility zone with
6-Benzylaminopurine (BAP) (10μM or 100μM), a cytokinin analogue, did not produce a con-
sistent auxin response, but Nod-factor(10μM) or BAP+Nod-factor treatment elicited a mild
epidermal auxin response, compared to control treatment with a water droplet. Application of
GR24 (1μM), a strigolactone, did not produce an auxin response. In three formal experiments,
local application of NPA 100μM or TIBA 100μM did not produce a discernible auxin response
as measured by the fluorescence ratio of the droplet region to neighboring regions of the root,
as compared to the fluorescence ratio of water droplet negative control (Figure 2.2). Although
PATI application had no effect, I confirmed that application of NPA should be able to inter-
nalize PINs, in the relevant timescale and concentration, by testing, in a different experiment,
the effect of NPA on PIN2-GFP transgenic roots treated with NPA (Figure 2.5 G, more results
in section 2.2.4). In contrast to the results of PATIs, local application of Indole-3-acetic acid
(IAA, auxin) 1μM on pDR5:GFP-NLS seedling roots produced a significant change in the flu-
orescent signal ratio (Figure 2.2 A). Application of auxin was enough to elicit a cortical auxin
response, whereas inhibition of auxin transport through the cortex was not.

2.2.3 Auxin signaling maximum during nodule initiation

I used the new pDR5:GFP-NLS reporter line to observe and quantify the auxin response of
Medicago truncatula seedling roots to local application of rhizobia, under nitrogen starved
conditions. I treated 4 day old Medicago truncatula seedlings with water droplets containing
diluted Sinorhizobium meliloti liquid culture that produces Nod-factors already, due to the
addition of luteolin (Methods 4). I then observed the local auxin response under confocal,
inverted, and epifluorescence microscopes. Observation under an inverted microscope showed
an early epidermal as well as cortical auxin response, visible from around 12 hpi onwards
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Figure 2.2: Local application of auxin transport inhibitors does not cause cortical auxin re-
sponse: A Fluorescence ratio of the root region inside the droplet, to the average fluorescence
of the root above and bellow the droplet, in pDR5:GFP-NLS seedling roots inoculated at the
SZ with different chemicals by droplet spot treatment, 24 hours post treatment (hpt). The as-
terisk denotes statistically significant increase of the ratio when IAA 1μM is applied compared
to control water treatment (Student’s t-test, p-value<0.05). No significant difference was ob-
served between the other two groups and control. B-E Representative fluorescent stereoscopy
pictures of the different treatments, at 24hpt: water, IAA 1μM, TIBA 100μM, NPA 100μM.
All scale bars denote 200μm.
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Figure 2.3: pDR5:GFP-NLS response under different conditions: A Fluorescent microscopy
picture of a pDR5:GFP-NLS seedling root susceptibility zone 12 hours post spot inoculation.
Fluorescent nuclei at the periphery belong to root hairs, but nuclei from deeper tissues can be
seen in the central region as well. B Root from the same reporter line that was cut, instead of
being spot inoculated, 22hpc. Picture by fluorescent stereoscopy, white depicting fluorescence
intensity. Accumulation of an auxin signal can be observed in the vasculature above the cut.

(Figure 2.3 A). I could first detect an auxin response in the inoculated root hairs, visible from
around 8hpi, and then response in the deeper tissues, from 12hpi onwards, forming a distinct
auxin maximum in the inoculated region (Figure 2.4 B).

To understand if the auxin response is due to accumulation of auxin due to disruption of
auxin flows through the inoculated region, in a different experiment, I cut the root at the sus-
ceptibility zone and tracked the auxin response in the cut area. I observed a clear signal in the
side of the cut which is closer to the shoot, first in the vasculature at around 6 hours, and then
in both vasculature and cortex, in all the roots (representative Figure 2.3 B at 22 hours post
cut). Interestingly I did not observe any signal at the lower side of the cut, either at the vascu-
lature or cortex (N=24). These results support the empirical model of auxin transport through
the root where auxin is transported from shoot to root through the vasculature, and retrograde
flow through the cortex is negligible far from the root tip. The timescale of presumed accumu-
lation of auxin, responsible for this result, is similar to the one of the auxin maximum forming
during nodule initiation.

Next, I quantified the appearance of the auxin maximum during local spot inoculation and
natural nodule initiation, by recording the fluorescence of the pDR5:GFP-NLS line under the
epifluorescent stereoscope, in time. I used again the simple metric to quantify the intensity
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of the auxin response maximum, by comparing the total fluorescence of the inoculated region
to that of the regions directly above and below, and calculating the ratio (Figure 2.4 B). With
this metric I can quantify how much the inoculated region “stands out” compared to the two
neighboring regions. Seedling roots were treated locally with different droplets, as per spot
inoculation protocol (Methods 4). Negative control mock treatment of the root susceptibility
zone of Medicago truncatula pDR5:GFP-NLS seedlings with a water droplet not containing
rhizobia gives consistently a fluorescence ratio a bit above 1 (Figure 2.4 A and 2.2 A). This is
due to a light focusing effect where the droplet acts as a lens under the microscope, increasing
locally the perceived fluorescence level. Spot-treating Medicago truncatula pDR5:GFP-NLS
seedlings with water droplets containing IAA auxin 2,5μM (positive control) gives a quick
and clear fluorescent signal compared to water control, visible and significant already in 1
hour, with a maximum at 6 hours, which declines after that timepoint (Figure 2.4 A). This
result shows that the pDR5:GFP-NLS reporter line is highly responsive and should give a
good indication for the timing of any auxin responses. Spot inoculation of Medicago trun-
catula pDR5:GFP-NLS seedlings with rhizobia water solution produces an auxin maximum
that slowly diverges significantly from mock negative control at about 8 hours post inocula-
tion. Then a clear, observable difference in local fluorescence develops in all roots tested, that
includes a clear cortical auxin response, at 14 hours post inoculation. The auxin response max-
imum of the nodule primordium becomes extremely pronounced after 48 hours, surpassing the
maximal response of the auxin treatment.

2.2.4 Towards characterization of two Medicago truncatula PINs involved
in nodulation

In order to understand how auxin transport is implicated in nodule initiation, PIN auxin trans-
porters related to the process have been identified previously [18, 30, 67, 68, 232]. However, to
date there has been no published research on the localization of individual Medicago truncat-
ula PINs. This is due to the complexity involved in inserting a GFP tag in the PIN protein. PIN
proteins comprise of two regions on either end, of 5 transmembrane domains, and a middle re-
gion of variable complexity that is intracellular. Successful GFP insertion tagging of PINs has
only being reported for the middle intracellular region, for long PINs, and the last intracellular
region between the last two transmembrane domains for a short PIN[223, 264–268]. The mid-
dle region of the protein is functional due to the existence of multiple phosphorylation sites
[269], and thus incorrect tagging can lead to localization defects of the transporter. I aligned
all reported successful GFP tagged PINs from the literature with Medicago truncatula PINs
and identified, and ranked , for all Medicago truncatula PINs, all possible GFP insertion sites
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Figure 2.4: Auxin signaling during nodule initiation: A Auxin signaling response measured
with pDR5:GFP-NLS fluorescence intensity at the site of spot inoculation compared to neigh-
boring non-inoculated areas of the root. Spot treatments included S. meliloti inoculation so-
lution (orange), 2.5 μM IAA (green), and mock inoculation solution (blue). Shading indicates
25-75% quantiles and asterisks indicate significant differences between S. meliloti and mock
treatment at the specific timepoints (student’s t test, * P<0.05, *** P<0.001). At all timepoints
in S. meliloti treatments after 12 hpi, as well as all the IAA timepoints, there is significant
difference to the mock treatment with a P-value less than 0.001, but this is not denoted in
the plot for simplicity. The plot is contracted between the 24 and 48 hours post inoculation
timepoints. B Example of a pDR5:GFP-NLS root, spot inoculated with S. meliloti, at 24hpi.
Red and yellow rectangles indicate the regions of the root used for calculating the fluorescence
intensity ratio (R) which is recorded in A.
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based on sequence similarity and successful insertions at their orthologs and closest homologs
(Methods 7). I identified two Medicago truncatula PINs as important for nodulation to carry
forward for GFP-tagging, Medicago truncatula PIN2, ortholog of Arabidopsis thaliana PIN2,
which is a long PIN known to be involved in cortical basipetal polar auxin transport and to
be upregulated during inoculation[68, 232], and Medicago truncatula PIN9, homolog of Ara-
bidopsis thaliana short PINs, known for their role in sequestering auxin in the ER[223]. PIN9
has been repeatedly reported to be downregulated during nodule initiation[67]. For both PINs
I compared the results from 3 different tagging positions and successfully identified the one
that performed best and gave plausible results in respect to the literature. I also analyzed the
activity of the respective PIN promoters using promoter-GUS ( β-Glucuronidase) expression
analysis (Methods 21) in transformed nodulating roots. All DNA constructs can be found in
Methods 22.

The Medicago truncatula PIN2 promoter is highly active in root tips, with expression
not extending beyond the differentiation zone (Figure 2.3 A-C), according to promoter-GUS
transgenic root staining. In nodules the PIN2 promoter is moderately active at the base of the
nodule, the vasculature, and the meristem. Fusing GFP (more specifically the eGFP “Venus”)
at position 361 of the PIN2 protein revealed, through confocal microscopy of transgenic roots,
a basipetal polar localization of the transporter in epidermal and outer cortical tissues of the
meristem (Figure 2.3 D-E). This is comparable to what has been reported for the Arabidopsis
thaliana PIN2 transporter localization[266]. NPA treatment of constitutively expressing PIN2-
GFP transgenic roots for 20h led to internalization of PIN2-GFP and formation of so-called
BFA bodies[270] (Figure 2.3 G) as well as loss of polarity. Careful observation of PIN2-GFP
transformed roots showed that, in 4 out of 5 roots visualized, the domain where pPIN2:PIN2-
GFP could be detected extended well beyond the differentiation zone (Figure 2.3 H). This
lead me to suppose that although PIN2 is expressed in meristems, it remains in (and is cycled
to) the cell membrane as the cells mature.

Medicago truncatula PIN9 expression and localization was different than those of PIN2.
Promoter-GUS analysis of pPIN9 using transgenic, flood inoculated roots showed mild ex-
pression in the root stele and columella. In nodules PIN9 is expressed in vasculature and
the meristematic zone of the nodule (Figure 2.4 A-B). Regarding PIN9 protein localization,
I identified position 331 of the PIN9 protein as a GFP fusion site that gives natural protein
localization, compared to studies from Arabidopsis[223]. DNA constructs generated by this
approach can be found in Methods 22. I generated transgenic roots with DNA constructs
where PIN9 was fused with Venus (GFP) in position 331 and was driven by an Arabidopsis
thaliana Ubiquitin promoter, pAtUBI10. I then observed PIN9 localization using confocal
microscopy (Methods 19). Medicago truncatula PIN9-331Venus localizes perinuclearly and
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Figure 2.5: MtPIN2 expression and localization: A,B,C Activity of the MtPIN2 promoter in
nodulating transgenic roots transformed with the pPIN2:GUS DNA construct. Pictures of β-
Glucuronidase staining and subsequent bright-field microscopy of transgenic roots. D,E Con-
focal microscopy of outer cell layers (epidermal and cortical) of transgenic root tip expressing
a AtUBI10:NLS-mCherry_pLjUBI1:MtPIN2-361VENUS construct. White arrows denote di-
rection towards the Root Meristem (RM). F Same observation as in D, but with PIN2-VENUS
being expressed under its own native pPIN2 promoter, showing clear basipetal polar plasma
membrane localization. G Confocal microscopy of same transgenic roots as in D, 20 hours
after flood treatment with NPA 100μM. Notice the change to apolar PM localization and in-
ternalization of PIN2 into “BFA bodies” in epidermal tissues. H Example composite confocal
tile picture of variable focal planes of the same transgenic root as in F, using high sensitiv-
ity settings, showing how pPIN2:PIN2-VENUS can be detected in the epidermis well into
the differentiation zone of the root, with basipetal polar PM positioning similar to AtPIN2 in
Arabidopsis thaliana.
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Figure 2.6: MtPIN9 expression and localization: A,B Bright field images of nodulating trans-
genic roots expressing the β-Glucuronidase gene under the control of the MtPIN9 promoter.
Visualization of the promoter activity is done using GUS staining. C Confocal fluores-
cent microscopy of transgenic root expressing pAtUBI10:NLS-mCherry_pLjUBI1:MtPIN9-
331VENUS DNA construct, where nuclei are visualized by nuclear localized mCherry (red
fluorescent protein, in red), and in green we visualize PIN9.

at the ER. I detected a faint localization at the plasma membrane as well (Figure 2.4 C). This
indicates a role of PIN9 in cellular auxin homeostasis and invites further investigation.

2.2.5 The pin9 mutant has no nodule phenotype

In order to understand if PIN9 is involved in nodule development I identified and characterized
two pin9 mutant lines. These are mutants from the Noble foundation Tnt1 insertion mutant
database with transposon insertions at the first exon of the PIN9 open reading frame (Figure
2.5 A). Both mutants were tested for changes in nodule initiation capability across the suscep-
tibility zone, and overall nodule density, compared to the same line genotyped to be homozy-
gous for the wild type (WT) gene. Using a spot inoculation protocol (Methods 4), I inoculated
with rhizobia the susceptibility zone of WT and pin9 either at the site of new emergent root
hairs, which is considered the best spot for inoculation using this method, or at different in-
tervals from the root tip, in order to understand if the mutant has altered susceptibility zone
extent compared to WT. Neither of these experiments showed a statistically significant differ-
ence in the propensity of the mutants to make nodules compared to wild-type plants (Figure
2.5 B-C), either when the plants were grown on normal spot-inoculation medium (Methods 4)
or on medium lacking aminoethoxyvinylglycine (AVG). I then compared nodule densities be-
tween flood inoculated wild-type roots and the two pin9 mutants when the plants were grown
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Figure 2.7: Lack of nodulation phenotype in pin9 mutant: A Tnt1 insertion positions at the
MtPIN9 genomic region for the two mutant lines generated. B Spot inoculation rate of wild
type (WT) and pin9 mutant line at the susceptibility zone. C Spot inoculation rates of WT and
pin9 mutant at different positions of the root. First two categories compare the inoculation at
the Best Spot For Inoculation (BSFI) i.e. the susceptibility zone, 7mm from the root tip. The
middle two categories compare the inoculation rate 2cm away from the root tip. The last two
categories compare the inoculation rate at 1cm, in a medium lacking aminoethoxyvinylglycine
(AVG, see Methods 4). D Whole root weight of 3 weeks old seedlings of the two pin9 mutant
lines compared to WT. E Nodules per mg of root tissue for the two pin9 mutant lines compared
to WT. All significant (p-value<0.05) comparisons are denoted with an asterisk.

in sand (Methods 5). I found a statistically significant reduction in the number of nodules
per miligram of wet root system weight in pin9-1 compared to wild-type, but no difference
in pin9-2 compared to wild-type. This was attributed to higher root system weight in pin9-1
plants compared to WT. The results were not consistent between the two mutant lines so I
report no effect of PIN9 gene mutation on nodule numbers.

2.3 Discussion

There seems to be an elusive link between auxin transport perturbation and nodule initiation.
Polar auxin transport inhibitors are conclusively able to induce the formation of pseudonod-
ules, in species forming indeterminate nodules [68, 198, 237–240], but not in species forming
determinate nodules [241–243], and induce only indeterminate pseudonodules in a species
able to produce both types of nodules[242]. Real nodules also conclusively perturb auxin
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transport. During the formation of indeterminate nodules there is acropetal auxin trans-
port inhibition[18, 67, 68, 112, 205, 234, 242], but no inhibition during determinate nodule
formation[113, 121, 242]. Lets make for a moment a gross simplification and reassess these
results. We can say that most of acropetal auxin transport passes through the vasculature on
its way to the root tip. We can also say that indeterminate nodules form from vascular tissues
and tissues proximal to the vasculature, whereas determinate nodules do not, they form from
cortical tissues. These results say that “vascular” (initiated also in the vasculature) nodules
reduce vascular auxin flow, and reduction of vascular flow induces “vascular” nodules. But
which comes first? Also, why “cortical” (initiated strictly in the cortex) nodules, which pre-
sumably have very similar developmental program involving NIN[11, 201] due to a common
evolutionary root, are not induced by auxin transport blockage and do not cause one?

One possible explanation is that auxin transport through the cortex is much lower than that
of the vasculature, making the feedbacks between nodule formation and auxin accumulation
due to blockage negligible. If this is the case, determinate nodules that initiate in the cortex
will not be artificially induced by auxin transport blockage, simply because there is not enough
auxin transport through the cortex in order for the blockage to produce a sufficient auxin
maximum. In this study I observe PIN2 being present in the cortex of the susceptibility zone
(Figure 2.5 H), but cutting the root produces an auxin maximum due to vascular flow and no
maximum due to cortical flow (Figure 2.3 B). Recent results on the Medicago truncatula pin2
mutant, reporting on the absence of any nodulation phenotype, corroborate on how PIN2 is not
involved in nodulation or that its possible action is compensated by other PINs[271]. Local
application of PATIs also did not produce a cortical auxin maximum (Figure 2.2). All these
could mean that transverse planes, through the susceptibility zone main root axis, are not in
an equilibrium in respect to auxin flows through them, with the vascular flow of auxin towards
the root tip being the predominant flow, and further, that the lower part of the root is a net
auxin sink, assuming slow growth dynamics. Further experimental study on local auxin flows
should help test this hypothesis. Taking everything together, there is little evidence supporting
the hypothesis that nodule initiation involves a cortical auxin flow restriction.

Inferring causality to the correlation between “vascular” nodule initiation and vascular
auxin flow blockage might be done by comparing the timing of the two processes, ignoring
feedbacks for a moment. If the accumulation of auxin during nodule initiation comes subse-
quent to the published timing of vascular auxin transport blockage, we should lean towards
blockage causing the nodule. If its the other way around in time, we should lean towards the
initiation of the nodule causing a blockage. In my hands, timing the emergence of the auxin
maximum in Medicago truncatula gave a strong signal of divergence from buffer treatment 8-
12 hours post inoculation. To put in contrast this result, accurate in time studies of cytosceletal
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changes early during nodulation of Medicago sativa and truncatula[45], show the first micro-
tubular cytoskeleton rearrangements to occur 16-18hpi in pericycle cells positioned opposite
protoxylem poles, and first cortical cell activation at 18-24hpi facing these pericycle cells, all
possibly mediated by altered auxin levels in these cells. Most studies of auxin transport, al-
though coarse in timepoints, agree that in indeterminate nodulators there is a detectable change
occurring at 24hpi[18, 67, 68, 112, 205, 234, 242]. This leads me to propose that there is first
an auxin maximum occuring, then changes in the phase of the nodule initials, then vascular
auxin transport blockage. My proposal, however, cannot explain how the Medicago truncat-
ula cre1 mutant can be rescued by PATIs and flavonoids[68], or that indeed PATIs can perturb
the root to produce, among other things, pseudonodules (Figure 2.1). Ideally, a combined
approach where we can test auxin signaling via fluorescent reporters as well as observe the
dynamics of transported auxin, possibly using fluorescent[173] and radiotracer auxin analogs
and visualization methods (when available), would be able to discern auxin accumulation due
to auxin transport blockage from other means.



Chapter 3

Transcriptional signature of nodule
initiation

3.1 Introduction

Important parallels can be drawn between nodule developmental programs and those of other
plant meristems[97]. The nodule, however, uses these programs to attain new and diverse
morphologies[29]. Identifying the key patterning and morphogenesis processes taking place
during nodule formation should shed light into the function and evolution of this organ, and
can guide engineering of a similar organ in crop cereals. To this end we identified the timing
of nodule initiation during spot inoculation, and tracked in high temporal resolution the tran-
scriptional divergence underpinning it, using RNA sequencing and subsequent verification of
important targets revealed. The timing of this process was compared to the auxin signaling I
detected in chapter 2. In this chapter we will focus on presenting key gene families that are
involved in nodule formation. Many results herein are interwoven with our publication[50].

3.2 Results

3.2.1 Spot inoculation reveals the extent of the susceptibility zone

During the development of our spot-inoculation protocol (Methods 4), I became interested in
identifying the extent of the susceptibility zone in the roots of Medicago truncatula, in our
hands. First, I wanted to pinpoint the positions in the root where we have maximal inoculation
efficiency, to facilitate subsequent experiments. In addition I wanted to find where in the
root inoculation rate was close to 50% under our spot inoculation protocol, in order to better
compare mutants that might have a phenotype in susceptibility zone extent, as presented for
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the pin9 mutant in chapter 2. Thirdly, I was interested in figuring out how far from the RM
nodules can appear, to give an indication as to if cortical auxin flow, which as we have seen in
chapter 2 diminishes away from the RM, would affect nodule formation. The results presented
below are all generated in experiments where roots are grown on agar medium that contains
the ethylene biosynthesis inhibitor aminoethoxyvinylglycine (AVG) which elongates seedling
roots and enhances nodulation[272].

To characterize the profile of the susceptibility zone, 7 day old Medicago truncatula (Jester
ecotype) seedlings were spot inoculated with droplets containing rhizobia (Figure 3.1, A-
C), at different intervals from the root tip. The results presented below (Figure 3.1-D) are
combined from two full experiments, one where the intervals were set at 1, 1.5, 2, 2.5, 3
cm , and one where the intervals were set at 1, 2, 2.5, 3, 4, 5 cm away from the root tip.
Both experiments had sufficient statistical power to show significantly different inoculation
rates across the susceptibility zone (Methods 10). Under these growth conditions, there was
a sigmoidal drop in the infectivity of the root with the midpoint around 2cm away from the
root tip. In addition it was observed that nodules did not grow as fast when they were initiated
away from the root tip compared to closer to the root tip. It is interesting however that nodules
were induced as far away from the root tip as 3 centimeters. For comparison, the width of the
root was measured to be around 400 micrometers, and the differentiation zone to be less than
7mm away from the tip, as 7mm is typically where new root hairs start their development.
Thus the nodules do not need close proximity to the RM to initiate, under our experimental
conditions.

3.2.2 Time course of gene expression during nodule initiation

We used the high efficiency of spot inoculation to measure local changes in gene expression in
inoculated root segments. The roots were treated with droplets containing rhizobia prepared
to infect (see Methods 4), or mock treatment. Then ~3mm root segments containing the inoc-
ulation spot were collected at different time intervals, and RNA was extracted, then sent for
sequencing and subsequent identification of differentially regulated genes (DEGs) compared
to mock (see Methods 20 for the full protocol and statistical tests).

In the initial experiment, we detected a drastic change in the number of genes differentially
regulated between 8 and 16 hours post inoculation (hpi) (Figure 3.2 A). Moreover, at 16hpi
many genes related to auxin and plant development were differentially expressed, whereas at
8hpi they were not. The timing of this transcriptional divergence coincided with the timing
of the auxin maximum formation detected on the pDR5:GFP-NLS seedlings revealed in the
previous chapter, and was not characterized before in detail by other labs, possibly due to the
difficulty of performing an experiment with a 12h interval step. To better understand the order
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Figure 3.1: Spot inoculation rate profile of the root susceptibility zone: A Spot inoculation of
Medicago truncatula seedling roots. First, seeding roots are grown on agar plates with filter
paper cover on the agar. Then, the susceptibility zone is found via stereo microscopy and
marked by puncturing the filter paper, next to it, using a syringe. After that, water droplets
containing rhizobia are placed on this region, where the root hairs first emerge and help the
droplet to remain standing. B Close-up of droplet used for spot inoculation, sitting on emerg-
ing root hairs. C Developing nodule at the inoculated spot, 6 days post inoculation (dpi). D
Successful inoculation rate at different intervals from the root tip, showing the extent of the
susceptibility zone under our growth conditions. Letters above the bars denote groupings of
statistically significant differences among groups based on chi-squared test with Marascuilo
procedure.
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of events between these two time-points, we generated more time-points at 10, 12 and 14hpi
in a follow up experiment. The combined results showed a clear progressive induction of gene
expression, where we could observe different steps of nodule organogenesis (Figure 3.2 B).
I used the Phytozome platform[273] to find all the family members of gene families I was
interested in exploring their expression. I will first discuss the backbone of our discoveries
related to auxin, and then dive deeper in the different gene families we looked into.

Expression of the central nodulation transcription factor (TF) NIN (gene identifier Medtr5g099060)
was detected from 8hpi onward, along with NF-YA [274] (Medtr1g056530), and PLT3 (Medtr5g031880),
a PLETHORA family member known from Arabidopsis thaliana to be a central hub in the
post-wounding root regeneration gene regulatory network (GRN)[275]. In subsequent time-
points we have the detection of transcripts for 3 LBD TFs at 10hpi (LBD16:Medtr7g096530,
Medtr4g083680) and 12 hpi (LBD11:Medtr4g060950), who are central regulators of lateral
root initiation[90–92]. We also detected the expression of at least 5 type-A Response Regu-
lators (RRs) at and after 10hpi, indicating that cytokinin signaling is active in this period of
nodule initiation (Figure 3.4). Interestingly, no member of the cytokinin biosynthesis enzyme
families LOG and IPT was expressed before 16hpi, but the cytokinin degrading CKX enzyme
family was highly expressed from 8hpi onwards (e.g.Medtr2g039410 and Medtr4g126150),
indicating an active negative feedback loop regulation on cytokinin levels caused by active
cytokinin signaling. Surprisingly, we detected induction of 3 auxin biosynthesis genes of the
YUCCA family sequentially at 12, 14 and 16hpi, which after phylogenetic analysis (Figure
3.3) and comparison with Arabidopsis thaliana ortholog expression profiles using the Ex-
pressologs database[276] I named YUC8 (Medtr7g099330, YUC5 in our publication), YUC2
(Medtr6g086870) and YUC1 (Medtr3g109520), respectively. Interestingly, according to Med-
icago truncatula Plant eFP browser[277], YUC8 is highly expressed specifically in nodules.
Subsequent to this, at 16hpi, we have the differential expression of many genes related to
auxin transport, transport modulation and auxin degradation. The ones that stand out are
PIN1 (Medtr4g084870), PIN2 (Medtr4g127100), PIN9 (Medtr7g079720, down-regulated),
LAX2 (Medtr7g067450), many auxin responsive GH3s (e.g. GH3.6:Medtr5g016320) and a
PINOID (PID, Medtr8g089420) which expresses a protein regulating PIN localization by PIN
phosphorylation[269, 278]. GH3, PID and PIN1 up-regulation pointed to an orchestrated re-
sponse to auxin accumulation, which happens in the same way in the shoot apical meristem
when a new auxin maximum forms[228]. At 16hpi we have cells entering the cell cycle, as
many members of the indicator families CYCLIN-A and CDC20 are expressed from then on
(Figure 3.4). Thus we formed the hypothesis that there are 3 steps in the induction of auxin
responses in nodule initiation. First there is expression of TFs central to organogenesis at 8
and 10hpi, second an induction of auxin biosynthesis at 12 and 14hpi that causes auxin ac-
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cumulation, which at a third stage causes a response of a suite of auxin responsive genes at
16hpi. If this is true I reasoned that I should be able to detect auxin signaling at this time-
point by statistical tests for enrichment of auxin responsive elements in the set of promoters
of differentially regulated genes, compared to a random promoter set. Thus I next explored
which signals promote this transcriptional divergence by using bioinformatic analyses of the
promoters of all differentially expressed gene sets at different timepoints.

3.2.3 Detection of cytokinin response and a subsequent auxin response

To test the hypothesis of a general auxin response at 16hpi, I asked the question if and when
there is a statistically significant enrichment for auxin responsive elements (AuxREs) in the
promoters of differentially regulated genes, at different time-points up to and including 16hpi
(see Methods 8B), compared to random sets of promoters. To this end I assembled a database
of the promoter sequences of all Medicago truncatula genes, using Phytozome[273]. I also
assembled a collection of AuxRE and type-A RR motif profiles, based on the AuxREs used
in DR5 and DR5v2 auxin reporters[263] and the Arabidopsis thaliana cytokinin response reg-
ulator ARR1 and ARR2 binding motifs from the Jaspar database[279]. I used the RR motifs
to detect and place in time a possible cytokinin response. I then tested, using the Analysis
of Motif Enrichment (AME) tool of the MEME suite[280], in each time-point, for enrich-
ment of AuxRE - ARR motifs in the upstream regions of genes detected to change expression,
compared to upstream regions of a random set of genes (Methods 8B). I detected a highly
significant enrichment for AuxRE motifs in the promoter sets of genes both up-regulated (ad-
justed p-value < 10-7) and down-regulated (adj. p-value < 10-4) at 16hpi, and not before. I
could however detect significant enrichment for ARR1 in the promoters of up-regulated genes
at 12hpi (p-value < 10-3), and ARR2 in the promoters of up-regulated genes at 14hpi (p-value
< 10-4), only. These results point to a cytokinin response being active at 12 and 14hpi, that
correlates with type-A RR gene up-regulation, and a subsequent auxin response at 16hpi (Fig-
ure 3.2-B). In a second approach, all the promoter sequences of Medicago truncatula genes
were ranked in respect to the abundance of AuxREs in them. I then investigated how the
60 highest ranked genes in this list changed expression nodule timecourse RNA-seq data set.
None of these genes was differentially regulated before 16hpi, and some were up-regulated at
16hpi and onward. I find these results to corroborate on our placement of the onset of auxin
signaling at 16hpi, and to suggest that auxin biosynthesis precedes auxin accumulation. I will
discuss more results from this type of motif analysis in section 3.2.5 below.
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Figure 3.2: Transcriptional signature of nodule initiation: A Log-plot of the number of up-
regulated (green) and down-regulated (red) genes during nodule initiation, as measured by
RNA-seq. The triangle area corresponds to the average fold change of the group of genes at
each time-point. B Heatmap of the up-regulation of selected group of genes of the same data
set as in (A). Under the heatmap I denote the time-points where I discovered first a significant
enrichment for cytokinin and auxin response elements in the set of promoters of differentially
regulated genes compared to promoters of a random set of Medicago truncatula genes.
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Figure 3.3: Phylogenetic tree of Arabidopsis thaliana and Medicago truncatula YUCCA pro-
teins (Methods 14).
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3.2.4 Exploring other gene families with active regulation

Looking at how different gene families involved in plant organogenesis are regulated during
nodule initiation proved to be highly informative to understand how this organ comes to be and
how its initiation relates to that of other organs (Figure 3.4, 3.5). Starting with the PLETHORA
gene family, which are important APETALA2-domain transcription factors[100, 281], we can
observe an early sequential induction of MtPLT3 (8hpi) and MtPLT5 (16hpi, Medtr4g127930)
expression, then induction of MtPLT1 (Medtr2g098180) and MtPLT4 (Medtr7g080460, oth-
erwise known as BABYBOOM) expression, at 24hpi. This is highly analogous to induction of
lateral root primordia in Arabidopsis thaliana, where we have AtPLT3,5,7 as early inducers
of late AtPLT1,2 and 4[123]. MtPLT2 (Medtr4g06537) expression however is not generally
induced, except for a transient down-regulation at 48hpi. Due to the fact that Arabidopsis
thaliana PLT1,2,3,4 promoters have been reported to give the same expression patterns as their
respective Medicago truncatula ones[98], we expected this gene family to not be involved in
nodule specific patterning processes, rather, to be induced by them. Since we know that NIN
is a central regulator of nodule development, and that NIN is part of the NLP family that regu-
lates root branching[57, 58], the exciting possibility that NIN and NLPs regulate PLTs in the
same way became apparent. In order to test the plausibility of this hypothesis, I scanned the
promoters of Arabidopsis thaliana and Medicago truncatula PLTs for NIN binding sites[60],
which I find to be similar to AtNLP ones[59], using the Find Individual Motif Occurrences
(FIMO) tool of the MEME suite. I indeed found multiple possible NIN binding sites in the
3kb promoter sequences of AtPLT1-4 and MtPLT1-4, with the ones with the highest similarity
score being motifs at approximately -130bp from the transcription start site (TSS) of AtPLT2,
and motifs in the promoter of MtPLT2, MtPLT1 and before the TSS of MtPLT3. However,
few motifs of low similarity were expected to be found by chance alone. Thus I concluded
that regulation of PLTs from NIN and NLPs cannot be ruled out. I devised transactivation
experiments to test for possible cross-regulation between MtPLT3 and MtNIN (see chapter 4,
section 4.2.2).

The gene families I would like to discuss next is other families related to auxin. The Small
Auxin-Up RNA (SAUR) gene family encodes for proteins which have many functions in cell
growth, with the main characterized one being the promotion of cell expansion[282] through
interaction and inhibition of membrane bound PP2C.D family phosphatases, which inhibit an
acid growth mechanism[283]. Most SAUR promoters are known to have AuxREs[284, 285].
The SAUR gene family in Medicago truncatula is very large[286], however, we did not detect
any member being expressed before 16hpi, in agreement with my placement of the auxin re-
sponse, with some members being highly induced from 16hpi onward (e.g. Medtr3g113310,
Figure 3.4). There is the exception of MtSAUR1 (Medtr8g094980), which has a mild up-
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regulation at 10 and 12 hpi, previously reported to be related to epidermal response to infection[117].
Differential regulation of genes from the Aux/IAA and ARF families was also exclusive to
16hpi onward, with a general trend of IAAs being mildly up-regulated and ARFs being mildly
down-regulated. I next looked at the Tryptophan-Aminotransferase-of-Arabidopsis (TAA)
family of enzymes, responsible for the first step in auxin synthesis. Although implicated in
nodule development in Lotus japonicus[114], the earliest expression of any TAA was detected
here to be at 24hpi (Medtr3g077250), which led us to believe that they are not implicated in
the initial auxin accumulation. Due to the sequential role of TAAs and YUCCAs in auxin
production, any of them could be the bottleneck of auxin production metabolic flux, and in
this case it seems to be YUCCAs. The Dioxygenase for auxin oxidation (DAO) family, in
contrast to the previous ones, irreversibly inactivates auxin by oxidation[287], and, interest-
ingly, is highly up-regulated from 10hpi (Medtr7g063730, Medtr4g074130, Medtr3g088745
and others). This is an interesting result, as it points to auxin production as well as degra-
dation precluding transcriptional regulation of canonical auxin transport during nodule initi-
ation. A UDP-glucosyltransferase (Medtr7g080935), that inactivates auxin precursors, was
coexpressed with DAOs. In terms of auxin transport, the main results were discussed above,
however I did not discuss the curious case of the PGP/ABCB transporter gene expression.
Two of them, namely MtAMN3 (Medtr8g022270) and MtAMN2 (Medtr4g081190) are highly
expressed from 2hpi and 10 hpi onward, respectively. The double mutant however did not
have a phenotype[210]. It remains to be seen what is their role in nodulation. Another
auxin transport family are the PIN-Like transporters (PILs)[226], which seem to act in in-
tracellular auxin transport. In our data set, none of these genes were expressed before 16hpi,
and some where mildly down-regulated after that. This indicates no change in PIL mediated
auxin compartmentalization in the new organ, a result that could be generalized, as the same
expression down-regulation is seen in MtPIN9, the protein of which is also acting in auxin
compartmentalization[223] (discussed in chapter 2).

Next we will look at gene families that could be implicated in the early expression of
YUCCA genes. It could be that YUCs are directly up-regulated by NIN, PLTs[281], or WOXs[126].
However, as presented above, LOB TFs are our leading hypothesis for induction of auxin
biosynthesis (presented by our lab in [50]). This could be a direct regulation, or indirect,
through STYLISH (STY) TFs [94, 95] which can also be up-regulated by NF-Ys[93]. At the
time of writing this thesis, convincing results were published showing STY TFs involved in up-
regulating YUCs in the post-initial cell division stage, helping in nodule emergence[288]. The
cause of the initial up-regulation of YUCs, however, is not resolved yet. Looking at our data
set, no STY family member is up-regulated before 16hpi, and we observe a gradual expression
induction of 6 STYs by 36hpi (Medtr4g099070 and Medtr5g089750 early, Medtr8g076620



48 Transcriptional signature of nodule initiation

and Medtr1g023230 late important ones), indeed pointing to a delayed role of STYs[288] in
nodule emergence. Clues as to what could be inducing the early YUC expression can be found
if we look in WOX- related TFs. From the WUSCHEL family[126], 2 genes are differen-
tially regulated early during nodule initiation. MtWOX5 (Medtr5g081990) is up-regulated at
14hpi, and another WOX (Medtr3g115620) is up-regulated at 16hpi. Could it be that early
up-regulation of YUCs have to do with WOX and its interactors? For one, we already know
that NSP2 is important for nodulation, but its underappreciated that it’s HAIRY MERISTEM
(HAM) homologs in Arabidopsis thaliana are interacting with WOX to regulate stem cell
nieces[125]. Recently I surveyed the expression of Leafy Cotyledon (LEC) family, which
WOX regulates[289]. In Arabidopsis thaliana, LEC1 is an NF-YB subunit, and it acts together
with LEC2 during early embryogenesis to induce, among other things, embryo identity, auxin
biosynthesis[290] and somatic embryogenesis[291], a result that holds in Medicago truncat-
ula as well[292]. Overexpression of LEC2 can induce totipotency in many species, at least
in part through YUCCA induction[293, 294], and BBM stem cell-related activity is through
this TF as well[295]. I identified a LEC homolog, Medtr7g105370, to be highly expressed
from 10hpi onward, and invite more research on the possibility of the corresponding TF being
part of the network regulating early YUC induction. Overall, This TF could be the missing
piece of the puzzle of how NF-YA1 could regulate YUCCAs, as from the NF-YA family we
have MtNFY-A1 (HAP2) (Medtr1g056530) only being expressed from 8hpi, and from the NF-
YB family we have MtNF-YB16 (Medtr4g119500) only being highly up-regulated from 12hpi
onward. All the data corresponding to the observations discussed here can be found in the
supplementary list of differentially expressed genes in our group publication[50], as well as
Figures 3.4 and 3.5.

Lastly, I would like to make some observations about how nodule initiation relates to
other plant developmental processes. Nodule initiation does not seem to involve the expres-
sion of the NO TRANSMITTING TRACT (NTT) and its paralogs, as we detected only one of
them being lowly and briefly expressed only at 16hpi (Medtr2g090745) and a general fam-
ily down-regulation after. These genes are necessary for the initiation of the root meristem
in the Arabidopsis thaliana embryo, and distal cell fate at the RM, and their missexpression
can transform other stem cell populations to a distal stem cell fate[296]. It stands to reason
then that nodule initiation does not require this family, and suppression of their expression
might help in keeping nodule identity. Another stem cell developmental process I can com-
pare the nodules with is the spontaneous organ formation in the leaves of the kanadi1-kanadi2
Arabidopsis thaliana mutant, where run-away YUCCA expression re-polarizes the leaf tissue
and induces the formation of outgrowths[297]. Outgrowth formation is dependent on CUP-
SHAPED COTYLEDON (CUC) TFs, which are locally co-expressed with YUCs, redirect
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PIN localization, and give directionality to growth, in this setting. CUCs are generally respon-
sible for shaping multiple organs via margin dissection[298, 299]. Our data set indicates that
the large Medicago truncatula CUC family is broadly and consistently down-regulated in the
nodule. This could suggest that the globular shape of this organ might involve suppression of
this and other families of shaping factors, and that YUCCA action does not require them in
the nodule to form a proximal auxin maximum. We cannot rule out, however, that regulation
is spatially heterogeneous in the region we probe, cancelling out over the whole tissue sam-
ple. In the future, comparing the gene regulatory network state of the nodule to that of other
organs[300] could lead to an understanding of how this organ attains it’s unique “inverted” or-
ganization, where, I suggest, infectable cortical tissue takes central position, and vasculature
forms peripherally, a testament to the evolvability and plasticity of plant development.

3.2.5 Bioinformatic analyses of the RNA-seq data set

Our data set gives a unique opportunity to characterize nodule development through both
holistic and targeted bioinformatic approaches. I found these approaches to be complementary
and informative to our main research question of how is auxin involved in nodule initiation, to
the least by placing processes relating to auxin in time among other developmental events. To
prepare our data set, first I sorted the differentially expressed genes by expression across time-
points and extracted annotation for these genes. For this I used a custom-made web scraper
program that extracted the community annotation for Medicago truncatula genome v4 (Mt4.0)
provided by JCVI[301], as well as annotations of respective Arabidopsis thaliana homologs
from Phytozome[273]. I opted for three types of analyses to the data set. Our first type of
analysis was a literature search to identify interesting targets highly and quickly differentially
regulated throughout the datapoints for further research. The second approach was to perform
gene ontology enrichment tests for the sets of up-regulated and down-regulated genes in each
time-point (Methods 18). The third approach was to test the same groups of genes for motif
enrichment of known TF binding sites in their promoter sequences, or to find novel motifs in
these promoters and test for enrichment in comparison to a random set of Medicago truncatula
promoters (Methods 8A).

Looking at early up-regulated genes revealed a number of interesting targets for further
research. From the very few (9 in total) genes up-regulated consistently from 2hpi and all
the time-points onward, most express proteins which seem to be defence related, according to
annotation, for example a putative ankyrin repeat-like protein (Medtr6g027840) that has a pos-
sible relation to ABA signaling, a salicylic acid carboxyl methyltransferase (Medtr6g056070),
a tyrosine kinase (Medtr4g129010) and an LRR receptor-like kinase (Medtr5g026760). All
fold-change gene expression values can be found in Figure 3.5. A pectate lyase (Medtr3g086320)
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expressed could be related to the breakdown of the cell wall to remodel for root hair ex-
tention and curling. I also detected a high up-regulation of expression of a hypothetical
protein (Medtr5g005290) that has no known Arabidopsis thaliana homologs, but is part of
a big legume family of hypothetical proteins of unknown function, based on a HMMER
search. Lastly, I identified a subtilisin-like serine protease (Medtr4g102400) whose Arabidop-
sis thaliana homolog is involved in stomatal lineage development[302]. Many WRKY tran-
scription factor genes (Medtr7g071120, Medtr3g090860, Medtr4g007060) were expressed
specifically on this time-point, which pinpoints to an active stress response[303]. Looking at
the set of genes up-regulated from 4hpi onward also reveals defence related responses, corrob-
orated by GO tests (see below). We have the expression of a possible exochitinase (glycoside
hydrolase Medtr4g116990), a defensin (Medtr8g012795), and a cell wall remodeling DUF642
family protein (Medtr4g039720). Two more completely unknown proteins, with no Arabidop-
sis thaliana homologs, were found to be expressed (Medtr4g088510, Medtr8g040940). Be-
tween the time-points of 2hpi and 4hpi I found a number of genes that were first highly up-
regulated and then highly down-regulated (e.g. Medtr8g479250, Medtr1g090957, Medtr4g117610),
with one encoding for a cyanogenic beta-glucosidase (Medtr4g015420) which releases hydro-
gen cyanide [304](Figure 3.5). This could indicate that between these points in time the plants
decides if the inoculum is a friend or foe. Interestingly, I did not find a single gene that was
down-regulated early and throughout our datapoints. All the above indicate a stage between
0-8hpi where the GRN of the plant reconfigures from a pure defence response to a symbiotic
decision, where symbiosis suppresses other responses the plant might have initiated.

Gene Ontology enrichment for the sets of differentially regulated genes (Methods 18) was
next employed to better understand which cellular components, processes and molecular func-
tions are activated in each timepoint of nodule induction. For this we used the agriGO analysis
toolkit[305] (full analysis description in Methods 18). The results complemented the general
observations I made above. I will present only the highly significant results to make it this
section easier for the reader. At 4hpi the set of genes up-regulated by more than 2-fold yielded
significant results for enrichment in response to stimulus and response to stress GO cate-
gories. At 8hpi, up-regulated genes were enriched in transport, establishment of localization
and other categories related to transmembrane movement of substances, which might be re-
lated to the infection process taking place. At 10hpi we have response to chemical stimulus
and oxidative stress, heme, tetrapyrrole, iron ion and calcium ion binding categories, which
are also enriched in the 12hpi up-regulated group, where we have the addition of cell wall
biogenesis, phosphorelay signal transduction system, nitrogen metabolic process regulation,
kinases, regulation of transcription, RNA metabolism and macromolecule biosynthesis cate-
gories. At these time-points I could make sense of these results by relating them to the calcium



3.2 Results 51

Figure 3.4: Expression fold change during nodule formation of selected genes. All data re-
ported are significant and have FDR corrected p-values less than 0.05. Gene family members
with non significant expression changes (n.s.) are omitted.
group gene ID gene name/description 2hpi 4 8 10 12 14 16 24 36 48 72 96hpi

Medtr5g099060 NIN n.s. n.s. 5.1 5.3 17.3 24.6 203.2 70.8 30.9 76.6 119.6 166.5

Medtr1g056530 NF-YA1, HAP2 n.s. n.s. 8.2 4.6 12.1 38.4 355.4 232.8 288.3 690.7 571.4 673.8

Medtr5g031880 MtPLT3 n.s. n.s. 2.0 2.8 6.5 13.5 93.7 80.8 51.4 67.1 70.5 28.8

Medtr4g060950 LBD11 n.s. n.s. n.s. n.s. 4.1 4.0 7.3 10.4 10.7 7.8 7.2 2.9

Medtr4g083680 LBD4 n.s. n.s. n.s. 1.7 2.9 2.6 6.0 2.9 1.9 2.0 1.6 n.s.

Medtr7g096530  LBD16 n.s. n.s. n.s. 1.8 3.6 6.1 18.4 19.0 18.1 16.9 22.1 11.5

ARRs Medtr3g015490 ARR-related n.s. n.s. n.s. 2.1 3.1 3.6 5.4 2.8 2.0 n.s. n.s. n.s.

Medtr3g078613 ARR-related n.s. n.s. n.s. 1.7 2.4 2.0 5.0 2.7 2.1 1.4 n.s. 1.3

Medtr5g036480 ARR4 n.s. n.s. n.s. 2.1 3.7 2.2 4.2 1.5 n.s. n.s. n.s. n.s.

Medtr7g490310 ARR-related n.s. n.s. n.s. 1.5 1.8 n.s. 2.7 1.9 1.5 1.3 n.s. n.s.

Medtr8g038620 ARR11 n.s. n.s. n.s. 2.8 5.1 6.4 34.5 9.7 11.4 7.7 10.6 7.0

LOG Medtr7g101290 LOG1 n.s. n.s. n.s. n.s. n.s. n.s. 136.5 12.4 4.8 2.7 9.1 8.1

IPTs Medtr2g022140 IPT-related n.s. n.s. n.s. n.s. n.s. n.s. 12.6 5.7 2.5 3.7 2.1 n.s.

Medtr1g110590 IPT1 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 17.4 15.1 166.2 43.8

Medtr4g117330 IPT-related n.s. n.s. n.s. n.s. n.s. n.s. 13.2 2.8 2.2 1.9 2.8 2.5

CKXs Medtr2g039410 CKX-related n.s. n.s. 2.5 3.1 7.7 8.5 8.4 5.2 1.5 n.s. 2.8 2.6

Medtr4g126150 CKX-related n.s. n.s. n.s. 6.8 25.3 339.6 80.7 17.7 10.8 26.8 31.5 19.0

YUCs Medtr7g099330 MtYUC8 n.s. n.s. n.s. n.s. 3.1 3.9 4.3 10.0 12.8 15.2 9.3 17.3

Medtr6g086870 MtYUC2 n.s. n.s. n.s. n.s. n.s. 4.6 6.6 17.9 57.1 40.1 4.9 8.8

Medtr3g109520 MtYUC1 n.s. n.s. n.s. n.s. n.s. n.s. 2.6 2.4 3.6 2.6 n.s. n.s.

PINs Medtr4g084870 PIN1 n.s. n.s. n.s. n.s. n.s. n.s. 1.8 2.0 1.7 1.7 2.2 1.6

Medtr4g127100 PIN2 n.s. n.s. n.s. n.s. n.s. n.s. 4.0 5.4 23.4 26.7 21.1 7.6

Medtr1g030890 PIN3 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. -1.6 -1.6 -2.6 -3.4

Medtr1g029190 PIN6 n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.9 8.1 6.0 4.2 1.9

Medtr7g079720 PIN9 n.s. n.s. n.s. n.s. n.s. n.s. -3.8 -3.8 -6.6 -2.8 -3.2 n.s.

Medtr7g089360 PIN10 n.s. n.s. n.s. -1.4 n.s. n.s. n.s. 2.1 3.7 3.8 5.6 5.5

LAXs Medtr5g082220 LAX1 n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.6 1.5 1.4 1.3 n.s.

Medtr7g067450 LAX2 n.s. n.s. n.s. n.s. n.s. n.s. 1.9 2.1 1.6 1.6 n.s. -1.3

GH3s Medtr5g016320 GH3.6 1.6 n.s. n.s. n.s. n.s. n.s. 14.4 9.1 10.7 6.2 6.1 3.7

Medtr8g027955 GH3-related n.s. n.s. n.s. n.s. n.s. n.s. -1.8 -2.1 -2.3 -2.1 -2.4 -1.9

Medtr8g027920 GH3-related n.s. n.s. n.s. n.s. n.s. n.s. -1.8 n.s. -1.9 n.s. n.s. 1.6

Medtr8g467000 GH3-related n.s. n.s. n.s. -1.3 n.s. n.s. -1.4 -1.3 -1.9 -1.6 -1.6 -1.6

Medtr7g094190 GH3.7 n.s. n.s. n.s. n.s. n.s. n.s. 1.4 n.s. 1.4 1.3 1.4 1.5

Medtr1g088765 GH3.2 n.s. n.s. n.s. -1.8 n.s. n.s. n.s. n.s. -1.7 -2.3 -2.0 -2.7

Medtr7g117110 GH3.9 n.s. n.s. n.s. n.s. n.s. n.s. n.s. -1.2 -1.5 -1.4 -1.4 -1.5

Medtr0035s0150 GH3-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. 2.3 2.8 2.5 5.3 3.4

PIDs Medtr2g018990 PID-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 2.4 n.s. 1.6 1.9

Medtr8g089420 PID n.s. n.s. n.s. n.s. n.s. n.s. 9.6 253.0 61.0 12.6 11.3 3.8

Medtr4g113790 PID2-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 3.6 3.9 15.2 17.3

Cyclins Medtr2g102550 CycA2 n.s. n.s. n.s. n.s. n.s. n.s. n.s. 2.9 3.4 4.0 7.6 5.3

Medtr3g102530 Cyclin-related n.s. n.s. n.s. n.s. n.s. n.s. 2.5 2.3 3.4 3.6 3.0 4.8

Medtr3g102520 Cyclin-related n.s. n.s. n.s. n.s. n.s. n.s. 2.9 4.0 5.0 4.5 3.9 5.1

Medtr3g100710 Cyclin-related n.s. n.s. n.s. n.s. n.s. n.s. 1.4 1.4 1.8 1.6 n.s. n.s.

D Cyclins Medtr4g094942 Cyclin-D3-2-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.8 2.5 2.2 2.3 2.9

Medtr5g035360 Cyclin-D1-1-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. -1.3 -1.5 -2.3 -1.5

Medtr3g100710 Cyclin-D4-1-related n.s. n.s. n.s. n.s. n.s. n.s. 1.4 1.4 1.8 1.6 n.s. n.s.

Medtr5g032550 Cyclin-D2-1-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.6 1.3 n.s. 1.6

Medtr3g102310 Cyclin-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. -1.6 n.s. 1.5 1.8

Medtr1g107535 Cyclin-D3-1-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.9 1.7 2.2 3.5 2.9

CDC20 related, Medtr3g051690 CDC20-related n.s. n.s. n.s. n.s. n.s. n.s. 3.6 4.3 2.9 2.3 2.8 2.7

anaphase Medtr3g067940 CCS52a-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.4 2.5 3.0 6.1 5.0

specific Medtr7g034625 CDC20-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. 3.5 4.6 3.6 8.8 7.5

Medtr1g054300  WD-40 repeat prot. n.s. n.s. n.s. n.s. n.s. n.s. 2.7 2.7 2.4 1.7 n.s. 1.5

Medtr4g102510 FIZZY-related n.s. n.s. n.s. n.s. n.s. n.s. 1.4 1.3 1.5 n.s. n.s. 1.4

PLTs Medtr2g098180 PLT1 n.s. n.s. n.s. n.s. n.s. n.s. n.s. 3.3 n.s. n.s. 7.5 4.0

Medtr4g065370 PLT2 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. -18.3 n.s. n.s.

Medtr5g031880 PLT3 n.s. n.s. 2.0 2.8 6.5 13.5 93.7 80.8 51.4 67.1 70.5 28.8

Medtr7g080460 PLT4 n.s. n.s. n.s. n.s. n.s. n.s. n.s. 6.4 n.s. 4.5 15.2 5.2

Medtr4g127930 PLT5 n.s. n.s. n.s. n.s. n.s. n.s. 3.6 3.5 3.1 2.7 3.7 2.9

Medtr8g068510 PLT7 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

SAURs Medtr8g094980 SAUR1 n.s. n.s. n.s. 1.7 2.1 n.s. n.s. 1.4 n.s. n.s. n.s. -1.4

Medtr3g113310 SAUR-related n.s. n.s. n.s. n.s. n.s. n.s. 61.7 138.8 512.7 237.6 881.6 276.8

Medtr3g092220 SAUR-related n.s. n.s. n.s. n.s. n.s. n.s. -1.6 -1.4 -2.1 -1.7 -2.0 -2.1

Medtr2g044020 SAUR-related n.s. n.s. n.s. n.s. n.s. n.s. 3.6 n.s. n.s. 2.0 3.6 7.7

Medtr4g005320 SAUR-related n.s. n.s. n.s. n.s. n.s. n.s. 6.9 n.s. n.s. n.s. n.s. n.s.

Medtr8g022440 SAUR-related n.s. n.s. n.s. n.s. n.s. n.s. -1.7 -1.6 -2.3 -1.8 -4.1 -2.9

Medtr4g072190 SAUR-related n.s. n.s. n.s. n.s. n.s. n.s. 3.7 2.5 1.9 2.8 3.2 2.5

Medtr7g051910 SAUR-related n.s. n.s. n.s. n.s. n.s. n.s. -1.6 -1.5 -2.2 -1.9 -2.7 -2.7

Medtr8g026730 SAUR-related n.s. n.s. n.s. n.s. n.s. n.s. 1.8 2.1 1.4 n.s. n.s. -2.0
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Figure 3.5: Expression fold change during nodule formation of selected genes . (continued)

group gene ID gene name/description 2hpi 4 8 10 12 14 16 24 36 48 72 96hpi

Aux/IAAs Medtr1g080860 IAA16-related n.s. n.s. n.s. n.s. n.s. n.s. -1.5 -1.5 -1.8 -1.7 -1.8 -1.8

Medtr4g115070 IAA9 n.s. n.s. n.s. n.s. n.s. n.s. 1.8 1.4 1.8 1.6 1.5 n.s.

Medtr1g093240 IAA14-related n.s. n.s. n.s. n.s. n.s. n.s. 1.4 2.2 3.2 3.2 2.5 2.3

Medtr8g067530 IAA9 n.s. n.s. n.s. n.s. n.s. n.s. 1.4 1.6 2.1 1.9 2.4 2.0

Medtr4g011880 IAA19-related n.s. n.s. n.s. n.s. n.s. n.s. 1.7 3.4 2.2 n.s. n.s. n.s.

Medtr4g115075 IAA-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. 3.9 21.2 55.7 16.6 21.1

Medtr8g014520 IAA18 n.s. n.s. n.s. n.s. n.s. n.s. n.s. -1.6 -2.0 -2.0 -2.0 -1.5

Medtr1g093350 IAA1-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.5 1.7 1.4 1.5 n.s.

ARFs Medtr1g094960 ARF10-related n.s. n.s. n.s. n.s. n.s. n.s. 8.5 5.4 6.9 5.3 3.9 3.4

Medtr2g093740 ARF4 n.s. n.s. n.s. n.s. n.s. n.s. -1.6 -1.5 -1.8 n.s. n.s. -1.9

Medtr4g021580 ARF12-related n.s. n.s. n.s. n.s. n.s. n.s. -1.4 -1.4 -1.4 -1.3 n.s. n.s.

Medtr4g124900 ARF19-related n.s. n.s. n.s. n.s. n.s. n.s. -1.4 -1.7 -2.2 -1.5 n.s. -1.5

Medtr2g043250 ARF19-related n.s. n.s. n.s. n.s. n.s. n.s. 1.3 1.6 2.2 1.9 2.2 1.6

Medtr3g064050 ARF8 n.s. n.s. n.s. n.s. n.s. n.s. 1.4 1.5 2.4 2.0 1.6 n.s.

Medtr5g076270 ARF8 n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.4 1.5 1.4 n.s. n.s.

Medtr8g100050 ARF2 n.s. n.s. n.s. n.s. n.s. n.s. n.s. -1.3 -1.3 -1.4 n.s. n.s.

Medtr1g024025 ARF5 n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.3 2.0 2.5 3.6 3.4

TAAs Medtr4g105220 TAA-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. -1.6 n.s. n.s. 1.8

Medtr3g077250 TAA-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.8 1.6 1.3 n.s. n.s.

Medtr5g033510 TAA1-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 3.6

DAOs Medtr7g063730 DAO-related n.s. n.s. n.s. 6.7 193.4 493.2 2215.1 381.3 2117.2 2176.5 2370.1 5145.6

Medtr2g068960 DAO-related n.s. n.s. n.s. n.s. n.s. n.s. 57.0 10.2 47.1 n.s. 2.9 13.2

Medtr4g074130 DAO-related n.s. n.s. n.s. 4.3 10.8 15.4 39.8 12.6 43.1 78.0 86.0 66.0

Medtr2g069020 DAO-related n.s. n.s. n.s. n.s. n.s. 2.7 2.9 3.1 21.9 22.9 29.4 126.7

Medtr3g088745 DAO-related n.s. n.s. n.s. 54.7 52.8 134.5 975.7 523.9 600.6 426.5 694.5 600.8

Medtr4g132770 DAO-related n.s. n.s. n.s. n.s. n.s. n.s. 14.9 26.9 51.9 63.0 91.2 131.2

Medtr4g132765 DAO-related n.s. n.s. n.s. n.s. n.s. n.s. 13.0 27.2 116.0 136.6 205.1 859.7

Medtr7g080935 UDP-glucosyltransferase n.s. n.s. n.s. 6.6 10.5 117.4 37.7 56.3 69.7 63.7 119.4 104.1

AMNs Medtr4g081190 AMN2 n.s. n.s. n.s. 11.0 160.5 219.6 283.5 150.3 775.4 60.1 164.8 479.7

(ABCBs) Medtr8g022270 AMN3 4.5 4.2 9.0 27.6 81.3 82.5 141.9 27.7 62.6 14.0 56.1 31.0

PILS Medtr8g006780 PILS-related n.s. n.s. n.s. n.s. n.s. n.s. -2.4 -1.7 -3.1 -2.1 -3.2 -3.3

Medtr5g024970 PILS-related n.s. n.s. n.s. n.s. n.s. n.s. -2.1 -1.8 -3.1 -2.4 -3.4 -3.7

Medtr5g024660 PILS-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. -1.5 -3.1 -1.8 -2.7 -2.3

Medtr5g024640 PILS-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. -1.9 -4.0 -2.2 -2.5 -2.0

STYs Medtr8g076620 STY-SHI-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. 23.3 38.9 96.9 130.8 55.0

Medtr5g089750 STY-SHI-related n.s. n.s. n.s. n.s. n.s. n.s. 1.6 2.1 6.4 7.7 14.1 14.2

Medtr4g099070 STY-SHI-related n.s. n.s. n.s. n.s. n.s. n.s. 1.9 1.8 2.6 1.8 n.s. 1.5

Medtr3g014660 STY-SHI-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 2.2 2.9 3.3 4.6

Medtr1g023230 STY-SHI-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. 4.3 16.2 35.2 19.7 12.1

Medtr5g021130 STY-SHI-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 3.6 8.6 14.1 9.0

Medtr4g071110 STY-SHI-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 7.9 20.9

Medtr8g039110 STY-SHI-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 96.3 265.5

Medtr0363s0040 STY-SHI-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 22.3 10.5

WOXs Medtr5g081990 MtWOX5 n.s. n.s. n.s. n.s. n.s. 4.4 8.6 21.0 39.1 38.8 25.7 13.6

Medtr3g115620 WOX-related n.s. n.s. n.s. n.s. n.s. n.s. 1.8 2.0 2.3 2.1 1.4 n.s.

LEC-related Medtr4g119500 NF-YB16, AtLEC1 related n.s. n.s. n.s. n.s. 45.1 235.1 295.7 499.0 558.9 124.1 48.8 203.6

Medtr7g105370 LEC2-related n.s. n.s. n.s. 5.1 9.7 39.4 75.8 224.1 194.4 174.2 231.1 683.1

NTT-WIP2 Medtr2g090745 NTT-related n.s. n.s. n.s. n.s. n.s. n.s. 1.6 n.s. -1.2 n.s. -2.2 -2.4

related Medtr1g016010 NTT-related n.s. n.s. n.s. n.s. n.s. n.s. -1.9 -1.6 -2.0 -1.8 -1.5 -1.4

CUCs Medtr2g064470 CUC-related n.s. n.s. n.s. n.s. n.s. n.s. -1.4 -1.6 -1.7 -1.6 -1.7 -1.4

Medtr7g100990 CUC-related n.s. n.s. n.s. n.s. n.s. n.s. -2.9 n.s. n.s. -2.3 -4.0 -3.3

Medtr7g085260 CUC-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. -1.4 -2.0 -1.9 -2.0 -1.9

Medtr7g097090 CUC-related n.s. n.s. n.s. n.s. n.s. n.s. -1.9 -2.4 -3.6 -2.4 -3.0 -2.8

Medtr6g032770 CUC-related n.s. n.s. n.s. n.s. n.s. n.s. -1.6 -1.5 -2.4 -1.5 n.s. -1.7

Medtr4g108760 CUC-related n.s. n.s. n.s. n.s. n.s. n.s. -2.4 -2.2 -3.3 -2.4 -3.6 -3.8

early expressed Medtr6g027840 ankyrin repeat RF-like 2.8 2.6 3.4 11.0 43.4 24.7 23.6 16.4 20.8 11.6 6.3 10.2

genes Medtr6g056070 SA carboxyl methyltransferase 4.2 2.4 3.2 4.2 9.0 6.4 16.1 4.7 12.4 7.3 8.4 34.1

Medtr4g129010 tyrosine kinase 17.8 16.1 20.1 12.6 89.3 230.3 497.4 158.0 38.6 15.7 16.5 17.4

Medtr5g026760 LRR receptor-like kinase 9.8 5.9 n.s. 14.3 145.5 108.9 123.5 45.9 101.7 63.7 77.5 78.5

Medtr3g086320 pectate lyase 14.5 84.6 45.3 39.1 1852.2 586.4 5234.2 4642.3 4261.8 821.0 5853.7 9142.0

Medtr5g005290 hypothetical protein 55.1 29.1 n.s. 29.3 258.1 343.1 855.4 518.6 374.3 205.4 231.5 295.7

Medtr4g102400 subtilisin-like serine protease 3.7 2.0 3.9 6.8 21.5 34.6 98.1 102.6 127.1 139.4 71.4 222.6

early expressed Medtr7g071120 WRKY1-related 2.0 n.s. n.s. n.s. n.s. n.s. 1.7 n.s. n.s. -1.4 n.s. n.s.

WRKYs Medtr3g090860 WRKY-related 5.3 n.s. n.s. n.s. n.s. n.s. n.s. 9.4 5.5 2.4 n.s. n.s.

Medtr4g007060 WRKY40-related 1.7 n.s. n.s. n.s. n.s. n.s. n.s. n.s. -1.4 n.s. n.s. n.s.

early expressed Medtr4g116990 glycoside hydrolase n.s. 3.5 5.1 17.0 48.7 51.3 680.4 46.6 131.7 104.0 22.5 51.2

genes Medtr8g012795 Defensin-related n.s. 26.2 46.6 9.5 2096.7 728.4 649.5 286.2 507.5 102.1 609.3 27.9

Medtr4g039720 DUF642-related n.s. 17.5 107.6 24.7 902.7 1072.6 284.8 419.9 116.9 12.2 8.4 20.9

legume-specific Medtr4g088510 hypothetical protein n.s. 17.3 21.8 11.8 120.0 238.2 3844.0 4914.4 3502.4 1491.4 1842.4 984.2

Medtr8g040940 hypothetical protein n.s. 92.8 92.0 13.2 713.6 728.2 779.6 1672.7 2381.6 214.0 3337.1 604.2

early pulse Medtr8g479250 RAD60-SUMO-like 113.5 -399.1 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

Medtr1g090957 legume lectin domain-related 90.4 -576.0 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

Medtr4g117610 Primary-amine oxidase 30.9 -32.7 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

Medtr4g015420 cyanogenic beta-glycosidase 10.7 -94.0 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

SOSEKIs Medtr1g115370 SOK-related n.s. n.s. n.s. n.s. 2.6 4.3 4.5 5.6 10.2 11.6 4.7 3.0

Medtr2g062310 SOK-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. 18.9 18.4 38.0 126.1 499.8

Medtr4g063130 SOK-related n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.7 7.4 5.2 7.8 3.5
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and cytokinin signaling involved in nodule initiation. At 14hpi up-regulated genes are related
to ribosome biogenesis, ribonucleoprotein complex biogenesis, RNA processing, ncRNA, cell
wall, chemical stimulus response and RNA modification, among others. Interestingly, down-
regulated genes by more than 2-fold are here specific to GO categories, mainly “response to
oxidative stress”, “response to chemical stimulus” and “peroxidase activity”. At 16hpi and
24 hpi, GO enrichment is extremely diverse, indicating drastic changes in cellular state. Most
of the previous GO terms are present in the results, with many more related to generic cell
proliferation processes, including chromatin remodeling. At 16hpi genes down-regulated by
more than 2.2-fold are enriched for anion transport, oxidation reduction, terpene synthase and
carbon-oxygen lyase categories. At 24hpi I also tested the set of 5-fold+ up-regulated genes,
which were shown to be enriched in ethylene metabolic process, cellular alkene metabolism,
alkene biosynthesis, cell wall biogenesis, and aspartate metabolism categories. Summarizing
these results is difficult, apart from underlying a bleak outlook for the sleep schedule of the
nodule researcher: nodule initiation makes all the important developmental decisions around
12 hours post inoculation, making this a hard process for one person to take data for. I realized
that this could have been an unknown bias in previous studies, where there is a frequent choice
of no time-points sampled between 6hpi and 24 hpi.

Next I will explore results regarding the transcription factor binding sites present in the
promoters of differentially regulated genes. I wanted to ask the general question of which TFs
could be responsible for the expression changes we observe at different time-points. After
assembling a database of 3kb Medicago truncatula promoters, and a database of known TF
BS motifs, there were two approaches that I found interesting to explore, based on if the
motifs we are looking for are previously unknown, or known. In the first case, I asked the
question whether there is an unknown motif present in the sets of promoters of differentially
regulated genes but relatively absent in random sets of promoters, using multiple approaches
available from the MEME suite (Methods 8A). In the second, I assumed conservation of the TF
binding motifs between Arabidopsis thaliana and Medicago truncatula and used the extensive
databases that exist for Arabidopsis thaliana TFs provided by the MEME suite, as well as
motifs characterized in the literature relevant to nodule development, to ask again if any TF
BS is enriched in the set of the promoters of the genes we observe to be up-regulated or down-
regulated at each time-point, compared to random sets of promoters (Methods 8B). To prepare
all input files for analyses using the MEME suite, I used scripts written in Perl programming
language, whereas for the automation of the multiple analyses required for all timepoints I
used scripts written in Bash shell scripting language.

In the first approach, where I try to find unknown enriched motifs (Methods 8A), results
were hard to interpret due to multiple TF BSs being similar to the enriched motifs found de-
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novo. Older pipelines of the MEME suite I used were also prone to overfitting, as they could
find significant results even in the negative control case of finding enriched motifs between
two groups of randomly selected promoters. There were however some results that were
statistically significant across all different methods, and I will discuss these here. I found a
predicted enriched motif in the promoters of genes up-regulated at 4hpi that bares resemblance
to the GCC-box BS of Arabidopsis thaliana Ethylene-Responsive element binding Factor 1
(ERF1)[306] (GCCGGCC motif of figure 3.6 B, enrichment test E-value 0.0018, similarity
test p-value 0.003, also enriched in 12hpi up-regulated promoters, p-value<0.004). This motif
could be the BS of ERN1[82]. I also found a very interesting palindromic motif (Figure 3.6
C) (p-value <0.05), enriched in other time-points as well, that I later discovered was already
inferred by a similar bioinformatic study to be implicated in the mycorrhization process in
Medicago truncatula (element Myc1)[307]. It has no known TFs binding to it. Across the
intermediate time-points, MEME detected enrichment for long stretches of DNA consisting
of A, T and C motifs that could be related to the activity of promiscuous TFs NF-Y[308]
(CCAAT) and NSP1[54] (AATTT). At 16hpi up-regulated promoters, STREME was able to
detect enrichment for a motif similar to the one Arabidopsis thaliana STYLISH1 (STY1) binds
to (enrichment p-value 0.02, similarity p-value 0.04, motif presented in figure 3.6-D), which
corroborates to the expression of the STY family at and after 16hpi we presented above, and
the late role of STYs in nodule initiation. More de-novo motif results are available and will
not be discussed here, and point to the amenability of our data set to upstream TF detection
and GRN inference approaches.

The second approach I used was more straight-forward: I assembled a database of Ara-
bidopsis thaliana TF BSs (JASPAR[279] and Arabidopsis thaliana PDB[309]), and combined
it with motifs important for nodule development that I reverse-engineered from published
motif logos: NSP1[54], NIN[60], PLT[281], NF-Y[308], AINTEGUMENTA (ANT)[310],
PIN-formed Cytokinin Response Element (PCRE)[257] and all possible Auxin Response El-
ements, gaped (with all possible middle gaps from literature) or not[311]. I then assumed
conservation of these motifs between Arabidopsis thaliana and Medicago truncatula, and
tested for enrichment of these motifs in the different groups of differentially regulated gene
promoters, compared to random sets of Medicago truncatula promoters. The results revealed
which TF families might be responsible for the early transcriptional divergence of nodule sym-
biosis (Figure 3.6 A). The earliest detected TF BSs included those of WRKYs , which was
interestingly in agreement with the expression of WRKY family members at the same time,
described earlier in this chapter (Figure 3.5), and give more impetus to the idea of an early
defence response at around 4hpi. This result also shows the internal consistency of the results
of this approach to other results from our dataset. NSP1 BS was enriched throughout our
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Figure 3.6: Enrichment for transcription factor binding sites in promoter sets of differentially
regulated genes during nodule initiation: A Enrichment of known TF BSs in sets of promoters
of up-regulated and down-regulated genes, compared to random sets. The number in paren-
thesis represents the exponent of the corresponding p-value (e.g. -8 denotes p-value < 1E-8).
B Discovered motif enriched in 4hpi up-regulated promoters, similar to AtERF1 BS. C Palin-
dromic motif discovered and enriched in multiple time-points. D Motif discovered/enriched
in 16hpi up-regulated promoters, similar to the AtSTY1 BS motif.
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time-points, which shows how this TF might be underlying a broad transcriptional facilitation
during symbiosis[82]. The detection of BSs for NF-Ys at 12hpi and 14hpi coincides with the
expression of both NF-YA1 and NF-YB16 subunits and corroborates to these TFs having an
important role in this intermediary step of nodule initiation. WOX BSs are also detected at
the same time-points, and more or less coincide with WOX5 expression, and, in conjunction
with ARR BS detection and expression give us the idea that around 12hpi we have totipotency
and stem cell identity specification for a subset of cells. Finally at 16hpi I detect a plethora of
TF BSs to be enriched, indicating that many different developmental programs are induced.
Interestingly, both PLT and NIN BSs are only enriched in 16hpi promoters, which might indi-
cate that these two TFs are regulatory hubs, not themselves involved in broad transcriptional
regulation. Clearly more work is needed to connect detected motifs with active TFs of nodule
initiation, however, motif enrichment gives us another valuable layer of information. It sug-
gests independently that the order of events are an initial stress response, followed by recon-
figuration of the transcriptional state, leading to a cytokinin response/stem cell identity state,
driving an auxin response stage that coincides with broad transcriptional reprogramming.

I would like to also report a tangential discovery related to the regulation of NIN. I at-
tempted to independently confirm from first principles the results of cytokinin element motif
conservation in the NIN promoter, reported recently by Liu et al[72]. I instead unexpectedly
discovered apparent conservation of auxin response elements. More specifically, I performed
a small scale study where I aligned the full NIN promoter sequences of Medicago truncat-
ula, Lotus japonicus and Cicer arietinum using the ProCoffee algorithm[312] of the T-Coffee
software suite[313]. The settings used where the defaults for this approach, provided by the
suite (only mode=procoffee for command flags). These three species where chosen due to the
simple availability of full promoter sequence data (from previous gene end to transcriptional
start site (TSS) of NIN) from the Phytozome database. The region that showed the highest
detectable conservation, both in terms of size and similarity, by using this simple approach,
was a 40bp region centered around 332bp upstream of the Medicago truncatula NIN transcrip-
tional start site (Figure 3.7). This region happens to be detected for these species by Liu et
al[72] as well (Figure 3 in their publication, the peak of conservation closest to the TSS), but
its not the focus of their study. I then compared the Medicago truncatula conserved sequence
with the binding sites present in my database of Arabidopsis thaliana TF BSs, presented in
the previous paragraph. To this end I used the FIMO tool of the MEME suite, with default set-
tings. The results indicated that, if the conserved region has a regulatory role, the most likely
candidates for binding are transcription factors of the Zinc finger, Cys2His2-like fold (C2H2)
type, of the INDETERMINATE-DOMAIN (IDD) family, since binding motifs of members
of this family from Arabidopsis thaliana match to this region, e.g. IDD5 (AT2G02070,
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Figure 3.7: AuxREs in pNINs: Small segment of the alignment of NIN promoters of Lotus
japonicus, Medicago truncatula and Cicer arietinum, exhibiting high levels of sequence simi-
larity. Highlighted are conserved putative auxin response elements that sit 334bp upstream of
MtNIN transcription start site.

motif ID “C2H2_tnt.IDD5_colamp_a_m1”, p-value=1.77e-06, q-value=0.00018), IDD11 (q-
value=0.00015), IDD4 (q-value=0.0004) and others. These TFs are known to be involved
in root development, acting together with SHORT-ROOT and SCARECROW [314]. Upon
close inspection of the conserved sequence, in addition, I identified auxin responsive elements
(AuxREs, TGTCTC sequence), as originaly defined by studies culminating in the creation of
the first version of the Direct-Repeat 5 (DR5) auxin sensor[263, 315] (highlighted regions in
Figure 3.7). This was not detected by the FIMO tool due to the AuxREs being short in size,
leading to a low significance score. This result indicated possible regulation of NIN by auxin
signaling, which was later demonstrated experimentaly in Glycine max by another group[89].
It invites further study on which TFs bind to this NIN promoter region during nodule initiation.

3.3 Discussion

In this chapter I described the results of what I believe is the best transcriptomics data set
for nodule development to date. Due to the careful choice of time-points our team was able
to identify key genes sufficient in driving nodule initiation[50], with many more lurking to
be discovered. The main conclusions of this study is that up-regulation of auxin biosynthe-
sis genes can be detected before auxin signaling, pointing to a previously unknown process
by which the nodule initiates, which I will further elucidate in the next chapters. Supported
by my bioinformatic analyses, as I presented above, our data set tells a story of an initial
stress response, followed by reconfiguration of the transcriptional state, leading to a cytokinin
response/stem cell identity state, driving an auxin response stage that coincides with broad
transcriptional reprogramming. These results help us answer both when and how auxin ac-
cumulates in the Medicago truncatula nodule. Generation of and comparison to an identical
data set in Lotus japonicus would help us delineate the commonalities in nodule initiation,
and can be combined with phylogenomic methods recently developed to understand nodu-
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lation in legumes through gene and promoter conservation ([11] and Jean Keller, personal
communication). I also showed through identification of regulatory motifs that our data set is
amenable to GRN inference systems biology approaches, and I invite more work to be done
in this direction, analogous to studies in Arabidopsis thaliana[316]. This work might include
clustering of genes by expression patterns, to better detect TF BSs responsible for regulation
of each cluster, and connection of these binding sites with the Medicago truncatula homologs
expressed. Complementary work by high-throughput TF-promoter binding inference between
important promoters and active TFs can delineate the central part of the connectivity graph
of the GRNN, as it was recently done for wounded root regeneration in Arabidopsis thaliana,
where it was shown that PLT3 and LBDs were the most central regulatory hubs[275]. A first
step towards this direction will be presented in the next chapter, where I use transactivation
assays to understand which TFs regulate the YUCCA promoters.

One concern we have regarding our data set is the use of aminoethoxyvinylglycine (AVG),
an ethylene biosynthesis inhibitor, in the growth medium, as previously stated. The Med-
icago truncatula ethylene insensitive sickle1-1 mutant[237] which has a mutation in the ethy-
lene signaling EIN2 gene, is a “supernodulator” under normal conditions, but does not make
pseudonodules under PATI application[237]. This means that under AVG growth conditions
the root might be unable to form a nodule using PAT changes, instead responding/compensat-
ing with up-regulation of auxin biosynthesis. Indeed, ethylene has a complex relationship with
auxin biosynthesis and somatic embryogenesis, as there is evidence that down-regulation of
ethylene biosynthesis in Arabidopsis thaliana is required for YUCCA expression[317]. This
interaction must be resolved in future work. Another limitation is that, due to the sampling of
the whole root segment, it is impossible for our data set to distinguish between epidermal and
cortical responses, which we know from previous studies to differ markedly ([117] and [122]
in comparison to our data set, also [318]). This limitation could be overcome by new methods
of single cell transcriptomics of root cells[319] coupled to mapping and visualizing how the
cells progress through the transcriptional cell-state space, using the measured differences in
mature and immature RNA pools to identify the individual cell state eigenvector (from which
transcriptional state, to which state, the cell is going)[320, 321]. This approach provides the
exciting opportunity to identify transcriptionally the nodule tissue types, their fate-map and
organization in actual and transcriptional state space, and possibly the concomitant changes in
rhizobial differentiation.



Chapter 4

Experiments and models of auxin
dynamics reveal how auxin biosynthesis
could be responsible for nodule
organogenesis

4.1 Introduction

In previous chapters I indicated the extensive volume of research on the interactions between
auxin transport and indeterminate nodule development [18, 28, 67, 68, 112, 205, 206, 242, 271,
322], which lead these authors to the hypothesis that polar auxin transport (PAT) inhibition un-
derpins nodule initiation[28, 206]. These earlier works consider the correlation between exper-
imentally shown PAT perturbations and nodule development to imply causation from the first
to the second. This causal hypothesis is supported by the ability of PAT inhibitors (PATIs) to
induce pseudonodule development[18, 198, 236–240], and the ability of PATIs and flavonoids
to rescue the cre1 mutant[68]. This hypothesis finds theoretical support in a series of exem-
plary models of auxin transport by Deinum et al[33, 103–105] which have allowed us for the
first time to conceptualize how auxin might accumulate in initiating nodules. In these models,
three scenarios are first compared: symbiotic signaling either inhibiting the local magnitude of
transport, increasing local auxin influx, or increasing local auxin biosynthesis[33, 103, 104].
These models indicate, assuming their assumptions are correct, that auxin transport inhibition
is the most, and auxin biosynthesis is the least likely scenario for auxin accumulation, and
the authors go on to describe how a diffusive signal of epidermal origin inhibiting local auxin
transport can account for auxin maximum formation in nodule initiation[105]. This result is
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heavily dependent, in my opinion, on the simplifying assumption by the authors that auxin
transport polarity is unaffected by changes in auxin concentration. Changes in direction of
transport, or feedbacks between a higher concentration of auxin to transport, are ignored. Our
collective experimental results on auxin biosynthesis initiating nodule formation are, superfi-
cially at least, incompatible with these models and hypotheses on the role of auxin transport
in nodule formation[18, 28, 33, 68, 103–105, 112, 119, 203, 205, 206, 322]. I wanted to re-
solve the apparent incompatibilities by understanding, first, why the earlier models[103–105]
ranked the auxin biosynthesis hypothesis as the least likely. A careful examination of the
models shows, and the authors indicate themselves, that in all of these models simulated local
auxin biosynthesis in response to symbiotic signaling does not lead to auxin accumulation due
to auxin transport keeping the local levels of auxin low[103]. In these models, the authors
use the simplifying assumption that auxin transport magnitude and polarity is unaffected by
changes in auxin levels. Both this result and this assumption have been put into question
in earlier chapters. In chapter 2 I showed how local auxin application, as a proxy for auxin
biosynthesis, can easily produce an auxin response (Figure 2.2 A, C) that takes at least 48
hours to reset back to normal (Figure 2.4, green line), presumably through PAT. In chapter 3
I showed how auxin biosynthesis upregulation precedes in time a bioinformatically detected
auxin response that involves the majority of PAT components (e.g. PINs and PINOID, Fig-
ure 3.2 B). As such I believe that perturbation of auxin transport as a response to increased
auxin levels due to local auxin biosynthesis cannot be overlooked as an important mode of
action of auxin biosynthesis on plant form. Thus I focused on the feedbacks between auxin
levels and PAT, overlooked by a simplifying omission in previous studies[18, 28, 33, 68, 103–
105, 112, 119, 203, 205, 206, 322], to explore alternative models of auxin and PAT dynamics
during nodulation that could describe better what we observe in the real nodule primordium.

Interactions between local auxin levels/fluxes and PAT changes in plants is an active area of
research, with many feedbacks proposed through the years (central publications in my opin-
ion: [118, 157, 159, 233, 255, 261, 323–325]). Original work by Mitchison on how self-
amplification of auxin flux can lead to vein formation[233, 253, 326] has been expanded to
possibly include shoot meristem auxin maxima formation[159]. On the other hand, up-the-
gradient, concentration-based models where PINs orient towards the neighboring cells with
the highest auxin content can also explain SAM auxin maxima[118, 157]. Both feedbacks can
be combined to explain shoot organ formation, where up-the-gradient effects on PAT repo-
larization can make the epidermal auxin maximum, and a flux based feedback in underlying
tissues can make the vein connection[261]. Flux-based feedbacks could be implemented in
plants by sensing intracellular auxin concentration at the plasma membrane[160, 323]. Com-
petition for auxin binding and sensing at the extracellular side of the PM and feedback to PIN
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orientation could also in principle recapitulate concerted PAT dynamics[162, 324, 327]. Extra-
cellular auxin sensing and unidirectional flux counting have been combined in recent models
that can reproduce all basic PAT patterning we observe in planta[325]. Lastly, a model where
plant cells have internal polarity as animal cells do, and auxin and PAT mediates tissue-level
polarity coordination has been proposed[255]. All of these feedback models have high ex-
planatory power in respect to how plants perform de-novo auxin patterning, but nearly all of
them lack a thorough mechanistic mapping to actual molecular components that can affect
PIN positioning in the ways they propose. Results addressing this knowledge gap are only
recently emerging[328], and most likely involve multiple pathways affecting PIN polarity
[220, 221, 329].

In this chapter first I will explore where and how YUCCAs are expressed in the develop-
ing nodule, and if indeed local auxin biosynthesis is capable of initiating lateral structures or
not, by direct experiments. Then, for the purpose of studying how auxin biosynthesis might
contribute to the observed PAT dynamics, I chose one of the dynamical PAT models presented
in the introduction, the intracellular partitioning model for plant tissue cell polarity[255, 297],
to ask the question, how would localized auxin production affect PAT during nodule initiation.
This is the first step in using active-feedback PAT models to understand nodule development,
which opens the possibility of the opposite route as well. This particular model was used by
Abley et al to understand how spontaneous YUCCA expression in the abaxial epidermis of
the leaves of the kanadi1 kanadi2 Arabidopsis thaliana mutant reorganizes the proximodistal
PIN polarity field and gives rise, in concert with auxin importer expression, to auxin max-
ima driving formation of outgrowths[297], a situation which is analogous to what we observe
in the nodule, both in terms of auxin biosynthesis (chapter 3, this chapter) and AUX/LAX
expression[102]. The intracellular partitioning model, which in many regards behaves simi-
larly to a with-the-flux model[159, 255, 297], describes a set of rules[255] in which auxin acts
as a mediator molecule to align, in the tissue scale, each individual cell’s partitions of cellular
components. These rules give rise to the PAT field spontaneously organizing with a direction
from auxin sources to sinks. We will use this model bellow to make predictions about PAT
changes during nodule initiation.

4.2 Results

4.2.1 Auxin biosynthesis is sufficient for lateral organ induction

In the previous chapter we showed how early expression of YUCCA auxin biosynthesis genes
in response to symbiotic signaling precedes in time an auxin signaling response. We wanted
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to know in which root tissues this expression of YUC occurs, and what its effect might be to
root organogenesis. To this end we first generated plasmids containing the β-Glucuronidase
gene driven by YUC2 and YUC5 promoters (pYUC2:GUS and pYUC5:GUS, YUC5 is named
YUC8 in our publication), then generated Medicago truncatula transgenic roots in which these
plasmids were inserted using Agrobacterium rhizogenes-mediated hairy root transformation
(Methods 3). This was a group effort with postdoctoral scientist, Jodi Lilley. We then infected
the transgenic root systems with Sinorhizobium melilotii transformed with the β-Galactosidase
(LacZ) gene, using flood inoculation (Methods 5). Successful infection events were detected
by dual GUS-Magenta staining for the gene promoter and bacteria respectively (Methods
21). Resulting stained nodule primordia were visualized with multiple microscopy techniques
(Methods 19). For both pYUC2 and pYUC5 promoters we found identical activation at the
vascular-pericycle tissues proximal to the successful early infection event. Interestingly, the
expression domain stayed at the base of the developing nodule, with expansion into the nod-
ule vasculature in mature nodules (Figure 4.1, first column, adopted from our publication[50]).
This expression pattern suggests a specific role of auxin biosynthesis in nodule organogenesis
and not rhizobium infection.

Next we wanted to know if auxin biosynthesis is sufficient for lateral organ development.
We designed DNA constructs for hairy root transformation where the YUC2 coding sequence
was under the regulation of a dexamethasone (DEX) inducible system[330]. When transgenic
roots were grown, having no apparent initial phenotype, and then transfered to DEX containing
medium, we observed lateral organs growing from many positions of the transgenic roots at
the same time (Figure 4.1, second column). Microscopic observation of these root outgrowths
revealed short, “stubby” lateral-root-like structures that grow recursively from mature, differ-
entiated tissue (Figure 4.1, third column). These results show conclusively that, in Medicago
truncatula, auxin biosynthesis upregulation is sufficient for lateral organ induction.

The global effect of our DEX induction protocol does not help in understanding if local
YUC expression is sufficient for local lateral organ induction. To test if it would be possible to
induce locally gene expression by local application of DEX, I placed DEX-infused paper clip-
pings on root systems transformed for DEX-inducible GFP expression. The results showed
that, in agreement with previous studies[330], DEX induction could not be locally restricted,
as subsequent microscopical observation showed, the whole root system concurrently becom-
ing homogeneously fluorescent. In order to make a locally inducible system in Medicago
truncatula hairy roots, I designed and used DNA constructs based on the β-estradiol inducible
system[331], which in principle could restrict gene expression at the desired part of the root
where β-estradiol is applied, and the desired tissue type, through tissue-specific promoters.
These studies were not concluded, but showed great promise, which in the future could help
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Figure 4.1: YUCCA enzymes are expressed in the nodule and are sufficient to induce lateral
structures: First column: pYUC8:GUS staining (blue) in transgenic roots inoculated with
Sinorhizobium melilotii LacZ bacteria (stained purple). Second column: DEX induction of
YUC2 gene in transgenic roots produces lateral organs. Third column: Confocal microscopy
of a lateral organ produced, stained with propidium iodine. Image by Katarina Schiessl. Im-
ages adopted from our common publication, produced by a group effort[50]. Scale bars rep-
resent 100 µm in first and third column, 1mm in second column of pictures.
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test gene expression effects on different positions of the susceptibility zone.

In the previous chapter we uncovered a potential overlap, during nodule organogenesis, of
cytokinin signaling with auxin biosynthesis, with the latter, as we showed above, being able to
induce de-novo organ formation. This coupling could be mediated by NIN, as we have seen
in the general introduction. In a parallel study we asked the general question, how interac-
tion between the two hormones could lead to tissue patterning (together with Sean Jones, all
information can be found in his master thesis). More specifically, we were interested how tran-
scriptional regulation of enzymes involved in auxin and cytokinin production and degradation,
by auxin and cytokinin signaling, could lead to tissue patterning, by constructing the full set
of Golden Gate modules that encode for HormonalSignalingPromoter:EnzymeCodingRegion
scheme (example interaction using these modules in Figure 4.2 E). For hormonal signaling
promoters we used pDR5 (auxin activated) and pTCS (cytokinin activated), whereas for en-
zyme coding genes we used a set of IPTs, LOGs, CYP735A and CKXs, and YUCs, TAAs and
GH3s (Methods 22). The modules generated included fusions of any of these promoters to any
of these genes. First we validated the ability of these enzymes to perturb the auxin-cytokinin
balance. To do so we expressed them individually, accompanied in the same Golden Gate
DNA construct by auxin-cytokinin reporter modules (nuclear localized eGFP and mCherry
fluorescent proteins driven by pDR5 and pTCS respectively) and a constitutively expressed
nuclear localised CFP (mTurquoise2), in transfected Nicotiana benthamiana leaves. We then
generated confocal images of the transfected regions, identified the nuclei based on CFP fluo-
rescence, and measured, per nucleus, the ratio of eGFP to mCherry fluorescence in the region
of the nucleus, as a proxy for the signaling balance between the two hormones (Sean Jones,
Master Thesis entitled “Investigating Reaction-Diffusion Patterns of Auxin and Cytokinin in
Nicotiana leaves”, also Figure 4.2 A,B). For this we used the FIJI image processing applica-
tion. We then compared the values obtained to the same measurements from control constructs
bearing only the reporter modules. The validation step indicated that expression of these en-
zymes in Nicotiana benthamiana leaves was enough to shift the balance between the signaling
activation of the two hormonal pathways in the direction expected (Figure 4.2 B). This was
especially true in the case of expressing the MtYUC2 used in above studies involving DEX
(Figure 4.2 B, pNos:YUC). We then arranged the interactions between the two hormones to
represent the self- and hetero-interactions between an activator and an inhibitor in reaction dif-
fusion systems[332, 333] (example Figure 4.2 E). We tested the ability of these constructs to
create spatial patterns of hormone activation by transfection of Nicotiana benthamiana leaves,
compared to control constructs that code only for auxin and cytokinin reporters, by analysing
the spatial arrangement of hormonal signaling ratios of Tobacco leaf cells. The full array of
DNA constructs made for this purpose can be found in Methods 22. Although the results
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of this approach are interesting and inconclusive as of yet, they are beyond the scope of this
section, and can be found in the Master thesis of my student, Sean Jones. I used the same
library of DNA constructs, however, to make Medicago truncatula transgenic roots. This was
done to test if any of the set of interactions we encoded for had a morphogenic ability in the
root. Interestingly, two constructs, both encoding solely for pTCS:YUC in conjunction with
reporter modules, developed roots with aberrant lateral structures proximal to the RM (Figure
4.2 C,D, EC19245 in Methods 22). The zone where these ectopic lateral cell proliferations
grew was just beyond the differentiation zone of the RM, where cytokinin signaling is known
to be active[190]. This result is a further evidence that, in Medicago truncatula, coupling
cytokinin signaling to auxin biosynthesis is sufficient to induce cortical cell proliferation, and
suggests that NIN acts as a conditional coupler between the two. This result was replicated for
the construct EC19245, which was able to produce a small number of these structures (Fig-
ure 4.2 C,D), compared to a control construct expressing only reporter modules (EC19241)
that did not produce any structure of this type, as expected. I have never observed a lateral
outgrowth so close to the root meristem in Medicago truncatula normal roots.

4.2.2 Towards characterising the GRNN upstream of YUCCA expression

In order to understand how YUCCA upregulation comes about in such an early stage of nodule
initiation, I used a transactivation assay protocol described previously[334], refined by our
lab member Nadia Radzman and implemented in Golden Gate cloning (Methods 16), to un-
derstand which transcription factors (TFs) regulate YUC promoters. The approach is based
on differential expression of two different Luciferases, one under regulation of a constitutive
promoter, and one under the promoter of choice. We also expressed the TF of choice from
the same DNA construct, fused to GFP (more specifically the enhanced GFP called Venus)
(Figure 4.3, example DNA construct in the middle) to see if it will affect the activation of the
promoter of choice relative to that of the constitutive promoter. For comparison, we made
corresponding Golden Gate DNA constructs without the transcription factor, instead just GFP
(Venus) in its place, as our negative control (Figure 4.3 B). We then transform Nicotiana
benthamiana leaves using Agro-infiltration with Agrobacterium tumefaciens carrying these
plasmids. We verify TF nuclear localization using confocal microscopy and then collect ma-
terial to test for differential luminescence between the two Luciferases using a luminometer.
I designed in a combinatorial fashion, using Golden Gate, DNA constructs to test all possi-
ble transactivation interactions between the NIN, LBD16, PLT3 TFs, and pYUC3, pYUC2,
pYUC5 (YUC8 in previous chapter), pLBD16, pNFYA8, pPLT3 and pIAA9 promoters. I also
designed constructs coexpressing PLT3 and NIN, to test for differences between individual
and combined activity of these TFs. Not all constructs were successful, however, and many
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Figure 4.2: Cytokinin induction of YUCCA gives lateral organ: A Confocal microscopy picture of
Tobacco leaf transformed with EC19258_S53_pL2B_pDR5:NLS-eGFP_pTCS:NLS-mCherry_pNos:mTurq2-
NLS2_p35s:P19_pTCS:LjIPT3 DNA construct, composite of all fluorescent channels. The nuclear localized
CFP (mTurquoise2-NLS2) serves to identify and isolate individual nuclear regions, using the FIJI image pro-
cessing software, in order to then quantify the fluorescence of eGFP and mCherry, and calculate, per nucleus,
the fluorescence ratio, a proxy of the relative activity of auxin and cytokinin signaling pathways. B Violin Plot
of the logarithmic ratios between eGFP and mCherry channel fluorescence intensity, measured for a population
of nuclei in the aforementioned confocal microscopy pictures, for DNA constructs that contain the different
enzyme modules (x-axis). Each violin-box plot contains pooled data for 3 biological replicates, consisting of,
on average, 24 analyzed nuclei. The stars denote statistically significant difference to the control (Tukey HSD,
*** = p-value < 0.001). The plot was made by Sean Jones and the data come from our collaborative work. C
Confocal microscopy picture of transgenic root meristem expressing EC19245_pDR5:NLS-eGFP_pTCS:NLS-
mCherry_pTCS:YUC, with non-canonical lateral structure emerging proximal to the RM. D Another instance
of a lateral structure, proximal to the RM, in a different transgenic root system. Arrow denotes the direction to
the root meristem (RM). E Example engineered interaction network between auxin and cytokinin, resembling by
design the Activator-Inhibitor Reaction Diffusion model of Gierer-Meinhardt[333].
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failed in different stages of development. Successful constructs and their corresponding con-
trols can be found in Methods 22. I report here the results which have passed all quality tests
and I have sufficient data and statistical power for. Both NIN and PLT3, fused to Venus GFP,
when expressed in N. benthamiana leaves, showed nuclear localization, as expected (Figure
4.3 A,C), which was markedly different localization than when GFP was expressed alone,
in our negative control case (Figure 4.3 B). When PLT3-Venus was expressed, I observed a
downregulation of the pYUC3 promoter, as well as downregulation of the pYUC5 promoter
(Figure 4.3 D,F), compared to the control case where only Venus was expressed, as measured
by differential luminosity of the two Luciferases. YUC3 (Medtr1g046230) was identified in
the previous chapter as a third YUC expressed in later stages of nodule development. This
effect of PLT3 on pYUCs was surprising, given that PLTs are known to have a positive role
on YUC expression in the Arabidopsis thaliana RM[99, 281]. On the other hand, I found
that expression of NIN-Venus has no significant effect on the expression levels of pYUC2 and
pYUC5, but it activates the LBD16 promoter (Figure 4.3 E-G). The results are summarized
in figure 4.3H, and suggest that, individually, neither PLT3 nor NIN are responsible for the
early upregulation of YUCs during nodule initiation, which I described in the previous chapter.
Both these transcription factors though were successful in altering Luciferase gene expression
levels in our transactivation experiment.

4.2.3 A model of auxin transport during nodule initiation

For the purpose of this study, I chose one of the dynamical PAT models presented in the
introduction, the intracellular partitioning model for plant tissue cell polarity[255, 297], to
ask the question, how would localized auxin production affect PAT during nodule initiation.
With the help of Katie Abley, I set up a 2-dimensional simulation aiming to represent the
longitudinal section of the part in the susceptibility zone where a nodule appears, spanning
from the center axis of the root to the epidermis, for a length of 12 cells. The simulation
domain is similar to the ones previously used[103–105], and was chosen to be this way for ease
of comparison with models published previously. There is one difference however, previous
studies have considered a full longitudinal section, from epidermis to epidermis, whereas here
I consider only half a section, from epidermis to the center root axis. This choice was made
to facilitate the emergence of a “reflux loop” polarity field[158], resembling what we know
for PAT in this region, from initial boundary conditions of auxin flow. The starting setup for
the simulation (mathematical rules, parameter setup, and algorithmic implementation) of the
PAT field is identical to the setup used for the indirect coupling model of figure 9D of Abley et
al, 2016[297] (article supplementary source code 12, see Methods 17). I then included auxin
sources and sinks at the boundary of my simulation domain, to represent how auxin enters
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Figure 4.3: Transactivation Assay reveals regulatory interactions between NIN, PLT and YUC:
A Confocal microscopy picture of Nicotiana benthamiana leaf transformed with the EC19317
construct containing PLT3-Venus fusion protein, confirming its nuclear localization. The full
construct, indicated bellow the picture, is designed for testing for transactivation of the pro-
moter by the TF, by comparing the relative fluorescence between constitutively expressed
Luciferase (LUC) and NanoLuc Luciferase (Nluc) expressed by the promoter in question. B
Picture of negative control construct containing only Venus. C Picture of NIN-Venus, also
showing nuclear localization. D-G Transactivation assay results for the action of PLT3 (yel-
low) and NIN (blue) TFs on the promoters of YUC3, YUC2, YUC5 and LBD16, compared to
control (gray). The plots are relative luminescence values for the two Luciferases, with 3 bio-
logical replicates and 3 technical replicates per condition. Stars denote significant difference
of relative luminescence compared to control, according to Student’s t-test. (*=p-value<0.05,
***=p-value<0.0001) H Summary of results in the form of regulatory interaction graph.
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Figure 4.4: Intracellular partitioning model and nodule initiation: A Schematic of root meris-
tem auxin concentration and flow (upper part), and PIN orientation(lower part). B 2D stable
simulation result of the cortical and vascular flow of a susceptibility zone root segment. The
result resembles the expected auxin transport through the region. In orange we have auxin
sources (influx of auxin from outside the simulation domain). In blue we have auxin sinks
(outflux). In red we have PIN localization. The arrow denotes cell polarity in terms of in-
tracellular partitioning and auxin transport[297]. C Simulation result after introducing local
auxin biosynthesis (orange cells) in and around pericycle cells, as in the case of Medicago
truncatula nodule initiation. Note the disruption of vascular auxin flow. D Same situation as
in C, but here we have the introduction of auxin biosynthesis in the epidermis, as in the case of
Lotus japonicus nodule initiation. E-F Auxin concentration profiles for C and D, respectively.
Green intensity denotes auxin concentration.
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and leaves the simulated root segment, with a rootward direction in the vasculature, but with
a shootward direction in the cortex. I then simulated the model dynamics to recreate a stable
local reflux loop configuration (Figure 4.4 B). The next step was to ask what happens to auxin
concentration and auxin flux in this simulated environment, if I introduce auxin biosynthesis,
either at the pericycle cells, similarly to indeterminate nodule initiation, or at the epidermis,
similarly to determinate nodule initiation[34, 113, 241]. Introducing auxin biosynthesis in
these different positions had a similar effect in the auxin profile, in that cells producing auxin
could retain a higher auxin concentration, as expected (Figure 4.4 E-F). The effect on the
repolarization of the intracellular partitioning and PAT field, however, was very different for
the two cases (Figure 4.4 C-D). Auxin production in the pericycle cells led to disruption of
the auxin flow through the vasculature, with many vascular cells shootwards of the activated
ones changing completely polarity orientation and countering the normal flow (Figure 4.4 C).
This indicates that initiation of indeterminate nodules in deeper tissues could be the cause
for the acropetal auxin flow disruption previously shown experimentally to occur 24 hours
post inoculation and later [18, 67, 68, 112, 205, 234, 242]. If auxin production appears in
the epidermis, however, there was no effect on vascular auxin flow (Figure 4.4 D), also in
agreement with experimental studies in determinate nodulators[113, 121, 242]. Videos for the
two simulation cases can be found here and here.

One interesting prediction this model makes is the difference in polarity orientation in the
mid- and inner-cortex layers. In the case of the indeterminate nodule these layers are pointing
outwards towards the epidermis, whereas in the determinate nodule they point inwards towards
the vasculature. This prediction can be tested experimentally by timecourse microscopy of po-
lar cell components. A notable candidate for this type of study is BASL, a polarity regulator
of the asymmetric divisions of Arabidopsis thaliana stomatal-lineage cells[335]. Ectopic ex-
pression of this protein in root cells marks the basal side of the cell. Continuous ectopic
expression however affects cell growth and can hinder natural progression of root maturation
([335], personal communication with the authors). PINs and ROPs are also candidates. Re-
cently, a new family of polar proteins was characterized, the SOSEKIs[336], who resemble
animal Dishevelled polarity regulators, which reveal an apical-basal polarity field existing in
plants, independent or upstream of PIN orientation. During LR induction, SOSEKIs (SOKs)
are expressed early and mark the first periclinal divisions and polarity changes associated with
the new LR[336]. I investigated the timeline of gene expression of the Medicago truncatula
SOSEKI family in nodulation and was surprised to find one MtSOK (Medtr1g115370) being
expressed early, from 12hpi onwards (Figure 3.5, end). Two more SOKs (Medtr2g062310
highly expressed, Medtr4g063130), were expressed 24hpi onwards. DNA constructs for flu-
orescent tagging for these SOKs have been already designed and synthesized, and can be

https://drive.google.com/file/d/1Ci4xvpSBpD6EncLJl-ek4M3DTQFbgsvy
https://drive.google.com/file/d/18Hj0hn9Ok7LWF46IrMF0tkrzcKJl3UqR
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provided to test, in Medicago truncatula and Lotus japonicus transgenic roots, the hypothe-
sis of opposite polarity orientation of the inner cortex during nodule development of the two
nodule types.

4.3 Discussion

In this chapter we provided evidence of auxin biosynthesis being sufficient to induce lateral
organ organogenesis in Medicago truncatula roots. Moreover, we showed that cytokinin sig-
naling, when coupled in such a way as to freely induce auxin biosynthesis, is able to induce
organogenesis of root lateral structures in the differentiation zone of the Medicago truncatula
root meristem. I then investigated upstream regulation of YUCCA auxin biosynthesis genes ac-
tive during nodule initiation, using a transactivation methodology that can be easily expanded
to include all known transcription factors that are active during this process. The way by which
auxin biosynthesis genes are induced early in Medicago truncatula nodules, however, is still
elusive. The hypothesis of auxin biosynthesis supporting the initiation of all legume nodule
types is the simplest when we consider nodule evolution. It suggests auxin biosynthesis was at
the center of nodule development throughout evolutionary history, but it has different effects
on PAT (Figure 4.5). In the case of the indeterminate nodule, auxin biosynthesis is capable of
initiating cell division, but it also affects vascular auxin flow, an effect that must have a pos-
itive feedback on auxin levels and nodule induction. It remains to be seen if this feedback is
needed for natural initiation, regardless if artificial initiation through PAT inhibition is possible
for this nodule type[18, 198, 236–240], perhaps due to the cells capable of transitioning to nod-
ule identity residing in an area of high auxin flux and being auxin sensitive. In the case of the
determinate nodule, on the other hand, local auxin biosynthesis is sufficient for nodule induc-
tion, and does not involve/need/affect auxin transport perturbation (Summary Figure 4.5). The
alternative hypothesis of nodule initiation through polar auxin transport reduction[28, 206] im-
plies more steps in the changes required for the evolution of the two nodule types, since there
is evidence that determinate nodules do not employ this method to initiate[113, 121, 242]. The
conceptual framework used to compare the two hypotheses is enriched by our model, which
can act as a first step in a modeling study of different proposed PAT feedbacks predicting the
local polarity changes during the naturally inducible symbiosis initiation, and comparing the
results with experiments involving SOSEKI proteins (see section above). Our model is by
no means close to the reality of nodule initiation, it merely provides an alternative view to
the ones previously proposed[33, 103–105, 206]. For the purpose of comparing the different
models, I have set-up, in consultation with Henrik Jonsson, Ross Carter and Nadia Radzman,
graph models of longitudinal and transversal sections of the Medicago truncatula suscepti-
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Figure 4.5: Model of auxin biosynthesis and formation of different nodule types: Simple sum-
mary model schematic depicting the differences in how auxin biosynthesis might be impli-
cated in nodule initiation between indeterminate - determinate nodule types. 2-D longitudinal
half-section of the root segment under nodule initiation. Auxin biosynthesis by YUCCA en-
zymes and subsequent changes might affect auxin transport through the vasculature during the
development of the indeterminate nodule (left). In contrast, during determinate nodule devel-
opment activity of TAR enzymes initiates the nodule but does not affect vascular (acropetal)
auxin transport(right). The central diagram (transversal section of the root) depicts how nod-
ule initiation in different positions can have different effects on PAT purely due to geometric
considerations (area of effect) and proximity to the vasculature, where PAT is high. If nodule
primordia of both types have the same footprint in the transversal section of the root, the foot-
print can be much smaller when compared to the area of the cortex than when compared to the
area of the vasculature. As such, their respective effects on auxin flow can be of drastically
different scale.

bility zone, with realistic cell dimensions, that can be implemented in the Organism-Tissue
Simulator software package[337, 338]. They are available on request for future studies.



Chapter 5

Auxin biosynthesis inhibition suppresses
nodule development

5.1 Introduction

In the previous chapters I described how auxin biosynthesis is upregulated early during nodule
development, and how artificial induction of auxin biosynthesis readily gives rise to lateral root
structures. In this chapter I will investigate how much auxin biosynthesis contributes to inde-
terminate nodule development by inhibiting its activity using multiple approaches. While per-
turbation of root auxin transport using polar auxin transport inhibitors has been studied exten-
sively in relation to nodule initiation[68, 198, 237–240], the effect of perturbing auxin biosyn-
thesis, using auxin biosynthesis inhibitors, has been scantly and only recently studied[339].
Due to the central part of auxin biosynthesis in plant development, any experiment that fo-
cuses on the activity of YUCCA auxin biosynthesis enzymes during nodule initiation ideally
would be designed to perturb the activity only locally. With this in mind I first designed ex-
periments using Yucasin[340], a potent competitive inhibitor of the enzymatic conversion of
indole-3–pyruvic acid (IPyA) to IAA by YUC. The aim was to use Yucasin co-applied with
rhizobium spot inoculation to test for effects on nodule initiation rates. This experiment was
not possible due to Yucasin affecting the growth of the bacteria at the concentration required,
as tested by overnight growth levels in the presence of different Yucasin concentrations (Meth-
ods 11). I circumvented this problem using 2 approaches. Firstly, I enlarged the set of YUCCA
inhibitors with the use of Yucasin difluorinated analog (YucDF, 5-[2,6-difluorophenyl]-2,4-
dihydro-[1,2,4]-triazole-3-thione), a more potent and stable Yucasin analog[341], as well as
4-phenoxyphenylboronic acid (PPBo) and 4-biphenylboronic acid (BBo), all potent YUCCA
inhibitors[342]. I tested the effect of these inhibitors on rhizobial growth and found no de-
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tectable - significant inhibition in the respective concentrations used therein (Methods 11).
Secondly, I aimed to circumvent the use of rhizobia all-together, by local induction of nod-
ule development using Nod-factors. Earlier observations on the DR5 auxin signaling reporter
line showed that in Medicago truncatula an epidermal auxin response can be observed in re-
sponse to Nod-factor local application (chapter 2), but a cortical response is rare, and nodule
development has never occurred, to my knowledge, in any lab. In Medicago sativa (alfalfa),
however, Nod-factors are known to induce nodule organogenesis, as this is how Nod-factors
were conclusively shown to be the primary and sufficient symbiotic signal[145], an event oc-
curring possibly due to autotetraploidy affecting the gene regulatory network of nodulation
of this species[343]. Thus for our purposes I developed a Nod-factor spot-treatment protocol
for efficient local nodule induction on Medicago sativa seedling roots (Figure 5.2 B, Methods
15). I used this protocol to assess the role of auxin biosynthesis inhibition in nodule initiation
in rhizobia-free conditions. Lastly, I generated a knockout yucca2-yucca8 double mutant and
investigated the effects of these mutations on nodulation.

5.2 Results

5.2.1 YUCCA inhibitors affect nodule initiation

I will first discuss what happens to Medicago nodulation capability if I apply YUCCA auxin
biosynthesis inhibitors in the root growth medium. I grew Medicago truncatula (Jester eco-
type) seedlings on nitrogen-depleted agar medium containing aminoethoxyvinylglycine (AVG)
(as per spot inoculation protocol, Methods 4) with or without YucDF, PPBo or BBo, in concen-
trations that do not affect bacterial growth but had small phenotypic effects on root growth,
as expected (see Methods 11, 12). When each seedling root was spot inoculated (droplet
treatment containing S.meliloti), spot inoculation rates of roots grown on YUCCA-inhibitor
containing mediums was significantly lower compared to seedlings grown on normal spot in-
oculation medium (Fisher exact test, as well as Chi-square test with correction, on inoculation
rates, Figure 5.1). The experiment was performed 4 times with significant results similar to
the ones presented. Interestingly, in one experiment I included a group of treatments with
the polar auxin transport inhibitor 2,3,5-triiodobenzoic acid (TIBA, in concentrations 400nM,
1μM or 10μM) to compare its effects with YUCCA inhibitors. Results showed that addition of
TIBA in the agar growth medium also statistically significantly and efficiently suppresses spot
inoculation rates compared to control (3 nodules per 30 seedlings in TIBA 400nM treatment,
5n./78s. in TIBA 1μM, 0n./30s. in TIBA 10μM, all compared to control 56n./66s.) This result
stands in apparent contrast to the pseudonodule-inducing capability of TIBA (chapter 2). In
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all main experiments, when nodule initiation was suppressed by application of YUCCA in-
hibitors in the growth medium, unexpectedly, I observed the emergence of lateral roots (LRs)
instead of nodules from the spot inoculation position, in low frequencies (Figure 5.1, in green).
I investigated if this was due to nodules reverting to LR fate under YUCCA inhibition by per-
forming the negative control experiment of spot inoculation just with bacterial growth medium
without rhizobia (Figure 5.1, left side of the bar plot). This experiment showed that, under
these conditions, the roots respond with a low frequency to water spot inoculation by creating
a local lateral root, an effect known as hydropatterning[344]. This residual effect is masked
by symbiotic signaling in the normal inoculation case. Interestingly, I attempted to rescue
the nodule inhibition by YUCCA inhibitors by co-application of 2,4-dichlorophenoxyacetic
acid 7μM (2,4D, stable synthetic auxin analog), or other auxin analogs (IAA 200nM or 2μM
or 20μM, NAA 2μM), to the inoculation medium. This led to drastic local increases of LR
organogenesis but not to nodule initiation rescue (Figure 5.1, right side).

A similar and complementing line of experiments I next performed tested the effect of
YUCCA inhibitors on the induction of Medicago sativa (alfalfa) nodules using local root ap-
plication of Nod-factors. Alfalfa seedlings were grown on normal spot inoculation medium
or medium containing YUCCA inhibitors, then spot treated with Nod factors, which were
able to induce bacteria-free nodules at the site of spot application. Inclusion of YUCCA in-
hibitors in the growth medium significantly reduced the nodule induction efficiency during
spot-treatment of Medicago sativa seedlings with 10 μM Nod-factor mix, compared the nodu-
lation efficiency during spot treatment of seedlings grown on normal medium (Chi-square test
with Marascuilo correction, Figure 5.2, Methods 15). The experiment was validated by a re-
peat experiment, however a third experiment did not produce significant results, but had the
same trend. In higher YucDF and BBo concentrations of YUCCA inhibitor application I ob-
served a concomitant retardation of transition to mature nodules, with only root hair extension
and pre-stage VI (unemerged) nodule development (stages of nodule development defined by
Xiao et al[33]) (Figure 5.2 A). These results help to rule out the possibility that inhibition of
nodule formation by YUCCA inhibitors, observed in earlier experiments on Medicago trun-
catula seedlings, is caused by possible off-target effects of YUCCA inhibitors on rhizobial
growth and infectivity.

5.2.2 Local application of YUCCA inhibitors

Regarding the experimental results described in the previous section does not help us rule
out the following hypothesis: Auxin is transported to the nodule initiation location from reser-
voirs in different parts of the root, and YUCCA inhibitors deplete these reservoirs, suppressing
nodulation. Local application of YUCCA inhibitors would help us rule out the possibility that
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Figure 5.1: Effect of auxin biosynthesis inhibition in spot inoculation: Rates of immature (in
blue), mature (emerged, in red)[33] nodules and lateral roots (in green) appearing on roots
of Medicago truncatula seedlings grown on BNM+AVG media containing different YUCCA
inhibitors, 2 weeks post spot inoculation of Sinorhizobium meliloti or mock spot treatment.
The treatment categories and number of replicates per treatment are as follows: Mock spot in-
oculation treatment (absence of any rhizobia from inoculum) of seedlings grown on standard
Buffer Nodulation Medium (BNM) agar plates with the addition of aminoethoxyvinylglycine
(AVG) 0.5μM (our normal growth medium, N=71). Mock spot inoculation of seedlings
grown on BNM+AVG normal growth medium with the addition of 4-phenoxyphenylboronic
acid (PPBo) 10μM on the medium (N=81), or YucasinDF (YucDF) 10μM (N=70), or 4-
biphenylboronic acid (BBo) 1μM (N=41). Spot inoculation of Sinorhizobium meliloti (S.m.)
on seedlings grown on normal BNM+AVG agar medium (N=81), or normal medium with the
addition of PPBo 10μM (N=56), or YucDF 10μM (N=81), or BBo 1μM (N=53). In the last
category seedlings grown on normal medium with the addition of PPBo 10μM are spot inoc-
ulated with standard S.m. inoculation solution where 2,4-dichlorophenoxyacetic acid (2,4D)
synthetic auxin has been added to a final concentration of 7μM (N=56). Stars denote sig-
nificant difference in nodulation rates between the two categories as measured by one-tailed
Fisher exact test, with two stars representing a p-value less than 0.001 and three stars a p-value
less than 0.0001.
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Figure 5.2: Effect of auxin biosynthesis inhibition on Medicago sativa Nod-factor-induced
nodulation rates: A Rates of immature (in blue) and mature (in terms of development, in
red) nodules on alfalfa roots grown on different YUCCA inhibitor-containing media, spot-
treated with Nod-factors, 3 weeks post treatment. The first treatment is spot treatment with
Nod-factors (10 μM Nod-factor mix) of alfalfa seedlings grown on normal Buffer Nodula-
tion Medium (BNM) agar plates with the addition of aminoethoxyvinylglycine (AVG) 0.5μM
(Normal spot-inoculation medium, denoted as BA) (N=69). All other treatments are different
only with regard to the addition of individual YUCCA inhibitors in the growth medium: 4-
phenoxyphenylboronic acid (PPBo) 10μM (N=60) or 20μM (N=56), YucasinDF 10μM (N=63)
or 20μM (N=61), 4-biphenylboronic acid (BBo) 1μM (N=57) or 10μM (N=48). Stars de-
note significant reduction (p-value < 0.05) in nodulation rates compared to the control group
according to a chi-square test with Marascuilo correction. B Example alfalfa nodule spot-
induced by local application of a water droplet containing Nod-factors.
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the observed inhibition of nodulation by inclusion of YUCCA auxin biosynthesis inhibitors in
the growth medium (section 5.2.1) comes about via broad effects of YUCCA inhibitors on the
apical meristem and/or global root auxin biosynthesis and IAA availability across the whole
root. With this in mind, a third line of experiments focused on inhibition of auxin biosynthe-
sis only at the site of nodule initiation, by local application of YUCCA inhibitors. This was
achieved by co-treatment of YUCCA inhibitors with the Nod-factor-containing solution dur-
ing spot nodule induction in Medicago sativa (alfalfa), or co-treatment with rhizobia during
spot inoculation of Medicago truncatula. For spot inoculation of Medicago truncatula I ex-
perimented with addition of Yucasin 10μM or PPBo 10μM in the inoculum. For co-treatment
of YUCCA inhibitors with Nod-factors on alfalfa seedling roots, I experimented with addition
of PPBo 50μM or 500μM, Yucasin 500μM or BBo 500μM addition to the local treatment solu-
tion containing Nod-factors. Results from alfalfa showed that, during local spot co-treatment
of YUCCA inhibitors and Nod-factors, a general trend of inhibition of the mature nodule stage
occurs across different YUCCA inhibitor co-treatments compared to control. Moreover, nod-
ule induction can be significantly suppressed when I co-apply high concentrations of PPBo
with the Nod-factor containing spot treatment medium, compared to the control case where
only Nod-factors are applied (PPBo 500μM, p-val<0,05 - Chi-square test with Marascuilo
correction, control N=68 seedlings, replicate N=67 seedings. control nodules=47, replicate
nodules=1). These results however were not significant across all 4 replicate experiments, and
this consistent significant result in high PPBo concentration might be due to chemical toxicity.
Similar inconsistency in results was observed in 3 experiments of co-treatment of YUCCA
inhibitors and rhizobia during spot inoculation of Medicago truncatula, albeit there was a
trend of mild inhibition of nodule initiation. Overall, local addition of auxin biosynthesis in-
hibitors at the site of nodule initiation of both species did not consistently inhibit nodulation.
This leads us to believe that a careful assessment of the penetrability of these chemicals into
plant tissues must be performed, possibly using fluorescent tracer compounds with similar
molecular weight and chemical attributes, in order to better understand how fast and far these
chemicals can penetrate the root tissues, in comparison to the symbiotic signal. Thus far we
have not found a replicable experiment in which suppression of auxin biosynthesis can be
targeted only at the site of nodule initiation, in order to test the hypothesis that local auxin
biosynthesis drives nodule formation.

5.2.3 Reduction in nodule numbers in the yucca2-yucca8 double mutant

Auxin biosynthesis is a highly localized process, and the expression patterns of different
YUCCAs can assign to them different roles in plant development[179, 293, 317]. By investi-
gating the tissue specificity of MtYUC8 expression using the BAR Medicago truncatula eFP
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Browser[276], I was able to find that YUC8 is highly expressed in nodules, compared to other
tissues (Figure 5.3 B). With this in mind, we hypothesized that knockout mutants of YUC8 and
YUC2, expressed early during nodule development (as presented in chapter 3), could exhibit
nodule-specific developmental phenotypes. I generated yuc2 and yuc8 homozygous mutants
from Noble Tnt1 transposon insertion lines NF4544 and NF14406, respectively (Figure 5.3
A). These single mutants did not show any significant phenotype in terms of nodule numbers,
when grown on nutrient replete soil, after 3 week flood inoculation with rhizobia, compared
to wild type control lines. This could be due to redundancy between these two coexpressed
auxin biosynthesis genes, so I crossed the two lines to make the yuc2,8 double mutant. Cross-
ing yielded a low number of viable seeds, and was successful only when the yuc2 mutant was
providing the pollen, itself an observation I could not find a causing hypothesis for. These
seeds yielded a small number of yuc2,8 homozygous double mutant plants, of which most
died early from stunted growth and fungal infection. Two of these plants showed a striking
extreme dwarf phenotype (Figure 5.3 D) where a 5 month old plant did not reach a height of
more than 4 centimeters, but was capable of reaching maturity and developing extremely small
flowers and pods, and a normal sized seed. Genotyping, however, revealed one homozygous
double mutant plant that had close to normal growth, putting these phenotypic observations
into question, due to their variability. Normal growth could be explained by compensation
by other YUCCAs, upregulated in this plant only, thus further study is required. This plant
provided seeds to test for nodulation capability. Flood inoculation and subsequent nodula-
tion efficiency testing of background Medicago truncatula strain R108 plants versus yuc2,8
F2 (second generation) plants showed a significant reduction in nodule numbers per root sys-
tem in the double mutant (Student’s t-test, p-value<0.05, Figure 5.3 C). This finding further
supports the hypothesis that auxin biosynthesis plays a role in nodule development.

5.3 Discussion

The results I presented in this chapter support the hypothesis that auxin biosynthesis via the
Indole-3-Pyruvic Acid (IPyA) pathway, mediated by the activity of YUCCA enzymes, con-
tributes to nodule development. Two approaches, one knocking out both YUCCA genes im-
plicated in early activation of auxin biosynthesis during nodule development, and a second,
inhibiting the activity of all YUCCA enzymes by application of chemical inhibitors, lead to
reduction in nodule numbers. Interestingly, knocking out both YUCCA2 and YUCCA8 genes
led to a variable dwarf phenotype that is similar to the ones of yucca mutants in Arabidopsis
thaliana[101]. The local auxin maximum of nodule initiation (described in chapter 2), can
be assisted by local auxin biosynthesis, distal auxin biosynthesis and transport to the nodule
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Figure 5.3: Reduced nodulation in the yuc2,8 mutant: A Tnt1 insertion mutant positions for
yuc8 (Noble Foundation line NF14406, insertion in Medtr7g099330 gene) and yuc2 (NF4544,
Medtr6g086870). B Absolute expression levels of the YUC8 gene across different tissues,
according to the Medicago truncatula eFP Browser[276]. Note the high expression levels in
nodules. C Nodule numbers in flood inoculated root systems of different genotypes, 3 weeks
post inoculation. The genotypes used are the wild-type control R108 (N=34 root systems), a
second generation yuc2 mutant population (N=21), a first generation segregating population
of daughter plants of a self-pollinated yuc8 homozygous - yuc2 heterozygous double mutant
(N=15), and a second generation population of a yuc2-yuc8 double homozygous mutant that
was able to produce seeds (N=23). Stars denote significant reduction in nodule numbers per
root system compared to wild-type (Student’s t-test, p-value<0.05). D One case of the variable
phenotype of the yuc2,8 double mutant, showing extreme dwarfism after 5 months of growth.
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initiation site, or anything in between these two scenarios. In support of the first scenario, in
the previous chapter we provided evidence of local expression of auxin biosynthesis genes. In
this chapter I did not succeed to locally suppress auxin biosynthesis, only showing that global
root inhibition of auxin biosynthesis inhibits nodule formation. Since auxin is transported,
we cannot rule out that the results presented in this chapter can be explained by the second
scenario, where inhibition of auxin production in, for example, established meristems, limits
the available auxin molecules that can be transported to the new organ. After all, studies in
Arabidopsis thaliana show that application of Yucasin depletes auxin from the root meris-
tem, and that there is a substantial contribution to the maintenance of the auxin maximum
there by auxin biosynthesis[173]. A third interesting hypothesis is that the effects of auxin
biosynthesis inhibitors on nodulation rates that we observe have to do with the reported role
of auxin biosynthesis on root hair curling and rhizobial infection. In Lotus japonicus it has
been shown that auxin biosynthesis via to the least LjTAR1 is contributing to auxin accumula-
tion and response in root hairs, during early Nod-factor perception, important for the infection
process[339]. If auxin biosynthesis has a similar role in the infection process of Medicago
truncatula, the results we report of lower nodulation when we apply auxin biosynthesis in-
hibitors could be explained via the effect of the inhibitors in the availability of auxin in root
hairs undergoing infection. Going forward, it is clear that due to the mobile nature of auxin, a
toolset for local perturbation of auxin dynamics needs to be created (see also chapter 4). Stable
transformation of Medicago truncatula with our auxin signaling reporter R2D2 (Methods 9)
could also set the stage for experiments on the roles of of auxin biosynthesis in the infection
process and nodule organogenesis.





Chapter 6

General Discussion

Our approach in studying auxin dynamics during nodule development, presented in this thesis,
gets its power from the homogeneity of growth and treatment conditions across all experiments
performed. Medicago truncatula seedlings were grown on the same medium, treated identi-
cally across experiments at the same area of the susceptibility zone (which we characterized
in chapter 3), and experimented upon at the same time post germination, when we measured
changes in gene expression by spot inoculation (chapter 3), when we observed the emerg-
ing auxin response using the DR5 reporter line (chapter 2), when we spot-treated chemicals
perturbing auxin concentration and flux (chapter 2, chapter 5), and when we cut the root to
observe the timing of auxin accumulation due to flux obstruction (chapter 2). As such the
timing of the root responses could be brought into focus and be compared, and we were able
to ask our main research question, namely, when does auxin accumulate post inoculation, and
how - by which order of events. In our hands, timing the emergence of the auxin maximum
in Medicago truncatula gave a strong signal of divergence from buffer treatment 8-12 hours
post inoculation, with a cortical response being visible 12hpi onwards (chapter 2), coincid-
ing in time with the expression of auxin biosynthesis genes YUCCA2 and YUCCA8 (chapter
3). Complementing this result, accurate in time studies of cytosceletal changes early during
nodulation of Medicago sativa and truncatula[45], show the first microtubular cytoskeleton re-
arrangements to occur 16-18hpi in pericycle cells positioned opposite protoxylem poles, and
first cortical cell activation at 18-24hpi facing these pericycle cells, all possibly mediated by
altered auxin levels in these cells. Most studies of acropetal auxin transport, although coarse
in timepoints, agree that in indeterminate nodulators there is a detectable change occurring
at 24hpi[18, 67, 68, 112, 205, 234, 242]. Although we did not make direct measurements of
the same kind, we can propose that in order for the observed auxin signal to be attributed to
local acropetal auxin flux reduction, inhibition would have to be immediate after inoculation
(informed by cut root observations of chapter 2), and certainly could not be attributed, alter-
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natively, to a cortical auxin flow reduction (spot treatment with PATIs, chapter 2). This leads
us to propose that there is first an auxin maximum occurring, then changes in the cell-cycle
phase of the nodule initials, then vascular auxin transport blockage.

The auxin maximum we observed can now be placed in the context of the symbiotic tran-
scriptional response, by our painstakingly accurate transcriptomic dataset for nodule develop-
ment (chapter 3). Due to the careful choice of timepoints our team was able to identify key
genes sufficient in driving nodule initiation (published in [50]), with many more lurking to be
discovered. The main conclusions of this study is that upregulation of auxin biosynthesis genes
can be detected before auxin signaling, pointing to a previously unknown process by which
the indeterminate nodule initiates. Supported by my bioinformatic analyses, our dataset tells
a story of an initial stress response (0-8 hours post inoculation), followed by reconfiguration
of the transcriptional state (around 8hpi), leading to a cytokinin response - stem cell identity -
auxin biosynthesis stage (10-14hpi), driving an auxin response stage that coincides with broad
transcriptional reprogramming (16hpi). There is also an indication that NIN, already known
to bring about a symbiosis-inducible positive feedback with cytokinin signaling[65–67, 70–
73], is implicated in a symbiotic-conditional positive feedback with auxin signaling as well,
via indirect upregulation of auxin biosynthesis, and auxin responsive elements in the NIN
promoter (chapter 3), and could mediate a totipotency inducing positive interaction between
the two major plant hormones (chapter 1). These results help us answer both when and how
auxin accumulates in the Medicago truncatula nodule. Generation of and comparison to an
identical dataset in Lotus japonicus would help us delineate the commonalities in nodule initi-
ation between the two nodule types, and can be combined with phylogenomic methods[11]. I
also showed, through identification of regulatory motifs, that our dataset is amenable to GRN
inference systems biology approaches (chapter 3), and I invite more work to be done in this
direction, analogous to studies in Arabidopsis thaliana[316]. Complementary work by high-
throughput TF-promoter binding inference between important promoters and active TFs can
delineate the central part of the connectivity graph of the gene regulatory network of nodu-
lation, as it was recently done for wounded root regeneration in Arabidopsis thaliana, where
it was shown that PLT3 and LBDs were the most central regulatory hubs[275]. I made the
first steps towards this direction by the use of transactivation assays (chapter 4), to understand
which TFs regulate the YUCCA promoters, a method that can be easily expanded to include all
known transcription factors that are active during early nodule induction. Results showed that,
contrary to expectation, PLT3 was a repressor of YUC promoters, and that NIN directly up-
regulates the lateral organ inducing LBD16 transcription factor[49, 50, 90, 92]. The members
of the gene regulatory network path(s) from NIN to YUCCA induction are still elusive how-
ever, although the candidate LEC transcription factor we recently uncovered (Medtr7g105370,



85

chapter 3) might be one of them[290–295].

We then moved on to show that auxin biosynthesis via the IPyA pathway, mediated by
the activity of YUCCA enzymes, is sufficient to induce lateral organ organogenesis (chap-
ter 4), and that, conversely, inhibition of YUC activity by either chemical inhibitors or cre-
ation of knockout yuc mutants inhibits nodule development (chapter 5). The hypothesis of
auxin biosynthesis underlying initiation of all nodule types is compelling, as it would simplify
the evolutionary trajectory of different nodule types: auxin biosynthesis was at the center
of nodule development throughout evolutionary history, but it had different effects on PAT.
In the case of the indeterminate nodule, auxin biosynthesis is capable of initiating cell divi-
sion, but it also affects vascular auxin flow, an effect that must have a positive feedback on
auxin levels and nodule induction. It remains to be seen if this feedback is needed for natural
initiation, regardless if artificial initiation through PAT inhibition is possible for this nodule
type[18, 198, 236–240], perhaps due to the cells capable of transitioning to nodule identity
residing in an area of high auxin flux and being auxin sensitive. In the case of the determinate
nodule, on the other hand, local auxin biosynthesis is sufficient for nodule induction, and does
not involve/need/affect auxin transport perturbation. This conceptual framework is supported
by our model, which can act as a first step in a modeling study of different proposed PAT feed-
backs predicting the local polarity changes during the naturally inducible symbiosis initiation,
and comparing the results with experiments (chapter 4). Our model is by no means close to the
reality of auxin dynamics occuring during nodule initiation, it merely provides an alternative
view to the ones previously proposed[33, 103–105, 206]. It gives predictions, however, about
the changes in cell polarity involved in the initiation of the two nodule types, which could be
investigated through experiments utilizing the polarity indicating SOSEKI proteins[336] we
identified to be expressed during nodule initiation (chapter 4).

All in all, our work [50, 345] uncovers previously unknown interactions and feedbacks
between the central symbiosis regulator NIN and a conserved lateral organ/root developmen-
tal program involving LBD16 and YUCCA-mediated auxin biosynthesis[90, 92] in Medicago
truncatula nodule development. This result was independently and simultaneously shown to
hold true in Lotus japonicus as well[49]. I believe that the insight of NIN, central inducer
of nodule symbiosis[60, 64, 86, 195, 346, 347], possibly acting as a conditional coupler and
inducer of both a cytokinin positive feedback response[65–67, 70–73] and a local auxin pos-
itive feedback response[49, 50, 89] is an important new point of view for how the legume
gene regulatory network dynamically locks down the nodule symbiotic state[74] and subse-
quent nodule development. There are many important outstanding questions, however, about
how the emerging nodule recruits related root developmental programs[33, 97, 98] involv-
ing WOX-CLV[106, 109–111, 124, 126, 188, 289, 337] and PLETHORA[98–101, 123, 281]
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transcription factors, to uniquely pattern and establish itself in the root form. Not surpris-
ingly, understanding the patterning and morphogenesis of the nodule delineates the general
principles of plant development, and as such can be an important area of research with direct
biotechnological applications.

Concluding remarks

The work presented across these chapters provides a shift in our understanding of nodule
development. By uncovering the central role of auxin biosynthesis in driving indeterminate
nodule organ formation, we can now propose that both indeterminate and determinate nod-
ules initiate with the help of auxin biosynthesis, and that the evolution of determinate nod-
ules might have come about by simply shifting the domain of where this is possible, through
the expression of the TAA enzymes providing the precursor IPyA to YUCCAs in mid and
outer root cortex[114, 339]. As such we can now appreciate how the nodule is self-regulated
in terms of developmental potential in all ways needed, as it has its own cytokinin[69, 77]
and auxin source. This notion is in line with an understanding of plant form as a colony of
communal entities[146], and supports a view of the nodule as a separate/independent/self-
sustaining developmental unit. Our results, at least superficially, go against the grain of a large
number of reports supporting auxin transport changes as the cause for indeterminate nodule
initiation[18, 28, 67, 68, 112, 205, 206, 242, 271, 322]. I attempted to unify our understand-
ing of the interactions between auxin transport and biosynthesis during nodule initiation by
means of the model presented in chapter 4, and anticipate great insights about plant develop-
ment to emerge from this controversy. After all, nodule development is, in my opinion, one
of the most profound naturally inducible modifications of plant development in response to a
symbiont that we study. Wielding the processes underpinning it, through genetic engineering,
would give a massive engineering potential[348].



Chapter 7

Materials and Methods

7.1 Plant material - growth conditions and media

We used Medicago truncatula Jester Jemalong cultivar, A17 Jemalong cultivar, and R108 for
all experiments. Mutant lines obtained through the Noble foundation are derived from R108
background. Our pDR5:GFP-NLS line is derived from the A17 cultivar. All Medicago hairy
root transformation, spot inoculation and gene expression experiments use the Jester cultivar.
Medicago sativa seeds used were of the strain “lucerne” obtained through the company Brown
Seeds.

We grow Medicago in controlled environment rooms at 23oC, with 16 hour photoperiod
and light intensity of 300μmol m-2 s-1, for all experiments. When bulking for seed, we grow
Medicago in greenhouses with extra light supply in the winter.

The following media were used for plant and bacterial growth:
- Lysogeny Broth, Lennox (L) 1 litre: Tryptone 10 g, yeast extract 5 g, NaCl 5 g, D-

Glucose 1 g. For solid medium +10 g Lab M No.1 agar.
- Luria-Bertani (LB) medium: Tryptone 10 g, yeast extract 5 g, NaCl 5 g. For solid

medium +10 g Lab M No.1 agar.
- Rhizobium complete medium (TY): Tryptone 5 g, yeast extract 3 g, CaCl2(6H2O) 1.32

g. For solid medium +10 g Lab M No.1 agar.
- Rhizobium minimal medium (MM) 1 litre: VITS (vitamins) standard medium 5ml,

NaGlu (sodium glutamate) 25ml, 3% Mannitol 10ml, Y medium addition to the final volume
of 1 litre.

- Buffered Nodulation Medium (BNM) 1 litre: MES (2-(N-morpholino) ethanesulfonic
acid) buffer 390 mg, CaSO4(2H2O) 344 mg, KH2PO4 0.125 g, MgSO4(7H2O) 122 mg,
Na2EDTA 18.65 mg, FeSO4(7H2O) 13.9 mg, ZnSO4(7H2O) 4.6 mg, H3BO3 3.1 mg, MnSO4(H2O)
8.45 mg, Na2MoO4(2H2O) 0.25 mg, CuSO4(5H2O) 0.016 mg, CoCl2(6H2O) 0.025 mg, pH
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6.0. For solid medium + 11.5 g Formedium agar. In most spot inoculation experiments we
add aminoethoxyvinylglycine (AVG) to this medium to a final concentration of 500nM, then
medium is noted as “BA”, indicated in the text.

- Modified FP medium (modFP): CaCl2(2H2O) 0.1 g, MgSO4 0.12 g, KHPO4 0.01 g,
Na2HPO4(12H2O) 0.150 g, ferric citrate 5 mg, H3BO3 2.86 g, MnSO4 2.03 g, ZnSO4(7H2O)
0.22 g, CuSO4(5H2O) 0.08 g, H2MoO4(4H2O) 0.08 g, NH4NO3 0.5 mM, Formedium agar
8 g, pH 6.0.

7.2 Methods

1. Flood treatment with PATIs: For flood treatment of Medicago roots with polar auxin
transport inhibitors, I prepared water solutions of 200μM TIBA and 200μM NPA (final
concentrations), from 50mM (in 100%DMSO) stock solutions. I then treated 7 days old
seedlings plated in BNM, by flooding the roots with 1ml solution using a 1ml pipette,
and then collecting the solution from the bottom of the plate using the same pipette.

2. Golden Gate Cloning: For making DNA constructs the Golden Gate cloning technique
is used as presented here[349]. Level 2 constructs used in this study are indicated in
Methods 22.

3. Hairy root transformation (HRT) protocol was performed similarly to Boisson et al
[350]. In most experiments HRT was performed using the Medicago truncatula Jester
Jemalong ecotype, the same we used for the generation of our RNAseq dataset. Re-
garding the seedlings used, 4 days prior to transformation, we scarify and sterilize the
amount of seeds required for the experiment. Scarification is usually done using sand
paper, however it is not required for the Jester seeds. We sterilize Jester seeds using
Sodium hypochlorite (bleach) solution in the sterile conditions of the laminar flow hood,
in 50ml Falcon tubes. We add 10ml standard bleach solution, rock the tube, leave for
4 minutes, then add 10ml sterile water and leave for another 4 minutes. After that we
pour out the bleach and wash the tube with sterile water at least 10 times. The last wash
is left in and we imbibe the seeds for 1 and a half hours. When sterility is a big concern,
the seeds are divided in multiple Falcon tubes from the start, and we pipette a bit of
the imbibition water to corresponding Liquid Broth (LB) plates to check for bacterial
and fungal growth overnight and throw out corresponding Falcons when we see signs
of contamination on the plates. After imbibition, Seeds are then plated on water agar
plates, wrapped with micropore tape and aluminium foil, and placed upside down at 4oC
to stratify and vernalize for 3 nights. The day before the transformation, we move the
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seeds to room temperature to germinate, still upside down so that the roots will grow
away from the agar. On the day of the transformation, in the laminar flow hood in sterile
conditions, we take each seedling using forceps, cut 3mm off the tip of the seedling’s
root using a scalpel, then dip the new root tip in the Agrobacterium rhizogenes cultures
of choice. We then move the seedlings in modified Fahraeus media (Mod FP) square
plates with filter paper backing. We put 6-10 seedlings per plate, and place over the
seedling roots a wet filter paper strip to hold them in place. We then wrap the plates
with micropore tape and leave them in the growth room, vertically under the lights for
3 weeks. We place a sheet of kitchen roll paper over the plates so that the roots are not
damaged by bright light.
Regarding the Agrobacterium rhizogenes cultures used, we normally start a bacterial
pre-culture 2 days prior to transformation. We prepare 5ml Liquid Broth (LB) me-
dia universals with 25μg/mL Kanamycin, 20μg/mL Rifampicin, 50μg/mL Carbomycin.
Then, in the laminar flow hood, we swab through the bacterial mats of Agrobacterium
rhizogenes plates using a sterile toothpick, drop the toothpick in the universal, and grow
the pre-cultures for 24h at 28oC. The bacteria we use are electrocompetent Agrobac-
terium rhizogenes strain 1193 that carry the DNA plasmids we transform with. The
next day, we start the main cultures in 50ml Falcon tubes with 5ml LB medium with
25μg/mL Kanamycin, 20μg/mL Rifampicin, 50μg/mL Carbomycin, by transferring 1ml
of pre-culture to 4ml of LB+antibiotics. At the day of transformation, we spin the Fal-
con tube cultures on 4200rmp for 3 minutes, remove the LB in sterile conditions, and
re-suspend the cultures in 1ml sterile water which we place in a small Petri dish or a 6
-well culture dish for easy accessibility to dip the plant roots.

4. Spot inoculation: For spot inoculation of rhizobia on Medicago seedling roots is per-
formed as per lab protocol, published in [50]. Briefly, a droplet of 1.4uL water solution
containing rhizobia is applied at the site of root hair emergence, roughly 7mm away
from the root tip. The droplet is a Sinorhizobium meliloti solution at a calculated OD
0.02, diluted in FP medium[351]. S.m. solution was made by first growing S.m. in pre-
culture in MM media (Minimal Media, Y media with the addition of vitamins, sodium
glutamate and mannitol) for 24h, then 16h in MM media + 3μM luteolin, for the induc-
tion of Nod factor production. The mock treatment is the same growth medium without
the inclusion of bacteria (just MM+luteolin), treated with the same growth conditions
and diluted in FP in identical way. We normally treat 7 day old seedlings, which are
plated in BNM media + aminoethoxyvinylglycine (AVG) 500nM. Before treatment, we
find the best spot for inoculation (BSFI) using a stereo microscope placed inside the flow
hood and marking where the BSFI is for each individual root by puncturing a hole next
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to it in the filter paper and growth medium using a sterile hypodermic needle. The spot
is defined as the root segment closest to the root tip where we can clearly see more than
15 root hairs emerging, at a square segment of the root, with height equal to the width
of the root. This normally coincides with the susceptibility zone, as root hairs emerge in
bulk there, even under AVG treatment. Droplet placement is done using a special long
thin and flexible pipette tip (Eppendorf), but can be also done with a thread dipped in
the inoculum. All experiments in this thesis are performed with droplets placed on the
roots and with all seedling plates carefully transferred in the growth room so that there
is minimal droplet loss due to droplet water surface break.

5. Flood inoculation: For simple nodulation efficiency assessment of transgenic plant
roots or mutants, flood inoculation was performed on plants grown in Terragreen : sharp
sand mix (1:1) (Oil-DriCompany, Wisbech, UK)[50] , in P40 trays. Seeds are steril-
ized, imbibed, vernalized for 2 days, then left in room temperature for 1 day to sprout.
Seedlings are then transferred to Terragreen-sharp sand 1:1 mix potting medium and
plants are grown for another 2 days. After, inoculation is performed, by pouring 2ml
of S.m. grown in TY medium overnight, diluted with water to a final OD of 0.02, in
each root system. Nodule numbers per root system and root weight are measured at 2
weeks post inoculation (wpi). For the nodule phenotypic analysis of mutants, 20 plants
are inoculated of each line, and average root weight and nodule numbers were counted
at 14dpi.

6. pDR5:GFP-NLS local fluorescence timecourse: In the timecourse of auxin accumula-
tion quantification, pDR5:GFP-NLS stably transformed Medicago truncatula seeds are
grown and spot inoculated/ treated in BNM+AVG 500nM vertical plates, as per spot
inoculation protocol (Methods 4, [50]). A total of 5 experiments were carried out, to
extract the necessary data. The roots are assessed under a stereoscope inside the lam-
inar flow hood for where the susceptible zone is, and marked with a prick next to the
root at the filter paper under it, using a sterile hypodermic needle. After this, I either
spot inoculate with rhizobia as per protocol, or treat with a droplet of 2,5μM IAA of
the same volume (positive control), or mock treatment as per spot inoculation protocol,
or Nod-factor 10-8M treatment. Per experiment, ~60 plants were visualized for each
treatment. Mock treatments were kept to a minimum in subsequent experiments, as the
relevant data were gathered, and the pDR5:GFP-NLS line showed no response. The
plants (mock and S.m. treatment) were in most experiments visualized between 6hpi
and 24hpi, with a later timepoint at 48hpi and 54hpi in some experiments. Treatments
with auxin were visualized 1-6hpt every hour, and every 4hours after that(as the main
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response was found 3hpt) until 24hpi, and at 48hpi. I used simple statistical t-test for
analyzing for divergence from the mock treatment. I tested the plants after 7 days for
nodule emergence, and traced back to my data pictures to decide which plants I use for
quantifying the auxin signal, since not all of them nodulated. For visualization of the
timeline of auxin patterning (pDR5:GFP-NLS) the Leica M205FA stereo microscope
is used, with standard GFP fluorescence settings across experiments. The pictures ob-
tained are then compiled per growing root, and analyzed for mean fluorescence inside
Regions of Interest (ROIs) using the FIJI software. At each timepoint picture, I quantify
the following metric, “ratio of inside to mean outside fluorescence”: I measure the mean
fluorescence in the ROI consisting of a square with side length equal to the width of the
root, positioned at the center of the zone of my droplet application of rhizobia. I measure
then the mean fluorescence inside two identical in size ROIs, positioned again inside the
root, apically and basally of the site of inoculation, 2 root widths away. I then calculate
the ratio of the two measurements. This has the advantage of an internal normalization
procedure, as each root and each experiment might give different fluorescence levels.
This method is somewhat similar to one used by Pacios-Bras et al[113].

7. Fluorescent PINs: For generating Fluorescent PINs, I aligned all Medicago truncatula
and Arabidopsis thaliana PINs and identified all the positions in the PIN protein se-
quence that have been used in the literature for insertion of a GFP tag. C or N-terminal
tagging is not possible in these membrane-bound proteins, possibly due to the fact that
both ends are extracellular. Most successfully tagged positions are in the middle large
intracellular loop in the long PINs, and in the last short intracellular loop in the short
PINs. I aligned the Arabidopsis thaliana PINs to the Medicago truncatula PINs us-
ing the MUSCLE and ClustalW plugin of Jalview. I identified 3 positions in MtPIN2
(361[268], 412[264], 455[266]) and 3 in MtPIN9 (181, 198[264], 331[223]) analogous
to successful positions from literature of closely related AtPINs (see citations above). I
inserted a Venus tag in the sequence with the addition of poly-A linkers, and requested
a synthesized construct with this configuration. Resulting constructs were inserted in
transgenic roots and visualized in the confocal microscope. 1 attempt in each MtPIN
was successful, as judged by comparison of the protein localization and dynamics to the
literature. The successful protein positions were 361 for MtPIN2([268], different tag-
ging site than the attempt from Xiao et al [231], which I tried as well and in my hands
showed abnormal localization) and 331 for MtPIN9[223] (last intracellular loop). Tag-
ging positions for all M.tr. PINs have been identified, and, currently, some of them are in
various stages of development and evaluation. Please contact me for further information
and constructs.
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8. Motif analyses: I use the MEME suite of tools[280] to address questions about the
transcriptional control of the genes differentially regulated in our RNA-seq timecourse
dataset. I downloaded the 3000bp upstream promoter sequences for all predicted genes
of Medicago truncatula (genome version 4.1) from Phytozome[273]. The promoter
length I chose was more than enough to cover most regulatory regions, as the upstream
500bp from the TSS have been indicated to contain most cis-regulatory motifs of the
gene of interest, based on single nucleotide polymorphism distributions in Arabidop-
sis thaliana promoters[352]. I used the program “dust” from the suite to mask low-
complexity regions in all the sequences. I assembled random sets of sequences of dif-
ferent sizes for negative control tests and for provision of control sets. I assembled a
motif database consisting of many publicly available TF binding sites, most from Ara-
bidopsis thaliana, by merging two publicly available databases: JASPAR Plants[279]
and ArabidopsisPBM[309], both provided by the MEME suite, with the assumption
that there is conservation of motifs between Arabidopsis thaliana and Medicago trun-
catula. I then added my own motifs by reverse engineering the motif profiles pro-
vided in the literature for many TFs interesting for nodulation, like NIN[347], PLT[281],
NSP1[54], NFY[308], PCRE1[257] and the consensus knowledge from the field about
AuxREs[263]. All motif files are available on request. To test and rank promoters for
abundance of a motif I used the FIMO program of the suite. A: For analyses of en-
richment with de-novo identified motifs, I ran the pipeline MEME->AME->FIMO with
default settings (for short (<15) or long (>15bp) motif target lengths) and the afore-
mentioned motif database as FIMO comparison. I also ran the same analyses with the
new MEME differential enrichment mode, and STREME, with highly similar results
between the three modes. The first pipeline method was prone to overfitting as judged
by positive identification of enriched motifs when comparing random promoter groups
to other random promoter groups. The later two methods showed the expected results
in quality tests. B: Differential enrichment of known motifs was tested using the AME
(Analysis of Motif Enrichment) tool of the MEME suite, using default settings. The tool
was provided with a set of random control promoter sequences as control sequences, the
number of which was at the same magnitude as the treatment set.

9. MtR2D2 line development: Together with Jodi Lilley we generated Medicago trun-
catula-specific GFP-DII-NLS fusion designs (successful ones = EC20866_pL1M-R3-
pLjUBI1-mCherry-2xGS4xGS4xGS2xG-MtIAA27-KQ-RK-P177L-GAGA-NLS-t35S and
EC20868_pL1M-R2-pLjUBI1-3xVenus-2xGS4xGS4xGS2xG-MtIAA27-KQ-RK-GAGA-
NLS-t35S) which are different from the Arabidopsis thaliana versions in the order of
the fusion protein components. All tests were carried out in the same fashion to the one
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designed for Arabidopsis thaliana[263]. Briefly, I executed hairy root transformations
using the R2D2 construct, and the resulting transgenic roots were tested for reporter
auxin sensitivity, through a timeline of fluorescence microscopy carried out using con-
focal fluorescence microscopy. For each construct designed, I tested for a decrease of
fluorescence in the auxin sensitive reporter channel compared to the fluorescence at the
stable reporter channel, upon auxin treatment. The constructs that showed positive re-
sults were verified by a timecourse microscopy 5 minutes after 25μM IAA treatment,
every 3 minutes for 2 hours, in triplicate. The results were analyzed in FIJI, via quantifi-
cation of fluorescence in each channel for the region of interest. Results showed a clear
exponential decay of the red channel signal (degradable mCherry-DII) with the green
channel staying the same (GFP-stabilized-DII) (Figure 7.1). Data, results and constructs
are available on request. Our MtR2D2 showed excellent expression patterns identical to
its Arabidopsis thaliana counterpart (Figure 7.1).

10. Susceptibility zone assessment: For assessments of the extend of the susceptibil-
ity zone in Medicago truncatula seedling roots, one WT-homozygous and two pin9-
homozygous mutant lines were spot inoculated at regular intervals away from the root
tip (1, 2, 2.5, 3, 4, 5cm) as per spot inoculation protocol (Methods 5). For every space-
point, 60 plants were inoculated, and the rate of successful infection was measured by
counting presence-absence of nodules 10 days post inoculation. The results were ana-
lyzed using a chi-squared multiple statistical test with a Marascuilo correction, where
appropriate, to distinguish differences among groups.

11. YUCCA inhibitor effect on rhizobial growth: I performed an experiment to test pos-
sible effects of Yucasin, PPBo and BBo on Sinorhizobium meliloti growth. Bacterial
growth in liquid culture was tested overnight in 10ml vials of Minimal Media or TY with
addition of Yucasin 100μM (final concentration), Yucasin 10μM, PPBo 100μM, PPBo
10μM, PPBo 1μM, BBo 100μM, BBo 10μM, BBo 1μM, and background DMSO, in trip-
licate, with identical inoculation of bacteria, in concentration and volume. OD600 of the
culture was measured after 24h and 48h. Results showed transition to significant inhibi-
tion of bacterial growth due to high conscentration of the chemical added to occur in re-
spective concentrations 10μM<Yucasin<100μM,10μM<PPBo<100μM, 1μM<BBo<10μM.
Interestingly there was a small but significant promotion of rhizobial growth in low con-
centrations of PPBo (1μM).

12. YUCCA inhibitor experiments: Yucasin and YucasinDF was kindly provided by Tomokazu
Koshiba (Tokyo Metropolitan University, personal communication) and diluted in 100%DMSO
at 50mM stock solution. PPBo (4-phenoxyphenylboronic acid) and BBo (4-biphenylboronic
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Figure 7.1: MtR2D2 generation: A,B Confocal microscopy of a lateral root in our generated
R2D2 transgenic auxin sensor lines. On the left we have ratiometric pseudo-chromatic color-
ing based on the relative intensities for the green (stable DII) and red (auxin degradable DII)
channel (FIJI LUT=fire). On the right we have the original picture. C,D Auxin induced degra-
dation of mCherry-DII as opposed to GFP-stabilized-DII. 25μM auxin is applied on transgenic
roots bearing the MtR2D2 construct, then a root is visualized using a 3 minute interval time-
course confocal microscopy. Fluorescence of the red channel and green channel is quantified
in a region of interest in the root (C) or on a whole root tip picture (D).
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acid)[339] was obtained, in consultation with Dugald Reid, through Sigma-Aldrich in
powder form and diluted in 100% DMSO to 50mM final concentration stock solutions.
Long term experiments showed that Yucasin was not chemically stable, and lost efficacy
in 3 months, as indicated by the provider, so I used YucasinDF in later experiments.
Great care must be taken when using all the inhibitors and especially the Yucasins to
not expose them to heat above 50 degrees C, for example when adding them to the
agar medium, as they can lose potency. The effect of these inhibitors on the growth
of Medicago sativa and truncatula roots was assessed by measuring the growth of the
seedling root in a 24h period, at the interval before the spot inoculation with S.m. or
spot treatment with Nod-factors, and by overall assessment of the root systems during
the experiments. Results showed that, in plants grown on BNM+AVG 500nM, addi-
tion of YucasinDF 10μM initially (first week) had no effect on root growth, but by the
end of the experiment made the roots slightly longer, slightly agravitropic, with more
lateral roots. The same final phenotype holds true on addition of BBo 1μM, but this
chemical retarded root growth slightly initially. PPBo 1μM had no discernible effect
on root growth, but PPBo 10μM slightly retarded root growth initially and led to more
LRs eventually in the root systems. Under no scenario do these root systems show
phenotypes that would indicate that general root development is inhibited, to attribute
potential loss of nodule development to it. For assessment of nodulation efficiency in
the different conditions, in each experiment between 50 and 80 seedlings were grown
and inoculated for each condition as per spot inoculation protocol (Methods 4), with
the spot being indicated additionally to the normal method by marking a small circle di-
rectly above it, on the clear plastic plate cover, with a pen. The nodules where scored for
presence-absence and emergence (break of the epidermis) 8dpi and 2wpi (data shown). I
used the Chi-square 2x5 test with Marascuilo 2x5 correction as the overall statistical test
for significance of differences in the nodule presence-absence contingency table (data
shown), and Fisher exact test for preliminary paired experiments leading up to the main
experiments.

13. Spot treatment with droplets containing different chemicals was performed with the
same protocol as in spot inoculation (Methods 5). Droplet composition is the follow-
ing: BAP treatment= 6-Benzylaminopurine 10μM or 100μM in water, BAP+NF= 6-
Benzylaminopurine 10μM and S.m. Nod-Factor 10μM in water, NF-mix= Nod-Factor
10μM + peptidoglycan (PGN) 0,05mg/ml and Acetazolamide 10μM in water (see Meth-
ods 15), IAA= Indole-3-acetic acid 1μM or 2.5μM in water, NPA= 1-naphthylphthalamic
acid 100μM or 1mM in water with traces of DMSO from the stock, TIBA= 2,3,5-
triiodobenzoic acid 100μM or 1mM in water with DMSO traces, Water= water with
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DMSO traces, to control for DMSO in other treatments, GR24= 1-Methyl-2-oxindole
1μM in water.

14. YUCCA phylogenetic tree: The evolutionary history was inferred by using the Max-
imum Likelihood method based on the Le Gascuel 2008 model[353]. The tree with
the highest log likelihood (-10185.11) is shown. The percentage of trees in which the
associated taxa clustered together is shown next to the branches. Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-Join and BioNJ al-
gorithms to a matrix of pairwise distances estimated using a JTT model, and then select-
ing the topology with superior log likelihood value. A discrete Gamma distribution was
used to model evolutionary rate differences among sites (5 categories (+G, parameter
= 0.8746)). The tree is drawn to scale, with branch lengths measured in the number
of substitutions per site. The analysis involved 26 amino acid sequences. All positions
containing gaps and missing data were eliminated. There were a total of 363 positions in
the final dataset. Evolutionary analyses were conducted in MEGA7 [354]. The phyloge-
netic tree presented in chapter 3 is part of a larger tree containing YUCCAs from multi-
ple species, for better inference of phylogenomics. I included YUCCA sequences from
the species Medicago truncatula, Arabidopsis thaliana, Solanum lycopersicum, Populus
trichocarpa, Glycine max, Brachypodium distachyon, Oryza sativa, and Physcomitrella
patens for outgroup.

15. Spot treatment of Medicago sativa (alfalfa) seedlings with Nod-factor solution was
performed in identical way to Methods 5. The spot-treatment solution consists of water
with purified S.m. Nod-factors at a final concentration of 10μM, kindly provided by
Jongho Sun. If the nodule formation rate is low, treatment solution can be enriched
to contain peptidoglycan (PGN) 0,05mg/ml and Acetazolamide 10μM , to increase the
rate. Both were kindly provided by Jongho Sun and Feng Feng. Alfalfa seeds were
obtained by Brown Seeds.

16. Trans-Activation Assay (TAA) was performed using the Agro-infiltration of tobacco
leaves alternative method described here[334]. For more information on this protocol
please consult Nadiatul (Nadia) A. Mohd-Radzman[44]. Briefly, the constructs indi-
cated in the text where used to transform Agrobacterium tumefaciens , which was used to
agro-infiltrate young (3 weeks post germination) Nicotiana benthamiana leaves. After
2 days, 1cm discs were cut out from the infection site and used for confocal verification
of the localization of the transcription-factor-GFP fusion protein, or they were put in
tubes with a small steel sphere, frozen using liquid nitrogen, ground using a tissue lyser
(orbital shaker), vortexed in the presence of Passive Lysis Buffer, and the supernatant
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was used for luciferase assay[334] (differential activity) using a 96-well luminometer.

17. PAT Model: The starting simulation environment is the one provided by figure 9D of
Abley et al, 2016[297], which is provided in its entirety in the article supplementary
source code 12 (https://doi.org/10.7554/eLife.18165.040). It is based in terms of im-
plementation on the VVe modeling environment[355]. Code is available on request,
and extensive documentation comes with the paper. The model represents a tissue us-
ing cell complexes (vertex graph model of multiple vertices representing intracellular
space, membranes and walls), with many wall elements, and each vertex holds the
local concentrations of chemicals. Chemicals explicitly considered in the simulation
are polarizers (head h and base b) that interact with each other to give internal polar-
ity to the cell by emergently separating their concentration peaks at opposite sides of
the cell, and a mediator m which in this case represents auxin. The mediator inter-
acts with the polarizers differentially, leading to coordination of the polarizer polarity
across neighboring cells. Polarizer concentration affects mediator transport as well.
The functions and parameters used for the interaction between chemicals can be found
in the original publication[297]. I downloaded the source code zip directory provided
above, and the model folders were opened in L-studio with VVe (downloaded from
http://algorithmicbotany.org/virtual_laboratory/). I implemented modifications, which
can be found, in concise form, in the following code:

/ / f i n d u p d a t e O r g a n i s e r s ( ) c a l l and r e p l a c e i t w i th
u p d a t e O r g a n i s e r s G i a n n i s ( ) =

/ / u p d a t e O r g a n i s e r s ( ) ;
u p d a t e O r g a n i s e r s G i a n n i s ( ) ; / / G i a n n i s

/ / add t h e u p d a t e O r g a n i s e r s G i a n n i s ( ) f u n c t i o n somewhere under t h e
Model {}

vo id u p d a t e O r g a n i s e r s G i a n n i s ( ) {
i f ( t ime <1) {

f o r a l l c o n s t node& n i n S : {
i f ( n−> t y p e ==NT_CELL) {

i f ( ( n−>pos [ 0 ] < 3 and n−>pos [ 1 ] < 9) | | ( n−>pos [ 0 ] > 20 and n
−>pos [ 1 ] > 9) ) / / c r e a t e t h e p l u s o r g a n i s e r s ( a u x i n
p r o d u c e r s r e p r e s e n t i n g a u x i n i n f l u x a t t h e boundary c e l l s )

{
n−> i s P l u s = t r u e ;
n−> p r o d u c t i o n [ 2 ] = 2 ; / / p r o d u c t i o n r a t e can vary , 2 works

f o r r e f l u x loop c r e a t i o n
s t d : : c o u t << " p o s i t i o n − n−>pos [ 0 ] = " << n−>pos [ 0 ] << " , and
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n−>pos [ 1 ] = " << n−>pos [ 1 ] << " became a p l u s o r g a n i s e r "
<< s t d : : e n d l ;

}
i f ( ( n−>pos [ 0 ] > 20 and n−>pos [ 1 ] < 9) | | ( n−>pos [ 0 ] < 3 and n

−>pos [ 1 ] > 9) ) / / minus o r g a n i s e r s c r e a t i o n ( a u x i n s i n k s −
a u x i n o u t f l u x a t t h e boundary )

{
n−> i sMinus = t r u e ;
n−> d e g r a d a t i o n [ 2 ] = 2 ; / / d e g r a d a t i o n r a t e i n o u t f l u x

boundary c e l l s
s t d : : c o u t << " p o s i t i o n − n−>pos [ 0 ] = " << n−>pos [ 0 ] << " , and

n−>pos [ 1 ] = " << n−>pos [ 1 ] << " became a minus o r g a n i s e r "
<< s t d : : e n d l ;

}
}

}
f o r a l l c o n s t c e l l& c i n T . C: {

i f ( ( ( c−>pos [ 0 ] < 3 and c−>pos [ 1 ] < 9) | | ( c−>pos [ 0 ] > 20 and c
−>pos [ 1 ] > 9) ) && c−> t y p e ==C_NORMAL)

{
c−> i s P l u s = t r u e ;
c−> t y p e = C_PLUS ;

}
i f ( ( ( c−>pos [ 0 ] > 20 and c−>pos [ 1 ] < 9) | | ( c−>pos [ 0 ] < 3 and c

−>pos [ 1 ] > 9) ) && c−> t y p e ==C_NORMAL)
{

c−> i sMinus = t r u e ;
c−> t y p e = C_MINUS ;

}
}

}

i f ( t ime > 1200) { / / p u t some YUCCAs ( a u x i n b i o s y n t h e s i s ) working on
t h e p r o x i m a l t o t h e i n f e c t i o n v a s c u l a t u r e

f o r a l l c o n s t node& n i n S : {
i f ( n−> t y p e ==NT_CELL and n−> i sMinus == f a l s e && ( n−>pos [ 0 ] > 7

&& n−>pos [ 0 ] < 15 && n−>pos [ 1 ] > 9 && n−>pos [ 1 ] < 12) )
{

n−> i s P l u s = t r u e ;
n−> p r o d u c t i o n [ 2 ] = 1 0 ;
s t d : : c o u t << " P o s i t i o n − n−>pos [ 0 ] = " << n−>pos [ 0 ] << " , and n

−>pos [ 1 ] = " << n−>pos [ 1 ] << " became a YUCCA p l u s
o r g a n i s e r " << s t d : : e n d l ;

}
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}
f o r a l l c o n s t c e l l& c i n T . C: { / / then , go t h r o u g h t h e t i s s u e

graph and change t h e p r o p e r t i e s o f t h e c e l l so i t can be drawn
i f ( c−> t y p e ==C_NORMAL && c−> isMinus == f a l s e && ( c−>pos [ 0 ] > 7

&& c−>pos [ 0 ] < 15 && c−>pos [ 1 ] > 9 && c−>pos [ 1 ] < 12) )
{

c−> i s B a s a l = f a l s e ;
c−> i s P l u s = t r u e ;
c−> t y p e = C_PLUS ;
s t d : : c o u t <<" s e t t i n g a c e l l i n t i s s u e graph t o be a YUCCA

o r g a n i s e r , i t s p o s i t i o n i s : " <<c−>pos << s t d : : e n d l ;
}

}
}

}

/ / change G r i d S i z e i n t h e p a r a m e t e r f i l e view . v t o " G r i d S i z e : 1 4 14"

Essentially, the changes presented above describe how the boundaries of the tissue have
cells that produce and degrade auxin at a constant rate (presented in orange and blue
color respectively in the simulation result figures), as a way to introduce boundary auxin
fluxes in the simulation domain. These represent the vascular and cortical auxin flow.
After 1200 simulation steps, which I identified in earlier simulations to be the time it
takes for a reflux loop to form and stabilize, I introduce auxin production in central cells
representing nodule initiation domains. Although I performed some parameter changes
to test for stability of results, proving the result is robust to parameter changes, the
parameters were kept the same as in the origin source code. The resulting code folder
for Medicago simulations can be found here:Medicago, and for Lotus simulations here:
Lotus. Please contact me for any queries.

18. Gene Ontology: GO enrichment was performed using the agriGO analysis toolkit[305].
I first assembled the lists of identifiers corresponding to the sets of upregulated and
downregulated genes (separate lists) in each timepoint of our RNA-seq timecourse. I
then used the available online analysis tool (http://bioinfo.cau.edu.cn/agriGO/analysis.php)
to test for enrichment of GO terms in respect to suggested backgrounds or customized
reference of random gene identifier sets. I used both Singular Enrichment Analysis and
Parametric Analysis of Gene Set Enrichment tools and combined significant results for
presentation in this thesis.

19. Visualization of R2D2, auxin, cytokinin reporter lines is performed either using a Zeiss
780 and 880 confocal microscope with 10x, 20x and 40x lenses, or a Leica M205FA

https://drive.google.com/drive/folders/1izQ_n2dbysihm7J6K6tvmWipNo8V0b54?usp=sharing
https://drive.google.com/drive/folders/1homn2qDnV2mR3n8lt1qq2PhIICNOgQsS?usp=sharing
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stereo microscope. GUS staining microscopy pictures were obtained using a Leica
DM6000 compound microscope with 20X air objective and bright field settings. The
lasers used for the excitation of GFP, Venus (eGFP) and mCherry are Argon laser emit-
ting at 488 nm and DPSS 561-10 Yellow-Green laser emitting at 561nm. The fluores-
cence detection ranges used are 493-550nm for eGFP with a peak at 522nm and 578-694
for mCherry with a peak at 636nm.

20. RNA-seq timecourse: For spot inoculation and generation of transcriptomic timecourse
of nodule development, roots were dissected to produce 2mm to 3mm segments of the
spot of inoculation and mock spot treatment, at different timepoints after spot inocula-
tion. About 50 to 60 segments were instantly frozen in liquid nitrogen and pooled to
obtain 1 biological replicate, and 3-6 replicates per timepoint were analyzed. RNA was
extracted using the RNeasy Micro Kit (Qiagen), the RNase free DNase kit (Qiagen) was
used to remove genomic DNA. RNA sequencing (RNA-Seq) was performed by IMGM
Laboratories (Martinsried, Germany). RNA-Seq libraries were prepared with the Illu-
mina TruSeq® Stranded mRNA HT kit and sequencing of the libraries was performed
on the Illumina NextSeq500 next generation sequencing system using the high output
mode with 1 x 75 bp single-end read chemistry. The resulting reads from the raw fastq
data were quality controlled and and mapped to the most recent M. truncatula reference
genome version 4.0 (Mtv4.0) using the R package STAR. The counts and RPKM (Reads
per kilobase per million mapped reads) values were calculated with featureCounts in
R package Rsubread. Non-metric multidimensional scaling was exploited to account
for outliers. Genes that show low expression throughout all samples were removed by
measuring CPM (counts per million) values using R package edgeR. Differentially ex-
pressed genes (DEGs) were identified by pairwise comparisons of raw counts using the
R package DESeq2 with the threshold of absolute fold change of over 1.5 and a false
discovery rate (FDR) corrected p-value lower than 0.05.

21. GUS staining: We wash roots in water and fix them in 90% acetone for 1 hr, on ice.
After that we replace acetone by a wash solution containing 50 mM phosphate buffer pH
7.2. The wash buffer is then replaced by a β-Glucuronidase (GUS) staining buffer con-
taining 50 mM phosphate buffer pH 7.2, 0.5 mM K3Fe(CN)6 (potassium ferricyanide),
0.5 mM K4Fe(CN)6 (potassium ferrocyanide) and 2 mM X-Gluc (5-bromo-4-chloro-
3-indolyl-beta-D-glucuronide, Melford), vacuum infiltrated for 15 min and incubated
at 37°C overnight. For X-Gal staining, the tissue was washed in 50 mM phosphate
buffer pH 7.2 and fixed in 2.5% glutaraldehyde by vacuum infiltration for 15 min and
incubation at room temperature for 1 hr. Tissue was washed 3X in Z-buffer containing
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100 mM phosphate buffer pH 7, 10 mM KCl, 1 mM MgCl2 and incubated in X-Gal
staining buffer (Z-buffer supplemented with 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 and
0.08% Magenta-GAL (5-Bromo-6-chloro-3-indolyl-B-D-galactopyranoside, Melford))
at 28°C overnight and washed with water 3 times. Tissue was cleared, stored and imaged
in chloral hydrate solution. Images were obtained using a Leica DM6000 compound mi-
croscope 20X air objective with bright field settings.

22. Golden Gate DNA constructs used throughout this thesis are presented in Table 7.1
bellow.
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