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Abstract

The Rhizobium-legume symbiosis is initiated via the primary signal exchanging
process between the two partners which ensures that they recognize each other. As a
result, host plants form root nodules to be infected by rhizobia that differentiate into
the nitrogen fixing endosymbiotic form termed as bacteroids. Because the nitrogenase
that reduces nitrogen to ammonium is very sensitive to oxygen, plants produce a large
amount of the oxygen-binding leghemoglobin to restrict free-oxygen level and to
protect the enzyme. Beside leghemoglobins, IRLC legumes like Medicago and Pisum
also express NCR and GRP peptides to govern the differentiation of bacteroids. The
model legume, Medicago truncatula expresses more than 700 NCR genes and many
of the produced peptides have been proven to be targeted to the symbiosomes. The
expression of NCR genes is extremely specific, that their transcription is restricted to
the infected symbiotic cells of root nodules. Surprisingly, among these more than 700
NCR genes, it was found that the NCR169 and NCR211 genes are essential for the
symbiotic nitrogen fixation despite the large number and expected redundant
functions of the NCRs in Medicago truncatula. In this study, we developed two new
reporter systems, which are suitable for the large-scale functional analysis and the
identification of other essential NCRs. The anthocyanin reporter system can provide a
directly visible signal for distinguishing transgenic roots from the untransformed ones.
The NSP2 reporter system on the other hand, ensures that nodules can be formed only
on the transgenic roots and the effect of the transgene can be immediately investigated.
Besides these two reporter system, I also focused my efforts on the transcriptional
regulation of NCR genes. I surprisingly found that the NCR/69 gene can be activated
in soybean nodule where no NCR gene is expressed, meaning that soybean and
Medicago truncatula share common transcription activator(s) of NCR169 gene. To
identify transcription factors contributing to NCR169 gene expression, we combined
DNA pull-down, Y1H screening and EMSA techniques applied to both Medicago and
Glycine genes/proteins that resulted in the identification of several potential

transcription regulators of NCR169.



1.Introduction

1.1 Major beneficial symbioses of plants to provide nutrients

Symbiosis (from Greek copPiooic "living together") can be defined the simplest
term as a relationship between two types of organisms in which each provides for the
other the conditions necessary for its continued existence. Being organism without the
ability to move from one site to another, i.e. from an unfavorable, for example,
nutrient poor place to an advantageous one, such interactions are almost indispensable
for plants.

Plant growth and development rely on the accessibility of nutritional elements,
such as carbon (C), hydrogen (H), oxygen (O), nitrogen (N), phosphorus (P), sulfur (S)
from the environment. These elements are essential for the plant to synthesize
carbohydrates, lipids, amino acids and nucleic acids, which are fundamental
compounds that make up the plant itself and maintain its metabolism. Carbon and
oxygen supply are not limited for plants, because they are able to convert CO> from
the air into carbohydrates and to produce Oz from water through photosynthesis,
however, the acquirement of other elements, especially nitrogen, phosphorous and
certain metals can be difficult. On the other hand, the situation for many rhizosphere
microbes is the opposite, in that their diverse functions provide them easy access to N,
P and S, but not to carbon sources. This complementarity in element acquisition
provides the foundation for plant and rhizosphere microbes to establish symbiosis in
which they can exchange certain nutrients with each other. There are many types of
well-known plant symbioses but the most beneficial ones are the nitrogen-fixing and
mycorrhizal symbioses.

Mycorrhizal fungi can develop association with most plant species and it is
believed that this type of interactions made it possible for plants to colonize land.
There are two major types of mycorrhizal symbioses: Ectomycorrhizal (EM) fungi
colonize the root tissues of host plants extracellularly and form a mantle around the

roots. In contrast, hyphae of endomycorrhizal mycorrhizal fungi penetrate the roots
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intercellularly, and in the case of the most common arbuscular mycorrhiza (AM),
fungi penetrate root cells. It is reported that 72% of vascular plants are arbuscular
mycorrhizal (in which fungus from Glomeromycotina phylum form inter-/intracellular
hyphal networks within the roots), the rest, ~15%, can get mycorrhiza in other forms
(ectomycorrhizal, ericoid mycorrhizal and orchid mycorrhizal), leaving only 8%
plants completely nonmycorrhizal (Brundrett & Tedersoo 2018). AM fungi can
significantly contribute to the uptake of nutrients, increase plant biomass and improve
resistance to stress and pathogens (Smith & Read 2008). Plants often suffer from
phosphorus deficiency because of the low phosphate abundancy and solubility in the
soil. Absorption of inorganic phosphate (Pi) by plants leads to the formation of
depletion zones around the roots, which rapidly limits its further uptake and plant
growth (Schachtman et al., 1998; Vance, 2001). Rhizosphere AM fungus can mobilize
and accumulate Pi from the soil through the activity of extracellular enzymes and Pi
transporters, and then transfer it to the host plant in the form of polyphosphate
(Harrison et al. 1995; Hijikata et al. 2010). With their long hyphae growing outside
roots, AMs provide plants access to Pi further away from the root system (Smith et al.
2011). AMs can also help plants with the uptake of nitrogen in a similar manner;
NH4", nitrate, urea and amino acid can first be acquired by AMs through specific
transporters and then transferred to plants (Hodge et al. 2001; Tobar et al. 1994; Jin et
al. 2012; Lopez-Pedrosa et al. 2006; Cappellazzp et al. 2008).

While the AM symbiosis helps plants to uptake elements that exist in the soil in
limited quantities, the nitrogen fixing symbiosis links plants with a nearly infinite, but
for most organisms unaccessible nitrogen source, the air, in which the content of
nitrogen is 78%. Gram-negative bacteria from the a- and B-subgroups of the phylum
Proteobacteria, collectively called rhizobia, establish symbiosis with legumes (family
Fabaceae) and the non-legume Parasponia species (family Cannabaceae), while the
Gram-positive filamentous bacteria of the Frankia genus from the Actinobacteria
phylum associate with a broad spectrum of actinorhizal plants. Nitrogen-fixing

microorganisms evolved an enzyme, nitrogenase that can break the extremely strong



triple bond in nitrogen (N2) and reduce it to the form of ammonia, thus making the
atmospheric nitrogen accessible for other organisms.

Combined nitrogen in the soil is very limited. Nitrate (NO3") and ammonium (NH4")
ion quantities in the soil are not enough for maintaining plant growth, so nitrogen
fertilizers are widely used in the agriculture to achieve higher crop yield. At the
beginning of the 20" century, an industrial scale technology, the Haber-Bosch process
was developed to produce nitrogen fertilizers. To break the very strong triple bond in
nitrogen molecules, extreme conditions of high pressure and high temperature are
applied, making this process costly and detrimental to the environment (due to the
fossil energy used to generate the pressure and temperature). Application of synthetic
fertilizers has indeed greatly increased world crop production feeding billions of
people, but it also causes a lot of environmental problems. It is estimated that nearly
half of the nitrogen fertilizer input cannot be absorbed by crops and is lost to the
environment (Smil, 1999; Cassman et al., 2002; Tilman et al., 2002; Ciampitti & Vyn,
2014). The excessive use of nitrogen fertilizers reduces biodiversity, endangers the
quality of drinking water, leads to the formation of marine algal blooms and
contributes to air pollution as well as climate change, affecting the quality of life and
the general health of the human population. Moreover, driven by population growth
and the global shift towards a more protein-rich diet in developing countries, world
demand for nitrogen fertilizer is projected to grow annually with 1.5% from 2015 to
2020, reaching 118.7 Tg/year in 2020 (FAO 2015; Lassaletta et al. 2016; Herrero et al.
2017). However, many evidence have shown that the total crop yield in many
intensive farming systems has failed to improve in proportion to the application of
nitrogen fertilizers (Shen et al. 2013; Ray et al. 2012), revealing that the increase of
fertilizer use might not be a sustainable solution for the production of more food in
the long term. These data underscore the challenges and potentials of increasing
global food production while implementing new strategies to replace the application
of nitrogen fertilizers in improving crop yield.

Unlike industrial nitrogen fixation, the biological process of symbiotic nitrogen



fixation (SNF) takes place under normal environmental (temperature and pressure)
conditions using carbohydrates originated from photosynthesis as energy source. This
process does not generate any pollution, which makes it quite suitable for developing
sustainable agriculture in the future. No wonder that — with the ability to form
nitrogen-fixing symbiosis — legumes that are the second most important crops after
grasses have been important elements of cropping systems for a long time. Scientists
have been working on the Rhizobium-legume symbiosis subject for decades in order
to understand SNF and apply it to other crops like rice, wheat and corn to reduce the

use of nitrogen fertilizers.

1.2 The Rhizobium-legume symbiosis

There are a number of requirements for the efficient use of atmospheric nitrogen
via symbiotic nitrogen fixation by legume plants: The reduction of nitrogen gas (N2)
has high energy demand as the breakage of the triple bond and the formation of two
ammonium (and one hidrogen) molecules are accompanied by the hydrolysis of 16
ATP molecules. Thus, bacteria must produce large amounts of ATP via respiratory
processes and at the same time, the nitrogenase enzyme complex catalyzing the
reduction of atmospheric nitrogen must be protected from oxygen to maintain its
activity (Shah & Brill 1977). As ammonium (NH4") is toxic for cells, it must be
assimilated into organic molecules, mainly into amino acids, thus carbon skeletons
should be provided in a sufficient amount (Mus et al. 2016; Lodwig et al. 2003). To
cope with these demands, a specific niche — in the form of a novel organ called nodule
(usually on the roots of the plants) — formed, in which, specialized forms of bacteria
called bacteroids fix nitrogen. The nodule tissues provide and maintain a low free
oxygen concentration via physical oxygen barriers and high amount of
oxygen-binding proteins, leghemoglobins. To produce enough ATP in the
microaerobic environment, bacteria use terminal oxidases with very high affinity for
oxygen. To provide energy and carbon sources for nitrogen fixation and assimilation,
the nodule serves as a sink organ to where sugars derived from photosynthesis are

loaded and after their metabolism, dicarboxilic acids are transported to the bacteroids.
10



The assimilated nitrogen is transported from the nodule to plant in the form of amino

acids or ureids.

1.2.1 Development of nitrogen fixing root nodules

The development of nodules involves a series of physiological and morphological
changes and starts with the cross talk between the plant root and the specific
rhizobium partner in the rhizosphere. Nitrogen starvation of legumes induces the
secretion of aromatic compounds, flavonoids or isoflavonoids, to the rhizosphere that
can be recognized by their rhizobium partners and activate the bacterial NodD
transcription factors, which induce the expression of the rhizobium nod genes
(Kondorosi et al. 1989; Gottfert et al. 1986). Expression of nod genes is necessary for
the synthesis of lipochitooligosaccharides (LCOs) called Nod factors (NFs) that are
the bacterial signals and are the primary determinants to control the compatibility with
their legume hosts. Nod factors, even in the absence of rhizobia, are able to trigger the
first physiological and morphological changes that can be observed upon rhizobial
inoculation. This chemical communication between legume and rhizobium is essential
for both sideslooking for its compatible partner in order to have successful infection
and symbiosis (Oldroyd & Downie 2008; Denarie et al. 1996; Schultze & Kondorosi
1998). Rhizobial infection starts with the attachment of bacteria to the root hair, which
changes the direction of its polar growth as a consequence of Nod factor perception
and curls like a shepherd's crook around the dividing bacteria (Esseling et al. 2003).
Before the visible morphological changes, a Ca**-ion influx and depolarization of the
root hair cell membrane can be observed, which is followed by the oscillation of the
intracellular Ca** concentration (Ca-spiking) after a few minutes. Curled root hair
surrounds the microcolony formed by the offspring of the attached rhizobium in the
so-called infection chamber (Verma et al. 1992). From the infection chamber, a
tubular invagination of cell wall and plasma membrane leads to the development of
the structure called “infection thread”, which extends by polar growth and delivers
rhizobia to the deeper layers of the root cortex. Meanwhile, inner cortical cells
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underlying the infected root hair will start dividing that leads to the formation of
nodule primordia (Dudley et al. 1987). These newly divided cells will then be infected
by rhizobia when infection threads reach them and release bacteria into the cytoplasm
(Oldroyd & Downie 2008; Downie & Walker 1999). During their release, which is an
endocytosis like process, rhizobia will get surrounded by a membrane of plant origin
and an organelle-like structure known as symbiosome will be formed (Roth et al.
1988). Inside the symbiosome, rhizobia undergo a series of changes to adapt to the
symbiotic condition and to be prepared for nitrogen fixation (Brewin 1991).

Parallel to the infection process, the nodule organogenesis takes place. After the
perception of NFs, cells from the inner parts of the root start to divide first, to form
the nodule primordium from which the nitrogen fixing nodule develops. It was shown
(Xiao et al. 2014) that the nodule meristem in Medicago originates from the third
cortical layer, while several cell layers of the base of the nodule are directly formed
from cells of the inner cortical layers, root endodermis and pericycle. After cell
divisions, submeristematic cells undergo drastic cellular modifications, involving cell
enlargement and polyploidization of the genome through endoreduplication cycles,
which are mainly controlled by the mitotic inhibitor Cell Cycle Switch protein
(CCS52) (Cebolla et al. 1999). The formation of large polyploid symbiotic cells is
essential for nodule organogenesis in all legumes that have been tested (Cebolla et al.
1999; Vinardell et al. 2003; Gonzalez-Sama et al. 2006). During the development and
endoreduplication of cells, the released bacteria develop into bacteroids. Root nodules
on different plant species differ from each other in their shape depending on plant
species and can be grouped into two major types: determinate and indeterminate
(Franssen et al. 1992; Maunoury et al. 2008). Meristematic cells in the determinate
nodules on legumes like soybean and Lotus japonicus are not persistent, giving them a
round shape with no zonation inside. Symbiotic cells differentiate synchronously to
nitrogen fixing cells with a radial gradient of development and later deteriorate
similarly, senescence beginning at the center (marked as “S” in Figure 1.1) and

spreading outwards (Szczyglowski et al. 1998). The indeterminate nodules on
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legumes like Medicago have an elongated or cylindrical shape and nodule can be
divided into different developmental zones as shown below because of the presence of
a persistent meristem region (Sutton 1983). Active meristem at the nodule apex
provide a continuous source for newly divided uninfected nodule cells, which will get
infected afterwards and enter the nodule differentiation program, leading to layers of
cells with different extents of differentiation and infection. In a mature nodule, five
distinct zones can be observed: the meristem (ZI), the invasion zone (ZII), the
interzone (IZ), the nitrogen-fixing zone (ZIII), and in older nodules, the senescence

zone (ZIV) (Fig 1.1, right).

Lotus japonicus Medicago truncatula

Apical meristem
Infection zone
Interzone

Nitrogen
, fixation zone

Senescent zone

Figure 1.1. A comparison between the nodules and bacteroids from L. japonicus and M.
truncatula. Determinate nodules on Lotus roots are round-shaped and bacteroids inside
display a morphology similar to free-living rhizobia (left). On Medicago, nodules have an
elongated shapeand are composed of different zones harboring cells at different
developmental stages and with different extents of infection. Bacteroids in Medicago display
elongated morphology (right). Modified from Kondorosi et al. 2013)

During the development of symbiosis, the rhizobial symbionts also undergo
multiple cytological and morphological changes to adapt to the in planta life-style as
bacteroids. The extent of morphological changes mainly depends on the host plants.
Bacteroids from L. japonicus and soybean are usually termed as U-morphotype since
they are unmodified in their shape compared to free-living rhizobia. U type bacteroids

are able to revert to free-living state when released from nodule cells, meaning that
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experimentally they are culturable to form colonies on plate. In other cases, bacteroids
are terminally differentiated as they lose their reproductive capacity and they cannot
return to their free-living stage. These bacteroids have modified morphology and are
classified as S-morphotype bacteroids which are swollen/spherical and E-morphotype
with elongated, sometimes branched “Y” shape. S type bacteroids can be found in
legumes like Ononis and Cicer species in the IRLC (Inverted Repeat Lacking Clade)
legumes as well as in Adeschynomene and Arachis species in the Dalbergoid clade, and
E type bacteroids are quite common in Medicago, Pisum, and Trifolium species also
in the IRLC (Mergaert et al. 2006; Montiel et al. 2016; Czernic et al. 2015; Guefrachi
et al. 2014; Oono et al. 2010; Montiel et al. 2017).

In addition to the difference in morphology, these terminally differentiated
bacteroids also carry altered cytological features, including an amplified genome as
result of endoreduplication and modifications in their membranes that might
contribute to their unculturable nature. The DNA content can range from 4 to 32 folds
higher in differentiated bacteroids, depending on the host plants and their rhizobial
partners (Mergaert et al. 2006; Montiel et al. 2016; Czernic et al. 2015; Guefrachi et al.
2014). The increase of bacteroid membrane permeability was revealed in an in vitro
test by showing that propidium iodide, which is normally excluded from living cells,
slowly penetrates the cytosol. The membrane permeability change might facilitate
exchange of metabolites between the partners (Mergaert et al 2006).

Since symbiotic nitrogen fixation consumes extremely large amounts of energy,
1.e. the production of each gram of fixed nitrogen costs more than ten grams of
carbohydrates, this process is tightly controlled by the plant to balance nitrogen
acquisition and plant development (Gibson 1966; Silsbury 1977; Mahon 1977).
Legumes have evolved mechanisms inhibiting nodule formation and function when
enough ammonia or nitrate is available from the nodules or the rhizosphere, when
they need to channel energy to the reproductive organs during flowering, when the
plants encounter challenges of harmful conditions, such as unfavorable light intensity,

mineral nutrition starvation, low temperature, salinity condition and drought, where
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attainment of nitrogen is no longer a priority (Hernandez et al. 2009; Zhang et al.
2014; Soussi et al. 1999; Serraj et al. 1999; Rice et al. 1977; Lie 1974). Development
of nodules triggers a feedback regulatory circuit called autoregulation of nodulation
(AON), which involves both root to shoot and shoot to root signaling and prevents
nodule initiation if the development of enough nodules is in progress. Nitrate strongly
inhibits symbiotic nitrogen fixation. Application of nitrate to a plant leads to a
dramatical decrease in nodule number, nodule mass, nitrogen fixing activity and
accelerated nodule senescence, and this process was shown to be closely related to
AON (Carroll & Gresshoff 1983; Carroll et al. 1985; Streeter, 1988). It has been
proven that nitrate and nodule development can induce the production of CLE
(CLAVATA3/EMBRYO SURROUNDING REGION-RELATED) peptides in the
roots/nodule primordia that can interact with their receptor HARI/NARK/SUNN in
the shoot, which mediates the nodulation inhibition on root (Okamoto et al 2008; Reid

et al. 2011; Okamoto & Kawaguchi 2015).

1.2.2 Genetic determinants of symbiosis

At molecular level, Nod Factor Receptors (NFR), members of the Lysine Motif
(LysM) domain receptor kinase family, are responsible for the perception of NFs
(Radutoiu et al. 2003; Esseling et al. 2003). The two receptors, MtNFP/LjNFRS5
without kinase activity and MtLYK3/LjNFR1 with a functional kinase domain form a
complex and can bind the specific NFs with their extracellular domain (Broghammer
et al., 2012). While these two receptors are required only for symbiotic nodule
initiation and development, a third receptor-like kinase (SYMRK/NORK/DMI2), with
several other elements in the signal transduction cascade, participates not only in
nodulation, but also in mycorrhization. The existence of this so-called common
symbiosis signaling pathway (CSSP) indicates that rhizobia hijacked the infection
mechanism developed during/for the more ancient mycorrhiza-plant interactions. A
lectin-like apyrase, LjNLP is required for both the initial calcium influx and the
following Ca-spiking around the nucleus Ca (Roberts et al., 2003). A number of
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proteins in the nuclear and the attached endoplasmatic reticulum (ER) membranes,
such as the nucleoporins LJNENA (Groth et al., 2010), LjNUP133 (Kanamori et al.,
2006) and LjNUPS85 (Saito et al., 2007), the potassium channels DMI1 in Medicago
(Ané et al., 2004), CASTOR and POLLUX in Lotus (Charpentier et al., 2008), the
CNGC15 calcium channel (Charpentier et al., 2016) and the MCAS calcium pump are
required for Ca-spiking. The calcium-oscillations are deciphered by the DMI3
calcium/calmodulin dependent serine/threonine protein kinase, which interacts with
the MtIPD3/LjCYCLOPS transcription factor. The transduction of this signal leads to
the activation of transcriptional regulatory complexes in a hierarchical way. Several
transcription factors such as NSP1, NSP2, NIN, ERN1 and ERN2, NF-YAl and
NF-YBI1 that control the expression of early symbiotic genes have been identified
(Singh & Parniske 2012; Singh et al. 2014; Parniske et al. 2008; Schauser et al. 1999;
Kalo et al, 2005; Smit et al. 2005; Marsh et al. 2007; Middleton et al. 2007; Soyano et
al. 2013; Combier et al. 2006). Cytokinin biosynthesis is induced in the cortex
downstream of DMI3 and its local accumulation synchronizes cortical cell division
with the progress of rhizobial infection (Frugier et al. 2008; van Zeijl et al. 2015;
Jardinaud et al. 2016; Reid et al. 2017). Cytokinin and gibberelic acid through their
effectors, RR1/4 and DELLA-type transcription factors, respectively, contribute to
Nod factor induced transcriptional changes (Gonzalez-Rizzo et al. 2006; Jin et al.
2016). A high number of genes — called nodulins — are essential for or accompanying
the infection and later, the invasion processes or the development and functioning of
bacteroids and the assimilation of the fixed nitrogen is activated in the developing
nodule. The best known and most abundant nodulins are the leghemoglobins (Lbs)
(Appleby 1984; Stougaard et al. 1987). Lbs are essential for the maintainance of the
low and constant free oxygen concentration that still cause no damage to the
oxygen-sensitive nitrogenase and allow the functioning of the high affinity terminal
oxidase of bacteria to support the production of enough ATP required for nitrogen

reduction (Wittenberg et al. 1974; Ott et al. 2005).
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Figure 1.2. Genes and processes involved in early signaling during nodulation.
(Iso)Flavonoids produced under low soil N (1) trigger the production of bacterial Nod factors
(2) that, together with other signals, are perceived by receptors at the plasma membrane of
epidermal cells (3). This triggers biochemical and physiological responses (4,5,6) that lead to
changes in nuclear gene expression (7). Symbiotic gene regulation acts in a NIN centered
manner, that — together with ERN1, ERN2 and maybe some other unknown TFs — controls the
massive expression network of downstream genes, including NF-YA2, IPD3L, ENOD40 and
other symbiotic genes. M. truncatula protein names are provided unless otherwise specified.
From Sonali Roy et al. 2019.

1.3 Nodule-specific Cysteing-Rich (NCR) peptides

1.3.1 Plant effectors directing the irreversible terminal

differentiation of bacteroids

Neither the nodule type, i.e. determinate or indeterminate, nor the rhizobium
species can fully reflect the morphotype of bacteroids, because bacteroids in the

indeterminate nodules of Medicago and Leucaena are E and U morphotypes,
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respectively (Ishihara et al., 2011) while in some cases, such as Bradyrhizobium sp.
32HI1, the same rhizobium strain can behave distinctly when inoculated to different
host plants (Sen & Weaver 1980; Bonaldi et al. 2011). With the use of nearly isogenic
rhizobial strains on different hosts, Mergaert et al. (2006) proved that the
differentiation of bacteroids is under the control of the plant host. Recent studies —
including comparative transcriptomic studies between species with E and U
morphotype bacteroids — have provided more and more evidences that Nodule
Specific Cysteine Rich peptides (NCRs), and probably glycine-rich peptides (GRPs)
and small nodulin acidic RNA-binding protein (SNARP, or LEED..PEED) as well, all
expressed in symbiotic cells of the IRLC and Dalbergioid legumes play a very
important role in this process and are the plant factors that direct terminal bacteroid
differentiation (Mergaert et al. 2003; Mergaert et al. 2006; Alunni et al. 2007; Kereszt
et al. 2011; Velde et al. 2010; Laporte et al. 2010; Trujillo et al. 2014; Kondorosi et al.
2013, Montiel et al. 2016, Montiel et al. 2017, Czernic et al. 2015).

In Medicago truncatula, more than 700 NCR genes were identified while no such
sequence could be found in the genome of Lofus and Glycine forming nodules
containing U morphotype bacteroids (Mergaert et al. 2003). Usually, the NCR genes
are composed of two exons with coding sequences, however, in a number of cases,
there is a second intron after the translational stop codon and a third exon with the 3'
untranslated region. The more than 700 genes in Medicago truncatula are spread on
all eight chromosomes. Such high number of genes in a gene family suggests
functional redundancy, but there are examples that the loss of a single NCR like
NCR169 and NCR211 in the dnf7 and in the dnf4 mutants, respectively, results in the
arrest of symbiotic nodule development (Horvath et al. 2015; Kim et al. 2015).

Analysis of expression data from 267 different experimental conditions (Figure
1.3.A) assembled in the Medicago Gene Expression Atlas (Vagner B et al. 2008; Ji H
et al. 2009) revealed that NCRs (with only a few exceptions, like NCR/22 and
NCR218) are expressed and only expressed in nodule cells, not in other plant tissues,

and moreover, this expression is not inducible by treatment conditions other than the -
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Figure 1.3. Expression pattern of NCR genes. (A) Majority of the 334 NCR genes
investigated with Affymetrix chip is only expressed in nodules samples among the 267
treatment conditions assembled in the Medicago Gene expression Atlas (Guefrachi et al.
2014). (B) Localization of the NCR0OO0I (right) and NCR084 transcripts (right) by in situ
hybridization using antisense probes (Mergaert et al. 2003). (C) Gene expression categories
based on the distribution of RNA-Seq reads in different nodule zones sample after
laser-captured microdissection. NCRs mainly belong to the clusters 6, 9 and 12 (Roux et al.
2014).

-inoculation of rhizobia (Guefrachi et al. 2014). Localization of the mRNA (by in situ
hybridization and reporter genes, Fig 1.4 B) as well as the peptides (by
immunological methods) produced from the NCR genes showed that the genes are
active only in the infected cells of the nodules (Van de Velde et al., 2010), thus,
further strengthening their putative role in directing bacteroid differentiation. This
investigation, as well as new RNA-seq studies using laser-captured microdissection
samples (Roux et al. 2014) demonstrated that expression of NCRs in nodules is not
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even in the same zones, they are transcribed in different waves. Early NCRs are
induced in the proximal part of the invasion zone (ZII) and in the interzone (IZ) and
their expression drops in the nitrogen fixation zone (ZIII), while other NCR genes are
switched on only in Zone III. In general, most of the NCRs showed high expression in
the inter-zone and zone III, while low or no expression could be observed in zone II
and zone I (meristem), respectively.

So far, little is known about the strict transcriptional regulation of NCR genes.
Recently, it was shown that the transcriptional waves of nodule-specific (including
NCR) gene expression observed correlate with growing ploidy levels of the
developing nodule cells (Nagymihaly et al. 2017). Differential DNA methylation was
found in only a small subset of symbiotic nodule-specific genes, including more than
half of the NCR genes, whereas for most of the genes, DNA methylation was
unaffected by the ploidy levels and was independent of the active or repressed state of
genes. On the other hand, expression of the nodule-specific genes correlated with
ploidy-dependent opening of the chromatin as well as, in a subset of tested genes,
with reduced tri-methylation levels of histon H3 on lysin 27 (H3K27me3) combined
with enhanced histon H3 lysin 9 acetylation (H3K9ac) levels. There is no knowledge
available on the transcription factors contributing to the induction/repression of the
NCR genes (Nagymihaly et al. 2017).

The translated NCR polypeptides contain a secretory signal peptide sequence,
which will be cleaved to produce mature peptides of 24-50 amino acids in length,
with 4 or 6 cysteines in conserved positions (Figure 1.4), that would form 2 or 3
disulfide bonds to ensure and stabilize the active structure that might be critical for
their proper activity. These features make NCRs quite like defensins, while differ in
the number of cysteine residues and length of mature peptides (Fig 1.4) (Maroti et al.

2015; Kereszt et al. 2011; Kondorosi et al. 2013).
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Nodule-specific Cysteine-Rich peptides (6 Cys)
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Figure 1.4. Comparison of the backbones of NCRs and defensin from Medicago. NCRs
are generally shorter (30- 55 amino acids) than defensins (50-70 amino acids), but these two
types of peptides share common features such as containing a signal peptide and conserved
cysteine residues. Conserved cysteines in defensins and in the two major types of NCR
peptides (containing 4 and 6 cysteines, respectively) are demonstrated in bold and numbered,
the length of conserved spacings between cysteines are indicated (Xn). From Mardti et al.
2015.

As the majority of the infected nodule cells' membrane system are around
rhizobia, NCRs are targeted by the protein secretion system to the symbiosomes.
Immunological techniques (Van de Velde et al., 2010) and proteomic investigations
(Diirg6 et al. 2015, Marx et al. 2016) showed that the peptides are indeed targeted to
the bacteroids. Impairment of a nodule-specific element of the secretory machinery
(signal peptidase complex (SPC)) in the dnfl mutant (Wang et al., 2010) results in
NCRs stacked in the ER with their signal peptides not removed and in bacteroid
development arrested just after the release from the ITs (Van de Velde et al., 2010).
The importance of the cystein residues and disulphide bridges was shown for the
NCR169 peptide in complementation experiments, where mutant versions with one
and any cystein changed to alanine could not complement the dnf7 mutants (Horvath
et al., 2015). Similarly, research on the role of plant thioredoxins in symbiosis
confirmed the importance of the redox state of NCR peptides (Ribeiro et al., 2017).
Thioredoxin s1 (Trx sl) production was shown to be induced in the infection zone
with the protein targeted to the symbiosomes. Both silencing and overexpression of
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Trx sl impairs bacteroid growth and endoreduplication, two features of terminal
bacteroid differentiation, highlighting the importance of the balance between reduced
and oxidized states of NCRs in the bacteroids. Despite the conserved signal peptide
and the cysteines in conserved position, the peptides are very diverse in amino acid
composition and sequence that are mirrored in their charge, the isolecetric point (pl)
ranging from 4 to 10.5. This high variability indicates that NCRs might function
under different cellular conditions (Mar6ti et al. 2015) and might be involved in

several steps during bacteroid development.
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Figure 1.5. Secretion of NCR peptides and their targeting to symbiosomes. NCRs are
secreted from ER with the help of the SPC that cleaves signal peptides, and mature peptides
are targeted to the symbiosomes. The BacA protein was shown to protect rhizobia from the
lethal effect of NCRs. A 4BacA mutant cannot survive the NCRs’ challenge after getting
released from infection thread to the cytosol. HrrP (host range restriction protein) protein
carries peptidase activity and might help rhizobia to antagonize NCRs by degrading them.
The effects of HrrP on symbiosis depend on the genetic background of both host and
symbiont, manifesting as a host range restriction phenotype. Adapted from Stonoha-Arther
and Wang 2018 and Haag et al. 2011, refering to also Price et al. 2015.
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1.3.2 Functions of NCR peptides

Despite a lot of work on NCR peptides been done, little is known about their
functions and mode of actions in symbiosis. Based on their similarity to defensins, the
effector molecules of innate immunity, their antimicrobial activity was investigated.
Cationic NCRs were characterized by their broad range of bactericidal and fungicidal
activities, being toxic to various Gram-negative and Gram-positive bacteria and both
yeast-like and filamentous fungi (Maréti et al. 2011; Maroti et al. 2015; Orddgh et al.
2014; Tiricz et al. 2013). They were shown to interact with the membranes and to
disturb the integrity of the fungal and bacterial membranes and thus destroying the
membrane potential (Ordégh et al. 2014; Nagy et al. 2015; Mikulass et al. 2016). It is
not known whether the NCRs' antibacterial activity contributes to bacteroid
development, however, the bacterial peptide transporter BacA protein is essential for
bacteroid development in those legumes that produce NCRs. The Sinorhizobium
meliloti BacA protein's transporter activity was shown to protect rhizobia from the
lethal effect of NCRs in both symbiotic and free-living conditions. The
BacA-deficient mutant strains exposed to the antimicrobial activity of NCRs after
getting released from the infenction thread to the cytosol are killed, which arrests
further nodule developmment (Haag et al. 2011). These observations indicate that
rhizobia released into the NCR-loaded nodule cells are balanced between death and
terminal differentiation inflicted on them by the host plant. Recent work suggested
that the BacA homologue from Bradyrhizobium spp, BclA (Bradyrhizobium
BacA-like) is required for the survival and differentiation in the symbiosis with
Aeschynomene legumes (Guefrachi et al. 2015). A hypothesis for the role of
BacA(-like) proteins is that they import (for example, for degradation) the NCR
peptides in order to remove them from the bacterial membrane, thus, preventing their
membrane damaging activity (Pan and Wang 2017; Haag et al, 2011; Marlow et al.
2009; Guefrachi et al. 2015).

Most of the investigations on NCR biology have been performed with NCR247,

which is the smallest member of the NCR family, with its mature peptide composed
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of only 24 amino acids. The NCR247 gene is expressed in the older cell layers of
nodule zone II, where the endosymbionts stop dividing and cell elongation begins,
and in the interzone II-III, where dramatic growth of endosymbionts occurs.
Transcriptome, peptide-protein interaction and physiological investigations (Tiricz et.
al, 2013; Penterman et al. 2014; Farkas et al. 2014) revealed that NCR247 affects
multiple biological processes in bacteria. The peptide penetrates the membranes of
both free-living cells and bacteroids and accumulates in the cytosol (Farkas et al.
2014). In synchronized cell cultures, it could be shown that sublethal concentration of
the peptide inhibited cell division but not DNA replication that are the features of
endoredupliation taking place in the nodule infection and interzones where NCR247
is produced. On transcriptional level, NCR247 treatments of exponentially growing S.
meliloti cells resulted in a quick down-regulation of genes involved in basic cellular
functions, such as transcription-translation and energy production, as well as
upregulation of genes involved in stress and oxidative stress responses and membrane
transport (Tiricz et al. 2013). Similar changes provoked mainly in Gram-positive
bacteria by antimicrobial agents were coupled with the destruction of membrane
potential that could be observed during NCR247 treatment of S. meliloti (Mikuléss et
al. 2016). In synchronized cell cultures, low concentration of NCR247
down-regulated the expression of cell-cycle-regulated genes that could contribute to
its cell division inhibiting ability (Penterman et al. 2014). The expression of many
hypothetical genes and genes involved in nitrate and nitric oxide metabolism was also
attenuated. In contrast, a subset of genes regulated by global stress responses through
the Fecl and RpoHI sigma factors as well as 153 genes in three regulons of
ExoS-Chvl, RirA, and FeuP-FeuQ affecting the exopolysaccharide, cyclic glucan
production and iron acquisition, respectively, could be induced by NCR247. The
NCR247 peptide binds to a number of rhizobial proteins. Its interaction with the FtsZ
protein involved in cell division by marking the position of septum formation via
forming the so-called Z-ring was shown by pull-down experiments (Farkas et al.

2014). This interaction prevented the formation of the Z-ring that could be visualized
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by both tagging FtsZ with GFP (Penterman et al., 2014) and by its interaction with
another, fluorescently labeled peptide, FITC-NCRO035 (Farkas et al. 2014), i.e. no
fluorescent signal could be detected at midcell upon NCR247 treatment. Thus,
NCR247 possesses another way to inhibit cell division and induce endoreduplication.
NCR247 was shown to bind to different subunits of the ribosome, and then its ability
to inhibit translation was demonstrated both in vitro and in vivo (Farkas et al. 2014)
suggesting that NCRs might influence the bacteroid proteome and contribute to the
altered pattern and reduced complexity of bacteroid proteins. The chaperon GroEL
protein was also proven to be an interacting partner of NCR247, however, the
relevance of this interaction is not known: it is possible that GroEL might be
necessary for correct folding of the NCR peptides, or NCR247 by its interaction with
GroEL affects GroEL-dependent functions (Farkas et al. 2014).

At present, two peptides, NCR169 and NCR211 are known to be essential for
symbiotic nitrogen fixation in Medicago truncatula (Horvath et al. 2015; Kim et al.
2015). Deletion of NCR169 in mutant dnf7 and NCR21I in dnf4 causes impaired
symbiotic nodule development. Microscopic analysis demonstrated that in both
mutants, bacteroid differentiation and the expression of bacterial nifH gene coding for
a subunit of the nitrogenase enzyme complex was initiated, however, the rhizobium
cells lost their viability later and disappeared from the nodules. Thus, both peptides
are required for the differentiation and persistence of the bacteroids during nodule
development. Expression analysis demonstrated that NCR21] possesses a primary
expression pattern in the infection zone and interzone, while NCR169 is expressed in
the inter zone and nitrogen fixing zone, zone IIl. These data may indicate that

NCR211 has a function earlier than NCR169 in the bacteroid differentiation process.
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Figure 1.7. Fix- phenotype of Medicago truncatula mutants dnf-7 and dnf-4. Mutation in
the NCRI169 and NCR2I1Il genes lead to the formation of functionally defective nodules.
Mutant plants demonstrate nitrogen starvation symptom manifested in having yellowish
leaves and retarded growth. From Horvath et al. 2015 and Kim et al. 2015

Considering all the information available on the NCR peptides, it appears quite
contradictory that NCRs that have been proved to possess antimicrobial activity, or
potentially have such activity, turned out to be essential for the development and/or
the survival of bacteroids in symbiosis, i.e. these peptides exert negative effect via
their antimicrobial activity in vitro but have positive effect via their differentiation
inducing activity in planta. A possible explanation for this dual "behavior" is that the
actual peptide concentration in the symbiosomes is lower than the applied one in vitro
and/or the peptides act as cocktails containg both cationic ones with antimicrobial
activity and neutral/anioinic ones that might counteract the effects of the antimicrobial
peptides.

Recently some new findings broadened our knowledge on how diverse the function
of NCRs can be. Yang et al (2017) and Wang et al (2017; 2018) reported that the
NFS1 and NFS2 genes both encoding NCR peptides control the compatibility between
rhizobium strains (S. meliloti RM41 and A145) and Medicago truncatula ecotypes.

Plants carrying the NFS alleles of Jemalong A17 were incompatible, i.e. Fix” with the
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two S. meliloti strains while lines carrying the NFS alleles of DZA315.16 or A20
formed normal, Fix" symbiosis with these rhizobia. In the incompatible interaction,
bacteroid development and nifH gene expression were initiated but bacteroids were
eliminated from the nodule tissues. These NCR genes were not essential for symbiosis
because if mutations were induced in the genes, the mutant plants formed effective,
Fix" symbiosis with the rhizobia. The Jemalong alleles were dominant over the
DZA315.16 and A20 alleles because the heterozygous plants were also incompatible
with the Rm41 and A145 strains. These results revealed that beside the Nod factor
recognition mechanism, plants also developed other selection method(s) to ensure that
an optimal partner invades the nodule. NCRs might contribute to this selection, while

the detailed mechanism is still not known.

1.3.3 NCRs in other legumes

Expression of NCRs is not restricted to Medicago truncatula, they were identified
also in other species of the IRLC, such as Vicia faba, Galega orientalis, Glycyrrhiza
uralensis, Astragalus canadensis, Ononis spinosa, Onobrychis viciifolia, Medicago
sativa, Trifolium repens and Pisum sativum (Chou et al. 2006; Montiel et al. 2016;
Montiel et al. 2017; Crockard et al. 2002; Fruhling et al. 2000, Jimenez-Zurdo et al.
2000, Kaijalainen et al. 2002; Kato et al. 2002; Mergaert et al. 2003). More focused
analyses (Montiel et al., 2016; 2017) showed that the numbers of NCR genes are
highly variable and expanded independently in different lineages of IRLC legumes
ranging from 7 in G. wralensis to over 700 in M. truncatula. Phylogenetic
investigations revealed that each of the seven G. uralensis NCRs had at least one
highly similar homolog in another legume, whereas no NCR with such high similarity
was found in the other five Vicioid legume species investigated. These results
suggested common origin and conservation of a few NCRs, coupled with the
emergence of many species-specific peptides. The investigations showed that
bacteroids in all tested IRLC legumes were larger and had more DNA than cultured
cells, but the degree of cell elongation was rather variable in different species. There
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was shown a positive correlation between the degree of bacteroid elongation and the

number of the expressed NCRs.

A Species NCRs Bacteroids BE 4
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Figure 1.8. Number of NCR peptides in different IRLC legumes correlates with bacteroid
morphology. Numbers of NCR peptides predicted from nodule transcriptomes or genome
sequences of 10 IRLC legumes are shown in relation to the morphotype of the bacteroids (A).
There is a positive correlation between average bacteroid length and the size of the NCR
family (B and C). Pearson correlation coefficient: 0.90 (P value > 0.001). From Montiel et al.
2017.

Terminal bacteroid differentiation is also not restricted to the IRLC legumes:
Phylogenetic analysis and ancestral state reconstruction suggested that the ancestral
morphotype of bacteroids was the undifferentiated U-morphotype and that the
differentiated E- and S-morphotypes appeared several times independently in the
legume family (Oono et al., 2010). For example, in the Dalbergioid legume clade,
bacteroids can be of the E- or S-morphotype: Within the Aeschynomene genus, A.
afraspera has E-type bacteroids but 4. indica or A. evenia have S-type bacteroids
(Bonaldi et al., 2011; Arrighi et al., 2012). Transcriptome, in situ hybridization, and

proteome analyses demonstrated that the symbiotic cells in the Aeschynomene spp.
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nodules also produce a large diversity of NCR-like peptides, which are transported to
the bacteroids (Czernic et al., 2015). These results support the view that bacteroid
differentiation in the Dalbergioid clade, which likely evolved independently from the
bacteroid differentiation in the IRLC clade, is based on very similar mechanisms used

by IRLC legumes.
1.4 Genes considered for developing reporter

Hairy root transformation of legumes (Stiller et al. 1997; Boisson-Dernier et al.
2001; Kereszt et al. 2007; Estrada-Navarrete et al. 2007; Clemow et al. 2011) has
been widely used in symbiosis research, for example, to complement symbiotic
mutants (Endre et al. 2002; Madsen et al. 2003; Indrasumunar et al. 2010; 2011), to
reveal the spatial and temporal aspects of gene expression and to identify promoter
elements (Bersoult et al. 2005; Gavrilovic et al. 2016; Liu et al. 2019), to determine
the cellular localization of proteins (Limpens et al. 2009; Gavrin et al. 2014; 2017), to
overexpress (Indrasumunar et al. 2011; Reid et al. 2011), to silence (Limpens et al.
2005; Sinharoy et al. 2015; Sogawa et al. 2019) or to knock-out genes (Michno et al.
2015; Wang et al. 2017; 2018). Despite its many advantages, the efficiency of hairy
root transformation is not 100% even with antibiotic or herbicide selection, i.e not all
the roots formed on transformed plants are transgenic. The identification of transgenic
tissues via the detection of the proteins produced by the currently used reporter genes
coding for B-glucuronidase/GUS in vectors such as pBl121 or the pPCAMBIA series
(Jefferson et al. 1986; 1987;) and fluorescent proteins (GFP, YFP, DsRed, ...) in
plasmids like the pUB series or the pHairyRed (Maekawa et al. 2008; Lin et al. 2011)
requires destructive techniques and fluorescent microscopes, respectively, making
impossible or uncomfortable the screening if further tissue growth is needed
subsequently. Moreover, the detection of signals in these reporter systems is either
time- or labor-consuming, which will be troublesome when large scale gene function
analysis needs to be conducted, for example, to identify other essential NCR genes via
genome engineering. Therefore, easy, non-destructive methods for the identification

of transgenic roots are highly needed.
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Anthocyanins are secondary metabolites, which - if accumulated in tissues -
provide red, blue, or purple coloration. This feature has been applied for the color
modification of fruits and flowers to achieve new traits for higher economic benefit.
Biosynthesis of anthocyanin uses phenylalanine as a precursor and involves catalysis
by several enzymes of the general phenylpropanoid and flavonoid pathways (Holton
A, and Cornish C, 1995; Shi Z et al. 2014). Recently, it was shown that transient
(Picard et al. 2013) or ectopic (Peel et al. 2009) expression of MtLAPI - coding for a
member of the largest and plant/yeast specific R2R3 subfamily of the MYB
transcription factors - results in anthocyanin production and accumulation in
Medicago truncatula, M. sativa and Trifolium repens as well as with a lower intensity
and homogeneity in tobacco. As the accumulation of anthocyanins of the transgenic
plants resulted in purple colored plants, it could be assumed that using the MtLAPI
gene as reporter may facilitate the selection of transgenic roots by naked eyes.

Adventitious root development can be initiated and leads to the formation of
un-tranformed roots at the same time when transgenic hairy root development starts.
And these adventitious roots can form nodules as efficinently as the hairy roots do. In
those experiments that the activity of the introduced gene(s) can be obviously
revealled, for example, via GUS staining or by restoration of normal symbiotic nodule
development in complementation experiments manifested in green foliage and high
biomass, the presence of non-transgenic roots is not a problem. However, when the
role of genes in symbiotic nodule development and functioning is to be investigated
by creating mutations in the genes, for example, with the help of the CRISPR/CAS9
system, the deleterious effect of the mutation in the transgenic nodules on the plant
vigor will be masked by the presence of functional nodules on the adventitious roots.
Thus, in such an experiment, the genotype (i.e. whether it is transgenic and whether
there is/are mutation/s in the targeted gene) and the phenotype of all roots/nodules
must be checked individually. To reduce the time and labour needs of such studies, a
possible approach is based on the use of genes as reporters that are essential for

nodule initiation, i.e. their mutation results in the failure of nodule formation. Nodules
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formed after the transformation on plants carrying mutation in such a gene with
vectors carrying the wild-type gene as reporter to complement the nodulation
phenotype would be all transgenic. In such a system, only the phenotype and
genotype of those roots that formed nodules need to be checked.

To develop the system with the characteristics mentioned above, a gene involved
in nodule initiation with small size to avoid complicated cloning steps and to reduce
the vector size as well as with limited number of commonly used restriction enzyme
recognition sites is needed. The nsp2 gene of M. truncatula (Kal6 et al., 2005) coding
for a GRAS-type transcriptional regulator satisfies these criteria: 1) the nsp2 mutant
plants — although exhibit Ca-spiking in response to Nod factors and rhizobia — do not
show any morphological changes and do not develop nodules; ii) the gene comprises
a single exon and codes for a protein of 508 amino acids, i.e. a 1527 bp coding

sequence between a promoter and a poly-adenylation signal has to be cloned.
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2. Objectives

To facilitate the functional analysis as well as studies on the regulation of the NCR
genes, our aim was to create and test several tools such as:

* to develop binary plant transformation vectors with a reporter marker that can be
detected with naked eyes without the use of staining techniques or fluorescent
microscopy

*to develop a hairy root transformation system that ensures that all the developing
symbiotic root nodules are transgenic and thus, the the effect of the transgene on the
nodule phenotype can be investigated without sorting and separating of the
transgenic/non-transgenic tissues

*to establish systems including EMSA (electrophoretic mobility shift assay), DNA
pull-down, yeast one-hybrid screening to identify cis- and trans-acting regulatory

elements of NCR genes.
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3. Materials and Methods

3.1. Biological materials and growth conditions

Escherichia coli strain MDS™42 ArecA Blue (Scarab Genomics, USA) was
used for cloning purposes and grown at 37°C in LB medium (10 g/l tryptone; 5 g/l
yeast extract; 5 g/l NaCl). Agrobacterium rhizogenes strain ARqua-1 (Quandt et al.
1993), K599 (Savka et al. 1990) and Agrobacterium tumefaciens strain AGL-1 (Lazo
et al. 1991) harboring the different binary vectors was grown in LB medium at 30 °C.
Wild-type Medicago truncatula cv. Jemalong (Register of Australian Herbage Plant
Cultivars: Reg. No. B-9a-2) as well as dnf-4 (Kim et al. 2015), dnf7-2 (Horvath et al.
2015) and nsp2-2 (Oldroyd et al. 2003) mutant plants were inoculated with
Sinorhizobium medicae strain WSM419 (Reeve et al. 2010) grown in TA medium (10
g/l tryptone; 1 g/l yeast extract; 5 g/l NaCl; 1 mM MgSO4; 1 mM CaCly) at 30 °C for
two days. Hairy roots of soybean (Glycine max cv. Williams 82) were inoculated with
Bradyrhizobium japonicum strain CB1809 grown in YEM medium (0,5 g/l K2HPO4,
0,2 g/l MgSO04 x 7TH20, 0,1 g/l NaCl, 10 g/l mannitol, 0,4 g/l yeast-extract).

M. truncatula plants were scarified with H>SO4 for 8 minutes and washed with
large volume of ice-cold H2O for five times. Scarified seeds were surface sterilized
with 0.1 % (weight/volume) HgCl, for 2 minutes followed by three washes with
sterile water, vernalized at 4 °C for two days in dark, then germinated on water-agar
plates at 24 °C in dark. Seeds of soybean cultivar Williams 82 were surface sterilized
with 3% of H202 in 70 % ethanol and germinated in wet vermiculite or on wet filter
paper. Arabidopsis thaliana ecotype Columbia (Rédei 1992) was suface sterilized
with 70 % ethanol and 0.1 % (weight/volume) HgCl», vernalized at 4 °C for two days
in dark, then germinate on 1/2 MS (Duchefa, Haarlem, the Netherlands) argar
medium supplied with 0.5 g/ MES (Duchefa, Haarlem, the Netherlands) and 0.5%
sucrose, pH 5.7.

Plants were grown in vermiculite and assayed for nitrogen fixation ability in a

glasshouse at 22 °C with 16/8 hours light/dark cycles. Nitrogen fixation efficiency of
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all Medicago plants was assessed by both the phenotype (green healthy Fix" plants
versus nitrogen starved yellow Fix™ plants) and the dry weight of the plants six weeks
after inoculation. Dry weight measurement was performed after drying the samples at
80 °C for 48 hours.

Sacharomyces cerevisiae strains AH109 (MATa, trp1-901, leu2-3, 112, ura3-52,
his3-200, gal4A, gal80A, LYS2::GAL1luas-GAL1tata-HIS3,
GAL2uas-GAL21atA-ADE2, URA3::MELluas-MEL1tataA-lacZ, MEL1) and Y187
(MATa, ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4A, met, gal80A,
URA3::GAL1luas-GALItara-lacZ) were grown in YPDA medium (Ausubel et al.
1989). For the selection of transformants and interactions synthetic media SD/ -Leu

-Trp and SD/ -Leu -Trp -His (Clontech Laboratories), respectively, were used.

3.2 Hairy root transformation

Hairy root transformation of M. truncatula was performed according to the
protocol described by Boisson-Dernier et al. (2001) with some modifications. To
prepare the bacterial inoculum, a single colony of A. rhizogenes with binary vector
was inoculated into 4 mL LB liquid medium supplemented with the appropriate
antibiotics and grown at 30 °C with shaking for 2 days. 500 pL of the starter culture
was added to 50 mL fresh LB with antibiotics and bacteria were grown till ODgoo=
~0.8. Cells were harvested with centrifugation at 4000 rpm for 5 minutes, washed 3
times with sterilized water to remove nutrients that might reduce virulence, and finally,
re-suspended in 1 ml sterile water.

Seedlings with 0.7-1 cm radicle length were cut under the cotyledonary node and
all cut surfaces were covered with 10 pL of the bacterial suspension. The infected
seedlings were kept at 22 °C in dark for three hours. After the initial co-cultivation,
two methods were used for hairy root development and assay: In the case of the "agar
only" approach, infected seedlings were placed onto half-strength Murashige-Skoog
(1/2 MS) buffered with 0.5g/L MES (pH=6.5) or Fahreus medium both supplied with
the appropriate selection if needed. After hairy roots were formed, the transformed

plants were either directly inoculated with rhizoba on the Fahreus medium or were
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transferred into vermiculite and inoculated with the symbiotic partner after 1 week of
recovery and accomodation to the new environment.

The “soil plug” method was designed to avoid harming roots that may occur
when tranformed plants are transferred from the agar plates into vermiculite. In this
approach, infected seedlings were transferred into “soil plugs” after the 3 hours
co-cultivation period, that were prepared by filling a 1 cm long tube (diameter 0.82
cm) with soil and sterilization. In this way, hairy roots emerge and develop under the
protection of the tube in the soil. After two weeks of hairy root development, planta
can be transferred into vermiculite together with the tube and continue growth without

any disruption.

A
B Infectlon Hairy root develop for 2 weeks in
growth chamber, water with 1/2 MS
Assembling containing selection chemicals
Germinatlon

“2 ey
e

Filled in with soil and sterilized \)‘? /

Transfer to vermiculite

and inoculate
1

Figure 3.1. Procedure for conducting “soil plug” hairy root transformation. Tube can be
prepared as shown in A from Eppendorf tube or other sources. Before use, fill soil into the
tubes and sterilize to have the “soil plug” (do not fill too tight, which may affect hairy root
development). After the initial co-cultivation, infected seedling is placed into the “soil plug”
(B). During this process, 1/2 MS (pH 6.5, supplied with 0.5g/L. MES and with antibiotics if
selection is needed) can be used to water the “soil plug” to provide moisture. After assembly,
keep the plants in a transparent box and place in a growth chamber with 16 hours light and 8
hours darkness under 22 degree for ~2 weeks. After hairy roots develop well, plants can be
transferred into vermiculite and keep in a green house and inoculate with rhizobium.
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3.3 Arabidopsis thaliana floral-dip transformation

Arabidopsis thaliana was grown in the glasshouse in soil at at 22 °C with 16/8
hours light/dark cycles till flowers developed. Agrobacterium tumefaciens strain
AGL-1 was streaked on LB agar plate supplied with desired antibiotics and incubated
at 30 °C for two days till colonies were formed. Colonies were inoculated into 5 mL
LB liquid culture, allowed to grow for another two days. 0.5 mL culture was
inoculated into fresh 50 mL LB medium and grow for 16-24 hours before
transformation. For the floral-dip transformation, agrobactruim was collected by
centrifugation at 4000 rpm for 10 min, washed with 50 mL water once and
resuspended in 1/2 MS, supplied with 5% sucrose and 0.03% Silwet-L77 to an optical
density nm of ~0.8 at 600 (Chung et al. 2000; Clough and Bent 1998). After removing
the developing siliques and opened flowers, the rest of the inflorescence was
inmmersed in the bacterial suspension for 10 sencends. After dipping, the plants were
covered to keep high huminity and keep off light for 16-24 hours and then kept

growing in the green house till siliques matured.
3.4 DNA extraction

For plant genomic DNA isolation, lysis of plant tissues was performed by
grinding them into fine powder in liquid nitrogen with mortar and pestle.
Approximately 100 uL. powder was transformed into an Eppendorf tube and 650 puL
CTAB extraction buffer (2% w/v CTAB, 0.1 M TRIS-HCI (pH=8.0), 20 mM EDTA
(pH=8.0), 1.4 M NaCl) were added. The suspension was incubated at 65 °C for 1 hour
with ocasional mixing. To remove chlorophyll and cell debris, 200 pL chloroform:
isoamyl alcohol (24:1) were added and the mixture was incubated at RT for 15
minutes. After centrifugation at 10000 rpm for 10 minutes, 500 puL of supernatant was
transferred to a new Eppendorf tube and the DNA was precipitated by adding two
volumes of 96% ethanol. After 1 hour at -20 °C, DNA was pelleted by centrifugation
at 13000 rpm for 10 minutes. The pellet was washed for 3 times with 70% ethanol,
dried and the DNA was dissolved in 100 pL water.
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For plasmid DNA isolation, a kit from Bio Basic inc was used. Bacteria from 4
mL of overnight culture was collected by centrifugation, resuspended in 100 pL of
Solution I, lysedby adding 200 pL Solution II, then the proteins and genomic DNA
were precipitated by adding 350 pL Solution IIl. The mixture was centrifuged for 5
minutes at 12, 000 rpm and the supernant was transferred onto the column and after
I-minute incubation, it was centrifuged for 2 minutes at 10, 000 rpm. Plasmid DNA
was washed twice with the Wash solution and eluted with 50 uL DNAase free water
or Elution buffer.
Plasmid DNA from yeast was released by resuspending yeast cells in 20 pL
DNAase free water or TE buffer followed by 3 rounds of freeze-thaw cycles using
liquid nitrogen. The release plasmid could be used for PCR reaction or

transformation of E. coli.

3.5. PCR conditions and primers used

In gernal, DreamTaq DNA Polymerase (Fisher-Thermo Scientific) was used for
colony PCR and Phusion High-Fidelity DNA Polymerase (Thermo-Fisher Scientific)
was used to amplify fragments for vector construction or mutation detection after
CRISPR-CAS9 mediated genome editing. PCR reactions were conducted by
following the manufacturers' instructions.

Primers used in this study were synethized by Thermo-Fisher Scientific and are

listed in table S1.

3.6. Vector and gene constructions

The MtLAPI gene was amplified with Phusion High-Fidelity DNA Polymerase
(ThermoFisher Scientific) using M. truncatula cv. Jemalong genomic DNA as
template and the MtLAP1 pCncoF-MtLapl pCeheR primer pair (Table S1) and the
PCR fragment was cloned into the Ncol-Ehel digested pCAMBIA2201 vector with
the help of the In-Fusion Ligation Kit (TaKaRa) to replace the gus4 gene coding for

B-glucuronidase. To provide other regulatory sequences, first, the Cauliflower Mosaic
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Virus 35S promoter was removed and the promoter sequences of the Ar2g37950
(pAtE47) and the At5g24800 (pAtS5) genes showing tissue-specific expression in both
Arabidopsis thaliana (Lee et al. 2006) and Lotus japonicus (Gavrilovic et al. 2016)
were amplified using Arabidopsis thaliana ecotype Columbia (Rédei 1992) genomic
DNA as template and primer pairs 2g37950prF-2g37950prR  and
5g24800prF-5g24800prR were cloned at the Ncol site with the help of the In-Fusion
Ligation Kit (TaKaRa). The vectors harboring the CaMV 35S, pAtE47 and pAtSS5
promoters in front of the MtLAP1 gene were named pPurpleRootC, pPurpleRootE
and pPurpleRootP, respectively.

The same MtLAPI fragment generated with MtLAP1 pCncoF-MtLapl pCeheR
primer pair was cloned into the Ncol-Ehel digested pPCAMBIA3301 vector to replace
the gusA gene, thus generate the pPurpleShoot vector which can be used for
transformation of Arabidopsis or Medicago if transferred into Agrobacterium
tumefaciens strain AGL-1.

The primer pair MaNCR169salF-MaNCR169HindR was used to amplify the
NCRI169 gene of Melilotus albus, and then the Sa/l-HindIIl fragment replaced the
Medicago sequence in the M. truncatula NCRI169-Strep construct (Horvath et al.
2015). To introduce the K40R mutation into the MtNCRI69 gene, overlapping
fragments were amplified with the help of the NCR169sacF-NCR169K40Rrev and
the NCR169K40Rfw-NCR169hindR2 primer pairs that were joined by overlapping
PCR. The mutant fragment replaced the wild-type fragment in the NCRI169-Strep

construct.

3.7 RNA extraction and cDNA synthesis

For RNA extraction, plant tissues were frozen in liquid nitrogen immediately
after collection, ground into fine powder under liquid nitrogen and were immediately
extracted or kept at -80 °C until used. To ~100 pL tissue powder, 1 mL of Tri-Reagent
(Sigma) was added, followed by vortexing for 30 seconds and incubating at RT for 5
minutes. The extract was mixed with 200 uL of phenol: chloroform: isoamyl alcohol

(25:24:1, v/v) and incubated for 2 minutes. After centrifugation for 10 minutes at
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12000 rpm at 4 °C, equal volume of isopropanol was added to the supernatantand the
RNA was precipitated at -20 °C for 1 hour. The RNA was pelleted with centrifugation
for 10 minutes at 12000 rpm at 4 °C and then washed with prechilled 70% ethanol for
3 times. The RNA was dissolved in suitable volume of nuclease free water and stored
at -80 °C.

DNase treatment was carried out by TURBO DNase (Thermo Fisher) to remove
contaminating genomic DNA from the RNA sample prior to ¢cDNA transcription.
Reaction mixtures were composed as follows: 10x DNase Buffer 6 pL; RNase
inhibitor (2U) 1 uL; TURBO DNase (2U) 1 pL; Nuclear RNA 50 pL; Nuclease-free
water 2 puL in a total volume of 60 pL. Samples were incubated for 30 min at 37°C.
To remove the DNAse from the RNA sample, 290 pL nuclease-free sterile water and
350 puL phenol/chloroform/isoamyl alcohol (25:24:1 v/v) were added and were mixed
with vortexing and centrifuged at 12000 rpm for 15 min at 4°C. To the aqueous phase
(350 uL) 35 uL 3 M Na-acetate (1:10 v/v), 20 pug glycogen and 875 pL (1:2.5 v/v) ice
cold ethanol were added and the mixture was kept at -20°C for 2 hours and then
centrifuged at 16.000 x g for 30 min at 4°C. The RNA pellet was washed with 500 pL.
prechilled 70% ethanol, centrifuged at 12000 rpm for 5 min at 4 °C, air dried at RT
and resuspended in 20 pL nuclease-free water.

cDNA was synthesized by using 500 ng total RNA (measured by NanoDrop2000
Spectrophotometer) with SuperScript® IV VILO Master Mix (Thermo Fisher). The
reaction mixture was composed as follows: Total RNA 20 pL; nuclease-free water 18
puL; SuperScript IV Vilo Master Mix 2 uL in a total volume of 40 pL. The samples
were incubated at 25 °C for 10 min, at 42 °C for 120 min and at 85°C for 5 min.

cDNA was stored at -20 °C.

3.8 Extraction of nuclei from nodules

If small amount of cell nuclei was needed, nodule tissues and cells were broken
by chopping nodules into small particles in a Petri dish with a sharp razorblade under
pre-chilled nuclear isolation buffer (NIB) containing 20 mM Tris-HCI (pH 7.4), 25%

glycerol and 2.5mM MgClL. If large number of nuclei was needed, nodules were
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collected and ground into fine powder in liquid nitrogen, then the tissue was
suspended in chilled NIB. The suspensions from both sources were filtered through a
nylon mesh with a pore size of 100 uM first, then through a nylon mesh with a pore
size of 50 pM to remove cell debris. After filtration, nuclei were collected by
centrifugation at 1500 x g for 10 minutes at 4 °C and were immediately used or stored
at -80 °C.

Nuclear proteins were extracted by resuspending the isolated nuclei in BS/THES
washing buffer composed of 44.3 % THES buffer (50 mM Tris HCI (pH=7.5), 10 mM
EDTA, 20% sucrose (w/v), 140 mM NacCl), 20% 5x BS buffer (50 mM HEPES, 25
mM CaClp, 250 mM KCI, 60% glycerol) and 35.7% water, supplied with 0.3%
cOmplete protease inhibitor cocktail (Roche Diagnostics Ltd, Mannheim, Germany),
followed by vortexing for 5 seconds every 3 minutes for 15 minutes. To increase

extraction rate, the extract was sonicated 3 times for 10 seconds.

3.9 DNA pull-down assay

To isolate and identify proteins binding to the NCRI169 gene promoter, DNA
pull-down assay was carried out with a modified protocol of Jutras et al. (2012). To
create the baits for the pull-down, the 907 bp promoter sequence was amplified as
three 400 bp fragments overlapping with 100 bp tiling. For each bait, two PCR
reactions in 1.5 ml volume were set up: in one reaction the forward primer was
biotin-labeled while in the other one, the reverse primer carried the biotin tag. PCR
fragments were precipitated by adding 1/10 volume of 3 M sodium-acetate and 1
volume of isopropanol at -80 °C overnight. Precipitated DNA was collected by
centrifugation at 13000 rpm for 10 minutes and washed 3 times with 70% ethanol,
then dissolved in nuclearase free H>O. The purity and concentration of the DNA
fragments were checked by agarose gel electrophoresis and optical density
measurement using Nanodrop.

200 pL of Dynabeads M280 (which can bind 40-80 pg of DNA) was used to
bind each bait fragment pairs. The beads were washed 3 times with 2x B/W bufter (10

mM Tris HCI (pH=7.5), 1 mM EDTA, 2 M NaCl) and then incubated with 200 puL
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DNA probe (containing 40-80 pg of DNA in total) for 20 minutes. To saturate beads,
they were removed from the probe with the help of a magnet, then the binding
reaction was repeated. Finally, beads were washed three times with TE buffer (10 mM
Tris HCI, 1 mM EDTA, pH=8.0) and two times with BS/THES washing buffer
composed of 44.3 % THES buffer (50 mM Tri HCI (pH=7.5), 10 mM EDTA, 20%
sucrose (w/v), 140 mM NaCl, 20% 5x BS buffer (50 mM HEPES, 25 mM CaCl,, 250
mM KCI, 60% glycerol) and 35.7% water. One microgram of protein extract from
nodule nuclei were added to the bait-bead complexes along with sonicated E. coli
genomic DNA as competitor to reduce unspecific binding of proteins to the bait
DNAs and incubated at room temperature for 30 minutes. After binding, the bead
DNA complexes were washed five times with BS/THES buffer supplemented with
sonicated E. coli genomic DNA and five times with PBS. Trypsin digestion of the
proteins bound to the baits were performed directly on the beads to reduce loss of

samples. Digested samples were then used for mass spectrometry analysis.

3.10 Yeast One Hybrid cDNA library screening

3.10.1 Generation of the bait strains

Yeast strains Y187 and AH109 were transformed using the modified protocol of
Bass et al. 2016. A loop of yeast colony was inoculated into 10 mL of liquid YPDA
and the culture was grown overnight. Next day, the starter culture was diluted to
ODg00~0.2-0.3 in 50 mL fresh YPDA and grown for ~4 hours till ODgoo reached
0.4-0.6. Cells were harvested by centrifugation at 4000 rpm for 1 min and washed
once with 50 mL sterilized water and resuspended in 1 ml 1xTE/LiAc (100 mM
lithium actate, 10 mM Tris-Hcl, 1 mM EDTA, pH 7.5) to genaerate competent cells.
100 ng linearized pINT1 vector (Meijer et al, 1998) carrying the
NCR169promoter-HIS3 or the NCRZ2I1promoter-HIS3 gene construct and 25 pg
denatured salmon sperm DNA were mixed with 50 ul yeast competent cell suspension

and 300 pl fresh 40% PEG 3350 in 1xTE/LiAc and incubated at 30 °C with shaking
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for 30 minutes then at 42 °C for 20 minutes (mix every 10 minute by inversion). Cells
were collected with centrifugation at top speed for 30s and resuspended in 1 mL
YPDA, then incubated at 30 °C for 3-6 hours and finally spread on YPDA plates

containing 150 pg /mL G418. Colonies were formed after 2-3 days.

3.10.2 Transformation Based Screening

Competent cells of yeast strains carrying the bait constructs were prepared as
described in the previous section. To transform the prey clones, 25 pug Yeastmaker
carrier DNA (Clontech Laboratories) and 0.5-1 pg plasmid DNA from a M. truncatula
nodule ETS library (Gyorgyey J et al. 2000) were mixed with 50 pL yeast competent
cell and 300 pL freshly made 40% PEG in 1xLiAc/TE, and incubated at 30 °C with
shaking for 30 minutes then at 42 °C for 20 minutes (mix every 10 minute by
inversion). To increase the coverage of the library in the screening, ten
transformations were conducted. Transformed cells from the ten transformation
reactions were spread on 20 SD -Leucine -Histidine plates (diameter: 150 mm) and
grown for 6 to 14 days at 30 °C. Faster growing putative positive colonies were
transfered to new SD -Leu-His medium plate containing 50 mM 3-AT (3-amino-1, 2,
4, -triazole, Sigma) in “96-spot format”. Those colonies that could grow again were
treated as positive ones expressing proteins binding to the bait DNA.

To test the binding specificity, B-Galactosidase activity was determined because
specific binding proteins can only activate the HIS3 gene, while unspecific ones can
also activate the /acZ gene expression. Newly formed colonies were transferred to
YPDA plates and grown for another two days. Colonies were suspended in 20 pL PBS
containg 1 mg/mL X-gal and cell were disrupted by three rounds of freeze-thaw
cycles using liquid nitrogen and then incubated at 37 °C for 3 hours till the blue color
appeared. For the positive yeast colonies (do not change to blue), after the incubation,
cell debris was removed by centrifugation, then 10 uL of the supernatant was used for
transformation of E.coli MDS42 recA Blue and the insert of the clones was sequenced
with primer 3’AD and 5’ AD (seuquences listed in Table S1).
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3.10.3 Mating based screening

Nodule cDNA library in yeast strain Y 187 was generated by transforming 100 pg
DNA from the library plasmid into yeast competent cells made from 1 L cell culture
as described above. After transformation, cells were spread on 50 SD-Leu plates (150
mm). A total number of at least 1 million colonies had to be collected for a sufficient
screening. Library colonies were harvested by washing the plates with 5 mL YPDA
medium containing 25% glycerol and were pooled. The library was stored in 1 mL
aliquots at -80 °C.

For  screening,  overnight culture of  AH109  carrying  the
pINT1-NCR169promoter-HIS3 construct was diluted in 50 mL YPDA to ODgpo~0.2,
grown to ODg0o=0.8 and harvested by centrifugation for 2 minutes at 4000 rpm. Cells
were resuspended in 50 mL 2x YPDA medium supplied with 50 pg/mL kanamycin
(for getting rid of contamination) and transfered into a 2 L flask. One mL of the
cDNA library stock was added and the mixed culture was incubated at 30 °C with
shaking at low speed (30-50 rpm) for 24 hours. Mating status was checked by
microscopy and when the majority of the observed cells seemed to be diploid, the
culture was plated onto SD-His-Leu medium and incubated at 30 °C for 2-7 days till
colonies formed. Positive colonies were examninated in the same method described

for transformation-based screening.

3.11 EMSA assay

For EMSA assay, a 400 bp promoter region before the ATG translation start
codon of the NCR169 gene (able to drive the expression of a gene construct that could
complement the dnf7 mutant, data not shown) was chosen and amplified with seven
100 bp long fragments with 50 bp tiling using primers carrying the recognition
sequence of the EcoRI restriction enzyme.

Each fragment was digested with FastDigest EcoRI (Thermo Fisher Scientific)
enzyme and radioactively labeled with *P-dATP while the ends were filled in using

the Klenow Fragment of DNA polymerae I (Thermo Fisher Scientific). Labeled
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probes were purified with precipitatation by adding 1/10 volume of 3 M
sodium-acetate and 1 volume of isopropanol at -80 °C overnight. Precipitated DNA
was collected by centrifugation at 13000 rpm for 10 minutes and washed 3 times with
70% ethanol, then dissolved in nuclearase free H2O.

6 uL of the nuclear protein extracts (~30 pg protein) were incubated with 2 puL of
labelled probes in a reaction mixture containing 2 pL 100x BSA, 2 uL (3 pg)
sonicated E. coli genomic DNA and 3 pL 5x binding buffer (50 mM Tris HCI (pH 8.0),
750 mM KCI, 2.5 mM EDTA, 0.5% Triton-X 100, 62.5% glycerol (v/v), ] mM DTT).

The labeled DNA fragments complexed with nuclear proteins were loaded onto 5%
polyacrylamide native gels (prepared by mixing 63 mL H,O, 4 mL 10x TBE, 13 mL 30%
acrylamide/bis-acrylamide stock (29:1), 800 uL 10% APS and 50 uL. TEMED) that were
pre-run for 30 minutes before loading. Gels were run for ~2 hours at 150V in 0.5x
TBE buffer (44.5 mM Tris, 44.5 mM boric acid, ] mM EDTA), then wraped with
saran wrap and exposed for 2 hours on X-ray film.

For non-radioactive EMSA, non-labeled fragments were complexed with the
nuclear protein extracts as described for the radioactively labeled fragments, then the
gels were stained in suitable volume of 10000-times diluted SYBR gold (Thermo
Fisher) in TBE buffer for 30 minutes. After washing the stained gels for 30 seconds
with water, imaging was done with a MiniLumi gel imaging system (DNR Bio

Imaging Systems) applying a HOYA X1 green UV filter.
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4. Results and Discussion

4.1 Optimization of hairy root transformation for large-scale

reverse genetic studies

4.1.1 Anthocyanin as a new reporter

Based on its ability to induce the production of anthocyanins, the MtLAP1 gene
coding for a MYB transcription factor was chosen to use as reporter in a new set of

vector system designated as pPurpleRoot vectors.

4.1.1.1 Construction of pPurpleRoot vectors

The pCAMBIA3301 and pCAMBIA2201 vectors were chosen to be the
backbone of the pPurpleRoot plasmids because of their advantageous features such as
high copy number in E. coli and and a number of restriction enzyme cloning sites in
the lacZo fragment providing the possibility for blue-white selection of the
recombinant clones. First, the MtLAPI gene was amplified from the Medicago
truncatula genome and cloned into pCAMBIA3301 to replace the GUS gene which is
driven by the constitutive CaM V35S promoter resulting in pPurpleShoot. In the course
of Agrobacterium tumefaciens mediated stable transformation of plants with
pPurpleShoot, transgenic tissues and plants can be selected using the herbicide
glufosinate ammonium if needed. To construct vectors with kanamycin resistance,
which 1s generally used in hairy root transformation experiments, the 35S
promoter-MtLAPI1 fragment was transferred from pPurpleShoot to pPCAMBIA2201 to
generate the pPurpleRootC (Continuous expression) vector. As there are reports on the
antimicrobial activity of anthocyanins that might affect the nodulation and nitrogen
fixation processes, promoters with different tissue specifities were tested to find ones
that facilitate anthocyanin production in cells that are not in contact with the infecting

rhizobia. We constructed two other plasmids in which the promoters that replaced the
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35S promoter restrict the expression of the MtLAPI gene to the central cylinder of the
root. The pAtE47 promoter from gene Ar2g37950, which has an endodermis and
pericycle specific expression pattern in both Arabidopsis thaliana (Lee et al. 2006)
and Lotus japonicus (Gavrilovic et al. 2016), was used to generate pPurpleRootE
(specific expression in Endodermis and pericycle), while pericycle and phloem
specific promoter pAtS5 from gene At5g24800 was used to construct pPurpleRootP

(specific expression in Pericycle and phloem) (Fig 4.1).

4.1.1.2 Anthocyanin reporter allows the easy visual selection of

transgenic roots

To test the usability of the anthocyanin reporter system, the pPurpleRoot vectors
were transformed into A. rhizogenes strain ARqua-1, and then the bacteria were used
to induce the formation of transgenic hairy roots on M. truncatula cv. Jemalong A17
plants. The purple color of roots due to anthocyanin production makes it easy to
distinguish the transgenic roots from the non-transformed ones (Fig. 4.2). Roots
transformed with the pPurpleRootC construct showed strong coloration in the whole
root that was even more enhanced in the vascular tissues (Fig. 4.2 a, d). Coloration of
the transgenic roots emerging after transformation with pPurpleRootE (Fig. 4.2 b) and
pPurpleRootP (Fig. 4.2 c) vectors agreed with the expected expression pattern in the
endodermis/pericycle and pericycle/phloem tissues, respectively.

To investigate whether the production of anthocyanins affects the development of
symbiotic nodules, the transgenic roots were inoculated on agar plates with
Sinorhizobium medicae strain WSM419. Although these environmental conditions
allowed the formation of only low numbers of nodules that have deep purple
coloration (most probably, as the mixture of leghemoglobin and anthocyanin colors)
or purple vascular bundles on the roots transformed with pPurpleRootC (Fig. 4.2 d, g)
and pPurpleRootP (Fig. 4.2 f, i) vectors, respectively, while no coloration of nodules

could be observed on pPurpleRootE transformed roots (Fig. 4.2 b, e, h).
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Figure 4.1. Schematic map of pPurpleRootC vector in comparison with the original
pCAMBIA2201 vector. The vector was modified from pCAMBIA2201 (up) by replacing
GUS gene with MtLAPI, while keeping the CaM V35S promoter to drive the expression of the
reporter gene in the pPurpleRootC vector (below). For vascular tissue specific expression, the
CaMV35S promoter was replaced with promoters pAtE47 or pAtSS5 to create pPurpleRootE
and pPurpleRootP respectively. Chloramphenicol is used for maintenance and selection of the
plasmid in E. coli and Agrobacterium, while the nptll gene allows the selection of transgenic
roots after Agrobacterium mediated transformation.
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Figure 4.2. Anthocyanin accumulation in roots and nodules after hairy root
transformation. a Transgenic hairy root formed on M. truncatula shoots display purple
coloration. b Endodermis/pericycle and ¢ Pericycle/phloem specific production of
anthocyanins after transformation with pPurpleRootE and pPurpleRootP, respectively. d, g
Strong coloration of the vascular and nodule tissues of roots formed after transformation with
pPurpleRootC. e, h Nodules formed on pPurpleRootE transformed roots do not produce
anthocyanins in the nodule (vasculature). Note that no coloration can be observed in young
developing nodules in panel b either. f, i Anthocyanin accumulation in the nodule vasculature
on hairy roots transformed with pPurpleRootP. Note that weak or no coloration can be
observed in the root vasculature of older plants (at least 6 weeks after inoculation) shown in
panels e and f.
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4113 The new reporter system can be used for functional
investigation of genes required for the formation of nitrogen-fixing

root symbiotic nodules

Hairy root transformation performed on the wild-type A17 plants demonstrated
that the MtLAPI reporter gene driven by CaMV 35S, pAtE47 and pAtSS5 promoters can
be used for the easy identification of transgenic hairy roots, however, we wanted to
show that the anthocyanin accumulation does not interfere with normal nodule
development and function.

The usability of this new reporter/vector system in symbiosis was tested by
complementation of the M. fruncatula dnf7-2 mutant (Table 2, Fig. 2) carrying a
deletion in the NCR169 gene and resulting in Fix™ phenotype (Horvath et al. 2015). To
compare the efficiency of the vectors, the NCR169 gene was cloned both into the
initial pCAMBIA2201 and into the pPurpleRoot vectors. The constructs were
introduced into the mutant with the two different transformation protocols described
in the Materials and Methods section in details, and then the transformed plants were
transferred into vermiculite where nodulation assays were performed. The plants were
inoculated with S. medicae strain WSM419 and their root/nodule and symbiotic
phenotypes were evaluated 6 weeks post-inoculation. In the “agar only” experiment,
reporter gene activity driven by the constitutive CaMV35S promoter was observed
(Table 4.1) in at least on one root of almost all plant (pCAMBIA2201: 90-95%;
pPurpleRootC: 100%). In the case of pPurpleRootE and pPurpleRootP transformed
roots, anthocyanin accumulation indicated lower numbers of transformed plants
corresponding to ~58% and ~44% transformation frequency, respectively. However,
there were pPurpleRootE and pPurpleRootP transformed plants in which anthocyanin
could not be seen in the roots, though they were complemented as manifested in green
foliage and high biomass (Fig. 4.3). One possible explanation for this observation is
that reporter gene activity might have been silenced via post-transcriptional gene

silencing (Depicker and Van Montague 1997) resulting in no or too low anthocyanin
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accumulation to be detected in these tissues. The complementation efficiency of the
pPurpleRootE and pPurpleRootP constructs was comparable to that of the
pCAMBIA2201 harbouring the NCRI69 gene. In contrast, despite the high
transformation rate, the complementation efficiency of the pPurpleRootC derived
construct was very low (~20%). Although antimicrobial activity and the mode of
actions of anthocyanins has been studied and shown mostly in relation to human
health (reviewed in Smeriglio et al. 2016), these results indicate that too high level of
anthocyanins may negatively affect the interaction of the plant roots with rhizobia.
Interestingly, in the "soil plug" experiment, the ratio of plants with roots expressing
the transgene from the 35S promoter was lower than when the "agar only" method
was used (Table 4.1), but all the plants scored to be transgenic were complemented.

The explanation for this observation requires further experiments.

Table 4.1. Transformation and complementation efficiency by using the pPurleRoot
vectors.
@ Co-cultivation and hairy root development on agar plates. ®* Hairy root development in soil

plugs.

number of plants with | number of plants with number of plants with
visible reporter gene effective nodules effective nodules lacking
Construct L . -
activity (total number | showing reporter gene reporter gene activity
of plants) activity
IpCAMBIA2201 19 (20) 0 0
a, .
pCAMBIA2201::
NCR169 18 (20) 12 0
a, .
pPurpleRootC::
NCR169 20 (20) 5 0
a, .
pPurpleRootE::
NCR169 11 (19) 11 5
a, .
pPurpleRootP::
NCR169 7(16) ! 3
®0oCAMBIA2201 74 (80) 0 0
b .
pCAMBIA2201::
NCR169 76 (78) 38 0
b .
pPurpleRootC::
NCR169 20 (80) 20 0
b .
pPurpleRootE::
NCR169 36 (79) 36 ND
b .
pPurpleRootP::
NCR169 29 (77) 29 ND

50



100+

g * NI ThI
E 601
3
2 40 - J_ = =
> — 1
5
o L) ) L) L L] L) L)
<, © ae) 0, - o, O,
%, 58, T BL T B
e 2% %% D% B % B
% 0% 2% 2% %% A% %
T Y% B R %k B

Figure 4.3. Dry weigth of dnf7-2 mutant plants carrying transgenic roots after
transformation with the indicated vector constructs. Empty vector pPCAMBIA2201 was
used as a negative control and pCAMBIA2201 carrying the NCRI169 gene served as the
positive control. For each transformation, ~30 plants were collected for dry weight

measurement.

In addition, we performed functional studies with the NCRI169 gene. Allelic
variations and post-translational modifications (PTMs) in proteins may affect their
biological activity. Indeed, allelic variations of certain NCR peptides have been
shown to affect the interaction of the host with certain strains of their bacterial
partners (Yang et al. 2017; Wang et al. 2017; 2018). Similarly, it was shown that the
NCR169 peptide essential for bacteroid development and symbiotic nitrogen fixation
(Horvath et al. 2015) carries an acetyl modification at lysine 40 in M. truncatula
nodules (Marx et al. 2016). This reversible type of PTM changes the charge of
proteins and their interactions with other macromolecules as best known in the case of
histones (Drazic et al. 2016). The mature NCR peptides of M. truncatula and
Melilotus albus share 68% amino acid identity (Horvath et al. 2015). One of the
differing residues is an asparagine in the Melilotus peptide in place of the lysine (K40)
acetylated in Medicago truncatula, however, this amino acid has similar
characteristics (polar, uncharged side chain) as the acetylated lysine, thus, it may not
affect the activity of the peptide. To investigate whether the other amino acid

differences in the Melilotus NCRI169 allele affect the complementation of the M.
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truncatula mutant and whether the lysine acetylation of NCR169 is required for its
biological activity, MaNCR169 and NCR169K40R were cloned into pPurpleRootP and
were used to complement the dnf7-2 mutant. Based on dry weight data, both
constructs were able to restore the symbiotic nitrogen fixation capability of the mutant
(Fig. 4.3) indicating that NCR169 of M. albus have the same biological activity as
that of M. truncatula cv. Jemalong during the interaction with S. medicae strain
WSM419 and that reversible lysine acetylation, i.e. the charge of the peptide at that

position does not affect its function and activity.

4.1.1.