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Chapter 1

General introduction

1. VERSATILITY OF CALCIUM SIGNALLING

Calcium is a universal intracellular messenger and plays a key role in an incredible
variety of processes. In animals, for example, during the fertilization the mammalian
eggs generate regular calcium (Ca?*) spikes that last for about two hours and lead to the
cycling B activation and to the completion of meiosis [1][2]. Later in the development,
calcium signalling controls specification process responsible for pattern formation and
cell differentiation [1]. There are evidences that a gradient of Ca?* plays a role during
the development of the dorsoventral axis in Xenopus laevis [3][4], Danio rerio [5] and
Drosophila melanogaster [6]. Neuronal differentiation is influenced by calcium
transients, Ca?* spikes promote normal neurotransmitters expression and channel
maturation while calcium waves in the growth cones control neurite extension and its
ability to locate its target [7][8]. Calcium has also a central role in leading the cell
toward the proliferation or the death [1]. In fact calcium can interact with proliferation
signalling pathways such as those regulated through MAPK (mitogen activated protein
kinase) and PI13K (phosphatidylinositol-3-OH kinase), but at the same time is also part of
both the intrinsic and extrinsic apoptosis pathways. For example, Ca%* in the intrinsic
pathway leads to the activation of transcription factors that trigger the production of
components such as FasR (first apoptotic signal receptor) and FasL (Fas ligand). While in
the intrinsic pathway an excessive increase of the cytosolic calcium concentration

([Ca%*]yt) stimulates an elevation in the uptake of this ion in the mitochondria which can



induce formation of MPTP (mitochondrial permeability transition pore). Moreover
calcium-dependent cysteine proteases mediate the cleavage of members of Bcl-2 (B-cell
lymphoma 2) protein family inducing MOMP (mitochondrial outer membrane
permeabilisation) and the subsequent release of proapoptotic protein from the
mitochondria into the cytosol [9]. More than 20 years ago has been reported that also
in plants calcium is linked to apoptosis: a sustained calcium influx was ad example
observed during bacterial induction of hypersensitive cell death in tobacco [10] and
soybean [11]. Nowadays we know that the plant cells sensing pathogenic
microorganisms evoke an innate immune reaction that can include triggering of basal
defence response and programmed cell death (hypersensitive response, HR). Both of
this pathways involve an elevation of [Ca?*]¢t due to phosphorylation events, G-protein
signalling and/or an increase of cyclic nucleotides. The events that trigger the cascade is
the pathogen recognition via the perception of pathtogen-associated molecular pattern
(PAMP) molecules or via the interaction between the pathogen virulence gene products
and the corresponding plant resistance gene products [12].

As we can see in Table 1.1, in plants several other answer to biotic and abiotic stimuli,
as well as physiological processes, are controlled by variations of the intracellular
calcium concentration. For example, in Papaver rhoeas (the field poppy), has been
observed that increases of [Ca?'] in the shank and decreases of [Ca%'] in the tip of
incompatible pollen tubes are involved in the Sl (self-incompatibility) signalling pathway
[13]. Cold shock, heat shock, salinity, hypo-osmotic stress and mechanical stimulation

all induce a response through changes in the [Ca®*]cyt.

Developmental process or

environmental change

Caracteristic [CaZ*]cyt

perturbation

Store releasing Ca%*to

cytosol

Pollen tube elongations

Oscillation of the high

apical [Ca?*]eyt

Apoplast and internal

Pollent tube self-

incompatibility response

Intracellular [Ca?*]cyt wave

in shank

Apoplast and internal (IPs-

dependent)




Cell polarity after

Intracellular [Ca%*]cyt wave

from sperm fusion site

Apoplast

fertilization leading to sustained

[Ca?*]yt elevation
Cell division Elevated [Ca?*]cyt
Seed germination Slow rise in [Ca?*]eyt

Slow sustained [Ca%*]eyt
Apoptosis

elevation
Red light Elevated [Ca®*]cyt Apoplast
Blue light Brief spike in [Ca%*]cyt Apoplast

Circadian rhythms

Circadian oscillation in

[Caz+]cyt

Stomatal closure

Elevated [Ca?*]qy: at cell
periphery, elevated around
vacuole, oscillation in

[Caz+]cyt

Apoplast, vacuole, apoplast

Oscillation in [Ca?*]eyt of

Increasing apoplastic Ca?* Apoplast
guard cells
Slow prolonged increase in

Auxin responses [Ca?*]ey, oscillations in
[C32+]cyt
Sustained [Ca?*]cyt

Root cell elongation Apoplast
elevation
Sustained high apical

Root hair elongation Apoplast
[Caz+]cyt
Initial rise and then

Nodulation Apoplast
oscillations in [Ca%]cyt

Senescence Sustained [Ca?*]cyt elevation




Slow rise of [Ca?*]eyt,

uUv-B elevated [Ca?*]cyt sustained Apoplast

for several minutes

Elevated [Ca%"]¢: sustained Apoplast and internal (IPs-
Heat-shock

for 15-30 min dependent)

Single brief [Ca?*]cyt
Cold-shock calcium spike, oscillation in Apoplast

[C32+]cyt

Slow cooling

Brief [Ca?*]cy spike, slow

[Ca®*]eyt elevation

Apoplast, Apoplast and

internal (IP3-dependent)

Oxidative stress

Brief [Ca®*]cyt spike,
sustained [Ca?*]cyt
elevation, oscillation in

[Caz+]cyt

Apoplast, Apoplast and

internal (IP3-dependent)

Anoxia

Slow spike, sustained

[Ca**]eyr elevation

Apoplast, internal

(including mitochondria)

Drought/hyper-osmotic

Slow spike, sustained

Apoplast and vacuole

stress [Ca?*]cyt elevation

Slow [Ca?*]cyt spike

(minutes), sustained Apoplast and internal (IPs-
salinity

[Ca%*]eyt elevation (hours),

reduced [Ca?*]cy (days)

dependent)

Hypo-osmotic stress

Small and then big [Ca?*]cyt

elevation

Apoplast, Apoplast and

internal (IPs-dependent)

Mechanical stimulation

Single brief [Ca?*]cyt spike,

tissue [Ca%*]cyt wave

Internal

Aluminium stress

Elevated [Ca?*]oyt




Slow [Ca%*]cyt spike

(minutes), sustained Apoplast, Apoplast and
Pathogens

[Ca?*]y elevation (hours), internal (IPs-dependent)

oscillation in [Ca?*]eyt

Table 1.1: examples of developmental processes and responses to biotic and abiotic stresses initiated by

perturbations in cytoplasmic calcium concentration [14].

Although the cases presented so far are just some examples of the versatility and
universality of calcium as an intracellular messenger, the question that may rise up at
this point is: how can a single ion be responsible of such a variety of signalling
processes? Each individual calcium response is characterised by frequency, amplitude,
spatio-temporal location and dynamics, varying these characteristics we can obtain a
particular calcium signature that can be decoded and then evoke a specific
developmental process or response. Calcium channels, ATPases and transporters, as
well as the possibility to release calcium from different stores, are shaping the calcium
signatures [15]. This means that, as a result of the variation and regulation of these
factors, we can obtain [Ca?*] fluctuations which can be either monophasic (spikes),
oscillatory, sustained, combined or wave-shaped and show different amplitude,
frequency and location. The cellular and developmental contest is also responsible of
the variety and the availability, as well as the regulation, of the decoding process
components. These are calcium-binding proteins and the activation of specific of them

in consequence of a particular calcium signal constitutes the decoding of the signature.

2. Calcium and calcium signalling in plants

Calcium is an element present and required in relatively high quantity in plants as it
carries out several functions: beside the classical role as an important intracellular
messenger, it has a structural role in the cell wall and membranes and works as a
counter-cation for anions in the vacuole [16]. Calcium, hence classified as a
macronutrient, is absorbed from the soil solution in its ionic form, with an uptake rate
that is higher in the apical than in the distal root zone [16]. This is due to the fact that

calcium is delivered to the shoot via the xylem but its mobility is low in the phloem, so



the apical cells of the root have to provide the calcium to the shoot but also meet their
own calcium demand by direct uptake from the external solution [16]. Calcium may
reach the xylem through the symplastic way or through an apoplastic way. Voltage
dependent (activated by depolarization and hyperpolarization) calcium channels on the
plasma membrane allow calcium to enter into the cytoplasm of the cell of the roots
following its electrochemical gradient [17]. The negative charges of the pectins
carboxylic groups in the cell wall do not constitute an obstacle for the access of calcium
to the apoplast, in fact they can bind the cation forming a calcium store [16]. At the root
tip were the endodermal cell are still immature and unsuberised, or in basal root zones
where lateral root emerge from the pericycle disrupting the integrity of the Casparian
band, calcium can reach the xylem following the apoplastic way [16]. Where the
Casparian band blocks the apoplastic path, calcium can reach the stele through the
symplastic pathway, once here Ca?*-ATPase catalyse the efflux of the cation from the
symplast to the xylem [16]. Since calcium is cytotoxic, as it can interfere with the
phosphate metabolism causing the formation of insoluble salt and it can compete with
Mg?* in the interaction with ATP, a strategy conserved throughout the evolution from
bacteria to eukaryotes is to maintain the [Ca?*]c: low and creating stores of this cation

[18][19].

Vacuole
[Ca™], =80 mM
[Ca”),=0.2-5mM
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/ \
| [€a*],=100nM]
\ /
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Fig. 1.1: Summary of organelles calcium concentration in plant cells. [Ca**]r = concentration of free
calcium; [Ca?*]r = total amount of calcium, considering also the calcium permanently or transiently bound

to chelating agents and proteins. The star (*) indicates values taken from the animal field [18].



The main calcium storage compartments in plants are the vacuole, the endoplasmic
reticulum (ER) and the apoplast. But recently became clear that also mitochondria,
chloroplasts and peroxisome can influence the calcium signalling pathway in the
cytoplasm and in the entire cell [18]. Speaking about the calcium concentrations in
living systems, we must point out that this element is present in part in solution as a
free ion and in part bound to chelating agents such as malate, citrate and isocitrate and
proteins [18]. This second fraction of calcium is not immediately available for calcium
signalling, but calcium binding storage proteins such as calreticulin in the ER and RVCaB
(radish vacuolar calcium-binding protein) are useful as they can improve the calcium
storage capacity of the organelles [20][18]. The figure 1.1 summarize the [Ca?*] in
different compartments of plant cells, the concentration of free calcium in the
cytoplasm is around 100 nM while in ER and in vacuole we reach the mM order. This

difference enables the generation of calcium signals in the cytoplasm [18].

2.1. Shaping cytosolic calcium signature

2.1.1. Channels

As we mentioned before, we can say that the calcium signatures are shaped by
channels, pumps and transporters that manage the movement of calcium from a
compartment to another.

Three types of nonselective cation channels (NSCCs) have been characterised
electrophysiologically in the plasma membrane of plant cell: mechanosensitive
Ca%* channels (MCC), depolarisation-activated Ca?* channels (DACC) and
hyperpolarisation-activated Ca?* channels (HACC) [15]. While there are
evidences of the participation of the MCCs and HACCs in shaping the calcium
signatures (see for example the proved role of the former in generating calcium
influx during pollen tube germination and elongation [21] and of the latter in
shaping calcium signatures in guard cells and root hair cells [15]), there are no
direct proofs linking the DACCs activity to cytosolic calcium signalling events.
However, the fact that the plasma membrane depolarization is an early
response to many environmental stresses that stimulate increase of [Ca?*]cyt

suggests that DACCs may be involved in this process [15]. In addition to that,
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two ion channel homologous genes are good candidates for plasma membrane
Ca%*-permeable channels in plants: the cyclic nucleotide gated channel (CNGC,
[22]) gene and the glutamate receptors-like (GLR, [23]) gene. Both of these
channels are NSCCs. Studies of knockout, overexpression and mutation
reported evidences of the putative CNGCs being implicated in Ca?* signalling
during pathogen-induced cell death [24] and pollen tube growth [25][26]. In a
similar way the putative GLR channel resulted linked for example to cell division,
programmed cell death [27] and resistance to pathogen attack [28].

In the tonoplast there are at least four type of Ca®*-permeable channels that
may contribute to stimulus-induced increases of cytosolic Ca?*: the
inositol(1,4,5)-triphosphate (InsP3)-gated channels, the cyclic ADP-ribose
(cADPR)-gated channels (activated respectively by InsP3 and cADPR), the
vacuolar voltage-gated Ca?* channels (VVCa, activated by hyperpolarization of
the membrane and by [Ca?*]vacuole) and the slow-activating vacuole channels (SV,
activated by depolarization of the membrane and by [Ca?*]¢ [19][29]. The
opposite characteristics of the VVCa and SV channels and their identical
distribution, conductance and ions affinity lead to the suggestion that they
actually are the same channel just inserted in the membrane in a reverse
orientation [29].

Remains to be established whether the InsPs-gated channels and the cADPR-
gated channels are also present in the ER membrane, although calcium release
from ER vesicles has been reported in response to these two ligands [29][30].
However, Ca?* release from the ER has been reported in response to various
ligands such as inositol hexakiphosphate (InsPs) [32] and nicotinic acid adenine
dinucleotide phosphate (NAADP) [33], suggesting the potential of ligand-gated
endomembranes channels in shaping the cytosolic calcium signatures [15].
Voltage-gated NSCCs has been electrophysiologically characterized in ER
vescicles of Bryonia dioica (BCC1 [34]) and Lepidum sativum (LCC1 [35]). The
channel BBC1 resulted controlled both by the voltage of the ER membrane and
the [CaZ*]er. An increase in the Ca®*er activity would stimulate the opening of the
channel, while the depolarization of the membrane caused by the cations efflux

would close the channel. This double control system, eventually cyclic, could
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generate [Ca®*]qt transient increases that could be modulated in their amplitude

and frequency through the regulation of the channel activity [17].

2.1.2. Transporters

While all these channels permit the influx of Ca%* in the cytoplasm from the
stores following its electrochemical gradient, calcium efflux from the cytoplasm
requires transporters. Two main types of calcium transporters are present in
plants: high-affinity Ca?*-ATPases and low-affinity Ca?*-exchangers. Isoforms of
two P-type ATPases belonging to the first group (ER-type Ca?*-ATPase (ECA) and
autoinhibited Ca%*-ATPase (ACA)) have been observed in ER membrane [32][33],
plasma membrane [38] and tonoplast [39]. These plant ACAs present a N-
terminal autoinhibitory domain which is released when bound to the Ca?*-
calmodulin (CaM) complex, an increase of the [Ca%*]c,+ would lead in this way to
an activation of the pump [40]. The variability in the N-terminal domains and the
presence of various isoforms of CaM in plants suggest the potential versatility of
the system. Although there is evidence of ECAs being stimulated by CaM [41], in
some other cases CaM regulation or presence of CaM binding domain were not
noticed [42]. Even though more proofs are required to unequivocally
demonstrate the implication of ECAs in shaping the calcium signatures, the fact
that they undergo transcriptional regulation during some stress response
[35][36] may suggest their implication. However further experiments are
required to actually prove the direct role of ACAs and ECAs in shaping the
calcium signatures.

The Ca?*-exchangers have a lower affinity for calcium but a higher capacity
compared to the pumps [15]. Plants possess H*/Ca?* exchangers encoded by the
family of genes called CAX (calcium exchangers) [45]. H*/Ca?* exchange activity
has been reported in the plasma membrane [46], while H*/Ca?* exchangers have
been identified in the tonoplast of different plants species [47]—-[49]. Several
evidences demonstrate the potential for differential regulation of these
exchangers and suggest that they may be involved in restoring the basal [Ca?*]ct

after stress induced elevations [15].
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2.2. Shaping the non-cytosolic calcium signatures

Although so far we considered almost only the calcium signals generated in the
cytoplasm, shaped variation and oscillation in the [Ca?*] with particular signalling

roles also occur in non-cytosolic locations.
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Fig 1.2: examples of cytosolic and non-cytosolic calcium signatures in plants [15]

2.2.1. Chloroplast

Circadian oscillation of [Ca?*] have been reported targeting reporters to the
stroma and might be that these oscillations have a role in switching off the
photosynthetic process at night [50]. Is not well understood how the calcium
flux in the stroma is generated but in the inner envelope of pea a pH gradient-
dependent (or membrane voltage-dependent) Ca?* uniport is present. In
addition to that calcium could arrive in the stroma also from the thylakoid.
Although we only know an H*/Ca?* exchanger that load the calcium in the
thylakoids [51] and NSCC activated at membrane potentials that promote cation
influx into the intrathylakoid space [52] while the export pathway is not well
understood. Chloroplast may be important also in participating to calcium-
signalling events in the cytoplasm. In fact, a lower elevation in the [Ca?*]¢t and
an higher [Ca?*]cn combined with an inhibition of the programmed cell death ad
a slowing down of the flowering process have been noticed overexpressing the

pea chloroplast protein PPF1 (a putative Ca?* channel) [52][53]. Moreover, the
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deletion of CAS, which is encoding for a calcium-binding protein specifically
present at the thylakoids membrane, cause loss of the stomatal closure in

response to the increase in the [Ca?*]ext [55].

2.2.2. Mitochondria

Increase of the calcium concentration in the mitochondria has been reported in
response to physiological and environmental stimuli. In the case of cold and
osmotic shocks the signatures of the cytosolic and mitochondrial calcium were
very similar, although the [Ca?*]mit peak was about one-half of the [Ca?*]: peak.
While, mechanical and oxidative stresses evoked a calcium response in the
mitochondria quite distinct from the cytosolic one. These results indicates that
[Ca?*]mit and [Ca?*]cyt are differentially regulated and that mitochondrial specific

calcium signals exist in plants [56].

2.2.3. Nucleus

Although has been debated, it is now accepted that the nucleus of the plant cells
can generate calcium signals on its own [57] and that these responses have a
distinct biological role from the cytosolic ones. In fact, several experiences,
reporting differences in the timing and in the shape between the nuclear and
cytoplasmic calcium signatures, demonstrated that the variations in the
nucleoplasmic calcium concentration ([Ca?*]n) are not mirroring for diffusion the
variations in the cytosol. For example, in tobacco cell suspension cultures where
the osmolarity of the medium was lowered, the [Ca?*]. increased in a bimodal
manner while the [Ca?*], showed a monophasic rapid increase. Subsequently,
when the [Ca?*]q: started decreasing, the [Ca?*], was maintained at more than
1/3 of its maximal value. Following an increase of the growth medium
osmolarity, instead, rise in the [Ca®*]c,+ and no changes in the [Ca?'], were
reported [58]. Moreover, upon treatment with cryptogein (a polypeptidic
elicitor), cytoplasmic calcium signature was bimodal and constituted by an early
big peak followed by a sustained [Ca?*]c elevation of at least 2 hours while in

the nucleus a different calcium dynamic was reported: a weak early transient
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was followed by an intense peak that lasted for at least 1 hour. The cytosolic
peak occurs around 5 minutes post treatment while the main nuclear peak
about 20 minutes later [59].

In addition to that, have been shown that the jasmonic-acid-isoleucine
conjugated (JA-lle) induces a clear and strong bimodal calcium response in the

nucleus but did not modify the [CaZ?*]q: (fig 1.3) [60].
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Fig. 1.3: JA-lle elicites changes in the nuclear calcium concentration but not in the cytoplasmic

calcium concentration [60].

The fact that isolated nuclei resulted able to sense some stimuli (such as
mechanical stimulation, cold or acidity) and convert them in intranuclear
calcium signals [61], demonstrate that the nuclei have a calcium-mobilizing
machinery as well as an independent calcium reservoir. Nevertheless, other
evidences pointed out that, whether the nucleus showed independence at least
in some cases, the cytosol can participate to the nuclear calcium homeostasis.
For example, long-chain base sphingoid (LCBS) derivatives, which are involved
the calcium signalling pathway that regulate the stomatal closure in response to
abscissic acid [62], elicited variations in the [Ca®], in both isolated and not
isolated nuclei but the kinetic and the amplitude of the signals in the two
situations were different [63].

In addition to the influence of the cytosol in controlling nuclear calcium
response, it is possible also that the nucleus influences the cytosolic calcium

signalling. That has been suggested by the result of the heterologous expression
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in yeast of DMI1 (doesn’t make infection 1), which is a ion channel located in the
nuclear envelope of plant cell nuclei. Peiter et al. showed that DMI1 yeast
decreases the release of calcium from ER and may be a regulator of cytosolic
calcium [64].

However, whether autonomous or regulated by the cytosol, nuclear calcium
signals are fundamental in plant cells, for example they are required for wind-
induced calmodulin expression [65] and for sphingolipid-induced cell death [66].
Among the models for the study of nuclear calcium signalling in plant we can
find the oscillation of the [Ca%*] in the nuclei of epidermal cells that occur during
both bacterial and mycorrhizal symbiotic signalling [67][68][69]. The present
work is focused on the study of calcium spiking occurring in the nuclei of
Medicago truncatula Gaertn. root hair cells during the establishment of
nitrogen-fixing symbiosis. In reason of that, we will carry out a deeper
examination of the machinery required for shaping the nuclear symbiotic
calcium signature in the paragraph 3.4 of this chapter. More in general not so
much is known about biochemical activities in the nuclear envelope directly
linked to the nuclear calcium homeostasis. A voltage dependent NSCC, regulated
also by micromolar concentrations of calcium on the inner side of the
membrane, was identified with the patch-clamp technique on excised patches of
nuclear envelope [70]. But we still do not know the location and the vectorial
arrangement of this channel. While we are aware of the presence of Ca?*-
ATPases on the outer nuclear membrane that pump calcium in the nuclear

envelope lumen [71][72].

2.3. Decoding the calcium signatures

The components of the calcium signatures decoding system are calcium binding
protein. Upon the binding of calcium, some of these proteins can directly convert
the signal in a phosphorylation activity or in a transcriptional activity. Other
proteins, such as calmodulin (CaM), undergo conformational changes subsequently
to the binding of calcium but play their role in the transduction of the signal only

indirectly, i.e. by interacting with other target proteins [73]. Calcium is bound by

16



these calcium sensors through conserved motifs such as EF-hand motif, or through
annexin fold and C2 domain [74]. CaM, CaM-like (CML), Ca?*-dependent protein
kinases (CPKs) and calcineurin B-like (CBL) proteins are three well characterized
families of proteins containing EF-hand motifs in plants. CaM has two pairs of EF-
hand motifs and, once bound the calcium, undergo to a conformational change
that lead to the exposure of a hydrophobic region. The target Ca?*/CaM-interacting
proteins, can recognise this region [19]. The CaM binding transcription activators
(CAMTAs) are activated upon the binding of the Ca?*/CaM complex. Their role is to
bind promoters of genes to induce the gene expression and they have been for
example associated with plant defence [75] and cold tolerance [76]. The complex
Ca?*/CBL proteins transduces the calcium signal by interacting and activating the
CBL-interacting protein kinases (CIPKs) [77]. The CIPKs can also directly convert the
calcium signal in a phosphorylation activity of their target, as they present both the
kinase domain and EF-hand motif [78]. The CBLs/CIPKs work is linked to biotic and
abiotic stress responses [79][80][81]. For example target of CIPKs are implicated in
mediating stomatal closure [82] and in defence response via ROS production [83].

Another example of this double regulation system, direct by calcium and indirect by
the Ca%*/CaM complex, is CCaMK (Ca?* and Ca%*/CaM-dependent kinase). A nuclear
localized CCaMK decodes the nuclear calcium signature during symbiosis calcium
signalling [84]. We will speak more about CCaMK in the paragraph 3.5 of this

chapter.

3. NUCLEAR CALCIUM SIGNALLING IN PLANT-RHIZOBIA ENDOSYMBIOSIS

3.1.

Plant-microbes endosymbiosis, a general overview

Heinrich Anton de Bary coined the term “symbiosis” in 1879 to describe a “long-
term relationship formed between unlike organisms”. Although in the beginning
this definition was including interactions from mutualism to parasitism, today
usually refers to mutually beneficial relations.

Among the plant-microbes root endosymbiosis, we can find the mycorrhizal

symbiosis and the nitrogen-fixing symbiosis. Mychorrhizal fungi can institute this
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type of relationship with over the 90% of all plant species. While the fungus obtain
an additional source of carbon, by participating in this symbiosis, the plant derives
increased level of micro and macronutrient from the soil. The nitrogen-fixing
symbiosis group encompasses many different plant and bacteria species but only
bacteria belonging to the genus Frankia and Rhizobium can institute endosymbiosis
with plants through the formation of root nodules. Plants that entertain symbiotic
interaction with Frankia, which are named actinorhizal, belong to the Fagales,
Cucurbitales and Rosales clades [85][86]. Only legumes (Fabaceae) and Parasponia
(Cannabaceae) form the rhizobial association [87].

One of the first molecular communication events between the plant and these
microbes, which introduce to the symbiotic intracellular signalling pathway, happen
through microbial compounds that bind receptors present on the plant cell plasma
membrane. Moychorrhizal fungi produce compounds called Myc factors
(mychorrhization factors) and rhizobial bacteria produce Nod factors (nodulation
factors), both of these molecules are lipochitooligosaccharides (LCOs) and present a
variety of modifications depending on the producing organism [88][89]. While the
composition of the Frankia exudates is still unknown. Despite the many differences
present between these three types of plant-microbe symbiosis, that lie for example
in the microbial factors structure and the plant receptors type as well as in the
different infections strategies, all these symbiotic signalling pathways have in
common the triggering of nuclear calcium signatures.

The classical plant model Arabidopsis thaliana is not able to support mychorrhizal
association but legumes are a good system to study symbiotic signalling as they can
form symbioses with both fungi and rhizobia. In this work, we focused on the study
of the nuclear calcium oscillations triggered by Nod factor perceptions in M.

truncatula root hair cells.

3.1.1. Plant-rhizobia endosymbiosis

Two main infection strategies have been reported in plant-rhizobia
endosymbiosis. The first one, which takes place in Sesbania rostrata, is the

lateral root base infection or crack entry mechanism. In fact the bacteria enter
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the root through a crack in the epidermal cell layer, typically at the base of a
lateral root, and initiate an intercellular infection [90]. In the second strategy,
used in most legumes and in M. truncatula, the infection starts from the root
hair cells in a so called “intracellular way”. Despite of the name, the bacteria
never get in contact with the cytoplasm but proceed through the cells in a
channel created by the invagination of the plasma membrane. Both mechanisms
are dependent on Nod factor signalling [91].

The first molecular event necessary for the instauration of the symbiosis is the
production of flavonoids by the plant roots. Flavonoids are ubiquitous in plants
and are involved in process such as defence response and lignin and anthocyanin
production [92]. In the symbiotic contest, these polyaromatic compounds are
responsible of activating a chemotaxis response of rhizobia as well as of
triggering the synthesis of Nod factors. The flavonoids signal is transduced in
the rhizobia through NodD transcriptional regulators [93] which trigger the
transcription of bacteria nodulation genes (nod) directly binding their promoter
[94][95]. These genes encode proteins responsible of the Nod factors synthesis
[94]. In this first phase of the symbiotic interaction lies the mechanism that
guarantees the specificity of the interaction. Although many different forms of
flavonoids and Nod factors exist, each particular plant host produces the
flavonoid that is specific for the bacterial partner and vice versa. For example,
positive chemotaxis of Sinorhizobium melitoti was observed only in response of
the flavone luteolin which is produced by its plant host Medicago sativa and not
in response of similar flavonoids [96]. At the same time, a positive feedback loop
enhancing the production of flavonoids happens only in presence of compatible
rhizobial species and is dependent on Nod factor structure [97]. Moreover the
DNA bending induced by the binding of the NodDs on the nod promoter, and
required for the RNA polymerase binding, resulted more efficient upon
appropriate flavonoid treatment [95].

As said before, Nod factors are LCOs. This means that they have a chitin
backbone constituted by 3 to 5 B-1,4-liknked N-acetylglucosamine residues
where additional substituents and decorations are added. These modifications

include binding of fatty acid chain, glycosylation, sulfation, acetylation, N and O-
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methylation [98]. These decorations, the length of the backbone chain and the
saturation degree of the N-acyl groups vary between Nod factors of different
rhizobial species and this is important for the specificity of the symbiotic

interaction [99], [100].
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Fig. 1.4: schematic representation of the main steps of the rhizobium-legume endosymbiosis

instauration through the intracellular infection strategy [101].

The positive chemotaxis response evoked in the bacteria by the flavonoids is
important as to start the infection process the bacteria have to be attached to
the root hair cell surface [102]. After this first phase of diffusible signals
exchange and the attachment of the rhizobia, the root hair starts curling and
doing so it entraps a single bacterial cell in a “shepherd’s crook” curl. The
entrapped cell proliferates and forms a microcolony. A reorganization of the
cytoskeleton generate a cytoplasmic channel that constitute the pre-infection
tread, then a tubular structure called infection tread is formed by hydrolysis of
the plant cell wall and invagination of the plasma membrane [103][104]. In the
meanwhile, in the root cortex below the infection site, a nodule meristem is
initiated. The infection tread will grow toward the emerging nodule and will
ramify in the nodule tissue. Here the bacteria can leave the infection tread and
be released in membrane-bound compartments in the plant cells where they
will differentiate in a nitrogen fixing state [101]. Nuclear calcium oscillations
during the establishment of these symbioses occur in both epidermal cells and
cortical cells. In epidermal cells this phenomenon is triggered by Nod factors
perception, while calcium oscillation in cortical cells appear in the target cell and
in the neighbouring ones during the infection process before the colonization of

the cell by the microbes. The frequency of the oscillation in the neighbouring
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cells is initially low but it increases when the symbionts become near to the
target cell [105]. In this last period the calcium signature of the cortical cells
result more similar to the ones observed in epidermal cells in response to Nod

factors [67].

3.2. Calcium responses in root hair cells upon Nod factor signals

In root hair cells exposed to Nod factors two different calcium response have been

observed: a calcium flux in the cytosol and calcium spiking in the nuclear region.

3.2.1. Calcium influx

A rapid calcium influx in the cytosol was observed within one minute of adding
Nod factors [106] and resulted followed by efflux of CI, K* and alkalinisation of
the cytoplasm. This explained the membrane depolarization and pH changes
that were reported as an early response to Nod factors 10%°-107 [107]. This
early calcium flux was observed in the tip region of root hair cells treated with
Nod factors in Vicia sativa [108], Phaseolus vulgaris [109] and in M. sativa [110].
This increase of the cytosolic calcium concentration near the tip of the root hair
could be associated with root hair deformation, while the increase in the
cytoplasmatic calcium level reported behind the root tip might be associated
with the amplification of the Nod signal and the induction of downstream events
[110]. Microinjection of M. truncatula root hair cells with calcium sensitive dye

revealed that the flux was located in the tip region of the cell [111].

3.2.2. Calcium spiking

A calcium spiking activity was reported in the nuclear region of M. sativa upon
Nod factors treatment in 1996 [67]. In the same work was noticed that these
regular oscillations had a mean period of 60 s, started around ten minutes after
the exposure to the Nod factors and lasted up to three hours. Moreover they
showed a rapid rising phase (1-4 s) followed by slower decreasing phase (around

30 s). Later, this response has been investigated in several legumes.
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3.3.

Miwa et al. reported in 2006 that the average frequency of the spikes is 60-100 s
and depends on the position of the root hair cell along the root and also
proposed that the number of spikes (although in conjunction with other factors)
was required for the induction of early nodulation gene expression. In particular,
they observed that 36 consecutive spikes were sufficient and that an equivalent
number of spikes was required even when the period between each spike was
extended [68]. Using nuclear targeted calcium sensors also intranuclear calcium
spiking in M. truncatula root hair cells in response to Nod factors was

demonstrated [112].

Linking the Nod factor perception to the activation of nuclear calcium

release

Through mutant screens has been proven that the perception of the Nod factors
signals involves plasma membrane receptor-like kinases with extracellular Lysine
motifs (LysM) domains [113]. These motifs are present in bacteria and eukaryotic
protein and bind oligosaccharides, which are chemically similar to the nod factor
backbone. The identified receptors are the Nod factor receptor 1 (NFR1) of Lotus
japonicus which correspond to the LysM kinase 3 (LYK3) of M. truncatula, and the
NFR5 of L. japonicus corresponding to the NFP (Nod factors receptor) of M.
truncatula [114]. [115]. Evidence suggest that NFR1 and NFR5 work in heterodimers
or heterocomplexes [101]. Although the direct interaction in vivo of these receptors
and Nod factors has not be proven, the fact that the expression of NFR5 and NFR1
in M. truncatula alter the host specificity of this species [116] suggest that they are
directly involved in the specificity recognition. Another gene, encoding for a
leucine-rich-repeat (LRR)-containing receptor-like kinase (known as SYMRK,
symbiosis receptor-like kinase, in L. japonicus and as DMI2, doesn’t make infection
2, in M. truncatula), resulted required for Nod factor signalling [117][118]. Although
the exact function of SYMRK/DMI2 is it not yet known, it could work in complex
with the Nod factor receptor [119] and be associated with the production of a
secondary messenger. The identity and the nature of this secondary messenger

that would link the signal recognition occurred at the plasma membrane with the
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3.4.

calcium changes in the nucleus remain unknown. However, some observation could
suggest possible candidates. SYMRK/DMI2 can interact with e-hydroxy-3-
methylglutaryl-CoA reductase (HMGR) [120] which is involved in mevalonate
production and mevalonate can resulted able to evoke calcium oscillation in M.
truncatula [101]. SYMRK/DMI2 can also associate to MAPKK [121]. The HMGR could
be involved in the generation of the secondary messenger while the MAPKK could
trigger a phosphorylation cascade; both of these events could be, directly or
indirectly, linked to the regulation or activation of the calcium channels involved in

shaping the nuclear calcium spiking.

The nuclear machinery required for symbiotic calcium response

In L. japonicus two cation channels located in the nuclear membranes, CASTOR and
POLLUX, have been identified as essential for perinuclear calcium spiking [122].
Similarly, in M. truncatula the ion channel DMI1 (POLLUX ortholog) and the Ca%*-
ATPase MCAS resulted essential for the nucleoplasmic calcium oscillations. MCAS is
located in the nuclear envelope while DMI1 preferentially localises in the inner
nuclear membrane [123][124][125]. Probably DMI1 exercises the roles of both
POLLUX and CASTOR, rendering the ortholog of CASTOR redundant in M. truncatula
[125]. Using the information on the location of MCA8 and DMI1 and the
observation that calcium oscillations occur predominantly a the periphery of the
nucleus [112][123] in mathematical modelling analysis [126], we could build a
model where three components are required to shape the intranuclear calcium
spiking: a channel that allow the influx of calcium into the nucleoplasm, a pump or
a symporter that can push the calcium back into the nuclear envelope and a ion
channel that works to balance the membrane depolarization induced by the
calcium movements [101]. DMI1 permeates potassium and seems unlikely that
could permeates calcium too [122][125]; it may act instead as regulator of a
putative calcium channel through the modulation of the membrane potential [64]
[127]. First a K* influx through DMI1 would partially activate a calcium channel,
allowing an initial calcium influx. A calcium-binding pocket in DMI1 [128] would

sense this calcium increase and this would lead to the full activation of DMI1. The
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following K* influx would hyperpolarize the membrane and subsequently the
voltage gated calcium channel would be open allowing the massive calcium influx.
Then the pump would pump the calcium back in the store [129].

Other proteins resulted fundamental for symbiotic nuclear calcium oscillation are
NUP85, NUP133 and NENA [130]-[132]. All of them are nucleoporins and are all
part of the nucleopore scaffold [133]. The observation that in yeast nucleoporins of
the nucleopore scaffold are required to transport protein in the inner nuclear
membrane (INM) [134][135], lead to the hypothesis that the nucleopore scaffold
could be fundamental to translocate in the INM proteins required for the
generation of the calcium oscillation in the nucleoplasm. Another possibility is that
the nucleopore allows the diffusion of the symbiotic signals from the cytoplasm to

the nucleoplasm [127].
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Fig 1.5: schematic representation of the machineries required for the perception of nod factors and

the generation of nuclear calcium spiking [127].

3.5. Decoding the nuclear symbiotic calcium signals: CCaMK

CCaMK seems to be the key to decode the nuclear calcium spikes and trigger the

downstream symbiotic signalling events. Gain of function of CCaMK is sufficient to
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induce spontaneous nodule formation in absence of rhizobia [136][137] and
promotion of structure involved in mycorrhizal colonization [138]. CCaMK is a
Ser/Thr protein kinase and present three EF-hands motif at the C-terminus and a
CaM-binding domain near the kinase domain [136][137]. Calcium binding to the EF-
hands lead to autophosphorylation which stabilises the inactive form of CCaMK,
while the Ca?*/CaM complex binding overrides the effect of the
autophosphorylation and activates the protein. Since the EF-domain and the CaM-
binding domain have different affinities for their ligands, the hypothesis is that at
basal level of calcium CCaMK is maintained in an inactive state, while it is activated
during the spiking [139]. CCaMK can interact and phosphorylate CYCLOPS (or IPD3
in M. truncatula) [140]. CYCLOPS/IPD3 resulted fundamental for rhizobial and
mycorrhizal colonisation [141][142] but its specific role remain to be determined. It
may regulate CCaMK or directly coordinate the transcriptional downstream events

working together with the GRAS family transcriptional regulators [143].

4. CALCIUM INDICATORS USED IN PLANT CELLS

4.1.

Dyes

The first tools used for calcium imaging in living systems have been the dyes,
organic compounds that are able to bind calcium and change optical proprieties
upon this process. In the beginning murexide, azo dyes and chlorotetracycline were
used but they showed low sensitivity, cellular toxicity or low accuracy. In 1980,
BAPTA was created and this opened the door to the creation of various
polycarboxylate dyes [144][145]. Single wavelength and double wavelength dyes
have been developed during the years and some of the problems presented by the
first dyes, such as low sensitivities or low accuracies, have been solved. However,
two main disadvantages are shared by all these reporters. First, since dyes present
heavily charged groups they are almost membrane impermeable and loading them
in plant cell result a challenging task. To overcome this problem a variety of

approach have been applied but all of them require time and additional work. The
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4.2.

second common disadvantage of the dyes is the risk of compartmentalization in the

organelles and so of an uneven distribution throughout the cell [146].

Protein-based calcium indicators

The main advantage shared among all the protein-based indicators is that they can
be addressed to different cellular compartments simply by introducing in their
nucleotidic sequence the nucleotides that encode for the appropriate aminoacidic
localisation signals. Moreover, tissue-specific promoters or inducible promoters can

be used opening to more choices and experimental opportunities.

4.2.1. Aequorin

Aequorin (AEQ) is a calcium sensitive photoprotein identified in the jelly fish
Aequorea Victoria. The protein has a prosthetic group, the coelenterazine, and
three EF-hand motifs. In presence of molecular oxygen the apoprotein
assembles spontaneously with its prosthetic group to form the holoprotein.
When calcium is bound by the EF-hand motifs the protein acts as an oxygenase
on the coelenterazine and releases excited coelenteramide and carbon dioxide.
When the coelenteramide goes back to the ground state, it emits blue light (469
nm) which can be detected with a luminometer and correlates with the [Ca?']
(event though there are overestimation problems). The disadvantage of the
Aequorin is that the signal from a single cell is too low to permit good studies on

single cell calcium dynamics [145][146].

4.2.2. Green fluorescent protein-based calcium indicators

The calcium indicators based on GFP (or on GFP variants) can be divided in two
groups: the ones FRET (Foster resonance energy transfer) based and the ones
constituted by a single fluorescent protein. Three main type of these calcium
sensors are in use currently: the cameleons [147] (FRET-based), the camgaroos
[148] and the pericams [149] (single fluorescent protein-based). In 1997 the first

two GFP-based calcium indicators were developed [147][150] and the one built
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by Tsien group was the cameleon, the most widely used GFP-based calcium

sensor in plants at present.
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Fig 1.6: schematic representation and working principle of the cameleons [151].

The yellow cameleon (YC), the most used, is made of a cyan fluorescent protein
(CFP, a mutated GFP with a shifted absorption and emission) and a yellow
fluorescent protein (YFP, another GFP variant) linked together through a CaM
and the M13 fragment of the myosin light chain (M13). Exciting the specimen
with a 440 nm light, in absence (or with low levels) of calcium we obtain
emission of light at 480 nm due to the fluorescence of the CFP. When the
calmodulin binds calcium, it changes conformation and this allows the
interaction with the M13. This interaction will lead to approach the two
fluorescent proteins and so the FRET will increase. FRET is a physicochemical
process characterised by the transfer of energy from an excited donor
chromophore to an acceptor chromophore without associate radiation release.
FRET is proportional to the 6™ power of the distance so, because this
phenomenon may occur, we need the two chromophores to be really near (2-7
nm) as well as we need that the emission spectrum of the first chromophore
overlap the excitation spectrum of the second one. In the yellow cameleon that
is binding calcium, the light emitted from the CFP excites the YFP, so upon the
same excitation wavelength of 440 nm, in presence of calcium, we will obtain an

emission of light with a wavelength of 535 nm [145]. Therefore the calcium
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levels will be evaluated in terms of ratio between the level of emission at 535
nm (emission of the YFP, coming from the molecules of sensor binding calcium)
and the level of emission at 480 nm (emission of the CFP, coming from the
molecules of sensor that are not binding calcium). Various modifications have
been done since the first cameleon to reach the YC3.6 which have an apparent
dissociation constant of 250 nM and a Hill constant of 1.7 [152]. Although the
cameloens permitted a series of exciting observations, they present the typical
disadvantages of the FRET-based reporters. Two above all are that they are
limited in the colour variants and they limit the possibility to combine different

fluorescent sensor in the same cell at the same time.

5. PURPOSE OF THE WORK: THE GECO AS NEW TOOLS TO STUDY NUCLEAR

SYMBIOTIC CALCIUM SIGNALLING

The mentioned problems of the cameleons could be overcome by using single GFP-

based reporters.

The GECOs (genetically encoded calcium sensors for optical imaging) are the evolution
of the G-CaMP. These reported, developed in 2001, are constituted by a circularly
permutated enhanced GFP (cpEGFP) which is fused at its N-terminus with the M13

fragment of the myosin light chain and at its C-terminus with the CaM [153].
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Fig. 1.7: schematic representation of the GECO [154].

The circular permutation destabilizes the deprotonated form of the fluorophore so,

when the sensor is not binding calcium, we have only a low level of fluorescence due to
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the protonated form of the fluorophore. But when the CaM binds calcium it becomes
able to interact with the M13, with the external residues of the fluorescent protein
barrel and with residues that interact with the fluorophores, these interactions stabilise
the deprotonated form of the fluorophore and this lead to a change in the absorbance

and to a big increase in the emission intensity [154].
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Fig. 1.8: Emission peaks of the GECOs in the free state (dashed lines) and in the calcium-bound state (solid
lines). A) Blue-GECO1 (blue line), Green-GECO1 (green line), Red-GECO1 (red line). [155] B) Orange-
GECO1 (orange line), Red-GECO01.2 (red line), Carmine-GECO1 (dark red line) [156].

Various versions of GECOs, with different emission and excitation spectra, different
affinity for calcium and different calcium-dependent increase in fluorescence were
created. Starting from the G-CaMP3 [157] through error-prone polymerase chain
reaction (PCR) a library of variants was generated. Screening this library, three new
sensors (Green-GECOs) were selected: G-GECO1, G-GECO1.1 and G-GECO1.2. These
GECOs all share a calcium-dependent increase in the fluorescence that is approximately
double of the G-CaMP3. The main difference between the three G-GECOs are the
apparent dissociation constants (Kd) for Ca?* which are respectively 750 nM, 620 nM
and 1150 nM. The blue-GECO was obtained by introducing the GFP Y66H substitution in
the G-GECO1.1 to create the histidine-derived chromophore of the blue FP. Red-shifted
GECOs were generated replacing the cpEGFP of the G-GECO1.1 with the analogous
version of the cp version of the mApple fluorescent protein [155]. Through error-prone
PCR and additional rounds of directed evolution the Red-GECO1.2, the Orange-GECO1
and the Carmine-GECO1 were obtained in 2013 [156].
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Considering the big calcium-dependent fluorescence increase, the Kd values and the
availability of all these different colours in addition to the fact that they are single
wavelength sensors, the GECOs could be the perfect candidate to overcome the limits
of the cameleons.

In this work we propose the use of the GECOs, that have been so far tested only in
animal cells, in plants. In particular, we will test the Green-GECO1.2 and the Red-
GECO1.2 (Kd 1200 nM) as new tools to study nuclear calcium spiking in M. truncatula
root hair cells during symbiotic signalling. In order to do that we will first adapt the
GECOs sequence for the expression in plants though a codon optimization step, then we
will build the vectors for the Agrobacterium rhizogenes-mediated transformation. The
cloning step will be carried out using the Golden Gate technique. Finally, the response
of the GECOs will be observed with wide-field and confocal microscopy methods and

image analysis will be conducted.
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Chapter 2

Materials and Methods

1. MATERIALS

1.1.

1.2.

1.3.

Plant material

In this study we used two different ecotypes of wild-type M. truncatula seeds:
ecotype Jester [158] seeds (purchased from Fertiprado, Portugal) and ecotype

Jemalong A17 [159].

Bacterial strains

E. coli chemically competent cells strain DH5a (Life Technologies) were used for
plasmid propagation. For the hairy root transformation A. rhizogenes strain 1193
(AR1193) [160] was used. The aliquots of both strains were stored in a -80 °C

freezer.

Media

All the media were provided by the media kitchen of the institute. In the table 2.1

there is the complete list of the media used in this work with their compositions.
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Medium Recipe for 1 liter

Water-agar (WA) agar (Formedium) 30 g.

Tryptone-yeast (TY) tryptone 5.0 g, yeast extract 3.0 g,
CaCl2-6H20 1.325 g.

Luria-Bertani (LB) tryptone 10 g, yeast extract 5 g and NaCl
10 g, agar (Formedium) 10 g (for solid

medium).

tryptone 20 g, yeast extract 20 g, NaCl 0.58
Super-optimal broth with catabolite

g, KCl 0.19 g, MgCl> 2.03 g, MgS04-7H,0
repression (SOC)

2.46 g, glucose 2.6 g.

Modified Fahraeus media (Mod-FP) CaCl2:2H20 0.1 g, MgS047H20 0.12 g,
KH2PO4 0.01 g, Na:HPOs4 0.150 g, Ferric
Citrate 5 mg, NHsNOs 0.5 mM, MnCl2-4H20
2.03 g, CuSO4:5H20 0.08 g, ZnCl2-7H20
0.22g, H3B0O4 2.86 g, NazMo004-2H20 0.08 g,
Agar (Formedium) 8 g. NaOH to adjust the
pHto 6.

Tab. 2.1: list and composition of the media used in this work

1.4. Antibiotics and chemicals

All the antibiotics and chemicals solutions were sterilized by filtration using a single
use syringe and a Ministart single use filter unit of 0.20 um and were stored at -20

°C.
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antibiotic solvent Concentration for Concentration for

E. coli selection A. rhizogenes selection
Spectinomycin .
(Sigma-Aldrich) deionized water 200 pg/ml
Ampicillin L
(Sigma-Aldrich) deionized water 100 pg/ml -
Kanamycin L
(Formedium) deionized water 20 pg/ml 20 pg/ml
Carbenicillin .
(Formedium) deionized water - 50 pg/ml
Rifampicin N,N-dimethylformamide
(Sigma-Aldrich) (Fluka) ” 25 pg/ml
IPTG o
(Melford) deionized water 100 pg/ml -
X-Gal N,N-dimethylformamide
(Formedium) (Fluka) 40 pg/ml -

Tab. 2.2: Complete list of antibiotics and chemicals used in this work with information about the

solvents and the concentrations used.

1.5. Nod factors

Sinorizobium meliloti Nod factors used in this work were extracted by Giulia Morieri

et al. [161].

1.6. Plasmids

All the backbones and the level-zero modules used for the cloning were synthesised
by Life Technologies. All the new level-zero modules employed to build the level-

one modules were designed using the software Vector NTI (Life Technologies).
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1.7. Primers

In table 2.3 there is a complete list of the primers used in this work for the colony

PCR and the sequencing. All of them were synthesised by Life Technologies.

primer Sequence (5’ =2 3’) G/C% lenght
Goldengante-3 CCCGCCAATATATCCTGTC 53 19
Goldengate-4 GCGGACGTTTTTAATGTACTG 43 21
Ben94 ATCTATGAAACCCTAATCGAG 38 21
Ben95 GAACTGATGATCTAGGACC 47 19
Ben23 TTGTGGCCGTTTACGTC 53 17
Ben26 ATCACATGGTCCTGCTG 53 17

Tab. 2.3: sequence, melting temperature (Tm), percentage of G and C (G/C%) and length of the

primers used in this work

2. METHODS

2.1. Golden gate cloning

2.1.1. Principles of the cloning system and general workflow

All the vectors employed in this work for the plant transformation were built
using the Golden Gate (GG) cloning technique. The GG is a modular and
hierarchical cloning system that allows the directional assembly of multiple DNA

fragments with high efficiency [162][163].
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Fig. 2.1: The modular and hierarchical organization of the Golden Gate cloning system: the
genetic elements required to assemble a transcription unit (pL1) are chose from a library of
level-zero modules. Then, more transcription units are inserted in a pL2V to create a multigene

construct [162]

As a first step, each fragment of interest is sub-cloned singularly in a specific
plasmid called level-zero (pLO) backbone to form a pLO module (pLOM). There is
a level-zero backbone type for each standard element present in a gene,
therefore we have a pLO-P for the promoter, a pLO-T for the terminator, a pLO-C
for the coding sequence (CDS), a pLO-U for the 5’ untranslated region (5’ UTR)
and a plLO-S for the N-terminal signal. Other pLO backbones variants were
generated to clone more than one genetic element in the same plasmid. For
example in this work we used pLO-PU modules instead cloning separately
promoter and 5’ UTR.

Once each single genetic element required to build the gene of interest is in the
appropriate pLO backbone (and so each pLOM is created), the transcription unit
(TU) can be assembled by inserting these elements together in a level-one (pL1)
backbone to create a pL1 module (pL1M). The ultimate step consist of placing all
the desired TUs in a level-two (pL2) backbone, to create the planned multigene
construct. In this way we generate a pL2 vector (pL2V), which is the plasmid that

can be used for the plant transformation. There are different types of plLl
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backbones, each type allows the placement of the gene in a different position
and orientation (forward or reverse) in the pL2V. Up to eleven transcription
units (TU) can be combined to form a multigene level-two construct [162]. In
figure 2.1 there is a schematic representation of the Golden Gate organization.

In this cloning system, in each plasmid, the DNA fragment of interest is flanked
by restriction sites of type IIS restriction enzymes, while the recognition sites for
the enzymes are placed in inverse orientation relative to each other to the far 5’
and 3’ end of the fragment. As a result, the digestion leads to the exclusion of
the recognition sites from the final fragment, which will ends with particular 4 nt

overhangs (fusion sites) [Fig. 2.4 B].
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Fig. 2.2: some examples of pLOMs with their fusion sites and their position [162].

The difference between the various types of modules of the same level lies in
the sequence of the 4 nt overhangs generated by the digestion. An accurate
design of the fusion sites allow the directional assembly of the fragments [Fig.

2.2].
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2.1.2. Design of level-two vectors

A)  [pNOS |KAN | p35s [ NLS | G-GECO1.2 |

B) | pNOS |KAN J—{pAtUBI10 | NLS | R-GECO1.2 |

C) |pNOS|KAN} p35s | NLS| G-GECO1.2 | pAtUBI10| DsRed |

Fig. 2.3: schematic linear representation of the pL2 vectors built in this work. A) EC10791-pL2V-
KAN-p35s-NLS-GreenGECO1.2 B) EC10795-pL2V-KAN-pAtUBI10-NLS-RedGECO1.2 C) EC11579-
pL2V-KAN-p35s-NLS-GreenGECO1.2-DsRed

Combining different promoters, various strategies for the selection of the
transformed roots and different GECOs’ colours, we built three different
constructs [Fig. 2.3] for the expression of the GECOs in M. truncatula.

As mentioned before, each pL1M type allows to place the TU in a different
position (first, second, third, etc...) or orientation (forward or reverse) in the
pL2V. In the pL2V2 all the gene were placed in reverse orientation, the
kanamycin gene always in position one (i.e. near the T-DNA left border) and the
GECO gene always in position two.

The first vector contains the kanamycin resistance for the selection of the
transformed root and a GECO with an N-terminal nuclear localization signal
(NLS) under the control of 35S promoter (p35S). For the Red GECO we built
another version of this vector where the p35s was substituted with the
Arabidopsis thaliana ubiquitin-10 promoter (pAtUBI10). We chose these two
promoters as in literature is reported that they drive a strong and constitutive
expression. In order to facilitate the selection of the transformed roots, we also
built a green-GECO vector containing DsRed (Discosoma sp. (Sea anemone) red
fluorescent protein) as a visual marker in addition to the kanamycin resistance
(EC11579-pL2V-KAN-p35s-NLS-GreenGECO1.2-DsRed). Each one of these pL2Vs

received an identification number as shown in figure 2.3.
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2.1.3. Level-zero modules design

Almost all the pLOMs required to build the planned vectors were already present

in the laboratory with the exception of the ones containing the GECOs.
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CACCAGAGTT CCAFACCAGC TGAGTAGIGC AGCATTCACC TTATICIGIC CAGIGCGTCA GTCTCGATAT CCAGCCGACT CGAGTIGAGCT CTTGCAGATA
101 ATCARGGCCG ACGAGCAGAR GARACGGCATC AAGGCGTACT TCAAGATCCG CCACRACATC GAGGGCGGCG GCGTGCAGCT CGCCTACCAC TACCAGCAGA
TAGTTCCGGC TGCTCGICTT CTTGCCGTAG TTICCGCATGA AGTICTAGGC GGIGTIGTAG CTCCCGCCGC CGCACGICGA GCGGATGGIG ATGGTCGICT
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CTAGTGAGAG CCGTACCTGC TCGACATGTT CCCGCCATGG CCTCCCTCGC TTAGGTACCA CTCGTICCCG
401 GAGGAGCTGT TCACCGGGGT GGTGCCCATC CAGGTCGAGC TGGACGGCGA CGTAAACGGC CACAAGTICA GCGTIGICCGG CGAGGGIGAG GGCGATGCCA
{olc

CTCCTCGACA AC GCATTTGCCG GIGITCAAGT CGCACAGGCC GCICCCACTC CCGCTACGGT
501 CCTACGGCAAR GCTGACCCTG ARGTTCATCT GCACCACCGG CAAGCTGCCC GTGCCCTGGC CCACCCTCGT GACCACCCTG ACCTACGGCG TGCAGIGCTT
GGATGCCGTT CGACTGGGAC TTCAAGTAGA CGIGGIGGCC GT GGTH CTGGTGGGAC TGGATGCCGC ACGTCACGAA
601 AC TGA CGACTTICTTC AAGTCCGCCA TGCCCGAAGG CTACATCCAG GAGCGCACCA TCTICTICAA GGGCGACGGC

GTCGGCGATG GGGCTGGIGT ACTICGTCGT GCTGAAGAAG TTCAGGCGGT ACGGGCTICC GATGTAGGIC CTCGCGTGGT AGAAGAAGTIT CCCGCTGCCG
701 AACTACAAGA CCCGCGCCGA GGTGAAGTIC GAGGGCGACA CCCTGGTGAA CCGCATCGAG CTGAAGGGCA TCGACTICAA GGAGGACGGC AACATCCTIGG
TTIGATGITCT GGGCGCGGCT CCACTTICAAG CTCCCGCIGT GGGACCACIT GGCGTAGCTIC GACTICCCGT AGCTGAAGIT CCTCCTIGCCG TIGTAGGACC
801 GCAGAATTTA AAGAGGCTTT CTCCCTATIT GACAAGGACG GGGATGGGAC
CCGIGTTICGA CCTCATGITG TGCGCACIGG TIGACTGACT TCICGICTAG CGICTTARAT TTICICCGAAA GAGGGATAAA CIGITCCIGC CCCTACCCIG

CTATIGITGG TTCCICGACC CCIGCCACTA CGCCAGIGAC CCCGICTIGG GGIGICTICG TCTCGACGIC CIGTACTAGT TACTTICATCT ACGGCTGCCA

1001 GACGGCACAA TCGACTTCCC TGAGTICCTG ACAATGATGG CAAGAARAAT GAAAGACACA GACAGTGAAG AAGARATTAG AGAAGCGTIC CGIGIGITIG
T AGCT! ACTH TGTTACTACC GITCTITITA CTITICTGIGT CIGICACTTIC TTCTITAATC TCTTCGCAAG GCACACAAAC
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TATTCCIGCC GTITACCGATG TAGCCGCGIC GTCTCGAAGC GGTIGCACTAC TGTITTGGAAC CICICTTCAR TTIGICTACTT CTICCAACTAC TTTACTAGIC

Dralll (1287)
1201 GGTAGCAGAC ATCGATGGGG ATGGTCAGGT AAACTACGAA GAGTTIGTAC AAATGATGAC AGCGAAGTAG |GCTTTGAGAC CACGAAGTGG CICTITCAGIG
CCATCGTCTG TAGCTACCCC TACCAGTCCA TTITGATGCIT CTCAAACATG TTITACTACTG TCGCITCATC C CICTG GTGCTTCACC GAGAAGTCAC
Bsal (1271)

Fig. 2.4: A) EC10757-pL0-C-GreenGECO1.2 module map B) detail of the EC10757 plasmid, Bsal

recognition sites (red) and cutting sites (green) flanking the CDS.

These modules were designed using the software Vector NTI (Life Technologies).

Once obtained the coding sequence of interest from GenBank (G-GECO1.2
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JN258415.1, R-GECO1.2 KF186685.1) the design of the pLO modules passed
through three different phases: codons optimisation, definition of the required
position in the transcription unit and sequence domestication. The codon
optimisation process was carried out in order to optimise the expression in
plants and using the codon usage data of A. thaliana. Then, still in silico, the
optimised sequences were inserted in pLO-C backbones. A pLO-C backbone is a
plasmid designed to carry a CDS which has to be fused to an N-terminal signal
sequence in the final transcription unit. In our case, the N-terminal signal
required was the NLS, that was contained in a pLO-S module. After the digestion
of a pLO-C module with the appropriate enzyme, the 4 nt overhangs at the ends
of the CDS fragment are complementary to one end of the NLS fragment, on one
side, and to one end of the terminator fragment, on the other side [Fig. 2.2 and
2.4].

With ‘sequence domestication’” we refer to the process of removing from the
coding sequence, in our case, or from the sequence of interest more in general,
the cutting sites of the restriction enzymes used in the GG cloning. This is
necessary to prevent the enzymatic digestion of our fragment. The enzymes
used in the GG cloning phases are Bsal, Bpil (Bbsl), Esp3l (BsmBI) and Dralll. The
first one and the second one are required to pass from the pLOMs to the pL1Ms
and from the pL1Ms to the plL2Vs respectively. To perform the sequence
domestication we operated single nucleotide substitutions without changing the
aminoacidic sequence.

All the pLO backbones are based on the pUC19 backbone and so they confer
spectinomycin resistance and originally present the lacZa for the bacterial
selection [Fig. 2.5]. After this in silico design phase, Life Technologies synthesized
the sequences and sub-cloned them in the standard level-zero modules
required. So, we received from this biotechnology company plasmids like the
one shown in figure 2.4, where the lacZa was already been cleaved and

substituted with the CDS of interest.
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Fig. 2.5: Map of the pLO-C backbone.

2.1.4. Construction of level-one modules

A) |_p35s | NLS | G-GECO1.2 |

B) [ pAtUBI10 | NLS | R-GECO1.2 |

Fig 2.6: schematic linear representation of the pL1Ms built in this work. A) EC10787-pL1M-R2-
p35s-NLS-GreenGECO1.2 B) EC10794-pL1M-R2-pAtUBI10-NLS-RedGECO1.2.

The cloning reaction was set up by pipetting in each tube 10 U of the restriction
enzyme Bsal, 400 U of T4 DNA ligase, 1,5 pl of T4 DNA ligase buffer 10X
(containing 10 mM ATP), 1.5 ul of BSA 10x, 100 ng of each required plasmid and
deionized water to reach the final volume of 15 ul. The required plasmids are
the pLO modules containing the genetic elements that we need to build the TU
(pLO-P, pLO-C, pLO-S and pLO-T) and the pL1 backbone of destination. Since all
the pL1M containing the GECOs were designed to be placed in position two and
in reverse orientation in the pL2V, the pL1 backbone required in this reactions
was always the EC47811-pL1V-R2 shown in the figure 2.6.

The restriction enzymes, the BSA and the T4 DNA ligase buffer were bought from
New England Biolabs and were stored at -20 2C. The reaction mix was incubated
in a thermocycler and exposed to the following variations of temperature: three

minutes at 37 °C, four minutes at 16 °C, five minutes at 50 °C and five minutes at
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80 °C. The first and the second step constitute the restriction-ligation cycle and
were repeated 25 times. After the 25™ repetition the thermocycler proceeded
with the third and the fourth steps that are required for the enzyme
deactivation. The complete protocol lasts around three hours and twenty
minutes.

During the restriction phase, the enzyme excides the lacZa from the EC47811
plasmid leaving the 4 nt overhangs shown in the figure 2.7, thus a GGAG and a
CGCT fusion sites are created on the backbone. At the same time and in the
same way, Bsal works on the pLO modules, so all the genetic elements are
released from their LO plasmids and they present appropriate fusion sites for a
directionally assembled in the pL1M. Fusion scars of 4 nt remain between all the
fragment in the assembled TUs. Only between the N-terminal signal and the
coding sequence, to maintain the frame, there is a 6 nt scar encoding for a Gly-
Gly linker.

In order to perform a first screen for correctly assembled level 1 modules, an
aliquot of the mix resulting from each cloning reaction was used to transform E.
coli chemically competent cells as described in paragraph 2.2. Since the pL1Ms
contains the prokaryotic gene for the resistance to the ampicillin and since the
assembled TU substitutes the lacZa in a correct pL1M, 200 ul of the bacterial
liquid cultures resulting from the transformations were spread on LB Petri dishes
containing ampicillin and X-Gal (see paragraph 2.3 for details on E. coli cultures
on solid medium). Two or three white colonies for each construct were chosen
to perform a further screening step through colony PCR (paragraph 2.4). Among
the colonies resulted positive to the colony PCR analysis as described in the
paragraph 1 of the chapter 3, one for each pL1M was selected to set up a liquid
culture in order to amplify the plasmid (paragraph 2.5). The DNA extracted from
these liquid cultures (see paragraph 2.6 for details) was sequenced as described

in paragraph 2.9 and then employed in the next cloning phase.
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GICAGCCGTT TGGACAGCAC GGTCGACGCC AGAGTGCGI TCGAACTTAA GAACGAACAG AAGIGICT
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Fig. 2.7: A) map of the 47811-pL1V-R2 B) detail of the 47811-pL1V-R2, the blue highlighted part
in the sequence corresponds to the blue highlighted part in the map. The recognition sites of
the restriction enzymes are shown in red. The restriction sites of the Bsal enzyme are pointed

outin green.

2.1.5. Construction of level-two modules

The 15025-pL2V-KAN plasmid, which already presents the eukaryotic kanamycin
resistance gene in position one [fig 2.8], was used as destination vector to build
all the level two modules of this work.

The cloning mastermix was set up as described before with a single difference:
here we used 0.5 U of Bsal and 0.5 U of Bpil instead of only 1 U of Bsal. The
plasmids required to build the pL2Vs EC10791 and EC10795 were the level-two
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destination vector (EC15025-pL2V-KAN), the pL1M-R2 containing the desired
GECOQ’s transcription unit (respectively pL1M EC10787 and EC10794) and a pL1M
containing an end linker (EC41744-pL1M-ELE-2). This end linker is a 24 nt
sequence fragment designed to be an adapter and connect the gene in position

two with the GGGA fusion site of the backbone.

LB mos
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ORI
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Fig. 2.8: EC15025-pL2V-KAN map

To build the EC11579-pL2V (which contain the DsREd as a visual marker for the
selection of the transformed roots), we added the EC15034-pL1M-R3-pAtUBI10-
DsRED to the reaction mix and we substitute the EC41744-pL1M-ELE-2 with
another end linker (EC41766-pL1M-ELE-3, which is specific to connect the gene
in position three with the GGGA backbone’s fusion site).

The reaction mixes were finally incubated in a termocycler and exposed to the
same temperature variations described before. In order to verify the correctness
of these pL2Vs we carried out the white/blue colony screening, the colony PCR
analysis and the sequencing (for details see respectively paragraphs 2.3, 2.4 and
2.9). For reasons that we will clarify later, the plL2V EC11579 underwent to a
further step of verification carried out through enzymatic digestion (paragraph

2.7) before the sequencing phase.
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2.2.

2.3.

2.4.

E. coli transformation

Each module or vector built was transformed in E. coli both to perform a selection
and to propagate the plasmid. To carry out the transformation, 100 ng of DNA (or 1
ul of the products of golden gate reaction) were added to 20 pl of E. coli chemically
competent DH5a cells. Afterwards the cells were incubated on wet ice for twenty
minutes and then they were heat shocked: the tubes were transferred in a water
bath at 42 °C for thirty seconds and immediately back on wet ice. Subsequently,
500 pl of SOC medium were added to each tube and the cultures were incubated in
a shaker at 37 °C for forty minutes. After the incubation, 200 pl of each cultures
were plated on LB plates containing the appropriate antibiotic and chemicals.

Finally, the plates were placed in an incubator at 37 °C and left there overnight.

E. coli cultures on solid medium

For E. coli cultures on solid medium Petri dishes with LB-agar were used. The
purpose of these cultures was to select the transformed bacteria containing a
probably correct plasmid. The required antibiotics and chemicals were added to the
melted LB agar and then the medium was poured into sterile round Petri dishes
and left to solidify under the laminar flow cup. IPTG (100 pug/ml) and X-GAL (40
ug/ml) were required for the white/blue colony screening of any plasmid, while
different antibiotics were used to select different plasmids. For the selection of
bacteria containing a pLOM we used spectinomycin (200 ug/ml), while ampicillin
(100 pg/ml) was used in case of pL1Ms and kanamycin (20 pg/ml) was used for
pL2Vs. The colonies on LB-agar plates appeared after one night of incubation at 37
°C. A white colony indicates that the bacteria contain the gene for the resistance to
the antibiotic present on the plasmid backbone and they do not contain the lacZa,

so they may have the plasmid with the fragment of interest in place of the lacZa.

Colony PCR

The colony PCR was performed on the chosen white E. coli colonies to verify the

presence of the fragment of interest in the plasmid. The unitary reaction was
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composed by 1 ul of each primer from a stock solution of 10 uM, 7.5 ul of Gotaq
green mastermix 2X (purchased from Promega and stored at -20 °C) and 5.5 ul of
sterile water. In this final volume of 15 ul, a colony was put using a sterile tip. After
touching the chosen colony with the tip, before put the bacteria in the mix, the
bacteria were streaked on a new plate in order to create a replica of the colony that
was going to be screened. Then the mix was incubated in a termocycler and
underwent to the following protocol: ten minutes at 95 °C, thirty repetitions of the
cycle denaturation-annealing-elongation (30 seconds at 94 °C, 40 seconds at the
chosen annealing temperature, one minute for each Kb of the fragment at 72 °C)
and finally five minutes at 72 °C. The annealing temperature chosen varied
depending on the characteristics of the couples of primers.

To perform the colony PCR on the pL1Ms we used a couple of primers named
GoldenGate-3 (GG3) and GoldenGate-4 (GG4) [Tab. 2.3] that are matching
respectively on the T-DNA RB and on the T-DNA LB. Since the melting temperatures
(Tm) were 51 °C for the primer GG3 and 50 °C for the primer GG4, for this couple of
primers we chose an annealing temperature (Ta) of 45 °C.

The colony PCR on E.coli for the constructs EC10791 and EC10795 was carried out
using the primers GG3 and GG4 and the same Ta used in the previous reaction (45
°C). While to verify the presence of the GECO TU in the construct EC11579, we used
the primers Ben94 and Ben95 (see table 2.3 for details) that are matching on the
pAtUBI10. Even if the Tm of Ben94 and Ben95 is 49 °C, we chose a Ta of 52 °C as we
saw from previous experiences that this was the best annealing temperature for
these primers.

As explained in the following paragraphs, in order to perform the plant
transformation we inserted the pL2Vs in A. rhizogenes. A colony PCR was carried
out on the A. rhizogenes colonies before set up the liquid cultures required for the
plant transformation to verify if the strains were really carrying the multigene
construct of interest. In these PCRs we used the primers GG3 and GG4 on the
construct EC10791 and EC10795 (Ta 45 °C) and the primers GG3 and Ben94 on the
construct EC11579 (Ta 52 °C).
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2.5.

2.6.

2.7.

E. coli liquid cultures

One E. coli liquid culture for each construct was set up from the replica of a colony
resulted positive to the PCR analysis in order to propagate the plasmids. Particular
attention was paid to not let the duplicated colonies overgrow in order to minimize
the genetic variability of the liquid cultures, so, the inoculation took place usually
no more than 7-8 hours after the colonies were streaked. To perform this step,
under sterile conditions, we touched the replica of the chosen colony with a tip and
then we pipetted in to 10 ml of LB broth. Following the same concentration rules
applied for the cultures on solid medium (paragraph 2.3), antibiotics were added to

the liquid cultures to maintain the selection and to prevent the loss of the plasmids.

Plasmid extraction

The DNA was extracted from the E. coli liquid cultures after incubation in a shaker
at 37 °C overnight. The extraction was accomplished using the QIAprep spin
Miniprep kit (Qiagen) and following the protocol supplied with the kit. The DNA
concentrations were measured by loading 1.5 ul of the obtained solution on the
Nanodrop 2000 spectrophotometer (Thermo scientific). The sample was considered
pure enough when the ratio of the absorbance at 260 nm and 280 nm was ~1.8.
Afterwards the solutions were diluted with deionized sterile water to a final

concentration of 100 ng/ul of DNA and stored at -20 °C.

Enzymatic digestion

The enzymatic digestion was performed on the EC11579 pL2V as an additional test
after the colony PCR and before sequence the construct. The reaction was set up by
pipetting in a PCR tube 1 ug of DNA, 1 U of the restriction enzyme Hindlll (New
England Biolabs), 2.5 ul of the CutSmart buffer (New England Biolabs) and
deionized water to reach the final volume of 25 ul. Then the mix was incubated
overnight at the temperature required by the enzymes, and after that 5 ul of Gel
Loading Dye Blue 6X (New England Biolabs) were added to the mix to stop the

reaction. The pattern of bands resulting from the electrophoresis was compared
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2.8.

2.9.

with the in silico prediction performed with the software Vector NTI (Life

Technologies).

Agarose gel electrophoresis

Agarose gel electrophoresis were carried on in order to check the products of the
colony PCRs and the results of the enzymatic digestions. The electrophoresis gel
used in this study was a 1% agarose gel. The agarose powder (purchased from
Melford and stored at room temperature) was dissolved in TAE 1X. TAE stock
solution 50X, was diluted with deionised water. Once melted in a microwave, the
solution was stored in a water bath at 60 °C for no more than one week.
Electrophoresis were performed in horizontal agarose gels, immersed in TAE 1X, at
80 to 110 V. Once the runs were completed, the gels were transferred in a 0.5
pg/ml solution of ethidium bromide and let stain for at least 15 minutes. The DNA
was detected by fluorescence of the DNA-ethidium bromide complex exposed to
ultraviolet (UV) light. To carry out this step and to acquire the images, we used the
GeneFlash Gel Documentation (gel doc) system (Syngene).

As ladder we always used the 2-Log DNA Ladder (New England Biolabs).

DNA sequencing

Since we were already sure about the correctness of the sequence of each single
DNA fragment, a partial DNA sequencing was carried out just to check if these
single DNA fragments were correctly assembled in the TUs and if the TUs were
correctly assembled into the multigene constructs. This partial sequencing of the
pL1Ms and pL2Vs built was carried on with the Sanger method and the first step of
the process was performed in our lab. The reaction mix was set up by pipetting in a
PCR tube 1.6 pl of one of the primers, 1.5 pl of the sequencing buffer (Life
technologies), 1 ul of BigDye V3.1 (Life technologies), 4.9 ul of deionised water and
100 ng of DNA. Then the tubes were incubated in a thermocycler and underwent to
an initial denaturation step (96 °C for 1 minute) followed by 25 repetitions of the
denaturation-annealing-elongation cycle (1 minute at 96 °C, 5 seconds at 50 °C, 4

minutes at 60 °C). Subsequently the products were conserved at 4 °C. Each plasmid
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was partially sequenced in both directions by setting up two different reactions,
one for each primer. The BigDye V3.1 contains a TagDNA polymerases, standard
dNTPs and ddNTPs labelled with fluorescent dyes of four different colours (one for
each base). When the TagDNA polymerase incorporates a ddNTPs in the growing
strand, the elongation is terminated as there is no 3’ hydroxyl group. Thus, the
product of our reaction was a mixture of fragments starting with the primer and
terminating at various levels with a labelled ddNTP. Eurofins Genomics carried out
the analysis of these products detecting the ddNTPs fluorescent signals after
capillary electrophoresis. What we received back as result of the sequencing was a
chromatograph, generated by the detected signals, that was corresponding to a
sequence of bases. Using the program Contig Express (Life Technologies) we
analysed these data, and, once obtained positive results we proceeded with the
transformation of A. rhizogenes. The primers GG3 and GG4 were used to sequence
all the vectors built in this work. Due to the reasons explained in the paragraph 1.2
of the chapter 3, for the construct EC11579 two additional sequencing reaction
using the primers Ben23 and Ben26 were set up (see table 2.3 for details on the

primers).

2.10. A. rhizogenes transformation

In order to obtain roots expressing our constructs, we decided to use A. rhizogenes
as vector for the plant transformation. Therefore, as a first step, we transformed A.

rhizogenes electrocompetent cells with the plasmids of interest.

2.10.1. Preparation of A. rhizogenes electrocompetent cells

50 ml Of LB broth containing antibiotics (rifampicin and carbenicillin, see table
2.2 for the concentrations) were inoculated with a single A. rhizogenes colony
and incubated in a shaker at 28 °C overnight. Afterwards, an aliquot of this pre-
culture was added to 400 ml of pre-warmed LB broth containing the same
antibiotics. This final culture was incubated at 28 °C in a shaker until reaching an
ODeoo between 0.4 and 0.7. We performed the measurement with a

spectrophotometer (BioPhotometer, Eppendorf), and, once the cells reached
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the desired ODggo, We cooled the whole culture by placing the buckets on wet ice
for 15 minutes. To stop the cell growth, all the following steps were carried out
on ice and in a 4 °C cold room or in pre-cooled centrifuges at 6 °C. After the
cooling step, the entire culture was spun with 4000 rpm for 10 min. Then, the
supernatant was discarded and the cells were resuspended in cooled deionised
water by gently shaking the buckets. The cells were spun and resuspended in
this way two more times, but, at after the third centrifuge, we resuspended
them in 10 ml of 10% glycerol. Subsequently the broth was transferred into 50
ml falcons and it was spun again for 10 min with 4000 rpm. Once discarded the
supernatant, the pellet was resuspended in 1 ml of 10 % glycerol. Finally we
prepared aliquots of 20 ul each and we dipped the tubes in liquid nitrogen

before store them in a -80 °C freezer.

2.10.2. Electroporation

A. rhizogenes cells were transformed by electroporation using the Gene pulser |
electroporation system (Bio-rad). To perform the transformation we added 125
ng of DNA to 20 ul of A. rhizogenes competent cells. The parameters chosen for
the electroporation process were resistance (R) 200 Q, capacity (C) 25 pF and
voltage 1.25 V. Geneflow electroporation single use cuvettes 2mm gap were
used and the aliquots were maintained on ice until they were moved to the
cuvettes. The time constant of the circuit was checked and maintained around
4.7 s. Immediately after the electroporation, the cells were resuspended in 500
pl of SOC medium and incubated in a shaker at 28 °C for 1-2 hours. Afterwards,
200 pl of this liquid culture were spread on LB-agar Petri dishes containing the

appropriate antibiotics (see table 2.2 for the concentrations).

2.11. A. rhizogenes cultures

Cultures in LB-agar Petri dishes containing the appropriate antibiotics were set up
to select the transformed cells. Antibiotics were used to create a selective growth
medium. Kanamycin (20 pug/ml) was added as the pL2Vs contain the prokaryotic

kanamycin resistance gene, rifampicin (25 pg/ml) and carbenicillin (50 pg/ml) were
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employed as the AR1193 strain is resistant to these antibiotics. Colonies appeared
on the plates after three days of incubation at 28 °C.

Once obtained the colonies on solid medium, colony PCRs were carried out to be
sure that the chosen colonies were holding our plasmids and that the plasmids
were containing the fragment of interest (see paragraph 2.4 for details of the
colony PCRs protocol). Among the colonies resulted positive to the PCR analysis, a
single one for each construct was chosen to set up a liquid culture in 5 ml of LB
broth. To maintain the selection, we added to the growth medium the same
antibiotics listed above at the same concentration. The inoculation was carried out
under laminar flow cup by touching a single colony with a sterile tips and then
pipetting in to the growth medium. Then, the cultures were incubated in a shaker

at 28 °C for about 2-3 days.

2.12. Glycerol stocks

In order to conserve the bacterial strains containing the plasmids of interest, a
glycerol stock of each E. coli and A. rhizogenes culture was made by adding 0.8 ml
of a 40 % glycerol solution to 0.8 ml of the fresh bacterial liquid culture under

sterile conditions. The stocks were stored in the -80 °C freezer.

2.13. Hairy root transformation

2.13.1. Seed sterilization and germination

In order to avoid contaminations the seeds were sterilized before the
transformation.

Jemalong seeds were scarified with sandpaper to facilitate the imbibition and
then were added, under sterile condition, to a 10% hypochlorite solution. To
perform this sterilization step we used an amount of hypochlorite solution
sufficient to cover all the seeds. After three minutes of incubation with
occasional mixing, the bleach was removed by repeated washing with deionised
sterile water. Once the bleach was completely removed, the seeds were left to

imbibe in deionised sterile water at room temperature for at least three hours.
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After this time, the seeds were transferred, under sterile conditions, in water-
agar squared plates.

The plates were sealed with micropore tape (3M), covered with aluminium foil
and placed upside down at 4 °C for at least three days to synchronize the
germination. Jester seeds do not need scarification, so, for this ecotype, we
started directly with the sterilisation step.

The plL2Vs EC10791, EC10795 and EC11579 were employed for the plant
transformation. With the aim of transform 100 seedlings for each construct we

prepared 300 Jemalong seeds and 150 Jester seeds.

2.13.2. Plant transformation

Two days before the transformation liquid cultures of the required A. rhizogenes
strain were set up on LB broth containing kanamycin, rifampicin and carbenicillin
at the usual concentrations [Tab. 2.2]. One day before the transformation, the
seeds plates were transferred at room temperature, still left upside down and
covered with aluminium foil. After 24 hours, approximately the 80% of the
seedlings had a straight root long about 1-2 cm.

The day of the transformation, 2 ml of the A. rhizogenes liquid cultures were
spun down in a micro-centrifuge at full speed for 30 seconds. Then the pellets
were resuspended in 200 pl of TY broth. Under sterile conditions, sterile water
was poured into the seedling plate. Afterward, six seedlings were transferred in
big drop of sterile water previously prepared in a Petri dish, to keep them
hydrated. A seedling at time was transferred from the water drop into another
Petri dish where about 3 mm for the root tip was cut off. Then the sectioned
seedling radicle was dipped into a drop of the resuspended A. rhizogenes culture
[Fig 2.8 A]. Afterwards the seedling was finally placed onto modified Fahraeus

media (Mod FP) square plate [Fig. 2.8 B].
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Fig. 2.8: A) inoculation of the sectioned seedling . B) M. truncatula seedlings placed in a 90 mm

square plate on Mod-FP growth medium.

Jemalong seedlings were transformed with the EC10795 pL2V (100 seedlings)
and with the EC10791 pL2V (100 seedlings). 100 Jester seedlings were used for
the transformation of the construct EC11579.

The plates were labelled, sealed with micropore tape (3M) and placed upright in

the growth chamber.

2.13.3. Plant growth

The growth chamber had temperature of 22 + 1 °C, a photoperiod of 16h and a
white light (each shelf had two OSRAM bulb L 70W/21-840 and one OSRAM bulb
L 58W/77). After three days in the growth chamber, the plants transformed with
the constructs EC10791 and EC10795 were transferred into plates containing
kanamycin. Mod FP-kanamycin plates where made by adding an aliquot of the
antibiotic stock solution to the melted Mod-FP medium to reach a final
kanamycin concentration of 25 pug/ml.

One week after the transformation, the plates were covered with a foil of blue
paper as the light in the growth room could be too bright. Three weeks after the
transformation we started the screening. Although also the construct EC11579
contains the eukaryotic gene for the kanamycin resistance, we decided to leave
the EC11579 plants on plates without kanamycin as the presence of the

antibiotic slows down the growth and it is and additional stress for the plants.
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2.14. Calcium imaging

2.14.1. Preliminary screening

For the construct EC11579 a preliminary screening was carried out in order to
identify the transformed roots to be used in the following steps of imaging. The
DsRed fluorescence was detected with a Leica MZFLIIl fluorescence
stereomicroscope while the plants were exposed to a 546/12 nm wavelength
light.

For the constructs EC10791 and EC10795 we selected the roots that were

looking more healthy despite of the kanamycin presence in the growth medium.

2.14.2. Roots preparation for the imaging process

Healthy and young roots were cut under sterile conditions and were placed on a
large cover glass (48 mm x 64 mm, thickness #1.5, Agar scientific). A small
chamber was made around the root using high vacuum grease (Dow Corning
GMBH, USA). The chamber was filled with a solution of Nod factors 10° or 108
M, an amount of solution sufficient to cover the whole root was used. The
chamber was then covered with a small and slim coverglass (22 mm x 50 mm,
thickness #1, VWR International). This second cover glass was pushed down in
order to seal the chamber and squash the solution drop. Sometimes several
roots were cut at the same time, placed in a sealed water-agar plate and used

during the day.

2.14.3. Imaging

Fluorescence was imaged using two different systems: Zeiss LSM780 and Nikon

Eclipse FN1 upright microscope with x-light confocal unit (CAIRN).

The LSM780 has been used only for the imaging of the EC11579 construct. With
this microscope, we used the Zeiss objective EC Plan-Neofluar 10x/0.3 Phl M27
and a pinhole dimension of 76 um or 90 um. The specimen was excited with the

488 nm spectral line from the argon laser at 4%-22% power. The emitted
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fluorescence was monitored using 493-598 nm range filters. The electronic
magnification was set between 6.1x and 45.8x. Images were collected with

intervals of 3.13-0.31 s and exposure time of 100 to 500 ms.

The Eclipse FN1 was coupled with the Rolera thunder FAST 1394 mono
illuminated EMCCD camera system (Qimaging). A Lumencor LED light engine was
used to excite the specimen, the excitation wavelength were 470/24 nm for the
green GECO and 575/25 nm for the red GECO. As objectives we used CFl Plan
fluor 10xW NA 0.30 WD 3.5 mm and CFl Apo 40x NA 0.80 WD 3.5 mm. The
emission filters set was composed of a 505-550 nm filter for the green channel
and a 650 nm filter for the red channel. The images were acquired every 5 s with
an exposure time of 500 ms or without any interval and an exposure time of 100

ms.

2.14.4. Image analysis

Average pixels intensity values of outlined regions were measured using the

software Image J (National Institute of Healt; http://rsb.info.nih.gov/ij/).

Subsequently the values were exported into Microsoft Excel and plotted against

time.
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Chapter 3

Results

1. CLONING

In the first part of this work, through the Golden Gate cloning system, we built the
vectors for the expression of the GECOs in M. truncatula. The correctness of each pL1M
and pL2V was assessed with colony PCR and partial sequencing. The results of the
colony PCRs were considered positive when we obtained bands of the sizes predicted
through the in silico analysis. The sequencing results consisted of the sequence and the
chromatograph of the sequence: the latter gave us an indication on the quality of the
extracted DNA and on the reliability of the results, while comparing the ~1 kb sequence
obtained with the in silico map we obtained information on the correctness of the

assembled fragment.

1.1. Correctness of the level-one modules built

As explained before, to perform the colony PCR on the pL1Ms we used the primers
couple GG3-GG4 and we chose a Ta of 45 °C.

The gel electrophoresis in figure 3.1 A shows the ~2.1 kilobases (Kb) bands obtained
from the colony PCR on the colonies transformed with the construct EC10787.
While in figure 3.1 B we can see the ~3.2 Kb bands obtained from the colony PCR
on the EC10794 colonies. The dimensions of the bands were estimated by

comparison with the bands of the 2-Log DNA ladder (New England Biolabs) and
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they were matching with the in silico predictions. Since these results revealed that
the fragments assembled in the pL1Ms contained in the screened colonies had the
correct sizes, we proceeded with the next step: starting from the replica of one of
the positive colonies, we set up a liquid culture for each construct.

Afterwards, a good quantity of the plasmids was extracted from the bacteria grown
in the liquid cultures and an aliquot of the DNA solution was used to perform the
partial sequencing.

For the pL1Ms, the sequencing reactions were set up with the primers GG3 and
GG4. The fragment of about 1 kb sequenced starting from the GG3 primer was
overlapping the promoter and the beginning of the GECO CDS, while using the GG4
primer we obtained a fragment corresponding to the terminator and the last part
of the GECO CDS [Fig. 3.2 A]. Comparing the sequence of the fragments with the
map and the in silico sequence of the construct, allowed us to see that the GECO,
the terminator and the promoter actually were in the assembled TU and they were
in the correct position. The chromatographs obtained from the sequencing
reactions of the construct EC10787 showed clear peaks and low background
indicating a good quality of the extracted DNA and a successfully performed

reaction.

EC10787 EC10787 x
colony 1 colony 2 e ctrl - colony 1 colony 2

PR

Fig 3.1: A) Gel Electrophoresis of the colony PCR on EC10787 colonies, both the selected colonies
resulted positive. As positive control (ctrl +) for the PCR conditions we used the EC15034 DNA. This
reaction generated a band of 2.7 kb as expected and allowed us to verify that the PCR condition
were appropriate for the chosen primers. B) Electrophoresis gel showing the fragments of 3.2 kb
amplified through the colony PCR on EC10794 colonies, all of them resulted positive. As negative

control (ctrl -), in both gels, we used 15 pl of the PCR mastermix.
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Since the construct EC10794 contains the pAtUBI10, which is 1086 base pairs longer
than the p35s, starting the sequencing from the T-DNA RB (i.e. with the GG3
primer) gave us information only on the promoter. The presence and the position
of the GECO in the TU has been verified anyway through the sequencing reaction
starting from the GG4 primer. Also for this construct we got a good quality
chromatograph.

Considering all the information obtained from the sequencing together with the
results of the colony PCRs, we could say that our pL1Ms were properly assembled

and so we could use them in the next cloning step.
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Fig 3.2: A) Map of the construct EC10787, the blue-highlighted parts are the regions corresponding
to the sequenced fragments B) a part of the chromatograph resulting from the sequencing of the

EC10787
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1.2.

Correctness of the level-two vectors built

EC10791  EC10791 EC10795 EC10795
colony 1 colony 2 ctrl + ctrl - ctrl - colony 1 colony 2

5 kb

kb
3 kb

)

EC11579 EC11579
colony 1 colony 2 ctrl + ctrl -

Fig 3.3: Gel Electrophoresis showing the bands obtained through colony PCR on the pL2Vs colonies.
As positive control (ctrl +) of the PCR conditions we used the EC15034 DNA, as negative control (ctrl
-) we used 15 pl of the PCR mastermix. A) Positive result of the colony PCR on the EC10791 colonies,
we obtained the expected 3.4 kb bands. B) Positive result of the colony PCR on Ec10795 colonies, we
obtained 4.7 kb bands as expected. C) Results of the colony PCR on EC11579 colonies: the colony

number 1 resulted negative while we obtained the expected 1.1 kb band from the colony number 2.

As mentioned in the previous chapter, the colony PCR on E.coli for the constructs
EC10791 and EC10795 was carried out using the primers GG3 and GG4 and a Ta of
45 °C . While to verify the construct EC11579, we used the primers Ben94 and
Ben95 and a Ta of 52 °C. The figure 3.3 A shows the gel with the ~3.4 kb bands
obtained from the PCR on the EC10791 colonies. The bands of about 4.7 kb

amplified through PCR on the EC10795 colonies are shown in the figure 3.3 B, while
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in the figure 3.3 C we can see the ~1.1 kb band amplified using the couple Ben94-
Ben95 during the colony PCR on the EC11579 colonies. The dimensions of the
bands were estimated by comparison with the bands of the 2-Log DNA ladder (New
England Biolabs) and they were matching with the in silico predictions.

We chose to not use the primers GG3 and GG4 on the EC11579 construct as the
insert present between T-DNA RB and LB in this vector is ~6 kb; moreover, try to
amplify such a big fragment, the probability of false negative results would have
increased. But, since the colony PCR with the primers Ben94 and Ben95 gave us
only the evidence of the pAtUBI10 presence, to get more information we also

performed an enzymatic digestion of the EC11579 plasmid with the enzyme Hindlll.

A) B)

undigested digested
plasmid plasmid

10 kb
8 kb

ladder fragments
EC11579 p35s-NLS-gGECO-dsRED-KAN.gb
Size site1 site2 Mass %

3989 Hindlll 8998 Hindlll 2312 37 —
3923 Hindlll 2312 Hindill 6235 37 —
2219 Hindill 6235 Hindlll 8454 21 p—
544 Hindlll 8454 Hindlll 8998 5 —

|-2312 Hindlll 4 kb 3 kb

3 kb

2kb

N

kb

[-6235 Hindlll 65 1

0.5 kb

0.5 kb
|- 8454 Hindlll

[-28998 Hindlll

Fig. 3.4: A) In silico prediction of the electrophoresis gel expected running the products of the
EC11579 digestion with the enzyme Hindlll. B) Obtained result: as expected we can see the weak
band just before the 0.5 kb ladder band, a band of about 2.2 kb and a strong double band of ~3.9 kb.
In the first line (undigested plasmid) we can see two bands: the faster one is generate by the
supercoiled plasmid, while the slower one is due to the presence of an open-circular form of the

plasmid.
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The results of this additional test are shown in the figure 3.4. As the band profile
obtained in the electrophoresis gel [Fig. 3.4 B] was the same of the one expected
from the in silico prediction [Fig. 3.4 A] we concluded that also this construct was
probably assembled correctly and so we proceeded with the last verification step:
the sequencing.To perform the partial sequencing we used DNA extracted from E.
coli cells grown in liquid cultures, these were previously set up starting from the
replica of a single colony resulted positive to the PCR analysis.

The sequencing reaction on the pL2Vs was performed again with the primers GG3
and GG4. Since the EC11579 contains the dsRed gene in position three, to obtain
sure information on the presence of our calcium sensor, for this construct we set
up two additional sequencing reactions with the primers Ben23 and Ben26, which
are matching on the green GECO. As shown in figure 3.5 the sequences obtained
from the sequencing of the EC11579 overlapped the dsRed promoter (pAtUBI10),
the p35s, the GECO CDS and the kanamycin resistance gene.
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Fig. 3.5: EC11579 map, the blue-highlighted parts correspond to the sequenced fragments
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Given the positive results of the sequencing and of the colony PCRs, the
information so far obtained allowed us to say that our pL2Vs were correctly
assembled, so we could transform them in AR1193 electrocompetent cells.

Before set up the plant transformation, a colony PCR was performed on A.
rhizogenes colonies to prove that they were really carrying the plasmid containing

the multigene construct.

A) B)

EC10791 EC10791
colony 1 colony 2

EC10795 EC10795 EC10795
colony 1 colony 3 ctrl -

4kb
5kb

3kb
akb

)

EC11579 EC11579
colony 1 colony 2 et

Fig. 3.6: Gel Electrophoresis showing the fragments amplified through colony PCRs on A. rhizogenes
colonies. A) bands of about 3.4 kb amplified on the construct EC10791 B) bands of ~4.7 kb amplified
on EC10795 C) ~1.4 kb band amplified on EC11579.

Using the couple of primers GG3-GG4 and a Ta of 45 °C, as expected from the in
silico prediction, we amplified a band of ~3.4 kb on the construct EC10791 and a

61



band of ~4.7 kb on the construct 10795. For the PCR on the EC11579 colonies we
used the primers GG3 and Ben94 (a Ta of 52 °C was used basing the choice on
previous experiences). The electrophoresis gels in the figure 3.6 show the positive
results of these colony PCRs on A. rhizogenes. The dimensions of the bands were
estimated by comparison with the bands of the 2-Log DNA ladder (New England
Biolabs) and they were matching with the in silico predictions. Considering the
results of the colony PCRs on A. rhizogenes, we proceeded using the obtained

positive colonies to set up the liquid cultures required for the plant transformation.

2. TRANSFORMATION AND IMAGING

In the second part of the work we proceeded with the transformation of M. Truncatula
seedlings and then, after three weeks, with a preliminary screening followed by the
imaging work.

The aim of the preliminary screening was to individuate the transformed roots in order
to facilitate and accelerate the execution of the imaging step. The EC11579-plants were
screened with the Leica MZFLIII fluorescence stereomicroscope and around the 16% of
them showed at least one red fluorescent root when exposed to a 546/12 nm
wavelength. In the case of the constructs EC10791 and EC10795 the preliminary
screening resulted a bit more difficult because the kanamycin did not stop completely
the growth of the non-transformed roots, so, to overcome the problem, we decided to
choose the more healthy roots and the ones that were emerging exactly from the

original cutting site.

2.1. Green-GECO1.2 reveals Nod factors-induced nuclear calcium spiking

2.1.1. Construct EC10791

Using the Nikon Eclipse FN1 upright microscope, we checked the roots selected
during the preliminary screening: in about the 10% of the EC10791-plants we
found roots showing a green GECO basal signal in the cell nuclei. Some of these
roots resulted chimeric as they showed the green signal only in the cortex cells

and not in the epidermal cells, while some other roots resulted unresponsive to
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the Nod factor treatment (i.e. we could detect a green signal in the nuclei but no
increase from the basal level was showed after the treatment). We observed a
clear calcium spiking induced by a solution of Nod factors 10° M in 16 root hair
cells belonging to three different plant.

The frame-by-frame imaging sequence in figure 3.7 A was recorded in a not
confocal mode with 5 s of interval between the acquisition and shows the
changes in the intensity of the GECO signal during the calcium spiking. Starting
from the basal level of signal shown in the first frame, we reach the peak of the
spike in 5 s (second frame) and then a slower descending phase starts. The data
on the average signal intensity in the nuclear region, obtained analysing the
images with the software image J (National Institute of Healt;

http://rsb.info.nih.gov/ij/), were plotted against the time in order to obtain

graphs like the one shown in figure 3.7 B.
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Fig. 3.7: A) frame-by-frame imaging sequence acquired with the Nikon Eclipse FN1 upright
microscope (exposure 500 ms, interval 5 s, not confocal mode). The signal in the nuclear region
of this root hair cells increases (in 5 s) and decreases (in 10 s) revealing the calcium spiking in
response to the Nod factors treatment. B) Average intensity of the signal in the nuclear region of

the same root hair cell plotted against the time.
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In the experience just presented above we observed that almost all the spikes
had a rising phase of 5 s and a descending phase of 10 s, but that is a not a
general rule, as we can see in the graphs shown in the figure 3.8. The data of the
graph A were collected from a different root of the same plant used before,
while the graph B shows the calcium spiking recorded in a trichoblast of a
different plant. We can notice that the rising phase of the spikes lasts 5 or 10

seconds while the descending phase can be also 20-25 s long.
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Fig 3.8: Data collected with Nikon Eclipse FN1 upright microscope (exposure 500 ms, interval 5 s,
not confocal mode). The graphs show calcium spiking in trichoblasts of roots of two different

EC10791-plants after Nod factors treatment.
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Afterwards other data were collected using the confocal unit [Fig. 3.9 and 3.10].
The images shown in the figure 3.9 were acquired again with an exposure of 500
ms and intervals of 5 s. As we can see in the frame-by-frame imaging sequence
[Fig. 3.9 A] the green GECO signal is strong enough to be clearly detected with
this imaging technique and also, in the first frame, we can appreciate the basal

level of the signal in the nucleus.
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Fig. 3.9: A) frame-by-frame imaging sequence acquired with the Nikon Eclipse FN1 upright
microscope (exposure 500 ms, interval 5 s, confocal mode). B) Average intensity of the signal in

the nuclear region of the same root hair cell plotted against the time

The data shown in the figure 3.10 were recorded with 100 ms of exposure and
no interval between the acquisitions, this allowed us to detect more detailed
information on the changes of the fluorescence level in the time and so we

obtained a more accurate shape of the spikes [fig 3.10 B].
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Fig. 3.10: A) frame-by-frame imaging sequence acquired with the Nikon Eclipse FN1 upright
microscope (exposure 100 ms, interval 0 s, confocal mode). B) Average intensity of the signal in
the nuclear region of the same root hair cell plotted against the time. A more accurate shape of

the spike emerges from this analysis.
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2.1.2. Construct EC11579
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Fig. 3.11: A) frame-by-frame imaging sequence acquired with the Zeiss LSM780 B) Average

intensity of the signal in the nuclear region of the same root hair cell plotted against the time.

Among the roots selected during the preliminary screening, some resulted
completely negative (they were not showing any green GECO signal), some other
resulted chimeric (we could see the dsRed fluorescence and the green GECO
fluorescence only in deep cell layers and not in the epidermal cells), finally, some
roots showed a basal green fluorescent signal in the trichoblasts nuclei but these
cells were not responding to the Nod factors. A single plant of this line gave us
real positive results: a low basal level of green fluorescence was observed in the
cells nuclei and then, once a solution of Nod factors 10° M was added, we could
see calcium spiking in the trichoblasts. With the Zeiss LSM780 we collected data
on the spiking of six different cells. In the figure 3.11 A is shown one of these

root trichoblasts responding to the usual Nod factor treatment, these images
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were obtained by merging the data collected through the green channel and the
data collected through the bright field channel. In the graph shown in the figure
3.11 B the fluorescence oscillation recorded in this cell are plotted against the

time. In this case, the interval between the acquisitions was 3.13 s.

2.2. Red-GECO01.2 reveals Nod factors-induced nuclear calcium spiking
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Fig. 3.12: A) frame-by-frame imaging sequence acquired with the Nikon Eclipse FN1 upright
microscope (exposure 500 ms, interval 5 s, not confocal mode). B) Average intensity of the signal in

the nuclear region of the same root hair cell plotted against the time.

We found roots positive for the red GECO signal in the 7% of the EC10795-plants,
but in some cases the trichoblasts did not show any basal signal or they showed a
basal level of fluorescence in the nuclei but they did not respond to the Nod factors
treatment. We recorded calcium spiking induced by Nod factors 10 M in the nuclei
of six trichoblasts belonging to a single plant. An example of these data, recorded
with the Nikon Eclipse FN1 upright microscope in not confocal mode, is shown in
the figure 3.12 A and B. Similarly to the green GECO, also for the red GECO we

observed a dramatic and easily detectable increase in the signal.
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Chapter 4

Discussion

The universality of calcium as a second messenger and its role in such a variety of
different signalling processes require the existence of molecular machineries involved in
coding and decoding the calcium signature message. Pumps, transportes and channels
codify a message in the calcium signatures by shaping them; calcium-binding proteins
decode the message by responding to the oscillation of calcium and transduce it by
interacting with downstream factors.

The complexity and versatility of this system make the study in this field intriguing and
exciting as well as demanding in terms of calcium reporters. Since the early 1960s when
murexide, azo dyes and chlortetracycline were used, giant steps have been taken in
developing more accurate, sensitive and suitable calcium reporters.

In 1997 the first GFP-based calcium sensor, the camaleon, was created. Cameleons have
been used widely in plants to study calcium levels and oscillation in many cellular types
and during different processes [146]. Currently the most used protein-based calcium
sensor in plant science is the YC3.6, which is an evolution of that first cameleon
developed in the 1990s. Although the cameleons showed many good qualities, they
also present some problems. For example beside the fact that they are big molecules
and it may affect their targeting efficiency, they remain two wavelength indicators
FRET-based and that limits the imaging possibilities. In fact, this sensors are so limited in
the colour variants and they do not leave the possibility to be combined with other

fluorescent reporters. Moreover, although directed mutations increased the FRET
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efficiency, and so the signal to noise ratio, of the YC3.6 compared to the first version, a
certain basal noise remains.

To overcome these limitations, we propose the use of a new group of single-wavelength
calcium sensors, the GECOs. In particular we tried to define whether the GECOs,
developed for animal cells and not yet tested in plants in this contest, were suitable for
studying symbiotic nuclear calcium spiking in M. trucantula root hair cells. The main
advantages of the GECOs are that they exist in different colours, they are single-
wavelength sensors and that in the meanwhile they also are very sensible. Moreover,
the fact that they exist in a pre-docked state made them quick reporters [154] and so
good candidates to be employed in studying a fast phenomenon such as nuclear
calcium spiking. Although the theoretical prerequisites are good and the GECOs already
showed good response in tests carried out in animal cells, this first step of testing them
in the contest of the particular signalling process of interest is important. In fact the
suitability of a sensor in studying a determined process strictly depends on the dynamic
range and on the kinetic (of the process and of the sensor) but also on the targeting
requirement and on the possibly interaction with other cellular components. For
example, the original cameleons suffered from interference by endogenous CaM and
has been observed that some circularly permuted fluorescent protein did not express
well in some compartments [164].

The GECOs exists in many different versions that differ for the excitation and emission
wavelength and for the Kd. As a first step in exploring the utility of these sensors, in this

work we chose to test the Green-GECO1.2 and the Red-GECO1.2.

1. CLONING

The results of the PCR analysis, of the sequencing and of the enzymatic digestion all
together allow us to say that two plasmids containing the Green-GECO and one plasmid
containing the Red-GECO were efficiently built using the Golden Gate cloning
technique.

Each construct contained the eukaryotic kanamycin resistance gene in order to permit

the selection of the transformed roots. As we chose the A. rhizogenes-mediated
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transformation, to lower the risk of having roots resistant to kanamycin but not
containing the GECO, we placed the kanamycin gene in position one, i.e. near the T-
DNA left border, and the GECO gene always in position two. In fact, because of the
mechanism carried out by Agrobacterium in transferring the T-DNA, we have a higher
probability of deletions at the left end of the fragment. Hence, if the GECO gene was in
position one the higher probability of deletion near the left border would have led to a
higher probability to have roots containing the kanamycin gene but not the GECO gene.
This would have made the process of looking for transformed roots longer and difficult,
also because in the beginning we did not know if the signal given by the GECOs in
response of the basal level of calcium in the nuclei was enough to be easily detected.

As already mentioned, we have chosen to build a third construct containing a visual
marker in addition to the kanamycin resistance and we made this choice in order to
facilitate even more the individuation of the transformed roots. In fact, we knew from
previous experiences that the kanamycin selection would not have been really strict,
and so we would have seen growing also roots that were not transformed. In addition
to that, we also knew that the presence of kanamycin would have reduced the growth
speed and would have been an additional stress for the plants. Obviously, since this
selection strategy requires the use of a second wavelength, this would somehow annul
one of the advantages of using a single-wavelength calcium sensor. For example if we
have to use at the same time the G-GECO and another fluorescent sensor which is red,
the presence of the DsRed would interfere with the experiment. This is the reason why
we did not insert a visual marker also in the first two vectors, since there is the chance
that other experiment could employ the vectors build in this work.

The choice to use the p35S and the pAtUBI10 was led by the fact that has been
demonstrated in several works that these promoters drive a strong and ubiquitous

expression.

2. IMAGING

As already mentioned, the imaging process included both wide-field microscopy and
confocal microscopy observations. The confocal microscopy experiences were carried

out with two different systems: Zeiss LSM780 (which present an argon laser as source of

71



light) and Nikon Eclipse FN1 upright microscope with x-light confocal unit (CAIRN)
(which present a LED as source of light).

Roots transformed with EC11579, EC10795 and EC10791, observed with wide-field
microscopy before the Nod factors treatment, showed a low but detectable basal level
of signal in the nucleus of most cells. While no obvious nuclear localised signal was
detectable with the Leica MZFLIII fluorescence stereomicroscope in absence of
treatment.

Once applied the Nod factors as described in the previous chapters, clear and strong
calcium spikes were observed in root hair cells. The increases in the GECOs signal were
strong enough to be detected also with the confocal mode. In some cases we observed
a decreasing tendency in the peaks and in the basal signal level during the time (see for
example figures 3.9, 3.11 and 3.12). Theoretically, this could be ascribed to a loss of
focus or a photobleaching-effect. Since the examples in figure 3.9 and 3.12 are the only
examples of this decreasing tendency observed while recoding in wide-field mode and
using the LED as source of light, we are oriented to think that this effect in this case is
due to loss of focus. This bring us to point out an advantage of the cameleons on the
GECOs: since with the cameleons the calcium level is evaluated in terms of ratio
between the CFP and YFP emission intensity, these reporters do not suffer of the loss of
focus problem (or of variation in the expression level problem) as the ratio do not
change if the signals coming from the CFP and the YFP change together.

A different consideration has to be done on the data recorded with the Zeiss LSM780. In
the figure 3.11 after about 6 minutes both the basal level of signal and the peak-height
started decreasing, in this case we could affirm that this is probably due mainly to a
photobleaching-effect. In fact, we noticed this decreasing tendency in all the experience
recorded with this microscope and it was getting stronger and faster with the increase
of the laser power or with the reduction of the interval time between the acquisitions.
Anyway, in some cases a low laser power was enough to detect the green-GECO signal
and allowed us to record the spiking for long enough before causing photobleaching.
The selection of plants with a high level of expression of the GECOs could allow us to
use a low laser power and so overcome the photobleaching problem on the short

recording time.
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The EC10791 roots were also successfully imaged with the Nikon Eclipse FN1 upright
microscope in confocal mode and resulted suitable for fast scan imaging [Fig 3.10]. This
would be particularly useful in case we would like to monitor some process with a

better spatial-temporal precision.

3. CONCLUSIONS AND OUTLOOK

We can conclude that the GECOs, in particular the red-GECO1.2 and the green-
GECO1.2, are suitable new tools for qualitative studies of nuclear calcium oscillations in
M. trucantula root hair cells that happen during the establishment of symbiosis. A little
bit of care has to be taken during the imaging process and in handling the data as the
GECOs are non-ratiometric indicators and so the intensity value recorded could be
influenced by different level of expression or loss of focus.

Nevertheless this result, comprehensive of the suitability of the GECOs for confocal
microscopy and fast scan analysis, open to the opportunity of high definition
multicolour calcium imaging in single root hair cells.

Using the GECOs in the study of symbiotic nuclear calcium spiking would give the
possibility to clarify some points that are at present still obscure or not completely
demonstrated. For example, a nuclear localized GECO could be used in combination
with an ER-localised calcium sensor to finally demonstrate if the nuclear envelope is
really the nuclear calcium store. A good candidate to be used as an ER-localised calcium
sensor in combination with the nuclear-localised red-GECO could be the CatchER.
CatchER is a single EGFP-based calcium sensor with an high Kd (about 0.18 mM) and a
fast kinetic of ion binding that make it appropriate for the use in the ER [165][166].
Moreover, a nuclear localised red-GECO could be used in combination with a
fluorescent voltage sensor inserted in the inner nuclear membrane of the nuclear
envelope. In this way, we would be able to monitor the voltage changes of this
membrane in relation to the calcium spiking in the nucleus and so perhaps give a
further validation of the model presented in the paragraph 3.4. About one year ago, an
ultrafast GFP-based voltage sensor, ASAP1 (accelerated sensor of action potential),
have been developed [167]. This sensor could be addressed to the nuclear envelope

membrane using the nuclear localisation signals of DMI1 or the N-terminal domain of
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the protein SUN1. In fact this protein resulted to be located only in the inner nuclear
membrane of the nuclear envelope and its N-terminal domain resulted involved in the
targeting [167][168].

Both the CatchER and ASAP1 have never been tested in plants, as well as the targeting
of a protein to the inner nuclear membrane of the nuclear envelope using the N-
terminal domain of SUN1. Hence, the first steps toward these new projects would be

test these sensors in plants, as we did in this work with the GECOs.
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