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Abstract of the thesis

ABSTRACT

Phytoplasma are phloem-limited, wall-less, uncultivable prokaryotes. They affect several
economically important crops and fruit trees. Actually, no efficient treatments are available to directly control
the diseases associated to these pathogens. The study of the molecular interaction between plant and
phytoplasma could provide, in a close future, knowledge about the mechanism of host colonization and plant
counteract, which is important to actuate new control approaches. Plants face mechanically phytoplasma
infection by sealing the sieve elements by phloem protein and/or callose accumulation at the sieve pores, and
activating several pathways involved in defense process. We used different mutant lines of Arabidopsis
thaliana and a strain of the ‘Candidatus Phytoplasma asteris’ (the Chrysanthemum Yellows phytoplasma), as
pathosystem, to give insight on the possible link occurring between mechanical site-specific plant responses

and systemic defense signaling.

The first part of the study, dealing with the interaction between phytoplasmas and the sieve-element
occlusion related (SEOR) proteins, underlined the involvement of AtSEOR2 protein with the pathway of
phytohormones. Phytohormone accumulation (in particular jasmonic acid, indol-acetic acid and abscisic acid)
was early activated at infection site in Atseorlko mutants, an Arabidopsis line expressing the sole AtSEOR2
protein in the sieve tubes. The possible mechanism involved in the reduction of phytoplasma titre in Atseor!ko

mutants was discussed.

The second part of the study regarded the role of phloem callose in the interaction. Also in this case,
an important relation between the synthesis of callose at the sieve plate (by the phloem specific callose synthase
7) and the early activation of systemic defense responses, was shown. In particular, plant lacking the
production of phloem callose, resulted able to unbalance sugar transport (at both the symplasmic and
apoplasmic level) and metabolism, favoring the priming of sugar-related signaling processes. Taken together
these results drive us to the conclusion that, in Arabidopsis following phytoplasma infection, site-specific

mechanical responses trigger systemic signals, mediated by SEOR proteins and callose.
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1 e PHYTOPLASMA AND PHYTOPLASMA
DISEASE: AN OVERVIEW

1.1 PHYTOPLASMA

The first hypothesis about plant diseases related to phytoplasmas (previously named Mycoplasma-like
Organisms, MLOs) dates back t01926 (Kunkel, 1926). However, for a long time, symptoms as leaf yellows,
plant stunting and witches’ brooms had been considered virus-related, until Doi ef al., in 1967 (Doi et al.,
1967) reported the presence of pleomorphic bodies inside the sieve elements of symptomatic plants and they
were described Mycoplasma-like organisms, MLOs (Doi et al., 1967; McCoy et al., 1989).. Despite our scarce
knowledge, the importance of the study of phytoplasma disease is commonly recognized. Phytoplasmas, in

fact, can cause important yield and quality losses on the major crops in the world (Bertaccini ef al., 2014).

Phytoplasmas are prokaryotic pathogens belonging to the class of Mollicutes, without cell wall and
phloem-limited (McCoy ef al., 1989; Musetti and Pagliari, 2019; Weisburg et al., 1989). Phytoplasmas are
inoculated in plant hosts by vector insects (see below). Phytoplasma size varies from 200 to 800 nm (Lee et
al., 2000) and inside the infected plant, the colonization of the sieve elements seems to be related to the sugar
flow, from the source to sink (Christensen ef al., 2004): from the site of inoculation, phytoplasmas reach the
main stem, colonizing the apex and, subsequently, the lower leaves (Saracco et al., 2005; Wei et al., 2004).
Phytoplasma genome is relatively small with only one chromosome and several other plastids (Firrao et al.,
2007) and with a low content of guanin and cytosine (Razin et al., 1998). As mycoplasmas lack numerous
metabolic pathways such as tricarboxylic cycle, sterol biosynthesis or fatty acids biosynthesis, as well
phytoplasmas lack for several genes. It seems that phytoplasmas have lost much more genes than mycoplasmas

during the evolutive process (Hoshi et al., 2009).

To supply to these lacks, phytoplasmas require the trophic substances to the host cells: for these
reasons, inside the genome, lot of genes, encoding for several transporters, and able to modify the biology of

the hosts (both vector than plant) are present (Bai et al., 2009; Oshima et al., 2004). All these features do not
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allow to phytoplasmas to live outside the host or the vector and they do not allow to the researchers the

cultivation in vitro, thus they are considered as obligate parasites (Oshima ef al., 2004).

Figure 1.1 Phloem tissue colonized by

phytoplasma.

In the picture SE= sieve element cells,
CC=companion cells, stars= phytoplasma and
asterisks= sieve element reticula. In the insert (i)
one phytoplasma interating with the membrane is

shown.

Image adapted from van Bel and Musetti 2019.

1.2 TAXONOMY OF PHYTOPLASMA

Phytoplasmas belong to the class Mollicutes of the phylum Tenericutes (Brown, 2010) and evolved
from a Gram-positive bacteria through a process of degenerative evolution (Oshima et al., 2004). Phylogenetic
analyses based on 16S rDNA revealed that they constitute a monophyletic clade with the most closely related
microorganisms belonging to the genus Acholeoplasma within the class Mollicutes (Lim and Sears, 1992). The
trivial name “phytoplasma”, instead of MLOs, has been adopted only in the ‘90s by the Phytoplasma Working
Team at the 10™ Congress of International Organization of Mycoplasmology (Tully, 1993) with the aim to
differentiate these plant pathogens from those infecting humans and animals. However, due to their inability
to be cultured in vitro, except some successful experiences of axenic cultures (Contaldo et al., 2012), they are
currently classified under the provisional genus ‘Candidatus Phytoplasma’ on the basis of 16S rDNA gene
sequence analysis (The IRPCM Phytoplasma/Spiroplasma Working Team — Phytoplasma taxonomy group,
2004). Following the guidelines for naming a new ‘Candidatus Phytoplasma’ species, two phytoplasma strains
can be considered two different ‘Candidatus Phytoplasma’ species when their 16S rRNA gene sequence
similarity does not exceed 97.5%. In case of similarity higher than this conventional threshold, two strains are
considered different when the following three criteria are satisfied: they have different plant host range, they
are transmitted by different insect vectors and they can be distinguished by other molecular markers (The

IRPCM Phytoplasma/Spiroplasma Working Team — Phytoplasma taxonomy group, 2004).
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In the 90s a classification of phytoplasmas has been provided based on the 16S rRNA gene analyses.
A classification in about 20 subclades (or phylogenetic groups) was proposed based on the phylogenetic study
of the 16S rDNA by Seemiiller ez al. (1998). At the same time, another classification scheme in groups and
subgroups has been provided based on the restriction fragment length polymorphism (RFLP) analysis with 17
endonucleases of PCR-amplified 16S rDNA (Lee ef a/.,1998; 2000). The 16Sr groups were consistent with
subclades; thus, the phylogenetic interrelationships among subclades have formed a basis for phytoplasma
classification. More information was subsequently provided by the in silico RFLP: with the virtual restriction
the number of groups and subgroups became more than 32 and 100 respectively (Davis ef al., 2013; Nejat et
al., 2013; Quaglino et al., 2009; Wei et al., 2008, 2007; Wu et al., 2012; Zhao et al., 2013, 2009). Each of
these subclades or 16S groups was proposed to be represented by at least one species of the provisional genus
‘Candidatus Phytoplasma’ following the guidelines of the IRPCM (The IRPCM Phytoplasma/Spiroplasma
Working Team — Phytoplasma taxonomy group, 2004).

During the following years, more insights about the phylogenetic relationships of phytoplasmas and
the differentiation among very closely related phytoplasma strains, not distinguishable with the 16S rRNA
gene, have been provided with the study of some genes less conserved than the 16S rRNA gene: rpsV (rpl22),
rpsC (rps3), tuf, secA or secY or the spacer region 16S-23S, were used with the purpose to better discriminate
phytoplasma strains (Hodgetts et al., 2009, 2008; Lee et al., 2010, 2007; Martini et al., 2007).
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1.3 SYMPTOMS AND RESPONSE FROM THE HOST

Symptoms causes can be ascribable to three reasons: the unbalance of the phytohormones following
the infection (Dermastia, 2019), the altered mass flow and the deficiency of substances in the sink tissues
(Ermacora and Osler, 2019). The symptoms appearance (Figure 1.2) varies depending on the environmental
conditions on which the infected plant lives such as density between plants, phenological phase and season
(Clements et al., 2020). While some symptoms are peculiar of the phytoplasma-related disease, others are
generalized but they concur to define the syndrome. One of the most common symptoms of phytoplasma
colonization is the witches’ brooms: with dwarfism it seems to be a symptom caused by the TENGU protein
(see below) (Sugio, 2012). Other symptoms are the leaf yellowing and decrease of leaf size (Lepka et al.,
1999), the phyllody and the virescence of the flower, crinkled and rolled leaves with an abnormal development
of the midribs, rosetting of the apex, proliferation of axillary buds, internode elongation and the uneven
lignification (Zafari et al., 2012). Sometimes with these symptoms, the generalized symptoms, as chlorosis,
necrosis and decline can occur (Bertaccini ef al., 2014; Buoso ef al., 2019; Ermacora and Osler, 2019). In any
case the symptomatology, and in particular when which one symptom appears in the infected plants, depends

on the species of the host plant taken in consideration (Kaminska ef al., 2001).

Coming to the ultrastructural point of view (Figure 1.3), phytoplasmas may cause the necrosis of some

area of the phloem (Braun and Sinclair, 1976), the plugging of the sieve plates and sieve element collapse

Figure 1.2 Symptoms caused by phytoplasmas: chlorosis and crinckled leaves on grapevine (A), appearance of phenologic

stage in the wrong time of the year (B), witches 'brooms on apple tree (C), phyllody and general stunting in Rosaceae (D), dried
rachis in grapevine after infection (E). Pictures were provided by P.A. Alberto Loschi, University of Udine.
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(Musetti et al., 2004; Musetti and Favali, 2003), the phloem hyperplasia (Schneider, 1977) and a general decay
of thylakoid system (Pagliari et al., 2016). The plugging mechanism based presumably at the beginning of the
infection on the Sieve Element Occlusion Related proteins (Anstead et al., 2012; van Bel, 2019) and,
subsequently on the callose deposition (van Bel, 2019, 20006), is required by the plant to try to isolate the
infected region of the phloem. Contrarly to other defense mechanisms activated by the plant, the callose
plugging can be reversible (Xie and Hong, 2011). Dealing with the hyperplasia, this symptom has been
observed in several plants infected by phytoplasma but also by other phloem-limited pathogens: phytoplasma
can cause an uncontrolled proliferation of the cells belonging to the infected tissue (De Marco et al., 2016; Lv

et al., 2017; Pagliari et al., 2017).

Figure 1.3 Cytological modifications in case of phytoplasma infection. Chloroplast and thylakoid decay (A), phloem proteins
and the plugging mechanism (B) and callose deposition (C). SE=sieve element, CC=companion cell, pp= phloem protein,

c=callose, stars=phytoplasmas, asterisk=damaged thylakoids. Bar corresponds to 1um. Pictures from Santi et al. 201 3.

1.4 PHYTOPLASMAS AFFECT PLANT-HOST

METABOLISM

Plants face phytoplasmas and phytoplasmas handle the plants causing several modifications in several
metabolic paths and producing chemical compounds with different functions. Studies on the RNA-seq and the
gene expression revealed that many metabolic paths are modulated differently in case of infection (Albertazzi
et al., 2009; Snyman et al., 2017; Zamharir et al., 2011). These genes have been grouped by functions as

follow: transcription factors and signaling transduction, carbohydrates metabolism and photosynthesis, cell
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wall metabolism, protein and amino acid metabolism, secondary metabolism, protein synthesis (Albertazzi et

al., 2009; Zamharir et al., 2011).

One of the most affected paths in plants following the infection is the sugar metabolism: phytoplasmas,
requiring sugars and trophic substances, handle the plant metabolism to advantage themselves. Commonly it
has been underlined the increase of sucrose in case of infection in the leaves and the accumulation of starch
(Giorno et al., 2013; Junqueira et al., 2004; Lepka et al., 1999; Maust et al., 2003; Xue et al., 2018; Zafari et
al., 2012) while in the roots no significative difference in the carbohydrate amount has been reported (Lepka
et al., 1999). About other sugars as glucose, fructose and sorbitol contrasting information are available (Giorno
et al., 2013; Lepka et al., 1999). The altered sugar metabolism reflects the anomalous modulation of gene
encoding for some key enzymes that require sucrose, and other sugars, as substrate for several other chemical
reactions: is the case of sucrose phosphatase synthase, sucrose synthase or granule bound starch synthase or
invertase that are upregulated in case of infection and that suggest the increase of the cleavage products in the
cells (Giorno et al., 2013; Hren et al., 2009; Santi et al., 2013b; Xue ef al., 2018). Nevertheless, phytoplasmas
can affect not only sugar synthesis and cleavage but also their transport, causing a shift of the source-sink

relation in the different plant organs (Santi et al., 2013b).

RNA-seq analysis demonstrated that in phytoplasma-infected plants there is a general downregulation
of the photosynthesis path (Buoso et al., 2019; Hren et al., 2009) and the consequent reduction of the
chlorophyll production (Bertamini et al., 2003, 2002; Junqueira et al., 2004; Maust et al., 2003).

Another aspect affected by the phytoplasmas is the phytohormone unbalance. The effect of infection
on the concentration of phytohormone varies depending on the pathogen and the host plant: sometimes, the
same host plant responds in different ways, depending on the inoculated phytoplasma and preferring one or
other hormone cascade (Ahmad et al., 2014). Phytoplasma can affect the path of jasmonate or salicylate, the
cytokinins, the abscisic acid and the auxins (see chapter 2). It is commonly thought that the auxin unbalance
is the mechanism which the symptoms based on: being the auxonic disorders, as the abnormal cell division
and stem elongation, typical features of the development, they would cause the typical phytoplasma symptoms,

as witches’ brooms, stunting and reduction of stem elongation (Dermastia, 2019).

Phytoplasma infection causes the increase of Ca*" level in the sieve element (Musetti ef al., 2013a;
Musetti and Favali, 2003) that is probably the primary signal for the plugging mechanisms, (see chapter 3 and
4). The increase of Ca®* concentration has been demonstrated in case of injury in Vicia faba, in which a distal
stressful action comports a variation of calcium signature (Furch et al., 2007) and the consequent restoration
of the initial situation. Calcium is related with the maintenance of turgor, the management of several processes,
but in case of infection, could be the signal on which all the mechanisms of defense, not only the well-known
plugging, are based on (van Bel, 2019). One of these defenses could be the ROS production: it has been
demonstrated, in fact, that calcium and ROS can be mutually influenced (Gilroy et al., 2016, 2014). The fact
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that phytoplasma and ROS production are related is clear since several years: it has been demonstrated the role
of the H,O» in case of recovery from phytoplasma (Musetti et al., 2007, 2004) and the change of the ROS
signature in case of infection (Kudla et al., 2010). Moreover, in case of infection, some enzymes increase their
activity, as the peroxidase, superoxide dismutase and the polyphenol oxidase (Zafari et al., 2012), confirming

the ROS production to face phytoplasma.

Others secondary modifications accompanied the ones reported above: generally infected plants have
a decrease of soluble proteins (Zafari et al., 2012), but an increase of proteins involved with the defense
processes (Junqueira et al., 2004) reflected by the higher expression level of the gene encoding for the PR
proteins (Ahmad et al., 2014). It has been demonstrated that the infected plants accumulate polyphenols as
response to the infection (Junqueira et al., 2004; Musetti et al., 2000) or that they produce more alkaloids if

compared the infected to the control condition (Favali et al., 2004).

1.5 RECOVERY BY PHYTOPLASMA INFECTION

On fruit trees, many reports indicated cases of recovery on host plants (Constable, 2010; Musetti et
al., 2004; Pacifico et al., 2019; Santi et al., 2013a). Recovery has been defined as the remission of the
symptoms on the canopy, which could be not even associated to the total disappearance of the pathogen
(Schmid, 1965): the pathogen, in fact, remains detectable in the roots in apple trees (Musetti et al., 2004 ) and
grapevine (Landi et al., 2019) and in leaves in apricot (Musetti et al., 2005). Recovered plants show the
accumulation of H202 in the sieve elements (Musetti ef al., 2004) and, moreover, a different regulation of
some genes involved in the callose synthesis and the phloem protein codification (Musetti et al., 2010). Dealing
with the gene expression, pathogenesis related protein genes are not induced in case of phytoplasma infection
in Malus, but the plants showed the increase of the genes involved in the jasmonate path (Musetti ez al., 2013b).
It has been also demonstrated that the treatment with auxins induces this phenomenon in a species-specific
way (depends both on the phytoplasma and the chemical kind of auxin used) (Curkovi¢ Perica, 2008) revealing

that probably all the phytohormone path intervenes in case of recovery.

1.6 TRANSMISSION AND INOCULATION

Phytoplasma can be transmitted by grafting or vector insects. It is well known since a long time that
grafting is one source of inoculum of phytoplasmas for almost all the plants susceptible to phytoplasma (Buoso

and Loschi, 2019). The grafting transmission resulted to be high efficient as several studies on fruit trees have
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demonstrated (Carraro et al., 2003; Kamihska and Korbin, 1999), but it must be considered that graft procedure
can transmit several other pathogens (Roistacher, 1991). In experimental conditions, different kind of grafting
can be carried out, depending on the host plant and the experimental settings that we choose: examples of
grafts are the lateral graft (that has an high percentage of transmission), the apical graft, the leaf graft and the
side graft (Buoso and Loschi, 2019).

For both field and experimental condition, another possible transmission is the vector-mediated
transmission. All the vector insects of phytoplasmas are phloem-sucking and, the most successful, belong to
the order of the Hemiptera and four superfamily: Membracidea, Fulgoromorpha and Sternorrhynca (Table 1)

(Weintraub and Beanland, 2006).

Table 1.1 Superfamily and family of the major vectors of phytoplasma

Superfamily Families or genera
Membracidea Cicadellidae
Cixiidae, Delphacidea, Derbidae
Fulgoromorpha
and Flatidae
Sternorrhynca 2 Psyllidae genera

The vector insects have some important features: they are hemimetabolous with nymphs and adults
that live on the same host plant, they feed on a specific plant tissue, they have a strict relation with phytoplasma.
This last one aspect is probably related with the similarity of phytoplasma with some obligate prokaryotes of
the insect body (Weintraub and Beanland, 2006). The cycle of infection starts with the acquisition of the
phytoplasma by the insect. This step, named Acquisition Access Period (AAP), varies from few minutes to
hours or day and depends on the species involved in but also the primary titre of phytoplasma in the source
plant. After the acquisition of phytoplasma, the pathogen inside the insect body replicates itself, circulates in
the hemolymph and, at the end, it accumulates in high level in the posterior acrinar cells of the salivary gland.
During this time, the vector is not infective: this period called latency period (LP) varies depending on species
of insects and phytoplasma (Bosco et al., 1997) but also on the growth stage of the insect (Palermo et al.,
2001). From here, trough the watery saliva, can be inoculated in an healthy plant with the feeding process: this

step is called inoculation access period (IAP) (Weintraub and Beanland, 2006).

The phytoplasma-vector recognition is well-tuned and based on the presence of some attachment
proteins (Lefol et al., 1993; Suzuki et al., 2006). It has been demonstrated that phytoplasma is able to modulate
its gene expression pattern depending on the environment in order to adapt itself to the life inside host plant or

insect vector (Oshima et al., 2011). Several studies have demonstrated that a strict relation occurs between
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phytoplasma and its vector: the pathogen is able, in fact, to vary the fitness of the vector (Beanland et al.,
2000), or the insect fecundity and the longevity (D’Amelio et al., 2008) also depending on the number of
different phytoplasma acquired by the insect at the same time (Rashidi ef al., 2014). Flavescence doree¢
phytoplasma showed to decrease drastically the fitness of Scaphoideus titanus and Macrosteles
quadripunctulatus with a reduction of both longevity and fecundity (Bressan et al., 2005a, 2005b). The same
studies showed also that the decreased of fitness phytoplasma infection-related depends not only on the

phytoplasma and species but also on the sex of the insect taken in consideration.

1.7 THE PERFECT HABITAT: THE PHLOEM

Phloem, and in particular the sieve elements,

having several peculiar features, is the perfect habitat for ¢ o —
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programmed cell death: a process of autolysis confers to Figure 1.4 Plasmodesmata pore units in sieve element

the sieve elements the characteristic absence of (PPU). This particular kind of plasmodesmata has a

multiple pore in the side of the companion cell. Image

organelles as the vacuole, the nucleus, the ribosomes
from Faulkner 2018.

and the Golgi bodies (Oparka and Turgeon, 1999; Van

Bel, 2003). This process is acropetal: from the bases to the apical meristems. The remained cytoplasm is less
dense comparing to the companion cells. Companion cells are the same of the sieve element cells if we consider
the ontology: they both derive from an impartial division of a phloem mother cell. The difference is the absence
of the autolysis in the companion cells (Oparka and Turgeon, 1999; Van Bel, 2003). Companion cells and
sieve elements are connected by particular plasmodesmata that have a big size exclusion limit and they allow
a quick exchange of solutes between the two kinds of cells: these plasmodesmata have an unicum pore at the
companion cell side and a multiple pore at the sieve element side (Faulkner, 2018). Sieve elements are
connected through sieve plates (SP): a zone reach of pores (sieve pores) bigger than the plasmodesmata. The
formation of sieve plates is in phase of cellular division: the sieve pores are fulfilled of callose, subsequently

hydrolized (Zavaliev et al., 2011).
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The transport of compounds inside the phloem complex is called “loading”, because it is an energy-
consuming process (Oparka and Turgeon, 1999). There are two kind of loading, the apoplasmic based on the
membrane proteins and carriers, or the symplasmic through the plasmodesmata: depending on the preferred
mechanism, a plants can be apoplasmic-loading prevalent or symplasmic loading prevalent (Rennie and
Turgeon, 2009). The driving force inside the sieve tubes depends on a combination of pressure and turgor: in
1930, Munch described this phenomenon, providing the first equation to describe the mass flow (Munch,
1930). However transmission electron microscopy and further investigations on the phloem provided to the
researchers different dark sides for this theory: the possible sealing of the phloem was only one aspect not kept
in consideration by Munch (van Bel and Hafke, 2005). Therefore, it has been proposed a new model of the
phloem, which was divided in regions: the collection phloem, where there are the source regions, the transport
phloem, involved with the long-distance transport and the maintenance of the normal growth, and the release
phloem, located in the sink tissues (van Bel and Hafke, 2005). Each one of these regions, having different
features, concurs to demonstrate the inadequacy of the previous formula, even if, it was commonly recognized
the role of the pressure and the turgor in the whole mechanism. The sieve plates play an important role on the
regulation of the mass flow as demonstrated by Thompson and Holbrook’ formula, based on the fluid
dynamics’ principles (Thompson and Holbrook, 2003): the diameter and the density of the pores can
significantly affect the speed of the transport; thus, Mullendore et al., (2010) performed a description of the

sieve pores in order to obtain the physical parameters that can be used in the formula (Mullendore et al., 2010).
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Figure 1.5 Structure of the sieve element in Vicia faba. CC= companion cell, SE = sieve element, M=mitochondria, PI= plastids,
ER=reticulum, SP = sieve plates, V= vacuole, CW= cell wall, N= nuclei, PPU=pore plasmodesmata units, C= callose. Image from

van Bel et al., 2002
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Only in the second decade of the current century researchers have defined new formulae to describe the phloem
transport, keeping in mind all the several points attacked in the Munch theory (Minchin and Lacointe, 2017;

Pickard, 2012) and defining new strategies to have a direct measure of the mass flow (Vincent et al., 2019).

The transport along the sieve tubes is a fine-tuned movement of various compounds necessary for the
life. It has been reported that companion cells put into the sieve elements a broad range of compounds such as
sucrose, several amino acids and ions as Ca®', Na*, Mg2*, K*, NH4", POs*, CI, NOs*, SO4*, proteins and
mRNA in solution in a watery matrix (Girousse et al., 1991; Hayashi and Chino, 1986; Hijaz et al., 2016;
Ohshima et al., 1990; van Dongen ef al., 2003; van Helden et al., 1994; Weibull et al., 1990). The circulating
solution is poor in oxygen (van Dongen et al., 2003) and the pH is slightly alkaline (7.0-8.0) (Hafke ef al.,
2005), but very similar to the not-degenerated cells, and it can vary of some decimal units in case of sampling
in different part of the plant (apical or basal) (Vreugdenhil and Koot-Gronsveld, 1989). Some similarities were
shown comparing phloem sap to the homopterous insect haemolymph that is important considering their role

in the maintenance cycle of the phytoplasmas (van Bel, 2019).

In this context, RNAs can have several function activating signaling cascades involved with the
maintenance, the physiology or with the defense (Ham and Lucas, 2017) as well as sugars can be involved,

besides their trophic role, with the signaling in case of stresses (Wind et al., 2010).

Why is this environment suitable for phytoplasmas? Phytoplasmas are pleomorphic bacteria and they
are able to pass through the sieve pores thanks to this characteristic (Pagliari et al., 2016). Moreover their
reduced genome (see above) confer them the need to depend to an habitat rich in trophic substances, as phloem
sap is (van Bel, 2019). Phytoplasma, from an evolutionary point of view, have responded to the low amount
of oxygen in the habitat with the use of the glycolysis as primary source of energy (Ohshima et al., 1990).
Taken together these considerations, lead to the conclusion that sieve element is the perfect habitat for

pleomorphic pathogen, with a reduced genome and with high capability of adaptation to the environment.

1.8 THE PLANT IMMUNE SYSTEM

Plants have two way to recognize pathogens: the pathogen associated molecular patterns (PAMPs) and

the effector triggered immunity (ETI) (Dodds and Rathjen, 2010).

PAMPs are particular molecules associated to a class of pathogens, such as the chitin or the flagellin.
These are recognized by pattern recognition receptors (PRRs), transmembrane proteins of the plasma
membrane of the host. the recognition of the PAMPs by the PRR leads to the PAMPs triggered immunity

(PTI). The second kind of immunity is the effector triggered immunity: based on an intracellular recognition
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of the proteins secreted by the pathogen (Dodds and Rathjen, 2010; Jones and Dangl, 2006). The effector,
secreted with different secretion systems (Chang et al., 2014), reaches a target in the host cell. Effectors are
defined by Sugio ef al., as “small molecules secreted from the pathogen to facilitate the multiplication and the
spread” (Sugio, 2012). The target is a nucleotide binding leucine rich repat protein, commonly called as NB-
LRR, that are able to recognize the pathogen in a direct way, or with an indirect recognition, in which a third
protein is a bridge between effector and NB-LRR (i.e. the RIN4 protein, see chapter 3). The theory on which
this process is based on is the “guard theory”: the NB-LRR is a guardee for the effector, for which the complex
RIN4-RPM1/RPS2 seems to be the best example (Ray ef al., 2019). It has been proposed a zig zag model
between PTI and ETI (Jones and Dangl, 2006). This model is divided in phases. In the first phase the PAMPs
are recognized by a PRR activating the PTI. The pathogen starts to secrete effectors: in the phase two these
effectors affect the response of the PTI reducing its strength. In the subsequent phase, the phase three, the
effectors are recognized by a specific NB-LRR protein that activates the ETI response: ETI response,
nevertheless similar, is stronger than the PTI and drives to a hypersensitive response (Jones and Dangl, 2006)

reason for which the ETI response is not suitable for the necrotrophic pathogens (Glazebrook, 2005).

PTI ETS ETI ETS ET

¢

¢
0 %o PAMPS

Figure 1.6 The zig-zag model. The pathogen-associated molecular patterns (PAMPs) are recognized by the plant surface receptors
(pattern recognition receptor) activating the PTI mechanism of defense. To overcome this mechanism, pathogens secrete effectors
causing the ETS (effector triggered susceptibility). Effectors are recognized by R proteins and activating the ETI (effector triggered
immunity). Image from Jones and Dangl, 2006.
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1.9 PHYTOPLASMA EFFECTORS

Like other microorganism, phytoplasma secreted effectors. As well as gene modulation is dependent
on the environment in which phytoplasmas are (i.e. host plant or insect vector) (Oshima et al., 2011), also the
expression of the effectors is location-dependent (MacLean et al., 2011). Effectors have been well studied in
the bacterial, in which several different type of secretion systems are present (Chang ef al., 2014). However,
it has been demonstrated that phytoplasmas have the SecA system (Kakizawa et al., 2004; Oshima et al.,
2004), a common secretion system shared with all the domains of life (Chang et a/., 2014) and the YidC system
for the integration of membrane proteins, a secretion system independent from the Sec (Serek et al., 2004).
SecA secretion system has been largely studied and described as an heterotrimeric channel complex formed
by SecA, SecYEG and SecB subunits (Chang et al., 2014). Instead, the YidC seems to be related with the

insertion of membrane proteins rather than the exportation of proteins (Serek et al., 2004).

Effectors have several functions as the facilitation of the effective penetration of the pathogen or its
spread (Doehlemann et al., 2009), the mimesis of some plant hormones and consequent effects on the path
involved with the phytohormone unbalance (Sugio et al., 2011), the inhibition of plant response (Pecher et al.,
2019), the circumvention of the PAMPs response (Horger and van der Hoorn, 2013), the inhibition of some

proteolytic activity or passive protection (for a review see (Torufio ef al., 2019).

Effectors interacts with a huge number of proteins belonging to several family and with different
functions: Marrero et al demonstrated in a screening of 979 proteins that phytoplasma effectors interact with

almost 28% of plant proteins (Marrero et al., 2020).
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1.10 THE USE OF MODEL SYSTEMS

Actually, the use of model systems is a key aspect in the research to describe in dept what could happen
in the natural environment. With the model systems researchers are able to control all the conditions involved
in the whole process. Here, we propose one model plant and one model phytoplasma fundamental for the study

of plant-pathogen interaction.

Arabidopsis as model plant

At a certain point of scientific research, the need of a common use of a model plant was required.
Among the putative plants taken in consideration, several plants with an agronomic interest were included
(Koornneef and Meinke, 2010). Only at the end of the ‘70s and at the beginning of ‘80s, Arabidopsis affirmed
itself as model plant (Somerville and Koornneef, 2002). Arabidopsis thaliana is a plant belonging to the family
of Brassicaceae with a worldwide distribution, but without agronomical interest (Meinke, 1998). A. thaliana
has several ecotypes, but two of them are commonly recognize as standards: Columbia and Landsberg
(Meinke, 1998). Initially the choice of Arabidopsis was nearly imposed by laboratory exigences: it has, in fact,
a short life cycle and is culturable in several conditions due to its small dimension (Koornneef and Meinke,
2010). With the beginning of the cloning epoque a new interest affected Arabidopsis: the small genome (2120
megabases) divided in five chromosomes was an interesting feature to make the cloning procedures easier
(Meinke, 1998; Somerville and Koornneef, 2002). Moreover other features concurred to make Arabidopsis the
perfect model plant: the self-pollinating flower, the number of seeds produces in one lifecycle and, at the end,
the suitability to the transformation (Somerville and Koornneef, 2002). During the years following the ‘80s,
the net of researchers working on Arabidopsis drastically increased and the genome has been completely
sequenced with genetic linkage maps that indicate the position of the 20.000 genes (Rhee, 2003). Actually,

mutants lines realized for Arabidopsis are more than 500.000 (Berardini ef al., 2015).

In this scenario, the role of Arabidopsis also in the plant-pathogen interaction is clear. Several studies
has been carried out also in the phytoplasma-plant panorama, showing 4. thaliana as a perfect model plant
also for the phytoplasma-plant interaction (Cettul and Firrao, 2011; MacLean et al., 2011; Pagliari et al., 2016;
Rossi et al., 2018).

Aster yellow phytoplasmas as model in the plant-pathogen interaction

Chrysanthemum Yellows (CY) phytoplasma was reported in 1990, in Italy with Catharantus roseus
and Chrysanthemum carinatum as host plants (Bertaccini et al., 1990) and the strain is maintained in the host

plants using Macrosteles quadripunctulatus as insect vector (Saracco et al., 2005). CY-phytoplasma belongs
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to the class of AY-phytoplasmas in particular to the 16SrI-B group (Saracco et al., 2005). Symptoms caused
by CY-phytoplasma have been identified by Marcone et al., (1997) as stunting and yellowing, short internodes,
with small leaves upward rolled. Several studies used CY -phytoplasma as model in a pathosystem that includes
CY- phytoplasma/Arabidopsis for the study of the phytoplasma-plant interaction (Cettul and Firrao, 2011;
Pacifico et al., 2015; Pagliari et al., 2018, 2017, 2016). Based on the 16S sequencing the AY group has been
entirely classified as ‘Candidatus Phytoplasma asteris” (Lee et al., 2004).

In Aster yellow (AY)-phytoplasma group more than 100 phytoplasmas are comprised, with a
worldwide diffusion (McCoy et al., 1989). AY-phytoplasma belongs to the 16SrI group and, during the years
several subgroups have been identified: phytoplasma comprised in AY share more than 97.5% of similarity,
threshold value in the common guidelines previously described (The IRPCM Phytoplasma/Spiroplasma
Working Team — Phytoplasma taxonomy group, 2004), but they occupy different ecological niches (Lee et al.,
2004). Marcone and coauthors identified almost six subgroups based on the classification on the tuf gene
(Marcone et al., 2000) and to this number consequent studies added other four groups, based on the RFLP
analysis (Lee ef al., 2004). Among the strains belonging to AY, two of them have been sequenced: AY-WB
and OY (Bai et al., 2009; Oshima et al., 2004).

In AY phytoplasmas, 56 secreted by AY proteins have been identified, known with the acronym of
SAP (Bai et al., 2009). Trough the study of SAP11 the target in the nuclei has been underlined (Bai et al.,
2009). Among these effectors, the most studied molecules are SAP36 expressed when the phytoplasma is
inside the vector insect, SAP11, TENGU and SAP54, all involved during infection of the plant (Sugio et al.,
2011). These last three effectors are the most studied: to identify which one effector causes symptoms on the
plants, each effector has been individually expressed in Arabidopsis (MacLean et al., 2011). SAP11 has been
demonstrated to cause crinkled leaves and reduced stem production. A study underlined its relation with TCP
factors in both AY-WB than in Maize bushy stunt phytoplasma (Pecher ef al., 2019; Sugio et al., 2011),
however demonstrated for other effectors (Marrero et al., 2020). TENGU effector, another AY effector, is the
responsible of the dwarfism and the witches’ brooms, moreover it seems to affect the auxin metabolism having

some effect or at the signaling level or on the biosynthesis pathway (Hoshi e al., 2009).

SAP54 seems to interact with the floral development through the modulation of the MADS domain
transcription factor family gene (MTF) (MacLean ef al., 2014) and it finds its homolog also in different
phytoplasma strains (Fernandez et al., 2019; Singh and Lakhanpaul, 2020).
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1.11 SETTING THE EXPERIMENTS

Checking the phytoplasma strain

In all the experiments described in this thesis, Chrysanthemum
Yellows (CY)-phytoplasma was used. CY-phytoplasmas is a strain of
the ‘Candidatus Phytoplasma asteris’ (Lee et al, 2004). CY-
phytoplasma was maintained on Chrysantemum carinatum and

Catharanthus roseus plants in a greenhouse at the University of Udine.

Plants were maintained at temperature of 20°C.

To check the phytoplasma strain maintenance over the time,
DNA was extracted from leaves of symptomatic C. carinatum and C.
roseus using CTAB following the Doyle and Doyle protocol (Doyle
and Doyle, 1990), modified by Martini et al. (Martini et al., 2009). The

Table 1.2 PCR reaction mix for the
primer pair R16F2/R16R2 (Lee et al.,

2000)
Component | Quantity
H20
DNTPs 200uM
Primer forward 0.4uM
Primer reverse 0.4uM
MgCl 15
Taq polymerase 0.625u
Template 40ng
Buffer 5x

quality of the extracted DNA eluted in 50um of TE buffer, was checked with the NanoDrop 1000

Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). PCR was improved with the primer

Table 1.3 PCR reaction protocol

pair R16F2n/R16R2n with the PCR mix
reported in Errore. L'origine riferimento n
on ¢ stata trovata.. And the PCR protocol
reported in Table 1.4, according to (Pagliari et

al.,2016). PCR amplicons have been observed
in a 1% agarose in TAE gel through

electrophoresis  stained with GelRedTM

Step Features
Initial denaturation 94°C for 2 min
Denaturation 94°C for 1 min @
Anealling 55°C for 1 min g
Extension 72°C for 2 min F
Final extension 72°C for 2 min

(10000x, Biotium, USA) and visualized with
UV light.

The amplicons were digested with the Trul, Alul and Hhal enzymes in order to obtain the restriction

fragment pattern for every strain collected and in order to discriminate different phytoplasma groups. The

restriction conditions for all the
enzymes are reported in the
Table 1.5. The pattern of
restriction has been visualized
with a 2.5% agarose gel in
TBE, stained with GelREdTM

(Biotium, USA).

Table 1.4 Features of the restriction

Enzyme Restriction mix Restriction protocol
Trul 65°C overnight
Buffer 2ul, H20 11.5 ul,
Alul template 6ul, enzyme
0.5ul 37°C overnight
Hhal
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Infection cycle and healthy colonies maintenance

TR e e To transmit CY-phytoplasma to uninfected
daisy or periwinkle plants, the vectors Euscelidius
variegatus or Macrosteles quadripunctulatus were
used. The insects grew under greenhouse conditions,
1’ R e with an average temperature of 20°C. For E.
variegatus, the infection protocol indicated by Bosco et
al., (2007) was used (Bosco et al., 2007; Pacifico et al.,
2015) with an AAP of 7 days, a LP of 40 days and IAP
of 7 days. Instead, for M. quadripunctulatus an AAP of

7 days, a LP of 20 days and IAP of 7 days were used

15243y G A o ah e nd e

according to previous studies (Bosco et al., 2007).

In daisy plants symptoms appearance occurs in an

Figure 1.7 RFLP classification of the putative average of 15 days, depending on the individual.

phytoplasma strains. The PCR products of infected Before every infection cycle (for the strain

chrisanthemum and perivinkle plants were digested

singly with the enzymes Trul (4), Alul (B) and Hhal

maintenance and for the experiments) the infection

] ) status of daisy plants was checked with a real time PCR
(C). Putative strains (samples 1 to 8) were compared

with positive controls a (NJAY = aster yellow witches’ using the primer pairs R16F2n/R16R2n with the PCR
brooms), b (GD = grey dogwood stunt), ¢ (AY conditions reported above.
Maryland aster yellow), d (SAY severe western aster
yellow) and e (CPH Clover phyllody). The strain 2 had
the same profile of the strain d, belonging to the 16Sr- insects, were reared on Hordeum vulgare (E.

To maintain the vector colonies, healthy

IB. variegatus) or Avena sativa (M. quadripunctulatus) as
previously reported (Pagliari et al, 2017, 2016;

Palermo et al., 2001). The same plants were used for insect maintenance during latency period.
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2. Aims

2 o AIMS

Sieve elements are the favorite habitat of phytoplasmas inside their plant hosts (van Bel and Musetti,
2019). Sieve elements are living cells, in which the nucleus, as well as the ribosomes, the tonoplast, and the
Golgi system, has been degraded (van Bel, 2003). The plasma membrane remains intact and delimits a narrow
parietal margin of cytoplasm (named mictoplasm; van Bel, 2003), containing smooth endoplasmic reticulum
stacks, mitochondria, often degenerated and with a low degree of metabolism (van Bel and Kempers, 1991).
Small plastids are located along the plasma membrane. All above cited organelles are tethered to each other
and the plasma membrane by numerous connections (~7 nm long in Vicia and Solanum spp., Ehlers et al.,
2000). These little anchors, resembling EPCSs (ER—plasma membrane contact sites, Wang et al., 2017), might
prevent the organelles from being swept away by the mass flow in sieve tubes (Ehlers et al., 2000; Van Bel,
2003). The presence of cytoskeleton components in sieve elements was also demonstrated (Hatke et al., 2013).
Finally, sieve elements contain a number of structural proteins of different shapes, many of these, fibrillar and

disorganized in appearance (Anstead ef al., 2012; Batailler ef al., 2012; Riiping et al., 2010).

As phytoplasmas are strictly dependent on sieve element resources, aims of my research was to give
insight to the fine interaction established among phytoplasmas and some of the different sieve-element

components.

In the Chapter 3 we explored the possibility that Sieve Element Occlusion-Related (SEOR) proteins
in Arabidopsis, beside their role in sieve-plate plugging following phytoplasma infection, could be involved
in plant-defense mechanisms related to phytohormone-mediated signaling. The results suggest that SEOR2
interferes with phytohormonal pathways in Arabidopsis midrib tissues in order to establish early defensive

responses to phytoplasma infection.

In the chapter 4 we aimed to investigate about the synthesis, transport and metabolism of phloem
callose and related soluble sugars in Arabidopsis during phytoplasma infection, in order to highlight how and

to what extent callose and soluble sugars are involved in plant immune response and signaling.

The chapter 5 we presented preliminary results of a work still in progress: given the recent reports
about the role(s) of synaptotagmins in plant-pathogen interaction, in particular in viral spread through the
plasmodesmata (Lewis ad Lazarowiz, 2010; Uchiyama et al., 2014; Levy et al., 2015), we explored about the
possible role of synaptotagmin A in the spread of phytoplasma in Arabidopsis.

The specific aims of the different works are reported in the introduction section of each chapter.
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3 ° SPECIFIC RESPONSE OF THE SIEVE
ELEMENTS TO PHYTOPLASMA INFECTION: SIEVE
ELEMENT OCCLUSION-RELATED (SEOR)

PROTEINS.

The purpose of this chapter was to give insight to the unexplored role of sieve-

element occlusion related proteins in the interaction with phytoplasmas.

3.1 SIEVE ELEMENT PLUGGING MECHANISM AND
SIGNALING: AN INTRODUCTION

The phloem structural proteins

The presence of proteins inside the angiosperms’ sieve elements is known since a long time (Jekat et
al.,2013). Phloem proteins, or P- proteins, is a term used to indicate in general the whole amount of compounds
in the phloem sap (Anstead et al., 2012). In mature sieve element they form a complex with the organelles in

the lumen, through clamp-like structures.

Several P-proteins have been found inside the sieve elements: soluble proteins, mesh proteins that are
filamentous proteins in the lumina, proteins included in plastids, parietal proteins pressed against the
membrane as PP1 and PP2 of the Cucurbitaceae, but only in the Fabaceae there are forisomes (Tuteja et al.,

2010).

Each one of these proteinaceous structures is specialized in a particular function (Anstead ef al., 2013):
various P-proteins can play a role against biotic or abiotic stresses in response to JA, SA or ethylene (PR
proteins), mirosinases, glucanases, dehydrin or dehydrogenases; P-proteins can play a role as structural
proteins as actin and tubulin family or they can have marginal roles in some biological processes (Anstead et
al.,2013). One of their role, still pretty unknown, is during the phloem plugging, before the callose deposition:

they can be considered as a quick response to injury and they act inasmuch the callose response may be too
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slow to reduce the leak (van Bel, 2006). In this scenario, the first P-proteins characterized, involved in the
sieve element plugging, were the forisomes of Fabaceae: forisomes are proteins with a crystalline structure
encoded by Sieve Element Occlusion genes (SEO). Forisomes are composed with a variable number of
forisomettes and, with changing in the concentration of calcium, swell radially and contract longitudinally,
acting in this way to block SE stream. The result of their action is stopping the phloem sap flow in case of

stress of the plant or in case of injury (Tuteja et al., 2010).

Considering the absence of forisomes in the other botanical family, a similar function of sealing should
be carried out by some other proteins: in this level Sieve Element Occlusion Related (SEOR) proteins play

their role (Anstead et al., 2012; Ernst et al., 2012).

Sieve element occlusion related proteins (SEOR)

First of all, it is necessary to clarify that forisomes and SEOR proteins, nevertheless having something

in common, belong two different gene family: SEO and SEOR respectively (Knoblauch et al., 2014).

Riiping et al., (2010) described the phylogenesis of these two families dividing them in 7 groups and
identifying the group 5 as peculiar of dycots plants. The phylogenetic study has revealed that all the SEOR
genes, belonging to the group 5, derived from a common SEOR ancestor. For some of the plants analyzed in
the study, some pseudogenes were found: it is thought that these pseudogenes are involved in the regulation
of the main genes (Riiping et al., 2010) inasmuch they fail to amplify transcripts in RT-PCR. There is a basilar
SEO(R) common structure among all the proteins belonging to the two family: SEO-N terminal domain,
“potential thioredoxin fold” domain, calsequestrin and C-terminal motif M1 with conserved cysteine residues

(Ernst et al., 2012; Riiping et al., 2010).

In Arabidopsis there are two genes belonging to the SEOR family, AtSEORI (At3g01680.1) and
AtSEOR?2 (At3g01670.1) and one pseudogene. The two proteins act together to assembly filaments, with a size
of 2 nm and formed by the bound of 10-100 filaments scattered in the sieve element lumina. Anstead et al.,
(2012) reported that, under confocal microscopy. GFP-tagged AtSEORI has filamentous appearance inside
the SE lumen, otherwise the AtSEOR2 would remain as globular parietal fluorescent dots: it has been shown
that plants lacking one of the two gene did not show the filaments in the phloem lumen (Anstead ef al., 2012;
Pagliari et al., 2017). The enhancement of the filament formation seems to be operated by calcium ions linked
to the calsequestrin, a binding protein for these ions (Riiping et al., 2010): the increase of the calcium

concentration inside the SE results in the formation of the filaments.

It has been demonstrated that the function of the two SEOR proteins in Arabidopsis is related with the
sieve element sealing: mutant lines lacking the two genes had a leak nine times higher of wild type plants in

case of mechanical injury (Jekat et al., 2013), but surprisingly, in case of infection by phytoplasma, the
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filaments were found in the lumen of plants highly colonized also in the knockout lines (Pagliari ef al., 2017),

even if they seem unable to block sieve-element mass flow.

Interestingly the mutant line lacking AtSEOR1 seems to be able to limit the pathogen spread in case
of infection by phytoplasma, suggesting that AtSEOR2 ‘free’ inside the sieve elements could have a role in
the defense mechanism against the pathogen (Bernardini et al., 2020; Pagliari et al., 2017). Pagliari et al.,
(2018) speculated a possible bound of AtSEOR?2 protein with AtRIN4-RPS2 or RPM1 guardee proteins (Afzal
etal.,2011).

Plant immunity: the guard and the decoy model

Plants have essentially two mechanisms to recognize and face the pathogens. The first way is based
on the pathogen-associated molecular patterns (PAMPs, see chapter 1), that are recognized by the pattern
recognition receptors (PRR) located on the plasma membrane. This kind of recognizing is at the base of the
so-called Pattern triggered immunity (PTI). The second way comprises the effectors released by the pathogens
and it is called Effector triggered immunity (ETI) (Dodds and Rathjen, 2010). Even if the responses are similar,
ETI and PTI have a different magnitude and the whole amount of the responses is controlled by the interaction
between calcium and map kinases (MAPKSs) that produce a cascade of responses inside the plant (Dodds and

Rathjen, 2010; van der Hoorn and Kamoun, 2008).
Phytoplasmas and bacteria produce effectors stimulating in this way the ETI process of defense.

Type 3 bacterial effectors are recognized in planta following two different models. In the first model
an internal receptor is bound by an effector and enhances the activity of a resistance (R) gene. The receptor
acts as a guardee of the complex and this mechanism is called guard model. In the decoy model, which is the
second way to recognize the pathogen, the effector binds a protein that mimics the real effector target. This
binding can enhance the activity of a R protein (Khan et al., 2016; van der Hoorn and Kamoun, 2008) and the
decoy competes with the real target of the effector. In both the model the R protein activates several pathways
involved in the effector triggered immunity. One of the examples of the guard model is given by RPM1-
interacting protein 4, commonly known as RIN4 (Khan et al., 2016; Ray et al., 2019; van der Hoorn and
Kamoun, 2008). RIN4 has a key role both in PTI, decreasing the plant response to the pathogen (Afzal ef al.,
2011), than in ETL In fact, it has been demonstrated that the effectors of Pseudomonas syringae AvrB,
AvrRPM1, AvrRpt2 and at least HopF2, target the host protein RIN4 (Dodds and Rathjen, 2010) that is the
guardee of two leucine-rich repeat receptors: RPM1 and RPS2 (NB-LRR). RIN4 is an intrinsically disordered
proteins, that contains several molecular recognizing features, called MoRF, that give it the ability to bind
different effectors (Torufio et al., 2019). Afzal and coworkers (Afzal et al., 2013) described the RIN4 protein:
RIN4 has two NOI domains in N and C and C-terminal cysteine rich, only parts predictable of the entire

protein. After the binding with the effector, in RIN4 posttranslational modifications take place (Torufio et al.,
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2019). Depending on the kind of modification, RIN4 enhances or inhibits the activity of the NLR gene: in case
of phosphorylation, the signal, mediated by RIPK, results as the inhibition of RPM1; otherwise, in case of
proteolysis the signal result is the activation of RPS2 (Figure 3.1). Several other functions involved RIN4, for

a review see Torufio et al., (2019).
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Figure 3.1 The activation of the R-proteins following the recognition of the effetors. Depending on the kind of effector, RIN4 can
be phosphorilated or degraded with the consequent activation of the RPM1 gene or the RPS2 gene. Image from Ray et al., 2019.

Downstream from ETI and PTI: phytohormones and their relations with

pathogens

From the ETI and PTI, the downstream to the major defense pathways is related in particular to the
phytohormone response. Normally the main phytohormones involved in the process are salicylic acid and
jasmonate-ethilene pathways (Dodds and Rathjen, 2010) to whom the other hormonal pathways are associated
in different ways (Robert-Seilaniantz et al., 2007). Salicylate, in fact is involved in the systemic acquired
resistance resulting from the induction of the PR genes (Bari and Jones, 2009). The defense responses are
strictly related with the fine-tuned salicylate-jasmonate ratio; several regulators intervene to maintain that ratio
or to change it: some examples are given by NPR1, WRKY62, WRKY70, WRKYS53, or the transcription
factors JIN1 and MYC2, all having a key role in the antagonistic balance between the two phytohormones
(Bari and Jones, 2009): several studies on different pathosystems had demonstrated the increase of one or the
other hormone, depending on the relation of the pathogen with the plant: biotrophic or necrotrophic (Bari and

Jones, 2009; Robert-Seilaniantz ef al., 2007). From a long time, the crosstalk between salicylate and jasmonate
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has been reported as an antagonistic balance: the increase of one reduces the amount of the other (Robert-
Seilaniantz et al., 2011). Robert-Seilaniantz proposed a possible model of interaction in which auxins and
cytokinins promotes the resistance enhancing the jasmonate pathway, while gibberellins promote the resistance
enhancing the salicylate pathway. In this scenario ABA results as a player without a team and its role seems
to be related with a general enhancement of the resistance through the abiotic stresses signaling (Robert-

Seilaniantz et al., 2007) (See 3.2).

Against biotrophs

& -
><ntagonism

Against necrotrophs

Figure 3.2 Possible model of interaction of phytohormones to face pathogen infection. Adapted by Bernardini, from Robert-
Seilaniantz 2007

Phythohormone unbalance depends not only on the mechanism of action of the pathogens, and
therefore on the possible defense available against them, but also on the kind of pathogen and its colonization
tissue (Denancé ef al., 2013). In case of bacteria, infact, the Type III secretion system produces effectors (see
chapter 1) that are able to create an hormone unbalance acting on different key gene regulating different paths
(Denance et al., 2013) (Figure 3.3). As regards phytoplasmas, an example is given by the effector TENGU: it
seems to act on the key genes of the auxin metabolism causing an alteration. In particular GH3.5 has been

shown to act as a regulator of the SA pathway and IAA (Zhang ef al., 2007).
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Figure 3.3 Strategies elaborated by pathogen and pests to interfere with the phytohormone synthesis and signaling. Image from
Denance et al., 2013.
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3.2 PRE-SYMPTOMATIC MODIFIED
PHYTOHORMONE PROFILE IS ASSOCIATED
WITH LOWER PHYTOPLASMA TITRE IN

AN ARABIDOPSIS SEOR1KO LINE
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One of the possible interactions of AtSEOR2 is with the phytohormone metabolism. In the
following paper, published in September 2020, we study the phytohormone concentration in the pre-
symptomatic stage and in the fully symptomatic stage. This paper is the result of a collaboration with the

Max Planck Institute for Chemical Ecology in Jena.
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Pre-symptomatic modified
phytohormone profile is associated
with lower phytoplasma titres

in an Arabidopsis seorlko line

Chiara Bernardini', Laura Pagliari’, Valeria De Rosa?, Marilia Almeida-Trapp?,
Simonetta Santi', Marta Martini', Sara Buoso?, Alberto Loschi!, Nazia Loi*, Fiorella Chiesa?,
Axel Mithéfer?, Aart J. E. van Bel* & Rita Musetti***

The proteins AtSEOR1 and AtSEOR2 occur as conjugates in the form of filaments in sieve

elements of Arabidopsis thaliana. A reduced phytoplasma titre found in infected defective-mutant
Atseorlko plants in previous work raised the speculation that non-conjugated SEOR2 is involved

in the phytohormone-mediated suppression of Chrysanthemum Yellows (CY)-phytoplasma

infection transmitted by Euscelidius variegatus (Ev). This early and long-lasting SEOR2 impact was
revealed in Atseorlko plants by the lack of detectable phytoplasmas at an early stage of infection
(symptomless plants) and a lower phytoplasma titre at a later stage (fully symptomatic plants).

The high insect survival rate on Atseorlko line and the proof of phytoplasma infection at the end of
the acquisition access period confirmed the high transmission efficiency of CY-phytoplasma by the
vectors. Transmission electron microscopy analysis ruled out a direct role of SE filament proteins in
physical phytoplasma containment. Time-correlated HPLC-MS/MS-based phytohormone analyses
revealed increased jasmonate levels in midribs of Atseorlko plants at an early stage of infection and
appreciably enhanced levels of indole acetic acid and abscisic acid at the early and late stages. Effects
of Ev-probing on phytohormone levels was not found. The results suggest that SEOR2 interferes with
phytohormonal pathways in Arabidopsis midrib tissues in order to establish early defensive responses
to phytoplasma infection.

Phytoplasmas affect hundreds of agronomically important plant species worldwide, including ornamentals,
vegetables and fruit trees', causing profound alterations in plant cytology and physiology, by modulation of
transcript and protein profiles’® and changes in the hormonal balance (for a review see).

Phytoplasmas are prokaryotic plant pathogens belonging to the class Mollicutes. In plant hosts, phytoplasmas
are restricted to the sieve elements (SEs)°, which are responsible for the translocation of nutrients and a broad
spectrum of signals. Phloem-feeding insects act as vector hosts that contaminate healthy plants with phytoplas-
mas ingested during previous probing of infected plants®.

In Arabidopsis, two non-redundant Sieve-Element Occlusion Related (SEOR) genes, AtSEOR1 (At3g01680)
and AtSEOR2 (At3g01670)’, were reported to be necessary for the formation of SE protein filaments through a
heteromeric assemblage of the two SEOR proteins®. Studying the role of SEOR proteins following Chrysanthe-
mum Yellows (CY)-phytoplasma infection in Arabidopsis thaliana, Pagliari et al.” noted that the AtseorIko mutant
line hosted a considerably lower number of phytoplasmas, even though the phloem flow (and thus the pathogen
spread capability) is not affected’. This observation led to the hypothesis that an unknown SEOR2-associated
mechanism assists the plant to combat the pathogen. It matches the idea that AtSEOR?2 proteins, which are not

!Department of Agricultural, Food, Environmental and Animal Sciences, University of Udine, via delle Scienze,
206, 33100 Udine, Italy. “Department of Bioorganic Chemistry, Max Planck Institute for Chemical Ecology,
Hans-Knéll-StraRe 8, 07745 Jena, Germany. Research Group Plant Defense Physiology, Max Planck Institute
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conjugated with SEORI, as is the case in Atseor] ko plants, may be involved in plant immune responses'®!! or

in phytohormone-mediated signalling pathways'2

Phytohormones are key mediators in plant adaptation to environmental changes'® and, hence, are also
engaged in responses to beneficial'* and pathogenic microorganisms'. In general, phytohormones sustain a
dynamic network to optimize plant-responsive processes'®. A number of studies addressed phytohormone levels
in phytoplasma-infected plants (for a review see*). In accordance with this information, increased salicylic acid
(SA) and abscisic acid (ABA) levels and a decreased indole-3-acetic acid (IAA) content are to be expected as
responses to phytoplasma infection, while the picture for other phytohormones is unclear®. Simultaneous analy-
ses of more than two phytohormones during phytoplasma infections are scarce!” !® and give rise to contrasting
conclusions. The conflicting results may be due to the use of diverse pathosystems (model plants'; field-grown
woody plants®), different sampling methods (whole leaves?; leaf midribs?; seeds?; or phloem sap**), and dis-
similar techniques (phytohormone quantification by HPLC analysis?!; gene expression analyses?*). All in all,
the phytohormonal response(s) to phytoplasma infection remain(s) largely unclear thus far.

We investigated whether phytohormonal production is associated with the presence of free SEOR2 and, if
so, which phytohormone levels at which stage are affected by phytoplasma infection. An attempt was made to
localize the phytohormone production. To this end, phytohormone levels were monitored both in the midribs
and laminar tissues of wild-type, Atseorlko and Atseor2ko Arabidopsis lines at the beginning and at the end of
the phytoplasma infection. As phytohormone synthesis could also have been activated by the leathopper vector
Euscelidius variegatus®, Arabidopsis plants not infested by leathoppers and plants infested by leathoppers free
from phytoplasmas were analysed in parallel. Furthermore, phytoplasma titre was quantified at the same infec-
tion stages and leafhopper survival rates were evaluated to exclude differences in insect-mediated transmission
efficiency in the three Arabidopsis lines. As a structural element, transmission electron microscopy (TEM) analy-
ses were performed to determine possible structural modifications brought about by phytoplasma infection.

Results

Phytoplasma transmission by Euscelidius variegatus. In this study, three treatment groups of the
three Arabidopsis plant lines were investigated: (1) plants (no-Ev) not infested by E. variegatus, (2) plants (H-Ev)
infested by E. variegatus from a healthy colony that never fed on phytoplasma-infected plants, and (3) plants
(CY-Ev) infested by CY-infected E. variegatus. For each analysis plants were tested at two stages, i.e. 5 (T1) and
20 days (T2) after the end of the inoculation access period (IAP), which are referred to as the “early” and “late”
stage of infection, respectively.

Three individuals of healthy E. variegatus or CY-infected E. variegatus were placed on wild-type, Atseorkol
and Atseor2ko Arabidopsis plants. The insects were manually removed after 7 days (i.e. at the end of IAP) and
the number of living individuals was counted. The survival rates of healthy E. variegatus, which ranged between
59 and 79% (Fig. S1), showed no statistically significant differences between the respective Arabidopsis lines. Yet
there was a tendency for the healthy individuals to survive slightly better on the Atseorko mutants (Fig. S1). This
tendency became statistically significant (Fig. S1) for CY-infected-E. variegatus, which suffered from decreased
fitness on wild-type plants as compared to the mutants (with a lower survival rate, ranging from 19.5 to 38.9%).

Healthy and CY-infected E. variegatus were then pooled (as reported below) and processed for phytoplasma
detection. PCR analysis, with a 1,250 bp amplicon as a final product, confirmed the presence of phytoplasmas in
all pools from 3 insects having fed on CY-infected chrysanthemum. The success of the infection in CY-Ev plants
was further confirmed by symptom development in each Arabidopsis line under investigation (100% plants were
positive to CY phytoplasma following inoculation with vectors having fed on CY-infected chrysanthemum, with
a transmission rate (p) of 177,

Five days after the IAP, no symptoms were visible in the lines exposed to the CY-infected E. variegatus
(Fig. 1A,C,E). Initial symptoms (leaf chlorosis and petiole elongation) emerged starting from the 14th day after
IAP and characteristic CY symptoms became fully discernible 20 days after IAP (Fig. 1B,D,F). In fact, at this
time point, all infected plant lines showed reduced growth and shorter, yellowish leaves, with a thick main vein.
Chlorosis progressed from the youngest leaves towards the others. The appearance of the symptoms in wild-type
and mutant lines was similar at this stage of infection (Fig. 1B,D,F).

Phytoplasma quantification in Arabidopsis lines. To quantify the phytoplasma inside the CY-Ev
Arabidopsis lines, qPCR was carried out using genomic DNA extracted from 12 plants for each infected Arabi-
dopsis line.

At the early stage of infection (i.e. 5 days after IAP), none of the Atseorlko plants tested positive for the pres-
ence of phytoplasma, while 58% of wild-type plants and 42% of Atseor2ko line did so (Fig. 2A). At this time-
point, the phytoplasma titre was lower in comparison to that found at the late stage of infection, and did not
significantly differ among the Arabidopsis lines (Fig. 2B). The highest cycle quantification (Cq) value to detect
phytoplasma DNA in 100 mg of plant tissue was 32.83 for wild-type, corresponding to 7.76E+03 genome units
(GUs), 34.30 for Atseor2ko, corresponding to 2.73E+03 GUs, while none of AtseorIko plants resulted positive for
phytoplasma presence. At the late stage of infection (i.e. 20 days after IAP), 100% of the plants treated with CY-Ev
tested positive for phytoplasmas (Fig. 2A), but the phytoplasma titre in the Atseorlko line was significantly lower
than in Atseor2ko or wild-type plants (Fig. 2B and®). The highest Cq value to detect phytoplasma DNA in 100 mg
of plant tissue was 18.38 for wild-type, corresponding to 2.05E+08 GUs, 18.07 for Atseor2ko, corresponding to
2.70E+08 GUs, 20.17 for Atseorlko corresponding to 6.62E+08 GUs.

Ultrastructural modifications in midrib phloem at the early and late stage of infection. Both
AtSEORI and AtSEOR2* are regarded as being necessary for the formation of SE protein filaments in Arabi-

SCIENTIFICREPORTS|  (2020)10:14770 | https://doi.org/10.1038/541598-020-71660-0

38



3. Sieve element occlusion related proteins

www.nature.com/scientificreports/

Atseor1ko wild-type

Atseor2ko

Figure 1. Phenotypes of Arabidopsis thaliana lines infested by healthy leathoppers (H-Ev) or infested by
CY-infected leathoppers (CY-Ev) at the early (5 days after IAP, T1), and late stage (20 days after IAP, T2) of
infection. The various conditions are indicated as follows: (A) and (B) wild-type, (C) and (D) Atseorlko and E
and F Atseor2ko, infested by healthy leathoppers (H-Ev) or infested by CY-infected leathoppers (CY-Ev). At an
early infection stage (A,C,E) infected and healthy plants looked similar, symptoms manifested at the late (T2)
stage (B,D,F), when chlorosis and leaf roll appeared. At both stages of infection, no differences between wild-
type and the mutant lines were evident. Bars correspond to 5 cm.

dopsis. As expected®, the SEs in the no-Ev wild-type line contained protein filaments, scattered throughout the
SE lumen (Fig. 3A,G) and accumulated in the proximity of the sieve plates (Fig. 3D,]). On the contrary, the two
no-Ev mutants, which are unable to form the respective SEOR partner proteins, showed no filaments in either
the lumen (Fig. 3B,C,H,I) or near the sieve plates (Fig. 3E,EK,L).

In order to examine leathopper- or phytoplasma-induced ultrastructural modifications in SEs, 6 H-Ev and
6 CY-Ev plants of each line were sampled for TEM analysis and compared with the corresponding no-Ev plants
at 5 and 20 days after IAP. Five days after IAP, the H-Ev plants (Fig. 4A-F) did not show ultrastructural changes
as compared to the no-Ev plants (Fig. 3). The SEs in the wild-type Arabidopsis showed protein filaments both in
SE lumen (Fig. 4A) and near the sieve plates (Fig. 4D). As in the no-Ev plants (Fig. 3), the H-Ev mutant plants
did not show filaments in the lumen of SEs (Fig. 4B,C) or near the sieve plates (Fig. 4E,F).

At the early stage (5 days after IAP), the CY-Ev wild-type plants (Fig. 4G,]) did not differ from their controls
(Fig. 4A,D), in that protein filaments had accumulated in SEs (Fig. 4G,]). At this stage, Atseorlko and Atse-
or2ko CY-Ev plants did not show any ultrastructural alterations as well, because SE filaments were not detected
(Fig. 4H,LK,L) just as in their controls (Fig. 4B,C,E,F). At this time-point, phytoplasmas were not found in TEM
pictures in any of the CY-Ev Arabidopsis lines (Fig. 4G-L).

Twenty days after IAP, the H-Ev plants (Fig. 5A-F) contained SE protein filaments only in the wild-type
individuals (Fig. 5A,D) and not in the mutants (Fig. 5B,C,E,F) as in the no-Ev plants (Fig. 3). By contrast, SEs
of all CY-Ev lines were characterized by the presence of filaments (Fig. 5G-L). Phytoplasmas were abundant
throughout the entire SE, both in the SE lumen (Fig. 5G-I) and in proximity of the sieve plates (Fig. 5]-L).
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Figure 2. The CY phytoplasma titre and the percentage of infected plants at the early (5 days after IAP, T1) and
late (20 days after IAP, T2) stage of infection. The percentage of infection (A) expresses the number of positive
plants detected by real-time PCR out a total of 12 plants. Phytoplasma titre (B) is expressed as the number of
CY phytoplasma genome units (GUs) per 100 mg of leaf sample to normalize the data. Different letters indicate
different means according to the Holm-Sidak post hoc test, P<0.05. Error bars indicate Standard Error of the
Mean of 12 biological replicates for each condition.

Phytohormone quantification. To assess whether phytohormone-related defence mechanisms were
activated in the Arabidopsis lines under investigation and to determine time and location of the activation,
stress-related phytohormones were measured in extracts from no-Ev, H-Ev or CY-Ev plants, of wild-type, Atse-
orlko, and Atseor2ko lines. For each condition, 6 plants were analysed and phytohormones were measured sepa-
rately in laminae and midribs that were sampled at 5 days and 20 days after IAP (Tables 1, 2).

HPLC-MS/MS analysis revealed that the SA level was not affected by E. variegatus infestation at both time
intervals in both tissues of H-Ev plants (Fig. 6A,B). SA levels in the laminar tissues of all CY-infected lines did not
change significantly (Fig. 6A), with exception of Atseor2ko plants at the late stage of infection. In midribs, a sig-
nificant increase in the SA levels only occurred in Atseor2ko CY-EV plants at the early stage of infection (Fig. 6B).

The JA and JA-Ile levels were not affected by E. variegatus infestation at both time intervals in laminae and
midribs of H-Ev plants (Fig. 7A-D). This insensitivity contrasted the significant increase in JA levels in CY-Ev
midribs of Atseorlko line as compared to those of H-Ev and no-Ev plants at the early stage of infection (Fig. 7B).
Atseor2ko line showed an opposite trend: both JA and JA-Ile levels decreased at the early stage of infection in
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wild-type Atseor1ko Atseor2ko

Figure 3. Ultrastructure of sieve elements in the three Arabidopsis lines not submitted to Euscelidius variegatus
infestation (no-Ev plants). Phloem cross-sections were examined by TEM at T1 and T2s [i.e. respectively 5
(A-F) and 20 (G-L) days after the end of IAP] with the focus on structures in the SE lumen (A-C, G-I) and at
the SPs (D-F, J-L). The wild-type line (A,D,G,J) contained SE protein filaments (black arrows). Both mutant
lines, Atseor1 ko (B,E,H,K) and Atseor2ko (C,F,L L), contained no protein filaments in either the SE lumen or in
the SPs. CC companion cell, mit mitochondrion, PPC phloem parenchyma cell, P plastids, SE sieve element, ser
sieve element reticulum, SP sieve plate. Bars correspond to 1 pm.

midribs. In laminae of all CY-infected lines JA and JA-Ile levels did not change in comparison with those of
their controls (Fig. 7A,C).

The TAA levels were not affected by E. variegatus infestation at both time intervals in both tissues of H-Ev
plants (Fig. 8A,B). The IAA concentrations in laminae decreased in the three CY-Ev lines 5 and 20 days after
IAP (Fig. 8A), with a significant decrease in the two mutant lines at the early stage of infection. In midribs, the
TAA concentration showed a statistically significant increase in wild-type CY-Ev samples, as compared to the
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Figure 4. Ultrastructure of the sieve elements in three Arabidopsis lines at the early stage (5 days after IAP)

of CY phytoplasma infection. Phloem cross-sections were examined by TEM in Arabidopsis lines infested

by healthy leathoppers (H-Ev, A-F) or infested by CY-infected leathoppers (CY-Ev, G-L) with the focus on
structures in the SE lumen (A-C, G-I) and at the SPs (D-F, J-L). The H-Ev (A,D) and CY-Ev (G,)) wild-type
line contained SE protein filaments (black arrows). Mutant lines, both H-Ev (B,C,E,F) and CY-Ev (H,LK,L),
contained no protein filaments in either the SE lumen or in the SPs. In each Arabidopsis line, phytoplasmas were
not detected. CC companion cell, PPC phloem parenchyma cell, P plastids, PPU pore-plasmodesma unit, SE
sieve element, ser sieve element reticulum, SP sieve plate. Bars correspond to 1 pm.
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Figure 5. Ultrastructural modifications in three Arabidopsis lines at the late stage of infection. Phloem cross-
sections of Arabidopsis lines infested by healthy leathoppers (H-Ev, A-F) or infested by CY-infected leathoppers
(CY-Ev, G-L) were examined by TEM. SEs of H-Ev wild-type plants (A,D) contain protein filaments (black
arrows) dispersed in the lumen (A) and accumulated at the SPs (D), while SEs of mutant lines (B,C,E,F) do

not. They are visible in each CY-Ev Arabidopsis line (G-L, black arrows) as filamentous masses both in the SE
lumen (G-I) and at the SPs (J-L) and numerous phytoplasmas are present in SEs (G-I) and at the SPs (J-L). CC
companion cell, PPC phloem parenchyma cell, phy phytoplasmas, P plastids, PPU pore-plasmodesma unit, SE
sieve element, ser sieve element reticulum, SP sieve plate. Bars correspond to 1 pm.
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SA SA JA JA JA-ile JA-ile IAA IAA ABA ABA
lam mid lam mid lam mid lam mid lam mid

Wild type = = = = = = - = = =
T1 Atseor1ko = = = + = = - + = +
Atseor2ko = + = — = _ _ = = +
Wild type = = = = = = - + = =
T2 Atseor1ko = = = = = = - + 5 +

Atseor2ko + = = = = = = = = =

Table 1. The table sums up the variations of phytohormone levels in the CY-Ev Arabidopsis lines during the
infection compared to their respective H-Ev control plants. T1 and T2 indicate, respectively, 5 and 20 days after
the end of IAP. =unchanged hormone level; + increased hormone level; — decreased hormone level.

SA SA JA JA JA-ile JA-ile IAA IAA- ABA ABA
lam mid lam mid lam mid lam mid lam mid
No-Ev T1 =+ =+ == += == - - ++ - ++
versus
CY-Ev T2 =+ = = ] ] =] = += ] +=
H-Ev T1 — =+ = +— = - — += == +4
versus
CY-Ev T2 =+ == == == == == - += == +=

Table 2. Responsiveness of Atseorlko and Atseor2ko lines to phytoplasma infection (No-Ev, H-Ev or CY-Ev)
at 5 (T1) and 20 (T2) days after the end of IAP. == (yellow): no significant differences in both Atseorlko and
Atseor2ko. ++ (yellow): significant increase in both Atseorlko and Atseor2ko. —— (yellow): significant decrease
in both Atseorlko and Atseor2ko. =+ (light green): no significant differences in Atseorlko, significant increase
in Atseor2ko. = — (light red): no significant differences in AtseorIko, significant decrease in Atseor2ko. += (light
green): significant increase in Atseorlko, no significant differences in Atseor2ko. —= (light red): significant
decrease in Atseorlko, no significant differences in Atseor2ko. +— (orange): significant increase in Atseorlko,
significant decrease in Atseor2ko.

H-Ev or no-Ev plants, 20 days after IAP (+ 190% was consistently enhanced). Interestingly, IAA level showed a
significant increase at both time-points in the midribs of Atseorlko plants (+93% at the early stage of infection
and +357% at the late stage).

The ABA levels were not affected by E. variegatus infestation at both time intervals in both tissues of H-Ev
plants (Fig. 8C,D). Following phytoplasma infection (CY-Ev plants), no significant changes were found in laminae
of Arabidopsis lines at both time points (Fig. 8C). In the midribs, ABA levels remained unchanged in wild-type
plants at both time points and in Atseor2ko at late stage of infection (Fig. 8D).

In comparison with the No-Ev or H-Ev samples, the ABA concentrations were significantly increased in
CY-Ev in the midribs at both time-points in Atseorlko plants (+177% at the early infection stage and +530% at
the late infection stage) and at the early stage of infection in Atseor2ko plants (+242%).

All in all, infestation by E. variegatus does not seem to seriously affect the hormonal balance (Figs. 6, 7, 8),
whereas CY infection is associated with changes on JA, IAA and ABA levels, in particular in the midribs of
Atseorlko plants during the pre-symptomatic early stage (Tables 1, 2).

Discussion

The Atseorlkoline limits phytoplasma replication from an early stage of infectiononwards. In
search for a role for SE protein filaments in response to phytoplasma infection’, phytoplasma-infected Atseorlko
plants turned out to host a significantly lower phytoplasma titre in comparison to wild-type and Atseor2ko lines,
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Figure 6. Salicylic acid levels in laminae and midribs of the three Arabidopsis lines non-infested by leathoppers
(no-Ev) or infested by healthy leathoppers (H-Ev) or infested by CY-infected leathoppers (CY-Ev), at the early
(5 days after IAP, T1) and late (20 days after IAP, T2) stages of infection. The phytohormone levels are expressed
as ng per g of tissue dry weight. Statistical analysis was performed using the Tukey HSD test as the post hoc test
in a three-way ANOVA. Different letters (a, b, ¢) above the bars indicate significant differences, with P<0.05;

(a—c=abc, a-d=abcd). Error bars indicate the Standard Error of the Mean of 6 biological replicates for each
condition.
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Figure 7. Jasmonic acid and jasmonate-isoleucine conjugate levels in laminae and midribs of the three
Arabidopsis lines non-infested by leafhoppers (no-Ev) or infested by healthy leathoppers (H-Ev) or infested

by CY-infected leathoppers (CY-Ev), at the early (5 days after IAP, T1) and late (20 days after IAP, T2) stages

of infection. The phytohormone levels are expressed as ng per g of tissue dry weight. Statistical analysis was
performed using the Tukey HSD test as the post hoc test in a three-way ANOVA. Different letters (a, b, ¢) above
the bars indicate significant differences, with P<0.05; (a-c=abc, a-d =abcd, b-d =bcd, c-e=cde). Error bars
indicate the Standard Error of the Mean of 6 biological replicates for each condition.
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Figure 8. Indole acetic acid and abscisic acid levels in laminae and midribs of the three Arabidopsis lines non-
infested by leathoppers (no-Ev) or infested by healthy leathoppers (H-Ev) or infested by CY-infected leathoppers
(CY-Ev), at the early (5 days after IAP, T1) and late (20 days after IAP, T2) stages of infection. The phytohormone
levels are expressed as ng per g of tissue dry weight. Statistical analysis was performed using the Tukey HSD

test as the post hoc test in a three-way ANOVA. Different letters (a, b, ¢, d) above the bars indicate significant
differences, with P<0.05; (a-c=abc). Error bars indicate the Standard Error of the Mean of 6 biological
replicates for each condition.

but a satisfactory explanation was not evident. AtSEOR1 and AtSEOR?2 are thought to be necessary for filament
formation through their heterodimeric interaction®. Therefore, it was speculated that in the Atseorlko line, the
AtSEOR?2 protein in its free form, i.e. not linked to AtSEORYI, is involved in immune signalling through an inter-
action with defence-related plant proteins'®!!. In line with this conjecture, AtSEOR2 was found to interact with
AtRIN4, a PRR plasma membrane-anchored protein in a matrix-based yeast two-hybrid assay'’. Expression of
AtRIN4, and the associated AtRPM 1 and AtRPS2 genes in healthy and phytoplasma-infected wild-type and Atse-
orlko lines revealed an upregulation in the mutant line as compared to the wild-type, which was suggestive of a
role of AtSEOR2 in promoting defence mechanisms'’. In this frame, interactions between AtSEOR2 and diverse
transcription factors® as well as its intervention in the IAA and ABA signalling cascades were predicted'>*.

In the present work, the relation between AtSEOR2 and phytohormone synthesis and the impact on phyto-
plasma titres was investigated in wild-type, Atseorlko and Atseor2ko Arabidopsis lines. As the effectiveness of
the defence processes is related to the readiness of plants to counter pathogens®! and very little is known about
the early response to phytoplasma infection, analyses were performed both at an early and a late time point of
infection, i.e., respectively, at 5 days and 20 days after IAP. Up to 5 days after the end of IAP, the plant lines did
not show any phenotypic differences (Fig. 1). As reported before®?, growth and development of infected plants
at this stage were comparable to those of control plants exposed to non-infected insect vectors.

Real-time PCR analyses evidenced that at the early stage (Fig. 2), the average phytoplasma titres were low
(Cq values + SE wild-type: 29.11 +2.17; Atseorlko: n.d.; Atseor2ko: 30.98 +3.71), which has been demonstrated
previously™. Interestingly, none of the AtseorIko individuals tested positive at all for the presence of phytoplasma
at this stage (Cq value: n.d. and Fig. 2A). The very high transmission efficiency of E. variegatus under natural
and experimental conditions*~ is confirmed in our experimental system (transmission rate 100%, p = 1%).
Moreover, the higher vector survival rates on mutant lines (Fig. S1) together with the assumption that the vector
fitness reflects the feeding capacity, infers that the lower phytoplasma titre in the Atseorlko line is logically due
to plant properties and not to reduced insect-mediated transmission efficiency.

The fact that insects showed higher survival rate on infected mutant lines than in wild-type, could be due
to the complementary capability of AtSEOR proteins (both expressed in wild-type Arabidopsis) to aggregate in
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presence of phytoplasmas [this work;’], reducing the phloem mass-flow and impairing stylet sucking-activity.
Will et al.*® demonstrated that SEOR-mediated plugging is induced by green peach aphid (Myzus persicae) feed-
ing on Vicia faba and this mechanism impairs feeding in aphid-resistant varieties®.

Phytoplasma titres at the early stage of infection showed trends similar to those 20 days after IAP (when the
symptoms had become manifest): the phytoplasma titres in wild-type or Atseor2ko plants exceeded by far the
titre in Atseorlko plants (Fig. 2 and®). Therefore, phytoplasma multiplication was presumably impaired in the
Atseorlko line from the earliest stages of infection onwards.

Sieve-element protein filaments aggregate in sieve tubes of wild-type Arabidopsis line from
the early stage of infection onward.  We previously demonstrated that SE protein filaments play a role in
the plant response to phytoplasma infection, even in the absence of genes that are considered necessary for their
formation in healthy plants®®. Nevertheless, the picture drawn at that time did not explain whether SE protein
filaments per se are involved in some defence mechanisms, such as early pathogen containment. Ultrastructural
analysis confirmed the presence, at the late stage of infection (i.e., 20 days after IAP, Fig. 5), of filamentous struc-
tures in each CY-Ev Arabidopsis line (wild-type, Atseorlko and Atseor2ko) and revealed that, at the first stage of
infection (5 days after IAP), SE protein filaments only aggregated in CY-Ev wild-type plants (Fig. 4). Their initial
absence in the Arabidopsis line that is best equipped to suppress the pathogen invasion from the early stage of
infection on (i.e. Atseorlko), led us to exclude aggregation of SE protein filaments as a possible explanation for
the better defence performance of the Atseorlko line. Therefore, our investigations were further focused on the
phytohormone levels, which are frequently related to defence mechanisms!>!%4-%3, Since leaf midribs are rich in
phloem tissues, where phytoplasmas and plants physically and chemically interact’, plant responses were deter-
mined in leaf midribs and laminae separately.

Phytohormone levels in Arabidopsis lines are not affected by E. variegatus infestation at 5 and
20 days after the end of the IAP. Damage inflicted by insect feeding leads to the immediate activation
of phytohormone-related signaling®® and in particular to the synthesis and accumulation of JA in tissues both
proximal and distal to injury sites*.

As for the effects of leathopper infestation, phytohormone levels were equal in the midribs or laminae of
each line and at both time points (i.e. 5 and 20 days after the end of IAP) in H-Ev and no-Ev samples. Changes
in phytohormonal balance following leathopper infestation have been amply described®, but the results were
quite variable, probably owing to variations in infestation times*. In general, defense phytohormones are imme-
diately induced in plant tissues after recognition of invaders, but the amounts tend to level off during persistent
insect infestation**. Moreover, the effects of cutting, necessary to isolate midribs from laminae, may overshadow
insect-induced responses*!.

The fact that the phytohormone levels are identical in H-Ev and no-Ev plants strongly supports the conclusion
that the phytohormone modulation in CY-Ev plants is solely due to phytoplasma infection. This is in agreement
with the observation that 6 days after Scaphoideus titanus infestation in grapevine, the expression level of genes
involved in JA and ABA pathways were similar to those found in non-infested control leaves, while they had
been upregulated 3 days after infestation*.

Jasmonates, but not salicylic acid seem to be involved in the response of Atseorlko line to
phytoplasma infection. There are several indications for phytohormone involvement in diverse phyto-
plasma-plant interactions*, but few studies have addressed plant responses at the early stage of infection*>*.

The most frequently studied phytohormones in relation with phytoplasma infections are SA and JA, which
both confer signal transduction leading to plant resistance. JA- and SA-mediated signalling pathways are pre-
sumed to be antagonistic*"*2. Traditionally, SA signalling is deemed to activate resistance against biotrophic
and hemibiotrophic pathogens, while JA is mainly thought to induce resistance against necrotrophic pathogens
and wounding*’.

In CY-Ev wild-type and Atseorlko lines SA levels did not change significantly in all tissues examined (Fig. 6).
SA increased in the midribs of Atseor2ko line at the early stage of infection, followed by a drop at the late stage
(Fig. 6). Enhanced amounts of SA resulted from different plant-phytoplasma interactions in whole leaves'®45,
in midribs?? and phloem sap®. On the other hand, cases, which showed reduced SA levels in response to phy-
toplasma infection were also described'”*’. The reason why SA level was significantly higher in Atseor2ko line
compared to the other lines is unknown. It has to be noted that SA levels depend on many factors, such as the
developmental stage of the vegetative cycle'’, varying environmental conditions®, the phytoplasma strain in
question®!, and distinct sets of virulence factors®.

With regard to the JA concentration, the levels of both jasmonates were virtually unaffected in laminae. In
midribs of all Arabidopsis lines JA showed a non-significant increment, apart from the Atseorlko line, which
showed significantly higher jasmonate levels at an early stage of infection (Fig. 7B). An increase of JA levels dur-
ing the early stages of infection process, followed by decrease at symptom appearance, was described in different
plant-phytoplasma interactions!*!7-202452,

Sugio et al.> found that Arabidopsis plants infected with the ‘Ca. P. asteris’ strain AY-WB produced more
JA in old asymptomatic leaves (as well as in uninfected plants) as compared to young symptomatic leaves. The
authors also demonstrated that reduced JA levels affected plant development, leading to symptom appearance
and increasing insect-vector fitness®>. Decreased JA levels were also reported in Arabidopsis expressing phy-
toplasma virulence factors (i.e. TENGU! or SAP11%), indicating that phytoplasma effectors were involved in
host hormonal changes.
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Janik et al.'” hypothesized a relationship between an increased phytoplasma titre, the activity of phytoplasma
effectors and the decrease of JA levels over the growth season. Interestingly, in perennial plants, increased JA
synthesis was correlated to the phenomenon of recovery*®*, a resilience status characterized by the loss of dis-
ease symptoms in plants which previously showed them®***. Hence, the higher content of JA in Atseorlko line
could be related to failing phytoplasma detection (and to the absence of activity by their effectors) at the first
stage of infection.

A JA-SA antagonism*"*? may be visible in Atseorlko and Atseor2ko lines at the early stage of infection,
because at the high JA levels in the one correspond the low SA content in the other and vice versa at the same
time point (Figs. 6B, 7B).

IAA- and ABA-synthesis are activated in the midribs of the phytoplasma-infected Atseorlko
line. As for the IAA variations in phytoplasma-infected plants, expression analyses of IAA-related genes in
whole leaves®®*’, buds®®, or leaf midribs* infer a downregulation in several infected hosts. On the other hand,
IAA levels were reported to increase in phloem sap*, whole leaves® and leaf midribs® of phytoplasma-infected
plants as compared to the respective control samples.

Here, phytoplasma infection induced a decrease in IAA levels in the laminae and an increase in the midribs
in each Arabidopsis line (Fig. 8). This indicates a positive response of IAA synthesis, located in the midribs as
reported previously™. The increase in IAA was statistically significant in infected midribs of Atseor1ko mutants
at both time points, i.e. at 5 and 20 days after IAP (Fig. 8).

Previous studies evidenced an increase in ABA levels and the upregulation of ABA-related genes in all tis-
sues of phytoplasma-infected plants'”'#4>55¢! In our study, a tissue-dependent ABA response was observed in
wild-type plants; the ABA level decreased in laminae, while it increased in midribs. Variations in the expression
of genes related to ABA biosynthesis have been associated with symptom expression®'. ABA-promoted stoma-
tal closure could induce pre-invasive defence by inhibiting the entry of pathogens through passive ports®>®.
Furthermore, ABA signalling would initiate events such as callose accumulation and antagonize the signalling
cascades of other phytohormones at an advanced state of infection®*®". It is worth noting that Atseor1ko was the
only line, in which ABA is significantly enhanced in the midrib from the early infection stage on, and the higher
level was maintained throughout the entire measurement period.

Potential modes of involvement of AtSEOR2. Thus far, the relationship between free AtSEOR2 and
phytohormone synthesis is a mystery. Yet, there is a wide range of possibilities.

According to the COACH platform®, AtSEOR2 protein (but not AtSEOR1) may have Ca®* binding sites,
which suggests a possible role for AtSEOR?2 in the lowering of Ca** levels as does the sequestration of Ca?* ions
by SEOR-based forisomes in legumes®’. The subsequent modification of Ca?* signatures may promote ABA and
IAA synthesis®~7* in Atseorlko infected plants. This hypothesis seemingly makes a logical connection between
AtSEOR? and the low phytoplasma titre owing to enhanced IAA and ABA synthesis.

In addition or alternatively, AtSEOR2 may effect on the IAA and ABA signalling pathways. To the best of
our knowledge, the number of reports about possible interaction of AtSEOR2 protein with components of IAA-
or ABA-signalling cascade is scarce. Yeast two-hybridization experiments demonstrated that AtSEOR2 is able
to interact with the At4g04950 gene product, a monothiol glutaredoxin that is a key component involved in
ROS accumulation and IAA signalling”. The role of AtSEOR2 in ABA-cascade signalling has also hardly been
explored thus far. Some evidence has recently been presented for an interaction between AtSEOR2 and SUA
(SUPPRESSOR OF ABI3-5), a main component of the ABA signalling pathway”*, and its involvement in the
increased sensitivity to ABA7%. Moreover, Nakashima and co-workers*® demonstrated that AtSEOR2 is one of
the many genes whose expression changes in A. thaliana knock-out mutants of three SnRK2 kinases involved in
ABA signalling. Interestingly, AtSEOR2 has been reported to interact with the At1G31280.1 gene product'?, an
ABA-regulated protein that controls plant response against virus infections”.

Furthermore, it is not excluded that AtSEOR2 directly interacts with receptor(s) in the SE-CC complex to
elicit defence responses. SEOR proteins are characterized by a conserved C-terminal M1 motif, containing several
conserved cysteine residues®® characteristic of the so-called peptide ligands’®, which are engaged in the regulation
of developmental processes and defence mechanisms against pathogens”. Interestingly, in mulberry infected
by yellow dwarf disease, a phytoplasma-responsive gene encoding a protein that shows structural similarity to
peptide ligands, was identified. This gene is involved in signaling and metabolism of IAA, ABA and JA”S.

In conclusion, AtSEOR2 indirectly manipulates plant response via increased phytohormone synthesis and
phytohormone signalling and perhaps via interaction with membrane receptors. These responses emerge very
early in the infection process, long before the appearance of infection symptoms.

Methods

Plant material and insect vectors. The seeds of wild-type, Atseorlko (SALK_081968C), and Atseor2ko
(SALK_148614C) lines of A. thaliana plants ecotype Columbia’ were obtained from the Nottingham Arabidop-
sis Stock Centre (NASC). Wild-type and mutant lines (72 plants of each line) were grown at 20/22 °C under
short-day conditions (9 h L/15 h D). Before the experiment, plants were cultivated for 45 days on a 5:1 mixture
of soil substrate and perlite and fertilized twice a month with an N-P-K liquid fertilizer.

Healthy colonies of the insect vector E. variegatus were reared on Avena sativa in vented plexiglass cages at
20/22 °C, under short-day conditions (9 h L/15 h D). Fourth and fifth instar nymphs were transferred to Chry-
santhemum carinatum plants infected with a phytoplasma strain related to ‘Candidatus Phytoplasma asteris’ (‘Ca.
P. asteris) 16SrI-B subgroup), called Chrysanthemum yellows (CY) phytoplasma® as the source of inoculum for
a 7-day phytoplasma acquisition-access period (AAP). After the AAP, the insects were fed again on A. sativa for
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the 35-day latency period (LP) after which they have become infectious. Twelve 45-day-old A. thaliana plants
per line were then each exposed to three infectious insects (CY-infected E. variegatus, CY-Ev plants) for a 7-day
phytoplasma inoculation-access period (IAP), after which the insects were manually removed. Twelve Arabidop-
sis plants per line, treated with three healthy leathoppers (H-Ev plants) were used as a healthy control. Healthy
leathoppers have been collected from healthy colonies and were as old as the infected ones.

For microscopy and phytohormone analyses, 12 plants per line not subjected to insect feeding (non-infested
plants, no-Ev plants), were included as additional negative controls. For ultrastructural observations and phyto-
hormone quantification, 6 H-Ev and 6 CY-Ev plants from each line (i.e. 6 independent biological replicates) were
used, for the phytoplasma titre analyses12 H-Ev and 12 CY-Ev plants (i.e. 12 independent biological replicates)
were used.

Evaluation of insect survival rate and phytoplasma detection.  To ascertain successful phytoplasma
transmission to the Arabidopsis plants, survival rates and the presence of phytoplasma were checked in leathop-
pers that were removed from Arabidopsis plants at the end of the IAP. The survival rate was calculated using 12
biological replicates (i.e. 12 Arabidopsis plants) for each condition (i.e. various Arabidopsis lines and infection
times). For phytoplasma detection, the 3 insects used on each Arabidopsis were pooled, to obtain 72 pools per
condition. Total DNA was extracted as described’” and the presence of phytoplasmas in each pool was assayed
by conventional PCR using the primer pair R16F2/R2, as described by Pagliari and co-authors’.

Phytoplasma transmission by leathoppers was evaluated on the basis of the number of Arabidopsis plants
showing symptoms 20 days after the end of IAP. To estimate the proportion of infectious insects in our experi-
ment, the maximum likelihood estimator of p, p=1- Q" was used?’, where Q is the observed fraction of non-
infected plants and k is the number of insects per plant, assuming that the vectors acted independently”’. The
formula can be applied when transmission trials are carried out using groups of insects®.

Statistical analysis was performed using SigmaPlot 12.0 software (Systat Software, Inc., San Jose, CA, USA).
The normal distribution of the data was checked with the Shapiro-Wilk normality test. A three-way ANOVA of
the means (from 12 biological replicates and 3 technical replicates) followed by the Holm-Sidak test as the post
hoc test for multiple comparisons demonstrated the significance for p <0.05.

Phytoplasma quantification in Arabidopsis. Total DNA was extracted from 200 mg of whole-leaf tis-
sue of H-Ev and CY-Ev plants according to Martini et al.*’. The amount of CY phytoplasmas was quantified
according to a real-time PCR protocol described in detail by Pagliari and co-authors’. Briefly, the ribosomal
protein gene rplV (rpl22) was the target for amplification of CY phytoplasma DNA using the primer pair rp(I-B)
F2/rp(I-B)R2°) and a CFX96 real-time PCR detection system (Bio-Rad Laboratories, Richmond, CA, USA). A
standard curve was established by tenfold serial dilutions of plasmid DNA containing the 1,260 bp ribosomal
protein fragment from CY phytoplasma, amplified with the primer pair rpF1C/rp(I)R1A. Real-time PCR mix-
ture and cycling conditions were as previously described’. The phytoplasma concentration was expressed as
the number of CY phytoplasma genome units (GUs) per mg of leaf sample to normalize the data. Differences
among the means were calculated using SigmaPlot 12.0 software (Systat Software). The normal distribution of
the data was checked with the Shapiro-Wilk normality test. A two-way ANOVA of the means (obtained from
12 biological replicates and 3 technical replicates) followed by the Holm-Sidak test as post hoc test for multiple
comparisons demonstrated the significance for p <0.05.

Transmission electron microscopy. To preserve the damage-sensitive sieve-element ultrastructure, a
gentle preparation method was adopted following Pagliari et al.’. From each plant a 25 mm-long midrib portion
was excised from rosette leaves. The midrib segments were submerged in MES buffer and then fixed with 3%
paraformaldehyde and 4% glutaraldehyde solutions. Samples were rinsed, post-fixed overnight with 2% (w/v)
Os04, dehydrated in a graded ethanol series and then transferred to propylene oxide. From the central part
of each midrib, 6-7 mm long segments were excised and embedded in Epon/Araldite epoxy resin (Electron
Microscopy Sciences, Fort Washington, PA, USA).

Ultrathin sections (60-70 nm in thickness) were cut, stained with UAR-EMS (uranyl acetate replacement
stain) (Electron Microscopy Sciences), and observed under a PHILIPS CM 10 (FEI, Eindhoven, The Netherlands)
transmission electron microscope (TEM), operated at 80 kV, and equipped with a Megaview G3 CCD camera
(EMSIS GmbH, Miinster, Germany). Five non-serial cross-sections from each sample were analysed.

Phytohormone analyses. We adopted a validated HPLC-MS/MS method®!, optimized for A. thaliana
and the low concentrations (nM to uM) of the phytohormones of interest. Phytohormone extraction was per-
formed using 6 plants per experimental condition.

For each sample, roughly 250 mg of midribs and 250 mg of laminae were collected for phytohormone analy-
sis, immersed immediately in liquid nitrogen and then stored at — 80 °C, as described by Pommerrenig et al.*2.

After freeze-drying, the samples were homogenized in a Geno/Grinder 2010 (SPEXSample Prep, Miinchen,
Germany) at 1,100 rpm for 60 s. After homogenization, the phytohormones salicylic acid (SA), abscisic acid
(ABA), jasmonic acid (JA), jasmonic acid- isoleucine conjugate (JA-Ile) and indole acetic acid (IAA) were
extracted from 10-20 mg of dried plant tissue using 1 mL of extraction solution containing 20 ng/mL d6-ABA,
10 ng/mL d5-IAA, 20 ng/mL d6-JA and 10 ng/mL d4-SA as internal standards. After mixing and centrifugation,
the supernatants were evaporated in a Speed Vac at 45 °C and the pellets resuspended in 100 pL of methanol:water
1:1.

The extracts were analysed using an HPLC-MS/MS method®! on an Agilent 1,100 HPLC system (Agilent
Technologies, Boblingen, Germany) connected to a LTQ Ion Trap mass spectrometer (Thermo Scientific, Bremen,
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Germany). Chromatographic separation was carried out in a Luna phenyl-hexyl column (150 x 4.6 mm, 5 pm;
Phenomenex, Aschaffenburg, Germany). Formic acid (0.05%, v/v) and MeOH with 0.05% (v/v) formic acid
were used as mobile phases A and B, respectively. The elution profile was: 0-10 min, 42-55% B in A; 1013 min,
55-100% B; 13-15 min 100% B; 15-15.1 min 100-42% B in A; 15.1-20 min 42% B in A. The mobile phase flow
rate was 1.1 mL/min. The injection volume was 20 pL.

Phytohormone quantifications were based on calibration curves, and the data obtained from each sample
were subsequently analysed with XCalibur software (Thermo Fisher Scientific). Statistical differences between the
means obtained from 6 individuals exposed to the different conditions (i.e. various Arabidopsis lines and infec-
tion times) were evaluated using R Studio 1.1.456 software (Northern Ave, Boston, MA, USA) using three-way
ANOVA and the Tukey HSD test as post hoc test for pairwise multiple comparisons, with p <0.05. The normal
distribution of the data was checked with the Shapiro-Wilk normality test.
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3.3 PROTEIN-PROTEIN INTERACTION NETWORKS
GIVE SUGGESTIONS ON THE POSSIBLE
PHYTOPLASMA-EFFECTOR-MEDIATED
INTERACTION OF ATSEOR2 WITH PLASMA

MEMBRANE RECEPTORS IN ARABIDOPSIS.

COMMENTARY BY CHIARA BERNARDINI, RITA MUSETTI

Phytoplasma-associated diseases cause several damages concerning yield losses or quality losses in
many economically important crops (Musetti and Pagliari, 2019). Right now, phytoplasma disease epidemics
can be handled mainly by insect vector control using pesticides, or by the removal of inoculum sources.
However, the efficacy of these approaches is limited because chemical control is often inadequate (Firrao et
al., 2007) and phytoplasma reservoirs are sometimes unknown or constituted by wild plants (Bertaccini and

Duduk, 2009).

The study of the interaction with the plants at the molecular level could provide important information
on the plant defense mechanism, giving opportunity to actuate more efficient and sustainable control strategies.
The aggregation capability of the filamentous phloem proteins, named sieve-element occlusion related (SEOR)
proteins in Arabidopsis, was considered as a fast and efficient strategy to plug the sieve plates in case of wound,
pathogen attack and other injuries (van Bel, 2006). Moreover, we recently reported that AtSEOR2 protein may
have a role in the slow-down of phytoplasma multiplication in Arabidopsis thaliana (Pagliari et al., 2017),
being involved, in some way, in plant immune processes (Pagliari et al., 2018) or interfering with the hormone-

mediated signaling pathways (Bernardini et al., 2020).

Network-based analysis offers a holistic approach that can enable a detailed understanding of the
relationships between phytopathogens and plants (Pritchard and Birch, 2011). A part the possible relationship
of AtSEOR?2 protein with hormone-related defense pathways (discussed in Bernardini et al., 2020), STRING
and Bio-grid databases (Szklarczyk et al. 2019), report that in Arabidopsis AtSEOR2 protein interacts with
RPM-interacting protein (AtRIN4) in silico (Afzal et al., 2013; Mukhtar et al 2011; Arabidopsis Interactome
Mapping Consortium, 2011).

Pagliari et al., (2018) noticed that in Atseorlko line, expressing AtSEOR2 protein not linked to its
homolog AtSEORI1, the level of AtRIN4, AtRPM1 and AtRPS2 transcripts is constitutively higher in 75-day-
old plants. Such as level was not affected by phytoplasma infection at that stage, when the typical disease

symptoms were fully developed. As the effectiveness of defense processes is dependent on the precocity of
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plant response (de Wit, 2007), we also evaluated the expression levels of the same genes, in wild type and
Atseorlko plants, at the onset of infection, i.e. 5 days after the end of the inoculation access period (IAP).
Results evidenced that the expression levels of A#RIN4 was increased in phytoplasma-infected Azseorlko line
at a pre-symptomatic stage (while AtRPS2 was down-regulated and AtRPM1 expression level was not

affected), further supporting a possible interaction (Figure 3.5).

Table 3.1 Table of the primer used in this study, with relative encoded proteins and function of the gene.

GENE M Forward primer 5°-3’ Reverse primer 5°-3° Function and reference
ARINd 500  TTCAAGAACGCCGACTCATCA  AAAGCCAAAGCAGCAACATGAG Part of the complex of
ARPS2 500  GGGATCTGAAAGCGGCATGT TGCCATCCACAATGCAAAGC s

involved with the activation of

ARPMI 500 ACATGGAAGAGACTTGTGCGA TGCAGTTGCGATCAGGTCAT defense P"‘i"”;{;‘clsggpagﬁaﬁ et
al.,

In this study used as reference
AtUBCY 300 TCACAATTTCCAAGGTGCTGC CGAGCAGTGGACTCGTACTT gene as reported by (Pagliari et
al.,2017)

Here are some key aspects, taken from the literature, about AtSEOR2 and AtRIN4 interaction, which

could offer new interesting possibility of investigation.

Since RIN4 is an important regulator of both pattern- and effector-triggered immunity (PTI or ETIL,
Mackey et al., 2002; 2003; Afzal et al., 2013), it is expected that pathogens will try to modify RIN4 not only

using various effectors (i.e. the Pseudomonas syringae effectors AvrB, AvrRpml1, and AvrRpt2), but also

Condition Healthy . Infected

A AtRIN4 B AtRPS2 C AtRPM1
N expression level _ expression level _ expression level
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Figure 3.4 Expression levels of AtRIN4 (4), AtRPS2 (B) and AtRPM1 (C )at the early (5 days after IAP) stage of infection. The
expression is presented as the mean normalized expression (MNE) against the reference gene (AtUBC9) expression. In the bar
charts, different letters (A; B; C, D) indicate significant differences of the MNE values according to the post hoc test Holm-Sidak,
P<0.05. Error bars indicate Standard Error of the Mean.
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evolving new molecules that interfere with other effector-mediated RIN4 modifications. Ray ez al., (2019)
reported a list of AtRIN4-associated proteins (among which AtSEOR?2 protein) that target AtRIN4 to promote

plant defense process, upon pathogen-effector activation.

The mechanism
through  which AtSEOR2
interacts with AtRIN4 is

Table 3.2 Features of the gene expression analysis.

As reported (Pagliari et al., 2017)

probably mediated by the

characteristic = NOI =~ motif .
As reported (Pagliari et al., 2017)

present in the Ilatter. NOI
Reaction volume: 10pl
SsoFast EvaGreen Supermix (Bio-Rad
Laboratories Inc., Hercules, CA, USA)
cDNA obtained from 10 ng of RNA and
primers following the concentration
indicated in Tab.2

95°C for 3 min
95°C for 5 s and 58°C for 5 s (40 cycles)
Melting curve analysis from 65°C to
95°C

domain interacts with proteins
belonging to the Cys/His-rich.
It has been reported that
SEOR proteins are

characterized by a conserved

C-terminal M1 motif,
containing several conserved
cysteine residues (Riiping et al., 2010) characteristic of the peptide ligands (Olson et al., 2019), which are
involved in different developmental and defence-related processes. Furthermore, Afzal et al., (2011) raised the
hypothesis that RIN4 might be involved in defense-associated vesicle trafficking, guiding or activating the
polarized secretion of defense-related vesicles toward the pathogen infection site. Alternatively, vesicular
complexes might recognize newly synthesized RIN4 proteins, driving RIN4 movement toward plasma
membranes under pathogen attack. Interestingly, Anstead et al., (2012) observed the presence of large numbers
of parietal globular vesicular bodies in Atseorlko plants expressing GFP-tagged AtSEOR2, whose function

remained to be investigated.

Phytoplasma effectors could promote ETI directly or indirectly. It is reported that a phytoplasma
effector (SAP44, MacLean, unpublished data) may interact with a plant NB-LRR (Nuclear Binding domain-
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Leucine Rich Repeat) protein, suggesting that phytoplasma effectors may potentially be recognized by plant

R-genes.

A 0 Phytoplasm

Figure 3.6 STRING interaction visualization of the genes taken in consideration. Red line indicates the predicted link between
gene responsible of the signalling cascade from the phytoplama effectors to the SEOR proteins. Orange circle is the possible link
between the SEORs and the TCPs.

According to network-based analyses (Szklarczyk et al. 2019; Takac et al., 2019) phytoplasma
effectors could indirectly stimulate AtSEOR2-AtRIN4 interaction via the TEOSINTE BRANCHED, cycloidea
and PCF (TCP) transcription factors. In fact, it is largely reported that phytoplasma effectors, belonging to the
SAP class, interact with plant proteins belonging to the class of TCP (McLean et al., 2011; Sugio et al., 2011;
Marrero et al., 2020), and in particular with TCP14, which is the most targeted host protein by pathogen

effectors. TCP14 is reported as a resistance promoter: in case of Pseudomonas syringae infection, it is able to
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promote the disease resistance (Yang ef al., 2017) and it has the same localization of the effectors in case of
infection (WeBling et al., 2014). Further studies have demonstrated that the TCPs are involved in the regulation
of immunity processes, in particular in the plant defense against biotrophs: experiments on mutant line unable
to produce one TCPs, revealed the more susceptibility of the plants, further supporting the hypothesis that they
are regulators of the defense processes (Kim et al., 2014). TCP14 interacts with a transcription factors, encoded
by the At3g51180 gene, which belongs to the CCCH zinc finger family, largely described by Wang et al.,
(2008) as having important roles in the RNA processing. The expression profile indicated that most members
of plant CCCH genes are regulated by abiotic or biotic stresses, suggesting that they could have an effective
role in stress tolerance. At3g51180 is able to directly interact with AtSEOR?2 protein (Figure 3.6). The whole
cascade results in the activation of the SEOR2 expression and the consequent probable activation of RIN4 and

the associated R proteins.

In conclusion, with this short commentary we wanted highlight the great potentiality of AtSEOR2 to
interact with a number of proteins involved in pathogen perception and in defence processes. The roles of
SEOR proteins in sieve-element biology is still largely unknow, but we can surely assume that they are not

only related with the sieve-element sealing mechanism.
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4 e MANIPULATION OF CALLOSE-RELATED
METABOLISM AS AN IDEAL BATTLEFIELD
DURING PLANT-PHYTOPLASMA

INTERACTION

Phytoplasmas cause big amount of changes in the plant host and plants face them

with different responses. Considering the phytoplasma habitat (i.e. the phloem sieve
elements) we studied, at first, the responses related to the Sieve-Element Occlusion (SEQO)

proteins (see chapter 3).

The purpose of the present chapter is focusing on the possible roles of sieve-plate
callose in phytoplasma-infected plants, which range from physical occlusion of the sieve-

pores to the activation of defense signaling.

4.1 THE CALLOSE METABOLISM AND THE

IMPORTANCE OF SUGAR SIGNALING: AN
INTRODUCTION

Callose and its synthesis

B 1,3-D glucan, commonly known as callose, is one of the most important glucans inside the plants. It
is estimated to be 0.3% of the total sugar content in Arabidopsis thaliana (Falter 2015). Callose is a linear chain
of glucose linked by 1-3 glycosidic bounds and assembled by the callose synthase (CalS) called also glucan
synthase like enzyme (GSL). Callose linkage 1-3 gives it the helical shape. Inside the chain, 1-4 and 1-6 linkage
might be present, but always in small quantities (Waldron and Faulds, 2007). This linkage between monomers
is the sole difference that takes place between callose and cellulose: cellulose is in fact unbranched polymer

consisting of (1-4)-linked b-D-Glcp (Waldron and Faulds, 2007). Callose plays a pivotal role in maintenance
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of the structure of cell wall plate and plasmodesmata
(Ellinger and Voigt, 2014), it is one of the defense
mechanism of the plant and it is deposed during the

cytochinesis and pollen formation and germination.

For long time cellulose synthase and callose
synthase were considered the same enzyme (Jacob
and Northcote 1985). Quite recently, thanks to further
studies, the pathways have divided in two distinct
complexes, even it is well known that they share the

basilar steps.

Callose synthase gene family in Arabidopsis

encodes for twelve enzymes, similar in the function, but different for localization (Ellinger and Voigt, 2014).

They were studied independently by two research groups and were named as “glucan synthase like” or “callose

synthase”. In the Table 4. the conversion between the two different nomenclatures is given, as the biological

functions of the different enzymes. CalS1, CalS2, CalS5, CalS8 and CalS10 have an important role during

pollen development; CalS1 and CalS5 during pollen maturation; CalS6 and CalS8 in the formation of the

premature cell wall; CalS5 in defence-related papillae.

Table 4.1 GSL and CalS nomenclature, functions and subcellular localization. Image from Ellinger and Voigt

GsL! Cals®

Gene ID°

Subcellular localization (experimental)

Biological function

Biological role in fertility and cell division

GSL1
GSL2

CalS11
CalS5

GSL& CalS1

GSLE CalS10

GSL10 Cal5%

Structural reinforcement

ATAGN4570

AT2G13680

AT1GO5570

AT2G36850

AT3GOT160

MS/MS: plasma membrane (Benschop er al., 2007)
GFP-tagged protein in cultured tobacco BY-2 cells:
plasma membrane and Golgi-related endo-membranes
(Xie et al., 2012)

GFP-tagged protein: cytosol and plasma membrane (Hong

et al., 2001a); MS/MS: plasma (Alexandersson et al.,
2004; Keinath er al., 2010; Benschop et al., 2007; Zhang
and Peck, 201 1)

MS/MS: plasma membrane (Alexandersson et al., 2004;

Mitra et al., 2009; Benschop et al., 2007; Marmagne ef al.,

2007; Zhang and Peck, 2011)

MS/MS: plasma membrane (Alexandersson et al., 2004;
Dunkley et al.. 2006; Benschop et al., 2007; Marmagne
et al., 2007; Mitra er al., 2009; Keinath et al., 2010;
Zhang and Peck, 2011)

Pollen development and fertility (Enns ef al., 2005)
Found in mature pollen grains (Grobei et al., 2009);
involved in late stages of pollen development and pollen
wbe (Dong et al., 2005; Xie et al., 2010)

Required for callose depositions during cell plate
formation (Hong et al., 2001a, )

Required for male gametophyte development and plant
growth (Toller et al., 2008); entry of microspores into
mitosis (Chen er al., 2009; De Storme et al., 2013);
required for callose biosynthesis at the cell plate (Thiele
et al., 2009, involved in stomatal pattering and deposition
at the plasmodesmata (Guseman et al.. 2010; Han et al.,
2014)

Required for male gametophyte development and plant
growth (Toller et al., 2008); together with GSL, involved
in entry of microspores into mitosis (De Storme et al.,
2013)

Required for wound and papillary callose formation in
to fungal path (Tacobs et al., 2003;

GSLS CalS12  AT4G03550 GFP-tagged protein: plasma membrane (Drakakaki er al.,

(PMR4) 2012; Ellinger et al., 2013); MS/MS: plasma brane
{Alexandersson ef al., 2004; Dunkley ef al., 2006;
Benschop et al., 2007; Mitra et al., 2009; Keinath ef al.,
2010; Zhang and Peck, 2011}

GSLT CalST  ATIG06490 No experimental data

GSL12 CalS3  AT3G13000 MS/MS: plasma membrane (Benschop er al., 2007;
Keinath et al., 2010; Zhang and Peck, 2011}

Unknown

function

GSL3 CalS2  AT2G31960 MS/MS: plasma membrane (Alexandersson ef al., 2004;
Benschop ef al., 2007; Kierszniowska er al., 2009)

GSL4 CalS8  AT3G14570 No experimental data

GSL9 Cal84  ATSG36870 No experimental data

GSL11 CalS6  AT3G39100 No experimental data

GSL1 CalS2  Gene ID3 Subcellular localization (experimental)

Nm}u mura ef al., 2003; Ellinger ef al., 2013; Naumann

et al., 2013}, important for exine formation and pollen wall

pal.lermng (Enns et al., 2005)
ible for callose d

et aI 2011; Xie er al., "OI 1)

Required for callose deposition at plasmodesmata

{Sevilem er al., 2013)

in the phloem (Barratt

Unknown function

Unknown function, found in roots (Lan er al., 2011)
Unknown function, found in leaf membranes (Mitra et al.,
200T)

Unknown function

Biological function
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Ellinger and Voigt classified the CalSs in two groups: the first one involved in pollen development
and cell wall (CalS1, CalS2, CalS6, CalS8 and CalS10) while the second one involved in the callose plugging
or reinforcement (CalS5, CalS7 and CalS12). There are two types of CalS in the plants (Nedukha, 2015): one
is regulated by Calcium ions, and the second one that does not need calcium. The ones that do not need calcium

are typically related with the formation of the pollen and stimulated by trypsin (Schliipmann ef al., 1993).

The callose synthesis is catalyzed by a multisubunit enzyme complex (Verma and Hong, 2001). In this

complex several components take part:

Exoplasm cP

sucrose synthase (SuSs), UDP-glucose
transferase (UGT1) and, indeed, Callose

Synthase.

Cytoplasm

Callose synthase and Cellulose
synthase have a similar transmembrane
topology (Nedukha, 2015): they have a
multiple  transmembrane  domains
clustered in two regions and a large PRO

hydrophilic central loop facing with

cytoplasm. The hydrophilic loop

comprises the UDP-glucose binding Figure 4.2 Hypothetical model of the callose synthase complex showing

domain and the glycosyltransferase transmembrane do mains and hydrophilic loop interacting with Ropl,

domain Figure 4.2. It seems that the annexin, UGTI and SuSy. G, potential N-linked glycosylation sites; CP,

) ) o ) cAMP- and cGMP-dependent phosphorylation sites; TP, potential tyrosine
entire complex is assembled inside di

phosphorylation sites; PRD, proline-rich domain. Image and caption from
endoplasmic reticulum, then moved to Verma and Hong 2001.
the membrane with vesicle trafficking

(Schneider et al., 2016).

Callose synthase in the phloem

The sole CalS7 is peculiar of the phloem and involved in the production of callose at the sieve plate
level (Barratt et al., 2011; Xie et al., 2011). Mutant of Arabidopsis (4tcals7 knock-out line) obtained with
tDNA insertion (Xie et al., 2011) shows the absence of callose at the sieve plate but not in the xylem. This loss
seems to affect also the phloem transport, that is impaired in comparison to the wild type condition. In case of
mutation, the sieve pores appear smaller than those in wild type even if their number and the total diameter of
the plate is similar (Barratt ef al., 2011). Experiments carried on with *C, have revealed that wild type plants

transfer 26% of assimilates to the top of the stem while mutant line of callose only about 3.5% (Barratt ef al.,
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2011) confirming the hypothesis of reduced transport in the mutants. The two lines differ moreover for the

content in sugars that seems to be significantly reduced in callose mutant.

Starting from sucrose, SuSs provide UDP-glucose that is moved to the active site of CalS by the UDP-
glucose transferase (UGT1) (Verma and Hong, 2001). It seems that the CalSs are unable to bind UDP-glucose
without the intervention of UGT1 that has a domain interacting with the CalS. UGT1 is bounded with Ropl
and annexin: both the proteins seem to be involved in the regulation of the activity of the entire complex. It
seems that the annexin, similar to synaptotagmin (Nedukha, 2015), could act in the switch between callose and
cellulose synthase in response to Ca*" and Mg*". Ropl, instead, may be a spatial regulator of the Cals.
Phragmoplastin, protein associated with cell plate, may activate the enzyme during the formation of cell plate.

Several other proteins could be associated with the complex with minor functions.

The callose deposition at the sieve plate seems to be enhanced by increase of cytosolic Ca*". After
mechanical injury, the concentration of Ca**ions increase rapidly and the callose deposition starts in about 20
min in Vicia faba (Furch et al., 2007). After this the degradation occurs when the Ca** reaches again the basal
level. The Ca?" that acts ad signal, seems to be already stored inside the cells: studies on different metals and
species demonstrate that also in case of Al toxicity, acting as suppressor of activity of the Ca**pump, the callose

deposition is Ca®'-mediated (Stass and Horst, 2009).

At the transcriptional level GSL5 and GSLS are regulated by the salicylic acid receptor NPR1, for
GLSS8 also by ARF7 (auxin response factor), suggesting that the enhancement happens in case of stress of the
plant (Ellinger and Voigt, 2014). A possible mechanism involved in the callose biosynthesis is related with the
phosphorylation: studies attested the enhancement of the GSL10 and GSL12 operated by flg22 and xylanase.
Except of biotic stresses, the callose pathway seems to be related with the presence inside the plant of reactive

oxygen species (ROS, (Luna et al., 2011) and salicylic acid (Nishimura et al., 2003).

Glycolysis

The B -1,3-glucanases are the enzymes responsible for the cleavage of 1,3 b glycosidic linkage
(Hrmova and Fincher, 2009) and so for the hydrolysis of callose. The family of Arabidopsis 8 -1,3-glucanases
has been amply studied by Doxey (Doxey et al., 2007) who classified all the 50 enzymes present in Arabidopsis
in clusters. Some glucanases, ascribable to the class of PR2 genes, are responsible for the response to fungal
pathogen (see below). Callose is a transitory material that could be found in the cell wall, but it is also present
in many other organs of the plant: seeds, pollen and flowers are some examples. In these organs three major
clades were identified: alfa, beta and gamma. Every cluster was the result of the same function acted by the
enzyme. Essentially the B -1,3-glucanase are ascribable to three functions: the cell wall morphogenesis and
cell division (glucanases with low response to phytohormones and stresses in general), the flower specific

glucanases and the glucanases present in root and leaves. Levy et. al (Levy et al., 2007b, 2007a) revealed that,
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in Arabidopsis, one of these glucanases is exclusively associated to plasmodesmata, in which it is responsible

of the callose turnover and so indirectly of symplasmic communication.

Callose functions and localization

Functions of callose are strictly linked with its localization.

At first, callose plays an important role at the phragmoplast level. During the cytochinesis, there is the
reorganization of the actin filaments and the increase of the vesicle trafficking. At this level the cell plate starts
to be formed. At first there is the deposition of callose and the other polysaccharides that acts as matrix of the
plate, probably to avoid the disorganized deposition of the cellulose, a more durable polysaccharide (Levy et
al., 2007a). In a second moment, gradually, the callose is removed through hydrolysis and substituted by the
cellulose. The callose completely disappears from cell plate composition except from plasmodesmata in which
is the major compound to give the shape and the resistance (Brown and Lemmon, 2009). Moreover, callose is
one of the primary compounds found inside the cell wall and in the pollen tubes in which is responsible for the

cell flexibility having tenseness and contraction during mechanical pressures.

Second important localization of the callose is at the plasmodesmata. Plasmodesmata are channels
that, crossing the cell wall, provide a connection cell-to-cell (symplast connection, (Levy et al., 2007a). Here
callose helps the movement of water inside the plant, giving the structure to plasmodesmata (20-40 nm) and
to the pore (200-400nm) of the sieve element plates. The movement across plasmodesmata is related with the
balance between biosynthesis and hydrolysis of callose. Viral action acts at this level: some viruses unbalance
this equilibrium. A movement protein, in fact, enhances the release of vesicle containing glucanase from the
endoplasmic reticulum (ER) body. Hydrolyzing the callose at the plasmodesmata level, the plasmodesmata

become larger promoting the virus spread.

Another particular kind of callose is the definitive callose: this is deposed (Levy and Epel, 2009) in

old sieve elements to be used by the plant.

Finally callose is one of the plant defenses in case of injuries both biotic, with a sort of “leak sealant”,
than abiotic (Nedukha, 2015). During fungal penetration, callose has been deposed in correspondence of

austoria forming a papillae (Voigt and Somerville, 2009).

Bacteria normally colonize the intercellular spaces secreting flagellin. Plants perceive the pathogen
flagellin with the FLS2 gene (flagellin sensitive 2), a transmembrane receptor chinase. In the same moment,

xanthan secreted by pathogen binds the Ca*" ions preventing the enhancement of callose biosynthesis.

Callose synthesis can be, also, inducted during abiotic stresses like cold, drought or metals (Luna et

al., 2011).
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During abiotic stress both algae and plants produce callose, this suggests that the signaling related to
callose deposition has been strongly maintained during the evolution (Stass and Horst, 2009). Metal toxicity,
depending on the ion concentration and species tolerance, implicates callose deposition. As well as metals,
anoxia of the roots (other prove of the presence of Ca?* storage inside the cells) and temperature stress are
other reasons of deposition. The most common abiotic stress cause of callose plugging is the wounding injury.
After mechanical damage, in fact, the plant reacts with the callose deposition, initially on the cell wall of the

surviving cells, then in the surrounding regions (Stass and Horst, 2009).

Interplay with hormones

Callose, as stress response, interplays in some way with phytohormones. Luna and coworkers
demonstrated the role of ABA in the callose increase, interplaying, in particular, with PMR4 (Cals12 or GSLS5)
(Luna et al., 2011). The hypotheses about the mechanism of regulation are two (Flors et al., 2005): ABA could
act at the level of PAL (phenylalanine-ammonia-lyase) and mediate the accumulation of callose interfering
with nitric oxide, or the whole mechanism could involve the ROS and the consequent increase of Ca®" ions.
Mutant laking IBS3 (zeaxanthin epoxidase, involved in the ABA biosynthesis) is unable of deposing callose,
and the same thing happens in ABA1 mutant line (ethilene responsive factor). The key for understand this
mechanism could be found in the SNAREs (soluble N-ethyl-maleimide-sensitive proteins) that act on the [K*]
and [CI'] in the guard cells: their encoding gene PEN1 (arabidiol synthase) is responsible for the vesicle
trafficking to the site of penetration of the pathogen. Moreover the study on the mutant line lacking the gene
OCP3 (overexpressor of cationic peroxidase3, it mediates the JA-mediated COIl-dependent and ABA-
mediated-PMR4 dependent resistance) shows a linkage between callose deposition and the phytohormone JA
and ABA (Garcia-Andrade et al., 2011): callose deposition seems to be blocked when ABA biosynthesis is

impaired.

Other studies have showed the link between SA and the callose production (Nishimura et al., 2003).
The lack of PRM4 (=Cals12) gene provokes cell hypersensitive response and so resistance to the pathogens.
The blockage of the SA pathway restored the susceptibility suggesting the mutual regulation in the defense
response of SA and callose synthase. It seems that the linkage callose-salicylic acid depends on a mitogen

activated protein kinase 4 (Voigt and Somerville, 2009).

At last, auxin could influence the callose deposition interfering with activity of GSL8 (= Cals 10) or

causing the rise of cytosolic Ca** or enhancing the production of ROS (Han et al., 2014).

The substrate for callose synthesis: sucrose

The transport of sucrose in plants
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As previously reported, the primary substrate for the callose synthesis is the sucrose.

Sucrose is the most important sugar present in the plant. It is transferred through phloem to the cells
sink both via plasmodesmata than transporters (Wind et al., 2010). AtSWEETs are transporters responsible
for the upload of the sucrose in the phloem and so the long-distance transport (Chandran, 2015). Among
SWEETs, the ones related with the phloem parenchyma in Arabidopsis are AtSWEET11 and AtSWEET12.
The family of SUC transporter genes works together with SWEETs: SUC transporters are symporter of sucrose
and H+ responsible for the entrance in the cell: the most expressed in the phloem are AtSUC2 and AtSUC3,
they act at the level of tonoplast (Doidy ef al., 2012).

The catabolism of sucrose: invertases

Once that the sucrose reaches the sink tissues, it could be hydrolyzed by cell wall invertase and moved
inside the cell as hexoses, it can enter for diffusion or via SUCs and follows different pathways. Invertases can

be classified in three groups:

- Cell wall invertase: responsible of the cleavage of the callose at the apoplastic level are
normally expressed in the sink tissue (Ruan, 2014); they can play a pivotal role in case of
infection (Tauzin and Giardina, 2014). Once the sucrose has been hydrolized by cell wall
invertase, the hexoses can be moved inside the cell by a transporter. Among the hexose
transporter, the most important family is STP (Biittner, 2010, 2007; Reuscher et al., 2014;
Yamada et al., 2016, 2011);

- Alkaline/neutral invertases: responsible for the control of the homeostasis in the plant cell
(Ruan, 2014). They are located in the cytosol and in some organelles such as mithocondria

and plastids (Tauzin and Giardina, 2014);

- Vacuolar invertases: responsible for the accumulation of the sugars in the organs (Ruan,

2014).

Cell wall invertase and vacuolar invertase expression is modulated by proteinaceous inhibitors (INHs):
these seem to not be related with the pathogenicity condition that can indirectly guarantee the sucrose: hexose

ratio, central point in which the sugar signaling is based on.

The catabolism of sucrose: sucrose synthases

Sucrose synthases (SuSs) are belonging to the class of glycosil transferase and they catalyze the
reversible cleavage of callose into fructose and UDP-glucose or ADP-glucose. SuSs are localized to the plasma

membrane and associated with other enzymes belonging to the complexes of callose synthase or cellulose
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synthase (Stein and Granot, 2019). Normally they are mostly expressed in the sink tissue (Wind et al., 2010).

For all of them the structure is similar and consists of N-terminal and C-terminal GT-B.

SuSs can play a general role inside the phloem maybe concerning the equilibrium of sucrose and its
products and phloem unloading. SuSs are the primary active enzyme involved in the growth. They supply the
substrate for the synthesis of callose, cellulose and starch and they act in case of hypoxia, heat stress or in the
shoot apical meristem. They could have a role in the signaling operated by sugars (Stein and Granot, 2019).
There are six isoforms of SuSs in Arabidopsis with similar kinetic properties (Bieniawska ef al., 2007). Some
of them are expressed in all the tissues of the plant as SUS1, SUS2 and SUS3. SUS4 seems to be expressed
mostly in roots and siliques. SUS5 and SUS6 are less expressed than the others in all the organs of the plant

and are peculiar of the phloem (Barratt ef al., 2009; Bieniawska et al., 2007).

While the other SuSs do not influence the equilibrium of compounds inside Arabidopsis (Barratt et
al., 2009) AtSUSS and AtSUS6 are required by the plants for the correct functioning of the phloem; these two
genes are responsible for the cleavage of the sucrose inside the phloem where they provide the substrate to
CALS?7. Studies on the knockout mutants of these genes has showed plants with damaged sieve plates and

reduced deposition of callose in correspondence of the sieve pores (Barratt et al., 2009).

Sugars and signaling

The function of signaling of sucrose and sugars in general, in planta, is known from a long time (Koch,
2004) and at the beginning it was reported concerning chlorophyll. Sucrose is responsible for the defense
against biotic and abiotic stresses (Morkunas and Ratajczak, 2014). It seems that the sugar signal is transmitted
through calcium ions and calcium dependent kinases (Sakr et al., 2018). Both hexoses and sucrose can be
considered ad signal molecules of pattern triggered immunity and/or effector triggered immunity. There are

several methods of activation of pathways by sugars:

- Phytohormones: it has been demonstrated that the interplay sugar-hormone can cause the
activation of the PR proteins (Bolouri Moghaddam and Van den Ende, 2012); moreover
sucrose is responsible for the enhancement of the anthocyanin production for which also ABA
plays an important role: in the interaction sugars-signaling-phytohormones, ABA seems to be
one of the most important signaling hormone with a particular relation with JA and increase
of sucrose: ABA, in fact, is able to increase the expression level of the invertase genes, in case
of stress, changing the ratio between the sucrose and its cleavage products (Bolouri

Moghaddam and Van den Ende, 2012);

- Activation of phenil-propanoid metabolism is stimulated by high concentration of sugars in

case of infection: the accumulation of sugars causes the production of ROS (Sakr et al., 2018);
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- Hexochinase is upregulated in case of high glucose level (consequence of an high activity of
invertase enzymes): hexochinase associated with phytohormones has different roles in the

development, growth and physiology (Morkunas and Ratajczak, 2014);

The interaction of sucrose with bZIP and non-fermentating-1-related SnRKs could be the major role
of signaling of sucrose itself. The ZIP family gene in Arabidopsis is modulated in a positive, for some, or in a
negative way, for other, by sucrose (Morkunas and Ratajczak, 2014). Under pathogen attack the
dephosphorilation of SnRK1 can control almost one thousand of genes involved in several pathways. Moreover
the interplay of ABA with the PP2C phosphatase, demonstrated that the ABA and SnRK1 are strictly related,
while the relation with HXK1 has never been demonstrated leading to the hypothesis that the two sugar-

dependent signal are independent from the other one (Sakr et al., 2018).

Other sugars in the plants

In exception of the most common sugars as sucrose, glucose and fructose, several other sugars can
take part to the defense mechanism. Myo-inositol, a sugar of raffinose family oligosaccharides (RFO) has a
role in case of stress: it can intervene, with the other sugars belonging to the same family, to maintain the
osmolarity during water stresses, or acting as a signal during abiotic stresses in general. (ElSayed et al., 2014).
The decrease of the sorbitol concentration regulates R genes causing an increase of susceptibility to Alternaria
in apple (Meng et al., 2018). Moreover sorbitol could also have a role in the osmotic balance of the cells: it
has been demonstrated that the sorbitol level after infection increases with the increase of salicylic acid in
order to face saline stresses; the same behavior has been demonstrated in case of drought stresses (Tari ef al.,

2010).

Sugars and phytoplasmas

‘Candidatus Phytoplasma asteris’ genome, is composed by one bigger chromosome and two smaller.
The dimension of the genome do not allow to have gene encoding for key metabolic pathways as the amino
acid and fatty acid biosynthesis, the tricarboxylic acid cycle and the oxidative phosphorylation (Oshima et al.,
2004). For this conformation Oshima et al., supposed that phytoplasmas have a unique sugar intake and
metabolic system and that they have evolved retrogressively in order to lose genes and have a smaller genome.
Phytoplasma genome has an inactive sucrose phosphorylase, but they are lacking of the pentose phosphates
pathway and several other genes: this suggest us that they catch the necessary compounds directly from the
host cell colonized. This hypothesis is supported by the presence of a large number of transporters, necessary
to import metabolites from the host (Oshima et al., 2004). The metabolite requirement is the mechanism which

the pathogenicity based on.
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Little is still known about the modified metabolism of sugars in case of infection by phytoplasmas

even if could be the central node to understand the pathogenicity of them. Santi et al. demonstrated that the

metabolism of grapevine following stolbur infection is moved and the pathogen induces a switch in the source-

sink location (Santi ef al., 2013a, 2013b). The reduction of phloem loading, in fact, suggests an induction od

carbohydrates sink caused by phytoplasma infection. Studies in other pathosystems have underlined the same

accumulation of sugars in leaves and the consequent decrease of them in the original sink tissue (Lepka et al.,

1999; Maust et al., 2003).
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The role of the callose as plugging of the phloem has already been shown in the past. Here we
propose a study on the possible role of the callose, during phytoplasma infection, not only as mechanical
defence but also chemical. The following paper is ready for the submission and it is the result of a

collaboration with the Citrus Research and Educational Center, in Lake Alfred, Florida.
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Abstract

Phytoplasma are important pathogens affecting several crops but their relationships with the host
plants are not completely known. Plants face phytoplasma in different ways, using chemical or mechanical
barriers. Sieve-element occlusion-related (SEOR) proteins and callose are responsible for phloem plugging,
respectively, as fast and slower responses to pathogens or injuries. While the mechanical role of sieve-element
occlusion systems is well known from a long time, the other possible functions related with the
physiological/molecular reply against phytoplasmas are not deeply investigated so far. The capability of
AtSEOR2 phloem protein to modulate phytohormone-dependent defense pathways in Arabidopsis thaliana
infected with ‘Candidatus Phytoplasma asteris’ was recently demonstrated by our research group. The role of
callose also ranges from physical occlusion of the sieve-pores to the activation of defence signaling. In fact,
callose and sugars are in general used by plants as very efficient signaling molecules to fight against pathogens
and pests. With the aim to highlight the different roles of callose in phytoplasma-infected plants, especially
those related to the plant defense signaling, Arabidopsis wild-type and Atcas7ko lines were infected with
phytoplasmas. Modifications at morphological, transcriptomic and metabolic levels in the two lines were
compared and discussed in order to evidence that callose is more than a simple mechanical plugging of the

sieve plates during phytoplasma-plant interaction.

Introduction

Phytoplasmas are wall-less, pleomorphic plant pathogens belonging to the class Mollicutes. They are
confined to the sieve elements (SEs) of the host plants (van Bel and Musetti, 2019) or in the body of phloem-
feeding insects, which act as vectors(Alma et al., 2019). Phytoplasmas cause serious yield losses and affect
the quality of crops of economic interest (Albertazzi et al., 2009). In fact, the deep alterations in the physiology,
the protein profile, Cao et al., 2017; Cao et al., 2019) and phytohormone balance in infected plants (Bernardini
et al., 2020; Dermastia, 2019) reflect a huge range of symptoms, such as witches’ brooms, leaf chlorosis,
virescence, phyllody, and floral abortion (Ermacora and Osler, 2019), often leading to the sterility and

unproductiveness of the host (Namba, 2019).

Plants are able to react to phytoplasma invasion by mechanical occlusion of sieve pores. This occurs
through a fast plugging by specialized proteins inside the pores (Will and van Bel, 2006; Furch et al., 2007,
Pagliari et al., 2017) and by a slower constriction due to deposition of an abnormal amount of callose around
the pores (Musetti ef al., 2010; Musetti et al., 2013a; Santi et al., 2013a). In Arabidopsis thaliana, 12 genes
(CALSI-12) encoding for callose synthase enzymes have been found (Xie and Hong, 2011). Their different
distribution patterns throughout the plant reflect different roles (Ellinger and Voigt, 2014). As for the phloem,
Barratt et al., (2011) and Xie et al., (2011) demonstrated that the 4tCALS7 gene encodes for the Callose
Synthase 7 (AtCALS?7), the enzyme responsible for the deposition of callose specifically at the sieve plate. It
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regulates the development of SEs during phloem differentiation, is an important determinant of the mass flow

in mature phloem, and influences carbohydrate availability and normal plant growth (Xie et al., 2011).

Callose production is strictly related to the availability and mobilization of soluble sugars. Callose
synthesis requires sucrose, which is cleaved into fructose and UDP-glucose, the substrate for callose synthase.
In the phloem of Arabidopsis, callose synthesis is linked to the presence of two sucrose synthase isoforms,
AtSUSS5 and AtSUS6 (Barratt et al., 2009), which assemble with AtCALS7 to form a unique enzymatic
complex (Bieniawska et al., 2007; Ruan, 2014; Stein and Granot, 2019).

The role of callose and soluble sugars in plant-pathogen interactions is subject of great interest (Bolton,
2009; Dodds and Lagudah, 2016; Fatima and Senthil-Kumar, 2015; Lee et al., 2016; Rojas et al., 2014).
Sugars, in fact, are involved in several signaling processes (Lecourieux et al., 2014) and contribute to the plant
immune response, functioning as priming molecules for the rapid activation of defense against biotic and

abiotic stresses (Bolouri Moghaddam and Van den Ende, 2012).

Phytoplasma induce severe changes in photosynthetic activity and efficiency in host plants (Janik et
al., 2018). Callose synthesis and sucrose are often induced by the presence of phytoplasmas (De Marco et al.,
2016a, 2016b; Prezelj et al., 2016; Santi et al., 2013a), which are totally dependent on the host metabolism
(Musetti et al., 2016; Oshima et al., 2013). Phytoplasmas take up carbohydrates from host cells, and sucrose
is an ideal carbon source due to its high concentration in the SEs (van Bel and Musetti, 2019).However, the
complex pathways and the fine balance connecting callose and soluble sugars in general have not been deeply

investigated so far.

In this work, we aimed to investigate about the synthesis, transport and metabolism of phloem callose
and related soluble sugars in Arabidopsis during phytoplasma infection and to highlight how and to what extent
callose and soluble sugars are involved in plant immune response and signaling. Arabidopsis wild type and
Atcals7ko [a mutant line in which the gene encoding for AtCALS7 was silenced (Bolton, 2009; Dodds and
Lagudah, 2016; Fatima and Senthil-Kumar, 2015; Lee et al., 2016; Rojas et al., 2014)] plants, healthy or
infected with Chrysanthemum Yellows (CY)-phytoplasma, were compared at the morphological,
microscopical, molecular and metabolic levels. Results presented here demonstrate that callose plays not only
a role in the site-specific mechanical defense against phytoplasmas, but also that it is part of a fine-tuned

complex of signals to limit the damage caused by the infection.

Materials and methods

1. Plants and insect vectors
Arabidopsis thaliana ecotype Col0 was used in all the experiments. Seeds of wild type and Azcals7ko
(SALK 048921) lines were provided by the Nottingham Arabidopsis Stock Centre (NASC). Plants were
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grown for 40 days on 5:1 mixture of soil substrate and perlite and fertilized twice a month with an N-P-K
liquid fertilizer, as described previously (Pagliari et al., 2017), under short day light condition (9h L/15h D) at
18-20°C.

Healthy colonies of Macrosteles quadripunctulatus were reared on Avena sativa in vented plexiglass
cages in the greenhouse (temperature of 20-22°C and short day condition 9h L/15h D), according to Bosco et
al., (1997). The last instar nymphs were transferred to Chrysanthemum carinatum plants infected with
Chrysanthemum Yellows (CY) phytoplasma (Lee et al., 2003), a strain related to ‘Candidatus Phytoplasma
asteris’ (‘Ca. P. asteris’, 16SrI-B subgroup), as the source of inoculum for a 7-day phytoplasma acquisition-
access period (AAP). After a latent period (LP) of 18 days, insects were transferred to 40-day-old Arabidopsis
for the 7-day inoculation access period (IAP).

From both lines, 10 plants were exposed to 3 infectious vectors individuals. Additionally, 10 plants
from each line were exposed to 3 healthy vectors as a control condition. Healthy leathoppers were collected
from healthy colonies and were the same age as the infected ones. Midribs from the leaves of the third rosette
node (source leaves) were collected 26 days post inoculation, when symptoms on the infected plants were
clearly visible (Pacifico et al., 2015; Pagliari et al., 2017). For phytoplasma detection and gene expression
analyses, collected samples were immediately frozen in liquid nitrogen and stored at -80°C until use. For
carbohydrate analyses, midribs were immediately frozen in liquid nitrogen, freeze-dried and then stored at -

80°C until use.

2. Phloem transport speed measurement

For phloem transport experiments, Arabidopsis plants were grown as above reported, under long-day
light conditions (14h L/10h D), at 23°C. Sixty-day-old uninfected plants of both lines, with stems of 20 cm in
length, were used for the measurement. Plants were placed on a lead layer with a receptacle, in a plastic bag,
and placed under growth lights under the same day length used for growing. Three x-ray photomultiplier tubes,
with a diameter of 5.6 cm (St. Gobain, Malvern, PA) were placed along the floral stems of both wild-type and
Atcals7ko plants. One of the detectors monitored the control signal from the rosette. Each detector was
connected to an M4612 12-channel counter and counts of x-rays were logged with the manufacturer’s included
software (Ludlum Measurements, Sweetwater, TX, USA). After at least 8 hours of background measurement,
600ul of NaH"CO; solution (Specific Activity: 40-60 mCi (1.48-2.22GBq)/mmol) were injected into
receptacle. Immediately thereafter, 1000ul of a saturated citric acid solution were also injected into the
receptacle. The bag was tightly closed and the plant was allowed to assimilate the '*CO, gas for 2 hours. Then
the bag was opened and the radiolabelled isotope was flushed via the fume hood. The x-ray detectors logged
the x-ray counts from the plant tissue every minute for 72 hours. The distance between the detectors was

measured at the end of the experiment.
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The data of the counts from each detector was handled with the <nmle> package in Rstudio (Pinheiro
et al., 2018). According to previously published methods, code was written to create a logistic function, and
to fit the logistic function to the data with time on the x-axis and the recorded counts on the y-axis (Vincent et
al., 2019). Xmid was calculated for every detector placed along the stem, representing the time at the half-
height of the logistic curve, or the average time of arrival of the *C label in the stem phloem tissue near the x-
ray detector. The speed of translocation was calculated by dividing the distance between the middle of the two
detectors (in cm) and the difference between the Xmid timepoints from the detectors (in h). For both the lines

(wild type and Atcals7ko) 4 measurements were carried out.

3. Symptom description and rosette weight measurement

Symptom development was observed in 10 healthy and 10 infected plants per line, from the end of the
inoculation period to the time of tissue harvest for different analyses, i.e. when plants were ca. 70 days old. As
a first step in evaluating the phenotypic differences between the two lines, and differences due to phytoplasma
infection, the fresh weight was measured. The day before sampling, soil was saturated with water. Rosettes
were then cut at the plant collar level and the weight of each biological replicate was measured. Statistical
analyses were performed using RStudio software Version 1.1.456 (RStudio Team (2020), Boston, MA). The
normal distribution was checked with the Shapiro-Wilk test. Significant differences among the group means
were determined with a two-way ANOVA and post-hoc comparisons between all groups were made with

Tukey’s test with p<0.05.

4. Phytoplasma detection and quantification

In order to check the phytoplasma titre in wild-type and Atcals7ko CY-infected plants, genomic DNA
was extracted from 200 mg of fresh leaf midrib tissue, according to Doyle and Doyle (1990) and modified by
Martini et al., (2009). The ribosomal protein gene rplV (rpl22) was chosen as a target for the amplification of
CY phytoplasma DNA using the primer pair rp(I-B)F2/rp(I-B)R2 (Lee et al., 2003; Pagliari et al., 2017) and
a CFX96 real-time PCR detection system (Bio-Rad Laboratories, Richmond, CA, USA). A standard curve was
established by 10-fold serial dilutions of a plasmid DNA containing the 1260 bp ribosomal protein fragment
from CY phytoplasma, amplified with the primer pair rpF1C/rp(DR1A (Martini ef al., 2007). Real-time PCR
mixture and cycling conditions were previously described (Pagliari ef al., 2017). The phytoplasma titre was
expressed as the number of CY phytoplasma genome units (GUs) per mg of fresh leaf sample to normalize the
data. Statistical significance of the quantitative differences between phytoplasma populations was calculated
by analysis of three technical replicates of 10 plants per line. Statistical analyses were performed using RStudio
software Version 1.1.456 (2009-2018 RStudio, Inc. Boston, MA). The normal distribution was checked with
Shapiro-Wilk test. Significant differences among the means were determined using the Kruskal-Wallis non-

parametric test with p<0.05.
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5. Light and Transmission electron microscopy

To observe midrib tissue organization, samples were prepared for microscopic analyses as reported by
Pagliari et al. (2016). From three plants for each condition, at least five segments (10 mm in length) of mature
leaf midrib were submerged in MES buffer for 2h at room temperature. Samples were fixed in a solution of
3% paraformaldehyde and 4% glutaraldehyde for 6h, substituting the solution every 30 minutes. After rinsing,
samples were post-fixed overnight with 2% (w/v) OsOs, dehydrated with ethanol gradient and transferred to
propylene oxide. Midrib segments were then embedded in Epon/Araldite epoxy resin (Electron Microscopy

Sciences, Fort Washington, PA, USA).

Semi-thin (1 pm in thickness) and ultra-thin (60-70 nm in thickness) sections were cut using an
ultramicrotome (Reichert Leica Ultracut E ultramicrotome, Leica Microsystems, Wetzlar, Germany). Semi-
thin sections were transferred onto glass slides, stained with 1% toluidine blue and observed under a Zeiss
Axio Observer Z1 epifluorescence microscope (EFM), using a bright field. Three samples per line per

condition were analysed. At least 4 non-serial sections for each sample were observed.

Ultra-thin sections were collected on uncoated copper grids, stained with UAR-EMS (uranyl acetate
replacement stain, Electron Microscopy Sciences) and then observed under a PHILIPS CM 10 (FEI,
Eindhoven, The Netherlands) transmission electron microscope (TEM), operated at 80 kV, and equipped with
a Megaview G3 CCD camera (EMSIS GmbH, Miinster, Germany). Five non-serial cross-sections from each

sample were analysed.

6. Phloem imaging process

Images obtained from semi-thin sections were analyzed using FIJI software (Schindelin et al., 2012).
For each plant group (i.e. healthy and infected wild type or healthy and infected Azcals7ko), the diameter of
phloem cells (lumen diameter) and the radial phloem width were measured. Measurements were performed in
four different non-serial cross-sections from three healthy and three infected samples per line. For each image,
width of at least 20 phloem cells were measured. To measure phloem thickness, 3 different points were chosen
randomly in each cross-section (Pagliari et al., 2016; 2017), with 5 technical replicates. Data obtained were
analyzed using RStudio software (2009-2018 RStudio, Inc. Boston, MA). Normality of the data was checked
with the Shapiro-Wilk test, outliers were removed with the RStudio function (boxplot(data$variable,
plot=FALSE)$out), and data were normalized with a Box-Cox transformation. A two-way ANOV A analysis was
performed, followed by post-hoc comparisons between all groups which were made with Tukey’s test with

p<0.05.

7. Sugar quantification
Authentic standards of sugars (rthamnose, arabinose, fructose, glucose, maltose, sucrose, and
melibiose) and sugar alcohols (glycerol, myoinositol, arabitol, and sorbitol) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Internal standards including fructose-'>C¢ (for sugars) and sorbitol-'*Cs (for
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sugar alcohols) were obtained from Toronto Research Chemicals (Toronto, ON, Canada) and Sigma-Aldrich
(St. Louis, MO, USA), respectively. Water, acetonitrile, methanol, and formic acid were of LC-MS grade, and
were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Stock solutions of each analyte and internal
standard were prepared at a concentration of 10,000 pug/ml in water, or methanol. Working standard solutions
were prepared by diluting and mixing each stock solutions with 90% methanol (water/methanol = 10/90, v/v).
The stock and working solutions were stored at -80°C. Freeze-dried leaf midribs were stored at -80°C until
use. Ten milligrams of ground samples treated with 0.05 mL of internal standard solution (50 pg/ml sorbitol-
13Ce and 200 pg/ml fructose-'>Cq in 90% acetonitrile (water/acetonitrile = 10/90, v/v) was extracted with 0.95
mL of 90% acetonitrile (water/acetonitrile = 10/90, v/v) (total volume: 1 ml) by ultra-sonication for 30 min,
followed by agitation for 30 min. After centrifugation (20,000 g, 5 min, 4°C), supernatant was further filtered
through 0.22 pum nylon filter, and was injected into LC-MS/MS for analysis. The extraction was performed in
triplicate (n = 3) using 4 biological replicates. Data obtained by analyses, were handled using RStudio software.
Normality of the data was checked with Shapiro-Wilk test, outliers were removed with the RStudio function
(boxplot(data$variable, plot=FALSE)$out), and data were normalized, where necessary, with Box-Cox
transformation. A two-way analysis was performed followed by post-hoc pairwise comparison of all groups

with with Tukey’s test, with p<0.05.

8. Gene expression analyses

Total RNA from 5 plants for each experimental condition was extracted from 100 mg of leaf midrib
powder obtained by grinding in liquid nitrogen, using a SpectrumTM Plant Total RNA kit (Sigma-Aldrich,
Merck KGaA, Darmstadt, DE) according to the manufacturer’s instructions. The RNA reverse-transcription
to cDNA was carried out using a QuantiTectReverse Transcription Kit (Qiagen N.V., Hilden, DE) following
the manufacturer’s instructions. The expression of the genes, reported in Table 4.2, was analysed in healthy
and CY-infected plants by real-time experiments, performed on a CFX96 real-time PCR detection system
(Bio-Rad Laboratories). The reference gene was selected by comparing the 41UBC9 (ubiquitin conjugating
enzyme 9), AtTIP41 (TIP41-like family protein), AtSAND (SAND family protein), and AtUBQI0
(polyubiquitin 10) gene expression. The gene stability values (M values) were calculated according to the
geNorm program (Pagliari et al., 2017). The AtUBC9 gene was found to be the most stably expressed gene
and so the most suitable as a reference gene (M=0.44). SsoFast EvaGreen Supermix 2x (Bio-Rad Laboratories
Inc., Hercules, CA, USA) and cDNA obtained from 5 ng of RNA and specific primers (Table 4.2) were used
in a total volume of 10 uL. Under these conditions, the primer pair efficiency (E), evaluated as described by
Pfaffl (Pfaffl, 2001) using standard curves of different dilutions of pooled cDNA, was =2. Reaction was
performed as described in Pagliari et al. (2017), with three technical repeats. A mean normalized expression
(MNE) for each gene of interest (Muller er al., 2002) was calculated by normalizing its mean expression level
to the level of the UBC9 gene. Five individuals concurred with gene MNE determination. Statistical analyses

were performed using RStudio software Version 1.1.456 (2009-2018 RStudio, Inc. Boston, MA). The normal
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distribution was checked with Shapiro-Wilk test. Significant differences among the means were determined

by a two-way ANOVA and post-hoc comparisons between all groups were made with Tukey’s test with

p<0.05.

Table 4.2 List of the genes analyzed in the paper. The table reports the locus analyzed, the accession number (NCBI), the primer

sequences. The function and the relative reference has been also reported.

Forward Reverse
Gene Locus (sequence 5'-%) nce 5'-3) Accession NCBI Functions
AtCal7 Atlg06490 TTATTTGTCGTCTGCGGCCT TCCTTTGAACACGCTACGCA NM_100528.2 Callose deposition in the phloem (Barratt et al., 2011; Xie et al.,
2011)
AtSUS5 At5g37180 TGGAAGCAAAGAGAGGGCTG  CCAGGAGCTGCGATGTTGAA — NM_123077.2 Sucrose synthases responsible for the cleavage of the sucrose to
provide UDP-glucose to several pathways in a reversible reaction (i.e.
AtSUSE At1g73370 ACATAGCCAAGGAGCTTCGC CTTGAGCCGAGTTAGCACCA NM 001198461.1 callose synthesis and cellulose synthesis). Peculiarity of the sieve
- element. (Barratt et al., 2009)
AtCWINVL  At3g13790  ACTCGGCTAAGAACCGGAGA  CGGACCAGCCTTTCTCAACA — NM_001338080.1 Cleavage of the sucrose of the apoplast in fructose and glucose and
- transport of hexoses inside the cell. Localization: cell wall. CWINV1 is
expressed in almost all the tissues, CWINV6 is more expressed in the
AtCWINV6 | AtSgl1920  GTCACAGTTIGTTGCCGAACC  GGCGGAACCATCACAGGATT — NM_001343222.1 leaves (Sherson et al, 2003). They could have a role in defense
against pathogens (Fotopoulos et al., 2003).
AtSUC2 At1g22710  GTCGCTGGAGCTGGTTTAGT TATCGCTATGGCTCGCGTTT NM_102118.4 Sucrose and H* symporters, working against concentration. AtSUC2
seems to be the most expressed in Arabidopsis. Localization:
AtSUC3 At2g02860  TGTTCTGCTTGTGGATGGCT ACATGCAGCACAACATGCTC NM_201675.2 companion cells, (Durand et al., 2018)
AtSWEET11 At3g48740 AGGCACAGTTTCATCCCCTG TGCTTGCCATGTTTAGGGGT NM_114733.4 Pyt e ) R e D i R (SRR fd
AtSWEET 12 are localized in the phloem parenchyma with a probable
lation by Ca?* ions. (Zhang, 2018
AtSWEET12  AtSg23660 CCCGGAACCAAAGATCGACA — GCACGGGAGAGAGGAAAACA NM_1222713 ERELRanyiEs g oy (s 201
At5226340 High affinity hexose transporter, probably related to vascular tissue,
AtSTP13 o ATAGGTGTGGCTCTCAACGC GACAAGAACAACGGAACGGC NM_122535.4 is confers resistance in case of rust. Its activity increase in in presence

of flagellin. (Julius et al., 2017)

9. Confocal laser scanning microscopy

In both wildtype and Atcals7ko plants, healthy or CY-infected, callose deposits associated with the
plasmodesmata or the sieve plates were identified in leaf epidermis, midrib parenchyma, and phloem tissues,
using aniline blue staining and Confocal Laser Scanning Microscopy (CLSM). Callose was quantified in situ
by measuring the aniline blue fluorescence intensity (Levy et al., 2007). For the analysis of the epidermis,
whole leaves form the third rosette node, were collected in 95% EtOH solution and stored for at least 2 hours
at room temperature, as described by Zavaliev and Epel, (2015). Samples were rehydrated with distilled water
with 0.01% Tween-20 for 1 hour, then placed in a tube with aniline blue solution (0.01M K3PO,, pH=12).
Tubes with samples were placed in a vacuum desiccator for 10 minutes, then incubated under aluminum foil
for 2 hours. Two leaves for each biological replicate (three for every condition) were observed. For every leaf
at least 20 images were taken, using a Leica SP8§ LSCM (Leica Microsystems Inc., Buffalo Grove, IL, USA)
equipped with 40x oil immersion objective. Aniline blue fluorescence was excited with 405nm diode laser and
emission was detected at 475-525nm. Optimal conditions for microscopy were previously determined using

healthy wild type samples.

To analyze callose deposits in the midribs, both in phloem and in the surrounding phloem parenchyma,
leaf midribs were collected in 95% EtOH solution and stored at least 2h at room temperature. Hand-made cross

sections were cut with a razor blade and incubated for 5 minutes in aniline blue solution. The sections were
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rinsed with 0.01% Tween-20 solution. For each condition at least 10 non-serial sections from 5 different
specimens were observed using a Leica SP8 CLSM and 10x objective. Aniline blue fluorescence was excited
with 405nm diode laser and emission was detected at 475-525nm. Optimal conditions for microscopy were

previously determined using healthy wild type samples.

Imaging analysis was performed using FIJI software (Schindelin et al., 2012). For the epidermis
analysis and phloem parenchyma analysis, images were treated following the protocol by Zavaliev and Epel,
(2015). A macro separated the callose region of interest from the background using an auto local threshold
with the Phansalkar algorithm with radius=1 for the epidermal tissue, and the Bernsen algorithm with
radius=10 for the midrib parenchyma. Analysis of phloem parenchyma was carried out on a region of interest
(ROI) of 45000um?. Phloem deposits were analyzed as previously reported by Pagliari et al., (2017). For each
group, the mean gray value (callose intensity), the count of callose deposits for each millimeter square and the

integrated density (sum of intensity within the area of the ROI) were considered.

Data obtained by analyses were handled using RStudio software (2009-2018 RStudio, Inc. Boston,
MA). Normality of the data was checked with the Shapiro-Wilk test, outliers were removed with the RStudio
function (boxplot(data$variable, plot=FALSE)$out), and data were normalized, where necessary, with Box-Cox
transformation. A two-way analysis was performed followed by a post-hoc comparison of all pairs with

Tukey’s test, with p<0.05.
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Results

1. Phloem translocation speed

The speed of sugar translocation in the phloem was evaluated and compared in healthy wild type and
Atcals7ko Arabidopsis (Figure 4.3). The results obtained highlighted a significant difference in the
translocation speed (expressed as centimeters per hour) between the two lines: Afcals7ko mutant plants showed
66% slower translocation compared to the wild type plants. The average speed in wild type plants was 10.2 +
1.6 cm*h-1 while in the mutants was 5.0+ 2.0 cm*h-1. Due to the fact that the infected wild type plants
developed very short stems (see also Pagliari et al., 2016) and infected Atcals7ko failed to do that (Figure 4.11,

Supplementary 1), the translocation speed was not determined in CY-infected plants.

Phloem transport speed

12.51
b Figure 4.3 Phloem transport speed in wild type
T and Atcals7ko Arabidopsis lines. Carbohydrate
g 10.0 translocation speed along the phloem, measured
S with 1C isotope. The speed is expressed as cm/h
§_ and it is calculated by average time of arrival of
e 7.51 the "C label in the stem phloem tissue near the
g x-ray detector. Statistic analysis was performed
g a using the Tukey HSD test as the post hoc test in
% e a two-way ANOVA. Different letters (a, b) above
5 the bars indicate significant differences, with P
8 5 54 < 0.05. Error bars indicate the Standard Error
8_ of the Mean of 4 biological replicates for each
n condition.
0.0

Wild type Atcals7ko

2. Phenotypes of healthy and CY-infected Arabidopsis lines and phytoplasma titre

Wild type and Atcals7ko plants, healthy or infected by CY-phytoplasma, were compared at
morphological level, to check eventual differences in the rosette growth rate and in symptom appearance.

Moreover, phytoplasma titre was quantified in infected Arabidopsis lines by qPCR.

From a macroscopic point of view, no differences were observed among healthy plants of the two
different lines (Figure 4.4, A), even if Atcals7ko plants appeared, in general, smaller. Following CY -infection,
plant morphology was affected in both lines. Symptoms were not different in the rosette of the two lines, and

included yellowish, small, narrowed leaves. Leaves which emerged after phytoplasma inoculation were
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shorter, with a thicker main vein and a smaller petiole. The phytoplasma titre was not statistically different in
the two lines (Figure 4.4, B). The fresh weight of rosettes was measured at the moment of sampling and
statistical analysis was carried out. Fresh weight results differed in the two lines (Figure4.4 C), regardless of
the phytoplasma infection. A¢cals7ko plants showed stunted growth, with the fresh weight reduced by 56% on

average, compared to the wild type plants.
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Figure 4.4 Rosette phenotype and phytoplasma titre in wild type and Atcals7ko line. Representative images of healthy and CY-
infected wild type and Atcals7ko rosettes. Following CY-infection, at 20 days after the inoculation access period (IAP), both plant
groups showed yellowish small leaves. Leaves emerged after phytoplasma inoculation were shorter, with thicker main vein and
smaller petiole (A). Phytoplasma titre is not significantly different in the two Arabidopsis lines (B). Regardless phytoplasma
infection, rosette fresh weight is significantly reduced in Atcals7ko plants in comparison with wild type (C). Different letters indicate
different means according to the non-parametric Kruskal-Wallis post hoc test, P<0.05. Error bars indicate Standard Error of the
Mean of 10 biological replicates for each condition. Plant weight (C) 20 days IAP expressed as mg of fresh tissue. Statistic analysis
was performed using the Tukey HSD test as the post hoc test in a two-way ANOVA. Different letters (a, b) above the bars indicate
significant differences, with P < 0.05. Error bars indicate the Standard Error of the Mean of 10 biological replicates for each

condition.
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3. Midrib morphology

Semithin sections, obtained from the midribs of source leaves, were evaluated under a light microscope
Figure 4.5 A-D). Midribs from wild type and Atcals7ko healthy plants, showed a regular collateral pattern
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Figure 4.5 Light microscopy micrographs and imaging analyses of Arabidopsis midribs. Histological characteristics of healthy (A,
C) and CY-infected (B, D) midribs of wild type (A, B) and Atcals7ko (C, D) plants. In the pictures (A-D), stars indicate phloem and
triangle indicate xylem. Increase of phloem thickness is evident in healthy Atcals7ko line (C, E). In infected leaf tissues, massive
production of new phloem components caused phloem hyperplasia (B, D) mainly in the wild type plants (B, E). The phloem thickness
was measured in three different randomly selected measuring points, in four different non-serial cross-sections from three healthy
and three infected samples per line (E). To evaluate phloem cell lumina, the width of at least 20 phloem cells were measured for
each image. Regardless the infection, the lumen of phloem cells (F) was narrowed in the mutant line. Statistic analysis was
performed using the Tukey HSD test as the post hoc test in a two-way ANOVA. Different letters (a, b, ¢, d) above the bars indicate
significant differences, with P < 0.05. Error bars indicate the Standard Error of the Mean of biological replicates for each

condition. Bars correspond to 25 um.
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(Figure 4.5). However, a slight, but significant increase of the phloem thickness (hyperplasia) was observed in
the Atcals7ko midribs (Figure 4.5 E). CY-infected midribs (Figure 4.5 B and D) were characterized by a
marked hyperactivity of the cambial tissue, especially in the wild type line, which showed an increase of
phloem thickness of 400% in comparison with the uninfected ones (Figure 4.5 B and E). This resulted in a
massive production of phloem components, leading to evident phloem hyperplasia (Figure E). Moreover, the

lumen of phloem cells (Figure 4.5 F), was narrowed in the mutant line, regardless of the infection.

4. Sugar quantification

Sucrose, glucose, fructose, myoinositol, sorbitol, arabinose and raffinose were quantified in the midribs,
as site of infection, as analyte on peak area ratio (Figure 4.6). No significant differences between the two lines
were found in absence of infection (Figure 4.6 A-G). Following CY -infection, in the wild type line the amounts
of the above cited sugars did not vary significantly (Figure 4.6 A-G). Considering the Afcals7ko line, sucrose,
glucose and myoinositol showed a significant increase following infection (Figure 4.6 A, B and D). In
particular, in comparison with their respective healthy controls, sucrose increased around 5-fold in infected
Atcals7ko plants, (Figure 4.6 A), glucose around 4-fold (Figure 4.6 B), myoinositol around 2-fold (Figure 4.6
D).

5. Gene expression analysis

To assess whether genes involved in sugar metabolism and transport were differentially modulated in
the midribs of source leaves in the two Arabidopsis lines, also in the case of phytoplasma infection, gene
expression levels of sucrose synthases (4tSUSS and AtSUSG6), sucrose transporters (AtSUC2 and AtSUC3),
SWEET sugar facilitators (AtSWEET11, AtSWEETI2), cell wall invertases (AtCWINV1, AtCWINV6) were
evaluated (Figure 4.7 B-F). Moreover, the expression level of the phloem callose synthase gene (4tCALS7)
was analyzed in healthy and CY-infected wild type plants. It was significantly up-regulated (around 2.5-fold)
in infected plants (Figure 4.7 A).
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Figure 4.6 Sugar quantification in the midribs of healthy and infected Arabidopsis lines. Sucrose (A), glucose (B), fructose (C),
myoinositol (D), sorbitol (E), raffinose (F) and arabinose (G) were quantified in midribs of the two different lines, healthy or CY-
infected. Data obtained were expressed as analyte/IS peak area ratio. Statistic analysis was performed using the Tukey HSD test as
the post hoc test in a two-way ANOVA. Different letters (a, b) above the bars indicate significant differences, with P < 0.05. Error

bars indicate the Standard Error of the Mean of 4 biological replicates for each condition.

AtSUSS5 and AtSUS6 encode two callose synthases located in the SEs, which provide UDP-glucose as
substrate for AtCALS7. Comparing the expression levels found in healthy samples (i.e. wild type versus
Atcals7ko), AtSUS6 was significantly up-regulated (Figure 4.7 B). AtSUSS5 showed low expression levels
which did not differ in the two lines. Following CY-infection, AsSUS5 transcripts increased 3.5 and 5 times
respectively Figure 4.7 B). The expression level of 4tSUC2 was not significantly changed in all plant groups
(Figure 4.7 C). On the contrary, AtSUC3 was significantly up-regulated only in the Afcals7ko line following
CY infection (Figure 4.7 C). The gene encoding the sugar effluxer AtSWEET11 (located, as AtSWEET12, in

the phloem parenchyma cells) was down-regulated in healthy Afcals7ko midribs in comparison with the
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healthy wild type samples (Figure 4.7 D), whereas following infection, it became significantly over-expressed
in both lines (Figure 4.7 D). Transcription levels of AtSWEETI2 were unchanged in all the tested samples
(Figure 4.7 D). AtCWINVI and AtCWINV6 encode two cell wall invertases, involved in the irreversible
cleavage of sucrose into glucose and fructose. Cell wall invertases represent an alternative path to sucrose
synthases for hexose production for cell metabolism. We found that the expression level of A«CWINV1 is
significantly higher in the midrib of healthy A¢cals7ko plants (Figure 4.7 E) in comparison with the other plant
groups, whereas AfCWINV6 showed a similar trend but with a very low expression level, which results in the
insignificant difference between the two lines, even when they are infected (Figure 4.7 E). The expression
level of AtSTPI3, a gene encoding a vascular hexose transporter (Figure 4.7 F), was similar in the midribs of
both lines, but revealed an evident increase (around 5.5-fold) in the infected midribs of Azcals7ko line (Figure

4.7 F).
6. Electron microscopy observations

To visualize changes in SE ultrastructure due to mutation and/or pathogen presence, midrib ultrathin
sections were examined under TEM. For each condition, five non-serial sections from 10 different plants of
each line were analysed. Observations of healthy wild type samples showed normal SE and CC ultrastructure,
having regular shape and no signs of subcellular modifications (Figure 4.8 A-C). As expected, at the sieve
plates, sieve pores had callose collars (Figure 4.8 B) that did not occlude their lumen. At SE/CC interface,
PPUs were open and showed their typical branched shape (Figure 4.8 C). A small callose collar was
particularly visible at the SE side (Figure 4.8 C). In infected wild type midribs (Figure 4.8 D-F), numerous
phytoplasmas were visible in the SE lumen (Figure 4.8 D) or in proximity of the sieve plates (Figure 4.8 E).
As in healthy controls, sieve pores had callose collars, and PPUs displayed regular morphology (Figure 4.8 F).
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Figure 4.7 Transcript profiling of genes involved in phloem callose synthesis and sugar transport and metabolism. A. Expression

level of phloem callose synthase gene (AtCALS?7) in healthy and CY-infected wild type plants. B-F. Transcript profiling of sucrose
synthases AtSUSS and AtSUSG6 (B), sucrose transporters AtSUC2 and AtSUC3 (C), SWEET sugar facilitators AtSWEETI1 and
AtSWEETI2 (D), cell wall invertases AtCWINV1 and AtCWINVG6 (E), the hexose transporter AtSTP13 (F). Healthy and infected

plants belonging to the two lines were compared. Expression values were normalized to the UBCY transcript level, arbitrarily fixed

at 100, then expressed as mean normalized expression £SE (transcript abundance). Statistic analysis was performed using the Tukey

HSD test as the post hoc test in a two-way ANOVA. Different letters (a, b, ¢, d) above the bars indicate significant differences, with P

< 0.05. Error bars indicate the Standard Error of the Mean of 5 biological replicates for each condition.
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Figure 4.8 Representative TEM micrographs of the sieve elements of healthy and CY-infected Arabidopsis lines. A-F. Cross-
sections of midribs from healthy (A-C) and infected (D-F) wild type Arabidopsis leaves. Healthy samples present unaltered sieve
elements and companion cells (A), with a regular shape and no signs of necrosis or subcellular aberrations. The sieve pores show
thin callose collars (B), pore-plasmodesma units are open and show their typical branched shape (C). In infected midribs, numerous
phytoplasmas are visible inside the sieve elements (D) and at the sieve plate (E). Callose collars are evident around the sieve pores
(E, F) and pore-plasmodesma units display a similar morphology as in healthy samples (F). G-N. Cross-sections of midribs from
healthy (G-J) and CY-infected (K-N) Atcals7ko Arabidopsis leaves. In healthy Atcals7ko samples, phloem cells are apparently well
structured (G), but the sieve plates show aberrant morphology (H, I). Pores lack callose and appear not developed (H, I). Pore-
plasmodesma units are branched, similar as in wild type samples (J). In CY-infected Atcals7ko samples, many phloem cells evidence
thick cell walls (K), others are collapsed (L). Sieve plates are deformed, thickened (L, M) and pores are filled by electron-opaque
material (M). Pore-plasmodesma units appeared large, without well-defined branches (N). CC: companion cell; PPC: phloem
parenchyma cell; star: phytoplasmas;, PPU: pore-plasmodesma unit, SE: sieve element, ser: sieve element reticulum, SP: sieve plate.

Bars correspond to 1 ym.
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In the healthy Atcals7ko line (Figure 4.8 G-J), SEs and CCs appeared normal in shape (Figure 4.8 G).
At ultrastructural level, phloem protein filaments, plastids and sieve endoplasmic reticulum were easily
recognizable in the SE lumen or close to the plasma membrane (Figure 4.8 H). Nevertheless, in accordance
with previous studies (Barratt et al., 2011; Xie et al., 2011), sieve plates lacked callose and showed aberrant
morphology (Figure 4.8 H, I). Some sieve pore channels seemed incompletely developed (Figure 4.8 H and I),
whereas PPUs displayed a normal appearance (Figure 4.8 J). Phytoplasmas were easily visible inside SEs of
infected Atcals7ko line (Figure 4.8 L-N). Following infection (Figure 4.8 K-N), many phloem cells displayed
thick walls (Figure 4.8 K), while others were collapsed (Figure 4.8 L). Sieve plates appeared deeply damaged,
collapsed, or thickened, and with sieve pores filled by electron-opaque material (Figure 4.8 M). PPUs appeared
large, without well-defined branches (Figure 4.8 N).

7. Confocal laser scanning microscopy analyses and imaging

Confocal laser scanning microscopy (CLSM) and aniline blue staining were used to evaluate the
presence, the distribution, and the amount of callose depositions in different leaf tissues of wild type and
Atcals7ko plants, healthy or CY -infected. The fluorescent spots reflected callose in phloem tissue (Figure 4.9),
whereas the discrete fluorescent regions in the phloem parenchyma (Figure 4.9) and at epidermis level (Figure
4.10) indicated callose collars at the plasmodesmata. The phloem area of the healthy wild type midribs was
characterized by a modest callose presence, indicated by fluorescent dots (Figure 4.9 A). In infected wild type
samples, intense aniline blue signals revealed a significant increase in callose deposits (Figure 4.9 B). The
level of fluorescence (Figure 4.9 E), the number (Figure 4.9 F) and the density (Figure 4.9 G) of deposits were
measured and compared in healthy and infected wild type samples, resulting in a significant increase in the
latter compared to the former (Figure 4.9 E-G). As expected, no fluorescent spots were found in the

corresponding phloem area in Afcals7ko samples, even in case of phytoplasma infection (Figure 4.9 C and D).

Imaging analyses allowed us to evaluate the fluorescent signal which was visible in the cell walls of the
midrib parenchyma, indicating callose collars at the plasmodesmata (Figure 4.9). In the healthy samples of
both Arabidopsis lines, the signal intensity (Figure 4.9 H) and the number of dots (Figure 4.9 I) were not
significantly different, on average, in the selected area. However, the density of the dots within the area of
interest, is significantly higher in the mutant line than in the wild type. Following infection, the level of
fluorescence and the density of the signal significantly increased only in wild type samples (Figure 4.9 H and

J), whereas no changes were observed in the A¢cals7ko line (Figure 4.9 H-J).
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Figure 4.9 CLSM micrographs and imaging of callose deposits at plasmodesmata in phloem area and in parenchyma of healthy
and CY-infected Arabidopsis midribs. Fluorescent spots indicate callose depositions in the phloem area of healthy (4) and CY-
infected (B) wild type samples. The fluorescence intensity (E), the number (F) and the density [i.e. the sum of the intensity in the
region of interest (ROI)] of the deposits (G) is significantly higher in the infected midribs compared to the healthy ones. No
signal is visible in Atcals7ko midribs (C, D). Punctate dots, indicating callose deposits at plasmodesmata are visible in the
midrib parenchyma of all samples (A-D). In the ROI, fluorescence intensity (H) and number of dots (I) are not different in
healthy samples, but the density (i.e. the sum of the intensity) within the ROI, is significantly higher in the mutant line than in
the wild type (J). Following infection, the fluorescence intensity and the density of the signal in the ROI significantly increased
only in wild type samples. In the pictures, stars indicate phloem and triangle indicate xylem. Statistic analysis was performed
using the Tukey HSD test as the post hoc test in a two-way ANOVA. Different letters (a, b, c, d) above the bars indicate
significant differences, with P < 0.05. Boxplots were obtained from three biological replicates for each condition. Bars

correspond to 100um.
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In the epidermis tissue of healthy plants, the intensity (Figure 4.10 E), the number (Figure 4.10 F), and
the density of fluorescent dots (Figure 4.10 G) are lower in Atcals7ko samples compared to the wild type.
Interestingly, following CY -infection the three parameters significantly increased only in Afcals7ko line. In
particular, the value of signal intensity in infected mutant line was the higher than all the others (Figure 4.10

E), whereas the density was comparable to that found in infected wild type samples (Figure 4.10 G).

Fluorescence was not detected in unstained healthy or CY-infected samples (Figure 4.12,

Supplementary file 2), with the exception of the xylem autofluorescence.
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Figure 4.10 CLSM micrographs and imaging of callose deposits at plasmodesmata in epidermal cells. Aniline blue fluorescent dots
(A-D), their intensity (E), number (F) and density (i.e. the sum of the intensity, G) were assayed at leaf epidermis level in healthy
and infected samples of both lines. In healthy samples, the intensity (E), the number (F), and the density of fluorescent dots (G) are
lower in Atcals7ko line compared to the wild type. Following CY-infection the three parameters significantly increased only in
Atcals7ko line. Statistical analysis was performed using the Tukey HSD test as the post hoc test in a two-way ANOVA. Different
letters (a, b, ¢) above the bars indicate significant differences, with P < 0.05. Boxplots were obtained from 5 biological replicates for

each condition. Bar corresponds to 50 um.
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Discussion

Callose is produced mainly in specialized cell walls, which might explain the cell- or tissue-type
specific expression of the CALS/GSL gene family members, comprising 12 members in Arabidopsis (Verma
et al., 2001). Studies reporting that the sieve pores are rich in callose date back to the last century (Eschrich,
1956). Barratt et al., (2011) and Xie et al., (2011) demonstrated that, in Arabidopsis, callose deposition at the
sieve plates is regulated by a callose synthase gene, AtCALS7, which is co-expressed with the phloem-specific
sucrose synthase genes (AtSUS) 5 and 6 (Barratt ef al., 2009). The same authors also indicated a role of both
sucrose synthases in providing the UDP-glucose for callose synthesis at the sieve plates. Callose synthesis
requires several steps, including the glucosyl-group transfer by a transferase (Hong et al., 2001; Bonke ef al.,
2003; Barratt et al., 2009), so the existence of a callose synthase complex, formed by different proteins, related

to sucrose metabolism, has been suggested (Schneider et al., 2016).

In plants infected by phytoplasmas, an increased callose deposition at the sieve plates has been
described since the ‘70s (Braun and Sinclair, 1978) as a defence process to occlude sieve pores and limit
pathogen spread (Musetti et al., 2013a). The presence of such as depositions is often associated to the altered
modulation of callose synthase genes, as reported for phytoplasma-infected apple trees, grapevine and tomato
(Musetti et al., 2010b; Santi et al., 2013a; De Marco et al., 2016a, 2016b). These structural and physiological
modifications appeared to be consistent with transcriptional changes observed for sucrose transport and

metabolism following infection (Santi et al., 2013b), and for this reason, worthy to be investigated.

As phytoplasmas are phloem-limited pathogens (van Bel and Musetti, 2019), in the present work, we
used healthy and phytoplasma-infected Arabidopsis lines, wild-type or A¢cals7 knock-out (Barratt et al., 2011;
Xie et al., 2011) to investigate whether and to what extent the phloem callose synthase AtCALS7 interferes

with plant sugar metabolism and translocation in relation to plant growth and defence-related signalling.

1. Healthy wild type vs healthy Azcals7ko line

Carbohydrate translocation speed is reduced in the Atcals7ko line, which presents modified

rosette phenotype and midrib structure

Barratt et al., (2011) reported that the amount of “C in different part of the stem of wild -type or
Atcals7ko was similar in percentage, but in the mutant plants the biggest proportion of label remained in the
lowest part of the stem. The authors concluded that phloem transport is reduced in Atcals7ko. Contrary in our
work, we directly measured the speed of carbohydrate transport using a non-invasive method. In fact, '*C was
supplied as '*CO,, which is converted in source leaves to '*C-sugars, whose movement was then followed by
photomultiplier-based X-ray detectors positioned close to the stem (Vincent ef al., 2019). We confirmed that
the velocity of sugar translocation in the mutant line was lower in comparison to the wild-type. Barratt et al.,

(2011) and Xie et al., (2011) reported that the knocking-out of AtCALS7 gene deeply affected plant growth in
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Arabidopsis, provoking reduction of stem length, shorter siliques and aborted embryos. They correlated the
lower growth rate of the Atcals7ko line with the reduced carbon availability for the sink organs, due to the
aberrant sieve-plate morphology and the consequent impairment of the sugar transport. Moreover, the
influence of unbalanced phytohormone levels in Afcals7ko line in comparison to the wild-type could be not
excluded, as sugars play an important role in generating signals for hormone-dependent developmental

processes (Wang and Ruan, 2013).

We observed the reduction of the fresh weight in the rosette of Afcals7ko plants, whereas Barratt et
al., (2011) and Xie et al., (2011) did not observe any variation in rosette development at the early growth stage.
The discrepancy with our results is probably due to the different growth conditions and the age of the plants

used for the analysis.

Histological analyses performed on the midribs of source leaves showed a slight, but significant
increasing of the phloem thickness (hyperplasia) in the A¢cals7ko midribs in comparison with the wild-type
and the concomitant narrowing of phloem-cell lumina. Hyperplasia is explained as a plant response to the
limited phloem functionality (Oshima et al., 2001), aimed to maintain and maximize the phloem sap
translocation (Martinez et al., 2020). The reduction of the cell lumina is likely due to the increased cell-wall
thickness. Cellulose is the main component of primary cell wall, whose synthesis is strongly influenced by the
carbon status of the plants (Verbancic et al., 2018). UDP-glucose, produced by a membrane-associated sucrose
synthase, is the substrate for both cellulose (Brown et al., 1999; Doblin et al., 2002) and callose synthesis
(Barratt ef al., 2011). It has been suggested that both callose and cellulose synthases could reside in the same
or in adjacent supramolecular complexes (Nakashima et al., 2003). Their activities might have bipolar
regulation so that a mutual controlling mechanism links the initiation synthesis of the one and the termination
synthesis of the other (Kudlicka and Brown, 1997). Basing on these considerations, it is not unexpected an

increasing of cellulose production and a consequent increase of cell wall thickness in Atcals7ko line.
Soluble sugar quantification in Arabidopsis midribs

Results described in this work evidenced that in the midribs of healthy source leaves, sugar levels (i.e.
sucrose, glucose, fructose and myoinositol, sorbitol, raffinose, arabinose) were similar in the wild-type and
Atcals7ko Arabidopsis lines, indicating that photosynthetic activity in source leaves and the consequent
production of sucrose and related metabolites, is not influenced by the loss of AtCALS7 in the phloem. This
is in line with the results obtained by Barratt ef al., (2011), who reported that the loss of AtCALS7 provokes
much more marked changes in sugar metabolism in sink organs (i.e. inflorescence) than in the rosette. Changes
in sugar metabolism of sinks would be consistent with the impaired phloem translocation we observed in the
Atcals7ko mutant, as well as its lower growth. Anyway, we cannot exclude that localized changes of sugar
metabolism follow phloem modifications in the mutant line. It is possible that sugar-related endogenous signals
could be generated in A¢cals7ko line (at the phloem level), provoking changes in assimilate partitioning aimed

to mitigate the stress imposed by the slowdown of osmolyte translocation (Sharma et al., 2019). Sugars
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themselves can act as signaling molecules and/or regulators of gene expression, for example acting like
hormones and translating nutrient status to regulation of growth and floral transition (Eveland and Jackson,
2012 and references therein). Sucrose itself can be sensed (Chiou and Bush, 1998), as well as products of its

cleavage like glucose and fructose, and other carbohydrates (Li et al., 2011; Ruan, 2014).

Sucrose cleavage by sucrose synthase 6 and cell wall invertase 1 enzymes is preferred in

Atcals7ko line.

The slowdown of sugar transport rate observed in Atcals7ko plants has effects on the expression of
genes encoding cleavage enzymes (i.e. sucrose synthases and invertases), which have the potential to
profoundly influence carbohydrate distribution and utilization within and among the plant parts. Among the
different sucrose synthase of Arabidopsis, AtSUSS5 and 6 are localized in the phloem, in both sucrose loading
and unloading zones of mature leaves (Barratt ef al., 2009) and control sucrose levels in the phloem (Claussen
et al., 1985). Barratt et al., (2011) reported that AtSUSS and AtSUS6 may have a specific role in the provision
of the UDP-glucose substrate (as they reversibly cleave sucrose into UDP-glucose and fructose) for the
synthesis of callose in the wall of sieve pores. As said before, UDP-glucose is also the substrate of cellulose
synthase (Nakashima et al., 2003). The activities of AtSUS are transcriptionally regulated (Martin et al., 1993),
so we evaluated the expression level of AtSUSS and AtSUS6 in the two Arabidopsis lines. As the expression
level of AtSUS6 is higher in the midrib of Atcals7ko line (whereas AtSUSS5 showed very low expression levels
not significantly different in the two lines), the loss of AtCALS7 could make available UDP-glucose to
promote the activity of cellulose synthases (Nakashima et al., 2003). Interestingly, as said above, in the
Atcals7ko line, the lumina of the phloem cells are reduced in comparison to the wild-type, likely due to thicker

cell walls.

The activities of enzymes responsible of sucrose cleavage in the apoplast, i.e. cell wall invertases
(CWINV, Hothorn et al., 2010) resulted also modulated in Atcals7ko line. The activities of CWINV are
transcriptionally regulated (Veillet ef al., 2016; Cabello et al., 2014). They irreversibly catalyze the cleavage
of the extracellular sucrose into glucose and fructose (Roitsch and Gonzalez, 2004; Hirose et al., 2008). We
found that the expression level of AfCWINV 1 is significantly higher in the midrib of A¢cals7ko plants, whereas
AtCWINV6 showed a similar trend but without significant difference between the two lines. The increasing of
AtCWINV1 expression (and the consequent enzyme activation) alters the ratio of sucrose to hexoses in the
apoplast, therefore modulating sugar signaling (Lastdrager ef al., 2014) and sugar partitioning. Overall, these
results demonstrated that both intra- and extracellular sucrose cleavage contribute to the production of hexoses,
which are able to act as energy source and signaling molecules in response to the osmotic stress (Janse van

Rensburg et al., 2017) imposed in Arabidopsis by the loss of AtCALS7.

The loss of AtCALS7 impairs phloem loading.
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To investigate if the different sugar partitioning in A¢cals7ko line is related to modifications in phloem
loading from the apoplasm, we investigated the transcription levels of genes encoding the main sugar

transporters in Arabidopsis.

In the phloem parenchyma cells (PPCs) AtSWEET11 and AtSWEET12 are uniporters playing an
important role in the efflux of sucrose, glucose and fructose (Le Hir et al., 2015) from PPCs towards the
apoplasmic space (Zhang, 2018): they are responsible for the step before phloem loading mediated by
AtSUC2/H" symporter (Braun, 2012; Chen, 2014). In leaves, AtSWEET] 1 and AtSWEETI2 genes were highly
expressed when sucrose export was high and reduced during osmotic stress (Durand et al., 2018). We found
that AZSWEET11 showed significant downregulation in Atcals7ko line. It is likely that, due to the impairment
of the mass flow in the SEs of Atcals7ko line, high sucrose levels remain in the PPCs (Wei et al., 2020). As a
consequence, the expression levels of AtSUC2 and AtSUC3 result unchanged in A¢cals7ko midribs compared
to the wild-type. Among the genes encoding sucrose transporters, AtSUC?2 is the most expressed SUC gene in
the rosette of Arabidopsis and displays a high and stable diurnal expression (Durand ef al., 2018). AtSUC2 is
localized exclusively in the companion cells of Arabidopsis, it is highly expressed in mature leaves (Hafke et
al.,2013) and its function in phloem loading is well established (Giaquinta, 1977; Lalonde et al., 2003). There
is evidence that SUC2 activity is regulated at transcriptional, post-transcriptional and post-translational levels
(Xu et al.,2018; Wipfet al., 2020). In fact, AtSUC2 expression and activity are regulated, both positively and
negatively, by developmental (sink to source transition) and environmental cues, including light, sugar levels,
turgor pressure, drought and osmotic stress, and hormones. However, Sakr et al., (1997) reported that in
Arabidopsis, the amount of AtSUC2 protein was not correlated with the sucrose transport rate because, in
addition to protein amount, also the proton motive force might influence SUC activity (Khadilkar et al., 2016).
AtSUC3 encodes for a transmembrane sucrose transporter, located in sieve elements (Meyer ef al., 2004) also
indicated as a putative sucrose sensor (Meyer et al., 2004). In the midribs of both Arabidopsis lines, AtSUC3
has low expression level, as the transporter AtSUC3 is mainly expressed in sink tissues, where it delivers
sucrose from the apoplasm (Meyer et al., 2004). Similarly, the expression level of the monosaccharide
transporter gene AtSTP13, which encodes a transporter active in the vascular tissues of Arabidopsis green

leaves (Nerholm et al., 2006) remains unchanged in the two lines.
Does the reduced phloem function in Azcals7ko line alter symplasmic cell communication?

Given the modification above described, we also investigated whether the loss of AtCALS7 in
Arabidopsis and the subsequent reduced phloem function in Afcals7ko line (Barratt et al., 2011; Xie et al.,
2011) may influence the symplasmic cell communication (i.e. via plasmodesmata) among different parts of
the source leaf. In fact, it is widely established that plasmodesmata in a leaf form a special communication

network between the mesophyll and the phloem (Lucas et al., 1996).

TEM observations revealed the presence of aberrant callose-deficient sieve-plates in source leaves of

Atcals7ko Arabidopsis, confirming what Barratt et al., (2011) reported in Arabidopsis sink organs (stem and
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root). At the CC/SE interface, PPUs appeared similar in morphology in the two Arabidopsis lines, but a thin
callose layer is clearly visible only in the wild-type samples. This leads to the hypothesis that AtCALS7 could
be responsible for the maintenance and regulation of the PPU gates beside the sieve pores. Nevertheless,
whether the lack of phloematic callose could provoke changes in the regulation of CC/SE connectivity at PPUs

remains to demonstrate.

To widely check the callose distribution and the eventual variations in callose-related signal intensity in
different leaf areas of wild-type and Atcals7ko Arabidopsis plants, we used aniline-blue as fluorescent dye to

detect callose depositions (Zavaliev and Epel 2015).

As expected, fluorescent dots appeared in correspondence of the phloem layer in the midribs of wild-
type plants (De Marco et al., 2016b; Pagliari et al., 2016) but not in the A¢cals7ko mutants. This is in agreement
with TEM results commented above (Barratt et al., 2011; Xie et al., 2011).

In the adjacent parenchyma tissues, aniline-blue evidenced callose collars at the plasmodesmata,
visible as numerous fluorescent punctate dots at the cell boundaries (Levy ef al., 2007). In the two Arabidopsis
lines, the number of deposits and the fluorescence intensity was not significantly different, in average, in the
selected area. But considering the density of the dots within the area of interest, this is significantly higher in
the mutant line than in the wild-type, indicating changes in their morphology (i.e. from simple- to branched-
shaped). Plasmodesmata have a dynamic structure, able to change in response to a number of stimuli
(Fitzgibbon ef al., 2013; Sager and Lee, 2014). It has been reported that the appearance of complex, branched
plasmodesmata may reduce intercellular communication (Lucas and Lee, 2004) and mark a shift from
unselective to selective molecule transport, allowing increasing control of the substances passing between the
cells (Oparka and Turgeon, 1999). Complex, branched plasmodesma formation is influenced by different
stresses and quickly occurs in leaves following osmotic shocks (Schulz, 1995) and undergoing the sink-source

transition (Roberts et al., 2001).

As said before, the phloem mass flow is strongly impaired in the mutant line. This causes the increasing
of sugar concentration and the subsequent increasing of turgor pressure inside the cells. In other words, the
sieve tube damage, imposed by loss of Atcals7ko gene (Barratt et al., 2011), perturbs the existing pressure
conditions resulting in a turgor shift (Gould et al., 2004), which influences the permeability (depending on the
structure and the density) of plasmodesmata. We can state that symplasmic continuity is disrupted in the midrib
parenchyma of Atcals7ko source leaves. In the epidermis tissue, the number of fluorescent dots, the signal
intensity and the density are lower in Atcals7ko samples compared to the wild-type, indicating an attempt of
mutant plants to establish the symplasmic continuity in tissues far from the phloem. The gating of
plasmodesma orifice at distal level could be considered as a leaf response to the osmotic stress (Schulz, 1994)
imposed by the impairment of sugar translocation at phloem level. Change in carbohydrate partitioning via

symplast has the aim to reduce their water potential and prevent plasmolysis.
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2. Phytoplasma effects on wild type vs Azcals7ko line

In CY-infected Arabidopsis, callose accumulation at the sieve plates is accompanied by the high
expression level of the phloem specific AfCALS7 gene. Moreover, using CY -infected Azcals7ko mutant plants,
we suggest that AtCALS?7 is involved in the regulation of the complex interactions established between plant

host and phytoplasma, which deeply influencing sugar partitioning and homeostasis in plants during infection.

Morphological traits of CY-infected Azcals7ko midribs are indicative of heavily impaired phloem

mass flow.

Lumen diameters in phloem cells are unchanged in both infected Arabidopsis lines in comparison with
their respective healthy controls. This indicates that the loss of AtCALS7 more than the infection, affects SE
wall morphology. On the other hand, hyperplasia is a common characteristic of both CY-infected lines
(Pagliari et al., 2016), and it is particularly evident in the wild type. Phloem hyperplasia is reported as related
to phloem-limited pathogens, such as viruses (Lv et al., 2017) or phytoplasmas (Maejima et al., 2014), which
benefit for their infection processes. The great proliferation of invaded tissue in wild type line is not related to
phytoplasma titre (this work and Christensen et al., 2005) and might indicate a strong reaction of wild type
plants to the stimuli imposed by phytoplasma effectors (Oshima et al., 2001; Bai et al., 2009; Sugio et al.,
2011).

Both infected lines do not show significant differences in the rosette fresh weight compared to their
respective healthy controls, but failed to normally develop the stem. Stem stunting was previously reported in
CY-infected wild type plants (Pagliari et al., 2016) as indicative of the strong disturbance of phloem functions
(Maust ef al., 2003): stem stunting is more accentuate in Atcals7ko infected individuals, which suffered of
reduced growth even in healthy conditions (Figure 4.4 and supplementary 4.11). For these reasons it has not
been possible to calculate and compare sugar translocation speed in the two infected Arabidopsis lines.
Moreover, effects on carbohydrate translocation were reported in source leaves of many plants infected by
phytoplasmas (Christensen ef al., 2005 and references therein). We might speculate that sugar translocation
through the sieve elements is further compromised in infected Afcals7ko line in comparison to the other plant
groups (i.e. infected wild type, healthy Atcals7ko, healthy wild type), given the aberrant structure of sieve

plates and the concomitant presence of collapsed sieve elements observed by TEM (Figure 4.8 L).

To face phytoplasmas, wild type and Atcals7ko plants respond with a different sugar partitioning

and metabolism at the site of infection.

As said before, it is often reported that following phytoplasma infection sugar, in particular sucrose,
accumulate in source leaves (Maust et al., 2003; Lee et al., 2016; Xue et al., 2018). In the midribs of wild type
samples sugar contents are not significantly changed by infection. However high rate of sucrose metabolism

is displayed at the infection site, as previously reported (Santi et al., 2013b; Yao et al., 2019), because AtSUSS
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and AtSUSG6 transcripts show a significant increasing, in agreement with the high expression level of AtCALS7
(Barratt et al., 2011). This happens to provide precursors (i.e. UDP-glucose) for the synthesis of cellulose
and/or callose (Tan et al., 2015; De Marco et al., 2020), or for the production of defense-related compounds
(i.e. phenolics) (Bolouri-Moghaddam et al., 2010; Musetti et al., 2013b). In wild type plants, the expression
levels of the sugar transporters AtSWEET11, AtSWEETI12, AtSUC2, AtSUC3 and AtSTP13, as well as the cell
wall invertases A#CWINVI and AtCWINV6 are not induced following infection, this being in accordance with

the reduction of the mass flow (Dinant and Lemoine, 2010).

The enhancement of sucrose, glucose, and myoinositol levels in Atcals7ko infected plants, in
comparison with those of the other plant groups, are indicative of a greater impairment of sugar translocation.
Interestingly, AtSUSS and AtSUS6 are up-regulated also in infected A¢cals7ko plants (which lack of the phloem
callose synthase), suggesting a greater involvement of phloem sucrose synthases in providing energy for sugar
retrieval toward the infection site, to challenge phytoplasmas (Yao et al., 2019). In fact, the significant
increasing of AtSWEETI1, AtSTP13 and AtSUCS3, transcripts in the midribs of the sole infected Atcals7ko
plants, indicates that the sugar efflux to the apoplasmic space and its subsequent retrieval towards the SE/CC
complex is highly activated (Meyer et al., 2004), leading the infection site to a drastic shift toward sink-type
environment (Santi et al., 2013b) to fuel the host defense metabolism (Tadege et al., 1998). Interestingly
myoinositol can act as a signal to induce defense genes (Gebauer et al., 2017; Bezrutczyk et al., 2018) but it
is also an excellent carbon source for cell wall constituents, such as pectin and hemicellulose (Loewus et
al.,1962), which are, together with cellulose, the major types of polysaccharides in Arabidopsis cell wall
(Bethke et al., 2016). In absence of callose, the modulation of SE wall plasticity could be an important strategy
to respond to the stress imposed by phytoplasmas, as demonstrated for other environmental cues (Wu et al.,

2018).

Consistent with the elevated expression levels of AtSUC3 and AtSUSS and 6, AtCWINVI and 6
transcripts are not changed in the infected Atcals7ko midribs, supporting the fact that intracellular sucrose

cleavage is the major pathway for sucrose degradation in the CY -infected mutant plants.

Phytoplasma infection modifies symplasmic cell connectivity in the two Arabidopsis lines.

Plasmodesmal contacts (including sieve pores and PPUs) and their gating mechanisms seem to have
great importance for the survival, dissemination and effector dispersal of phytoplasmas (van Bel and Musetti,
2019). CY infection does not alter PPU morphology in wild type Arabidopsis, nor callose accumulation is
visible, similarly to what was previously reported in other phytoplasma-plant interactions (De Marco et al.,
2016b). This may indicate that in Arabidopsis the symplasmic connection and the possibility of metabolic

exchange are maintained at CC/SE complex level (Musetti et al., 2013a), regardless the infection.
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In Atcals7ko line, it is interesting to underline that, beside the sieve plates, also PPUs seem affected in
their morphology by the infection (Figure 4.8 N). However, it is not clear whether and how, this might

influence CC/SE symplasmic communication.

Fluorescence microscopy imaging clearly confirmed the greater amount of callose in the phloem area
of infected wild type plants in comparison to the healthy controls (Braun and Sinclair, 1978; Musetti ef al.,
2010b; 2013a; Santi et al., 2013a; De Marco et al., 2016b), and the absence in the mutant line, even in case of
biotic stress. This result is in accordance with the findings reported by Xie et al., (2011), who noticed the lack

of callose in Afcals7ko plants subjected to wounding stress of different intensity.

Following infection, wild type plants showed reduced symplasmic connectivity in the parenchyma
cells of the midribs (similarly to what evidenced in healthy or infected A¢cals7ko samples), because of the
probable onset of complex plasmodesmata (see above). Changes in plasmodesma complexity may be a specific
response to pathogens, allowing the plant to downregulate cell-to-cell communication rapidly in response to
invasion, reducing the nonselective movement of pathogen-induced molecules between host cells (Benitez-
Alonso et al., 2010) and favoring apoplasmic transport. It is interesting to underline that H>O, and other
reactive oxygen species produced in tissues following infection (Musetti et al., 2004), may accelerate the

appearance of complex plasmodesmata (Fitzgibbon et al., 2013).

In Atcals7ko line, cell connectivity at midrib parenchyma level (which already appeared compromised
in healthy plants compared to wild-type) remains unchanged following CY-infection, but it appears reduced
at epidermis level. Probably under sugar signaling, communication among cells, in the different tissues, is
reduced to impede the spread of phytoplasma effectors from the sieve elements to the distal tissues
(Tomczynska et al., 2020). In fact, given that many effectors are small soluble proteins, it is possible that many

phytoplasma-secreted proteins are mobile within the plant symplast (Bai et al., 2009).

Concluding remarks

The results reported in this work demonstrated that the absence AtCALS7 affects both apoplasmic and
symplasmic sugar partitioning in Arabidopsis, leading to the activation of sugar-mediated signaling to

overcome plant osmotic stress, due to the impairment of sugar translocation in the SEs.

In case of phytoplasma infection, in presence of AtCALS7 (wild type plants), sugar metabolism
increases at CC/SE level (infection site) to fuel pathogen metabolism (Kube ef al., 2012) and to promote plant-
defence responses. Moreover, symplasmic connection in proximity of the infection site is reduced, indicating
a source-sink translation. In absence of AtCALS7, sugar amount at the infection site increases significantly
and sugar metabolism suffers a strong unbalance. The highly significant increasing of sugar apoplasmic
transport seems counterbalanced by the decreasing of symplasmic connection among the cells of other leaf

tissues.
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Supplementary materials
Here we provided some supplementary materials useful for the text comprehension. In the S1 we show

the stem development in the Arabidopsis healthy plant both of the mutant line than the wild type line. In the

S2 we show the control of the autofluorescence of the confocal analysis.

AtCals7ko

Figure 4.12 Sixty-day-old Arabidopsis plants grown under long
day conditions. Stem was well developed only in healthy plants

(both wild type and Atcals7ko).
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5 e ON THE POSSIBLE ROLE(S) OF
SYNAPTOTAGMINI IN PHYTOPLASMA-PLANT

INTERACTION

CHIARA BERNARDINI AND RITA MUSETTI

As last (but not least) part of the doctorate project, we initiated investigation about
Synaptotagmin 1 (SYTA), a protein involved in the establishment of endoplasmic
reticulum-plasma membrane contact sites (ER-PM CS), which might play a role in the

interaction of phytoplasmas with the sieve-element (SE) environment.

The research is developed in the frame of a collaboration with the University of

Florida and the work is still in progress.

5.1 INTRODUCTION

Phloem-limited pathogens have a complex infection cycle in which host, vector and pathogen are
involved. Inside the SEs, phytoplasma are observed floating in the lumen but also attached to the plasma
membrane (PM) or adhering to sieve endoplasmic reticulum (SER) (Buxa et al., 2015; Pagliari et al., 2016),
provoking evident structural remodeling of PM and SER cisternae in the infected SEs (Buxa et al., 2015). The
whole mechanism which regulates the relationship among phytoplasma and sieve-element endo-membranes
is still unknown, so more knowledge about this issue is requested, also to provide information useful for the

control of the phytoplasma-related diseases.

The plant SYTs and their ortholog counterparts, the mammalian Extended Synaptotagmins (E-SYTs)
and the yeast Tricalbins (Tcbs) are part of the ER-PM contact site (CS) tethers and share a common modular
structure, comprising a N-terminal transmembrane (TM) domain that anchors them to the ER, a
synaptotagmin-like mitochondrial- lipid binding (SMP) domain, and a variable number of the Ca*'- and
phospholipid-binding C2 domains (Giordano et al., 2013; Manford et al., 2012; Perez Sancho et al., 2015).

The modular structure of SYTs implies two likely inter-related functions, namely the establishment of Ca*'-
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regulated ER-PM tethering by their C2 domains (Giordano et al., 2013; Manford et al., 2012; Perez Sancho et
al., 2015; Saheki et al., 2016), and the SMP-dependent transport of lipids between the PM and the ER (Saheki
et al., 2016; Schauder et al., 2014). Studies have shown that Tcbs are necessary to maintain PM integrity in
yeast and to allow extreme curvature of cortical ER membrane: these processes would be facilitated by the
transport of lipids from the highly curved, less packaged, cortical ER to the PM (Collado et al., 2019).
Similarly, SYTA-1 in planta could also be involved in the process of PM repair, mediating membrane
trafficking to restore PM integrity (Schapire et al., 2008). Moreover, it was recently reported that Arabidopsis
mutants lacking SYTA-1 exhibited decreased plasma membrane integrity under multiple abiotic stresses such

as freezing, high salt, osmotic stress or mechanical damage (Lopez et al., 2020).

More interestingly, SYTA-1 was associated to plant-cell endocytosis and to the cell-to-cell movement
and systemic spread of plant viruses (Uchiyama et al., 2014). Plant cells have demonstrated great dynamics in
endocytic activity (Baluska et al., 2002) aimed at the uptake of plant- or pathogen-derived elicitors, such as
oligogalacturonic acid, glycoproteins and exopolysaccharides, which are produced during plant defense

(Romanenko et al., 2002).

These findings, together to the fact that SYTA is expressed and modulated in the phloem (Santi,
unpublished data) suggest a possible role of SYTA also in plant/phytoplasma interaction.

In this work we conducted a preliminary study about the synaptotagmin A-1 and phytoplasmas.

We first evaluated the expression level of AtSYTA-1 in Arabidopsis thaliana healthy or infected with
Chrysanthemum Yellows (CY) phytoplasma. Then we used the mutant line Atsyta-1 to assess whether the lack
of the protein affects plant growth and CY-symptom expression. An ultrastructural analysis was finally carried
out to evaluate phytoplasma distribution inside SEs, to compare the morphology of PM and SER and the

respective phytoplasma attachments in both Arabidopsis lines.
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5.2 MATERIAL AND METHODS

Arabidopsis thaliana ecotype Col-0, wild type line was provided by NASC. The mutant line Sail
775A08 (syta-1, ecotype Col-0, Lewis and Lazarowitz, 2010) was kindly provided by Prof. Amit Levy,

University of Florida.

30 plants for each line were grown in short day conditions (10L/14D) in a growth chamber with a
controlled temperature of 18-20°C. Healthy colony of the leathopper Macrosteles quadripunctulatus was
maintained on Avena sativa. Insects of the last instar nymph were selected from the colony and put transferred
to Chrysanthemum carinatum (daisy) plants, infected with Chrysanthemum Yellows (CY) phytoplasma, a
strain belonging to the Aster Yellows group (16sIB). Insects were kept on daisy plants for a 7-day phytoplasma
acquisition-access period (AAP). After a latency period of 20 days on Avena sativa, three infective insects per
plants were placed on 40-days-old Arabidopsis, for a 7-days inoculation access period (IAP). After 7 days, the
insect vectors were mechanically removed. Three healthy insects equal in age were transferred on Arabidopsis

as control condition for seven days and then mechanically removed.

Samples for the analysis were collected 26 days after the end of IAP. For each condition at least 5

plants were collected.

The chlorophyll content was indirectly determined in each plant using a portable chlorophyll meter
(SPAD-502, Minolta, Osaka, Japan). Given that the analysis is not invasive, SPAD measurement were

performed on plants every 7 days on all the plants.

26 days after the end of IAP, plants were sampled: from the same plant, a part was used for the gene
expression analysis, a part for the phytoplasma quantification, a part for the electron microscopy and a part for
the fluorescence microscopy. The material for the molecular analyses were immediately frozen in liquid

nitrogen.

Statistical analyses on the SPAD index measurement were performed using RStudio software Version
1.1.456 (RStudio Team (2020), Boston, MA). The normal distribution was checked with the Shapiro-Wilk
test. Significant differences among the group means were determined with a two-way ANOVA and post-hoc

comparisons between all groups were made with Tukey’s test with p<0.05.

Phytoplasma detection

Around 1g of whole leaf tissue was used for DNA extraction following the Doyle and Doyle protocol
(Doyle and Doyle, 1990), modified by Martini et al. (Martini et al., 2009). Total genomic DNA quality and
concentration was checked using NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington,

DE, USA). The presence of phytoplasmas in the plants has been checked with the primer pair rp(I-B)F2/rp(1-
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B)R2 following the protocol described by Bernardini ef al., (2020). For the quantification, the ribosomal gene
rpl22 was choosen as target and amplified with the primer pair rp(I-B)F2/rp(I-B)R2 following the protocol
described by Bernardini (Bernardini et al., 2020). Each sample has been run in three technical replicates and
the titre of phytoplasma has been reported as CY phytoplasma genome units normalized with the weight of

fresh tissue used for the extraction.

Statistical analysis was performed using RStudio. The normal distribution was checked with the
Shapiro-Wilk test. Significant differences among the group means were determined with a two-way ANOVA

and post-hoc comparisons between all groups were made with Tukey’s test with p<0.05.

Electron microscopy and light microscopy

Midribs of mature leaf tissue were collected, chopped in section of Smm and fixed for the TEM
preparation. The inclusion was performed following the well-tuned protocol described in the previous studies

(Bernardini et al., 2020).

Ultra-thin (60-70nm in thickness) sections were cut with ultramicrotome (Reichert Leica Ultracut E
ultramicrotome, Leica Microsystems, Wetzlar, Germany). Three samples per line per condition were analysed.
At least 4 non-serial sections for each sample were observed. Ultra-thin sections were collected on uncoated
copper grids, stained with UAR-EMS (uranyl acetate replacement stain, Electron Microscopy Sciences) and
then observed under a PHILIPS CM 10 (FEL, Eindhoven, The Netherlands) transmission electron microscope
(TEM), operated at 80 kV, and equipped with a Megaview G3 CCD camera (EMSIS GmbH, Miinster,

Germany). Five non-serial cross-sections from each sample were analyzed.

Gene expression analysis

Gene expression analysis was carried out for the AzSYTA, one of the gene involved in the production
of the filament (see above), on healthy and infected wild type. RNA of five samples for each condition was

extracted from 100mg of fresh tissue grinded in liquid nitrogen, using a SpectrumTM Plant Total RNA kit
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(Sigma-Aldrich, Merck KGaA, Darmstadt, DE) according to the manufacturer’s instructions.The RNA
reverse-transcription to cDNA was carried out using a QuantiTectReverse Transcription Kit (Qiagen N.V.,
Hilden, DE) following the manufacturer’s instructions. According to previous analysis, the AZUBC9 (ubiquitin
conjugating enzyme 9) was chosen as reference gene. Gene expression analysis was performed using SsoFast
EvaGreen Supermix 2x (Bio-Rad Laboratories Inc., Hercules, CA, USA) and cDNA obtained from 5 ng of
RNA and specific primers (Table 5.1) were used in a total volume of 10 pL. For each couple of primers, a
standard curve has been defined, using CFX96 real-time PCR detection system (Bio-Rad Laboratories): the
efficiency of the couple of primer has been evaluated by the software CFX Maestro (BioRad Laboratories).
Function of the proteins and primer sequences are reported in Table 5.2. The mean normalized expression was
calculated through the normalization of the target gene with the expression of the reference gene as reported
by Muller (Muller et al., 2002). Statistical analyses were performed using RStudio software Version 1.1.456
(2009-2018 RStudio, Inc. Boston, MA). The normal distribution was checked with Shapiro-Wilk test.
Significant differences among the means were determined by a two-way ANOVA and post-hoc comparisons

between all groups were made with Tukey’s test with p<0.05.

Table 5.1 Table of the features of gene expression analysis.

As reported (Pagliari et al., 2017)

Reaction volume: 10ul
SsoFast EvaGreen Supermix (Bio-Rad
Laboratories Inc., Hercules, CA, USA)
cDNA obtained from 10 ng of RNA and
primers following the concentration
indicated in Tab.2

95°C for 3 min
95°C for 5 s and 58°C for 5 s (40 cycles)
Melting curve analysis from 65°C to
95°C

Table 5.2 Table of the primers used in this study and the function of the encoded protein.

- 500 CGGTCAGAGATCCCCAGACT — TCTCGGGATTCCCAACCTGT — Coneurring in the formation of

the anchoring net. (Wang, 2017)

In this study used as reference
300 TCACAATTTCCAAGGTGCTGC CGAGCAGTGGACTCGTACTT  gene as reported by (Pagliari et
al.,2017)
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Midribs from each Arabidopsis line (healthy or CY-infected) were fixed in sugar gradient in order to

preserve the structure of the tissues following freezing. Chopped midribs, were used for the fluorescence

microscopy analysis following the protocol
described by Pagliari et al., (2016). For each midrib
at least 5 sections were collected and fixed
overnight in a solution containing 4%
paraformaldehyde and 0.2% glutaraldehyde,
diluted in Sorenson’s phosphate buffer 0.2M, pH
7.2. Then, samples were placed in a graded sucrose
series diluted in Sorenson’s phosphate buffer 0.1M
as follow: 0.7M for 4h at 4°C, 1.5M for 4h at 4°C
and 2.3M overnight at 4°C. After the last sucrose
solution, samples were infiltrated with Jung Tissue
Freezing Medium embedding matrix (Leica
Instruments GmbH, Nussloch, Germany),
overnight at 4°C. Transversal slices 40 pm in
thickness were obtained with a cryostat at -20°C
(Jung CM 1500, Leica instruments, GmbH,
Nussloch, Germany). Sections were collected,
rinsed with PBSIx and coloured with DAPI
staining (Thermo Fisher Scientific,
Wilmington, DE, USA) diluted in PBS 300 nM,
for 10 minutes, in the darkness and at room
temperature. After the incubation, sections were
rinsed in PBS and observed under a Zeiss Axio
Observer Z1 microscope (Carl Zeiss GmbH,

Munich, Germany) using an excitation filter at

/I folder selection and list creation
dir = getDirectory("Select A folder");
fileList = getFileList(dir);

I/l output folder

output_dir = dir + File.separator +
File.separator ;

output" +

File.makeDirectory(output_dir);
/lactivation of the batch mode
setBatchMode(true);

for (i = 0; i < lengthOf(fileList); i++) {
current_imagePath = dir+fileList[i];

if ('File.isDirectory(current_imagePath))}{
/I Split the pictures
open(current_imagePath);

getDimensions(width,  height, channels, slices,
frames);

if (channels > 1) run("Split Channels");

ch_nbr = nlmages ;

for (c=1;c<=ch_nbr;c++){

selectimage(c);

currentimage_name = getTitle();

saveAs("tiff", output_dir+currentimage_name);}
run("Close All");

}

Figure 5.1 Code used to split the composites. In the code
channel 1 is the brightfield, channel 2 is the fluorescence
image. The code has been written in a macro, run in all the

pictures.

405nm and emission at 435-490 nm. The exposure time was set up basing on the conditions used for the

infected samples of both lines. For each condition, at least 4 non serial sections from 3 different biological

replicates were observed. Unstained sections were observed with the same settings used for the stained ones,

as controls. Images obtained from fluorescence microscopy were analysed using FIJI software (Schindelin et

al., 2012). Fluorescence intensity was evaluated adapting the protocol (Fontenete et al., 2016) to the images

of the infected samples, in order to create a mask suitable for the all the observed samples. The mask was

created as follows: every fluorescence picture was acquired as two-channel-composite image, merging
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fluorescence and transmitted light brightfield images. Using the tools of FIJI the pictures have been divided in
batch using the script reported in the Fig. 5.1. Each fluorescent picture was transformed in an 8-bit image. The
background noise has been removed (radius= 80pixels) and the brightness and contrast has been adjusted using
a minimum value of 50 (value able to exclude the autofluorescence). On the adjusted images a Laplacian of
Gaussian filter (9x9 kernel) was applied, the resulting mask was transformed in a binary image (Fig. 5.2). On
the mask, the analysis of the particles was performed. Data collected in table, were managed with RStudio
software Version 1.1.456 (RStudio Team (2020), Boston, MA). On the count and on the area of fluorescent
dots data, the normal distribution was checked with the Shapiro-Wilk test. Significant differences among the
group means were determined with a two-way ANOVA and post-hoc comparisons between all groups were
made with Tukey’s test with p<0.05. Data were summarized with bar graphs. The codes used for the split of

the composite pictures and for the particle analysis are reported in Fig. 5.1 and 5.2 respectively.

dir1 = getDirectory("Get Directory");

list = getFileList(dir1);

setBatchMode(true);

for (i = 0; i < list.length; i++) {

showProgress(i + 1, list.length);

open(dir1 + list[i]);

original_file_name = "C2-"+File.name;
duplicated_file_name=File.nameWithoutExtension+"-1";
run("Duplicate...", "title=&duplicated_file_name");
close("two")

setOption("ScaleConversions", true);

run("8-bit");

run("Subtract Background...", "rolling=80");
run("Brightness/Contrast...");

setMinAndMax(50, 255);
call("ij.lImagePlus.setDefault16bitRange", 8);
run("Apply LUT");

run("Convolve...", "text1=[000-1-1-1000\n0-1-1-3-3-3-1-10\n0 -1-3-3-1-3-3-10\n-1-3 -
36136-3-3-1\n-1-3-1132413-1-3-1\n-1-3-36136-3-3-1\n0-1-3-3-1-3-3-10\n0-1-1-
3-3-3-1-10\n000 -1-1-10 0 0] normalize");

setOption("BlackBackground”, true);

run("Make Binary");

run("Fill Holes");

run("Analyze Particles...", "display exclude summarize");

close();

Figure 5.2 Code used in the particles analysis. A mask has been created following the Fontenete et al., 2016

code, modified by Bernardini. A Laplacian of Gaussian (LoG) filter 9x9 has been applied on the images.
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5.3 RESULT AND DISCUSSION

Plant phenotypes, symptom expression and phytoplasma detection

From a macroscopic point of view, the two Arabidopsis lines showed similar phenotypes (Fig. 5.3 A).
Following phytoplasma infection, 26 days after the end of IAP, both wild type and mutant plants showed

reduced growth, stunting, yellowish and chlorotic leaves, general decay. Leaf light transmittance, measured

B SPAD measurement time course
38 —is
36 =
34 £ f{ b
® 32 - b
3 % i i f a
> E
5 28 I 5
2 26 s o [
24 1
22
7 14 21
Days after the end of IAP
wild type healthy wild type infected
=== Atsyta-1 healthy ==@==Atsyta-1 infected

Figure 5.3 Biometric analyses on the wild type and Atsyta-1 mutant line healthy and infected. The morphology of both the lines (A)
appears similar among healthy samples belonging the two different lines and among the two conditions. Infected plants seem to be
weakly smaller than healthy. SPAD measurement (B) shows a lower value of index for infected mutant line 21 after the end of IAP.
The scatterplot express the means of at least 7 samples for each condition replicates +£SE of the mean. Different letters near the last
point of the scatterplot express different mean according to two-way ANOVA followed by Tukey’s test as post hoc test with p<0.05.

Statistical analysis was carried out for the third measurement point.
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through SPAD index, which indirectly indicated chlorophyll content, decreased in both Arabidopsis lines
following CY -phytoplasma infection (Fig. 5.3 B), but it is significantly lower only in Atsyta-1 plants.

Wild-type

Atsyta-1

Figure 5.4 EFM representative micrograph of healthy (A and C) and infected (B and D) sections of wild type (A-B) and Atsyta-1
(C-D) plants. In the picture, column 1 is the brightfield picture, column 2 the DAPI stained sections observed with 5 seconds of
exposure, while column 3 is the merge of the previous channels. In the stained pictures, the fluorescence is evident only in infected
samples (C2 and D2) while a weak autofluorescence-related signal comes frome the healhty controls (A2 and C2). The signal, as

shown in the merge (column 3) is localized to the phloem, habitat of the phytoplasmas. In the pictures, bars correspond to 100um.
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To assess phytoplasma presence molecular and fluorescence microscopy analyses were performed.
both confirming phytoplasma presence in symptomatic Arabidopsis plants (Fig. 5.4 and 5.5). Phytoplasma
titre and distribution in the vascular area did not differ in both infected lines (Fig. 5.5). DAPI fluorescence
signal did not reveal substantial differences between infected samples belonging to the two different lines, as
shown in the picture (Fig. 5.4). Imaging analysis revealed that the number of fluorescent dots and the
distribution of fluorescent signal in the phloem tissue were similar in both wild type and Atsyfa-1 infected

samples.
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Figure 5.5 Fluorescence analysis imaging results and phytoplasma titre. In thepictures: average count of fluorescent dots for each
section (A) and average signal distribution of fluorescent dots for each section (B) in healthy and infected wild type and Atsyta-1
mutant line. Barplots indicate the mean value of at least 4 non serial sections from 3 different biological replicates have been
analyzed +SE of the mean. Phytoplasma titre in wild-type and Atsyta-1 mutant line (C). barplot indicates the mean value of
phytoplasma titre £SE of the mean. Different letter (a,b) over the bars indiate different mean according to the statistic analysis.
Statistic analysis was performed using the Tukey HSD test as the post hoc test in a two-way ANOVA. Different letters (a, b) above
the bars indicate significant differences, with P < 0.05. Error bars indicate the Standard Error of the Mean of 10 biological

replicates for each condition.
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AtSYTA expression analysis in Arabidopsis

Condition Heaithy [ infected

AtSYTA expression level following CY-infection

-
o
L

To assess whether AtSYTA could be subjected to

modulation during phytoplasma infection, the expression analysis

-
o
L

of AtSYTA was carried out and compared in healthy and CY-

infected plants. Result showed that the gene was significantly

o
o

overexpressed (ca. + 30%) in case of phytoplasma infection (Fig.

Gene expression level (arbitrary units)

5.6).
0.0
wild type
Figure 5.6 Expression level of the Transmission electron microscopy
AtSYTA gene. Expression values were . . .
investigations

normalized to the UBCY transcript level,

arbitrarily fixed at 100, then expressed as Observations of healthy wild type samples showed normal

mean normalized expression £SE . . . .
P sieve element and companion cell ultrastructure, which displayed

(transcript abundance). Statistic analysis ] ) ] )
regular shape and no signs of subcellular modifications (Figs. 5.7

was performed using the Tukey HSD test
as the post hoc test in a two-way ANOVA. A). In healthy plants, SER had a regular morphology: stacks were
Different letters (a, b) above the bars firmly pressed to the cell periphery (Figs. 5.7 B, D) and mostly

indicate significant differences, with P < oriented parallel to the plasma membrane. At the sieve plates, sieve

0.05. Error bars indicate the Standard

o pores had callose collars (Fig. 5.7 C) that did not occlude their
Error of the Mean of 5 biological

lumen (Fig. 5.7 D).

replicates for each condition.

Phytoplasmas lead to significant alteration of SER organization (Fig. 5.7). In fact, phytoplasma
infection induced dramatic conformational alterations at SER level, which mainly relied on the increasing of
the number of ER stacks, the slackening and the swelling of reticular cisternae (Figs. 5.7 G, I, J). Phytoplasmas
were observed to adhere to the deformed ER membranes through a protrusion structure (Figs. 5.7).
Endoplasmic reticulum in companion cells reveal any structural abnormality as demonstrated in the Fig. 5.7,

suggesting a site-specific response of the organelle to the infection.
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Figure 5.7 Representative TEM micrographs of the sieve elements of healthy and CY-infected Arabidopsis lines (A-J). Cross-
sections of midribs from healthy (A-D) and infected (E-J) wild type Arabidopsis leaves. In the pictures the phloem tissue
organization in healthy (A) and infected (E) plants is shown. Healthy plant reticula are shown in picture B; sieve plates in healthy
plants show a collare of callose around the sieve pore (C-D). In infected plants, phytoplasmas are uniformely spreaded in the sieve
element lumina (E-J). Reticula of infected plants sometimes appear damaged (I-J), while other times are similar to the control
condition (F-G). Infected sieve plates have the collar of callose as in the healthy plants (H). In the pictures SE=sieve element, CC=
companion cell, PPC=phloem parenchyma cell, SP=sieve plates, sp=sieve pore, triangles= phloem protein, asterisk=sieve element

reticulum, arrows=phytoplasmas. Bar length is indicated in each pictures.
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In healthy Atsyta-1 plants, sieve-element structure was preserved and similar to that observed in wild-
type samples (Figs. 5.8). In some cases, often when striclty associated to mitichondria (Fig. 5.8 C), SER

showed modified morphology, showing enlarged and deformed cisternae (Fig. 5.8).

Figure 5.8 Representative TEM micrographs of the sieve elements of healthy Atsyta-1 line (A-E). In the pictures the
phloem tissue organization in healthy (A) mutant line is shown. Healthy plant reticula are shown in picture (B), sieve
element reticula appear similar to wild-type condition (B) when not associated with another organelle (C); sieve
plates in healthy plants show a collare of callose around the sieve pore (D-E). In the pictures SE=sieve element, CC=
companion cell, PPC=phloem parenchyma cell, SP=sieve plates, sp=sieve pore, triangles= phloem protein,

asterisk=sieve element reticulum, M=mitochondria. Bar length is indicated in each pictures.

In infected Atsyta-1 plants numerous phytoplasmas were found inside the sieve elements, making
sometimes difficult to well distinguish the sieve element substructures (Fig. 5.9). Nevertheless, the connection
of phytoplasmas to SER seemed to be maintained in Azsyta-1 line. SER appeared deformed and with cisternae
detached each from the others, as observed in infected wild-type samples. Interstingly, in Azsyfa-1 the structure

jointing phytoplasmas with SER was apparently absent or, at least, not well defined in shape (Fig. 5.10).
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Sieve-plate morphology seemed affected in some cases in infected mutant line, but the high level of

phytoplasma cells appressed to the sieve pores made difficult a clear evaluation of sieve plate ultrastructure.

Figure 5.9 Representative TEM micrographs of infected Atsyta-1 line (A-E). In the pictures spread of phytoplasmas in the phloem
tissue is shown (A). The colonized cells show a regular PPU (B), while sieve plates seem damaged (C-E) In the pictures SE=sieve
element, CC= companion cell, PPC=phloem parenchyma cell, ppu= pore plasmodesmata unit, SP=sieve plates, sp=sieve pore,

triangles= phloem protein, asterisk=sieve element reticulum, arrows=phytoplasmas. Bar length is indicated in each pictures.
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Figure 5.10 Representative TEM micrographs of sieve element endoplasmic reticula in infected wild type (A-D) amd Atsyta-1 line
(E-H). In the wild type plants, endoplasmic reticulum has a shape similar to the healthy samples: cisternae are visible and the shape
clear. Phytoplasma attachment is in correspondence of reticula, where sometimes a tubular connction structure is visible (A-D). In
mutant line, reticula are highly damaged: phytoplasmas seem to interact with the reticula, but the tubular structure is not visible (E-
H). In the picture: arrows=phytoplasmas, ticks= contact sites with the reticula, triangles=phloem protein, asterisks=sieve element

reticula.

5.4 DISCUSSION AND FUTURE PERSPECTIVES

The role(s) of SYT proteins during phytoplasma infection is totally unexplored. We will try to perform

some speculations, basing also on results obtained about other pathosystems.

From a macroscopic point of view, the lack of SYTA in Arabidopsis did not affect plant morphology,

as previously described (Lewis and Lazarowitz, 2010). Even in case of infection, wild type and mutant plants
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showed equal phenotype. Nevertheless, leaf light transmittance resulted significantly decreased in the mutant
line following CY -phytoplasma infection. This confirms numerous studies reporting that phytoplasmas affect
the photosynthetic machinery in the host plants (Buoso et al., 2019 and literature within). Moreover, it has
been suggested that AtSYTA might have a role in lipid homeostasis and transfer from ER to the diverse
organelles (Michaud and Jouhet, 2019). As lipids have specific roles in biogenesis and maintenance of
thylakoid membranes and photosynthesis (Kobayashi and Wada, 2016), it is possible that the lack of AzSYTA
could affect lipid metabolism in the chloroplasts, contributing to the impairment of the chloroplast

functionality, also imposed by phytoplasma infection (Janik et al., 2018).

The fact that the expression level of 4£SYTA-1 significantly increases following phytoplasma infection,

suggests other interesting speculations, worthy to be investigate in the next future.

As said below, it was reported that AtSYTA could be involved in plant-cell endocytosis processes,
which are related to the defence responses (Romanenko et al., 2002). Regarding animal endobacteria, it has
been demonstrated that a SYT protein (SYT XI), localized into recycling endosomes and lysosomes, has
antimicrobial activity, showing a direct effect on the establishment of the immune response in vitro (Duque et
al., 2013), and that SYT XI knockdown ensued in enhanced bacterial survival. We found inaltered level on
phytoplasma genome units in both infected lines: this gave information about pathogen titre but not about its
viability/activity inside the SEs (Pacifico et al., 2015), so the evaluation of some phytoplasma transcripts in

both lines should be helpful to have insight about a possible role of SYTA during phytoplasma infection.

From a structural point of view, samples from mutant line (both healthy and CY -infected) often
showed SER with altered morphology, while in the wild-type line, SER modifications were present only
following infection (Buxa ef al., 2015; Pagliari et al., 2016). CY phytoplasmas appeared connected with SE

also in Atsyta-1 plants, but the ultrastructure of the connections appeared affected.

SYTA-1 was indicated as essential for maintaining the polygonal network of the endoplasmic
reticulum and the stability/dynamics of proteins functioning as tethers on the ER-PM contact sites. As it is
reported for many ER-PM tethering proteins (Eisenberg- Bord et al., 2016), overexpression of SYT genes (as
observed in Arabidopsis following phytoplasma infection) causes a drastic expansion of ER-PM contact sites
(Lopez et al., 2020). As said below, in tomato and Arabidopsis plants infected with phytoplasmas SER showed
deformation of the stacks, which resulted in expansion of the cisternae, development of lobes and
fragmentation into vesicles (Buxa et al., 2016; Musetti et al., 2016; Pagliari et al., 2016). All these
ultrastructural changes support an increased regulation of protein and lipid trafficking among the different
subcellular compartments of the secretory and endocytic pathway in the infected SEs. In this context, the
increasing of AtSYTA-1 expression level could be related to the increased endocytic activity in host cell under
phytoplasma attack and/or to the adaptation of PM and SER to the stress imposed by phytoplasmas, as

demonstrated in Arabidopsis following infection by Golovinomyces orontii (Kim et al., 2016).
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On the other hand, in many plant-virus interactions, Arabidopsis SYTA showed great importance in
the movement protein (MP)-mediated trafficking of viral genomes through plasmodesmata, favouring cell-to-
cell viral invasion (Lewis and Lazarowitz, 2010). SYTA-1 knockdown provoked the inhibition of the cell-to-
cell movement proteins and the consequent delay in viral systemic infection, as reported for Cabbage leaf curl
virus (CaLCuV) CaLCuV and Tobacco mosaic virus (TMV) (Lewis and Lazarowitz, 2010) and for Turnip
Mosaic Virus (TuMV) and the Turnip Vein Clearing Virus (TVCV) (Uchiyama 2014; Levy 2015).

Phytoplasmas do not possess genes encoding movement proteins (Kube et al., 2012). Their movement
inside the sieve elements and the spread along the phloem through the sieve pores is likely mediated by plant
actin filaments (Boonrod ef al., 2012; Buxa et al., 2015; Musetti et al., 2016). Even if the possibility of SYT
proteins to interact with plant actin has been reported at plasmodesma level to regulate virus movement (Levy
et al.,2015; Yuan et al., 2018), a similar interaction in the mature sieve pores, to favour phytoplasma spread
through the sieve elements, appear unlikely, given the absence of desmotubular structure in the latter

(Kalmbach and Helariutta, 2019).

5.5 CONCLUDING REMARKS

With this preliminary report, we give indication, for the first time, about a possible role of

synaptotagmin in phytoplasma infection. Our report highlighted some interesting issues:

e Synaptotagmin A gene is significantly up-regulated following phytoplasma infection in

Arabidopsis.

e The absence of Synaptotagmin A could affect the structure of the SER, in healthy sieve

elements of Arabidopsis, in particular in case of association with the mitochondria.

e Synaptotagmin A could interfere with actin and movement capability of phytoplasmas inside
the sieve element, maybe regulating the passage from a stationary to a motile phase. This issue

is worthy to be deeply investigated.

Further investigation about the regulation of other proteins of endoplasmic-reticulum net (i.e. VAP27
and NET3C) are requested to have a more comprehensive picture of the relationship occurring between

phytoplasma SER.
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Figure 5.11 EFM unstained sections micrograph of healthy (A) and infected (B)
wild type ad healthy (C) and infected (D) Atsyta-1 mutant line. The pictures were
collected with an exposure time equal (column 1) to the one used for the staining
section, 5 seconds, or with an exposure time equal to the autofluorescence detection
(column 2), 10 seconds. Only a weak signal were detected at the both conditions.

Bars=100 um.
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6 e APPENDIX

6.1 THE EXPERIMENT

During the time that I spent in the Levy’s lab and in the Vincent’s lab in the
Citrus Research and Educational Center, in Lake Alfred, Florida, we performed
the quantification of the labelled carbon in wild type and callose mutant line. Part
of the data of this experiment has been already described in the chapter 4.2. Here
we provide further data analysis on that results, underling the potential of '*C
analysis. In the following chapter we will show the methodology that we applied
to analyze the 14C still incorporated in the labelled leaves.

6. Appendix

Using the same Arabidopsis plants analyzed in the work in chapter 4.2, we performed a quantification

of the amount of '*C incorporated by healthy wild type and mutant lines after allowing the plant to acquire it

through photosynthesis. By “!*C incorporated,” we mean the amount of radioactive carbon still present inside
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Figure 6.1 Real (A) and schematic representation (B) of the position of the

x-ray detectors during the experiment. Detector 1 measured the normal

background signal from the rosette. Detectors 2 and 3 measured the mass

Sflow of 1C through the stem phloem (see chapter 4.2).

the plant at a certain time. We
standardized the data (counts/minute)
by declaring the background noise
before the 'C infusion to have the
value of 0 and the count at the end of
the infusion to have the value of 1 (i.e.
100%). Using the standardized counts
of x-rays detected from the '*C-infused
plants, we obtained equations to
calculate the amount of carbon
incorporated into the plants in the 24
hours before and after the labeling
period. The goal of this analysis was to

understand a possible relationship
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#fitting the function on the plot
xsqg<—- x"2

xcub<- x"3

xquar<- x"4

xquin<-x"5

plot (y~x)

fitl<- Im(y~x)

anova (fitl)

fit2<- Im(y~x+xsq)

anova (fit2)

xv<- seqg(min (x),
yv<-predict (fit2,
list (x=xv,xsgq=xv"2))
lines (xv,yv, col="green")
summary (£it2)

max (x), 0.1)

fit3<- Im(y~x+xsqgtxcub)

anova (fit3)

xv<- seq(min(x), max(x), 0.01)
yv<-predict (fit3, list (x=xv,
xsgq=xv”"2, xcub=xv~"3))

lines (xv,yv, col="red")
summary (£it3)

plot (£it3,which=1)

plot (£it3, which=2)

fitd<- Im(y~x+xsgtxcub+xquar)
anova (fit4)

xv<- seqg(min(x), max(x), 0.001)
yv<-predict (fit3, list (x=xv,
xsgq=xv"2, xcub=xv”"3, xquar=x"4))
lines (xv,yv, col="blue")

summary (fit4)

plot (fit4,which=1)

plot (fit4, which=2)

fith<-

Im (y~x+xsgt+xcub+xquar+xquin)
anova (fith)

summary (£ith)
xv<-seq(min(x), max(x),
yv<- predict (fit5,

list (x=xv, xsgq=xv"2, xcub=xv"3, xqua
r=xv”*4,xquin=xv”"5))

plot (x,vy)
lines (xv,yv,
plot(x,y)
model<-1lm(y~x+I (x"2))
model2<-1m(y~poly (x,
5, raw=T))

summarv (model?2)

0.0001)

col="green")

degree =

6. Appendix

between mutation and exportation from rosettes and
understanding how much of the incorporated carbon is
lost during a known range of time.

Plants were grown and a *C label was infused
according to procedures previously explained in chapter
3.2. For each plant, two detectors were placed along the
floral stem, and one detector was placed to catch the
background signal from the rosette (Figure 4). Every
detector measured a count of x-rays released from the
phloem tissue every minute. For the analysis of the
amount of *C incorporated, we subtracted the readings
of the detectors placed on the rosette. Data were handled
with RStudio (RStudio Team (2020). RStudio:
Integrated Development for R. RStudio, PBC, Boston,
MA). The data of the signal from the rosette were
standardized as follows: it was given a value of 1 (100%)
at the peak of the curve that corresponds to the maximum
infusion of '*C and a value of 0 at the background noise
level, measured as the mean of the counts before the
infusion of the radioactive source. This standardization
procedure is illustrated in the code presented here (Figure

6.3).

#normalization of data channel 1

CH1= detector.readings %>%

filter (Channel==1)

CHlst<- CH1l %>%

mutate (baseline=mean (count [inoculation.start
.time<(begin injection)]),label=(count-
baseline)/ ( (mean (count [inoculation.start.tim
e>start peaké&inoculation.start.time<end peak
1)) -baseline))

y=C2$label x=C2$inoculation.start.time

plot (y~x)

Figure 6.2 Code used for the first method. In the first
method a plynomial function has been fitted on the data.

The parameters were obtained with the reported code.

Figure 6.3 Code used for the standardization process. In the
code begin injection=time in which the plants have been labelled,

while end peak corresponds to the flushing of the labelled carbon

First method

In order to calculate the y-value, once the plot of

the points was obtained (Figure 6.2), a polynomial
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function was fitted to the data, according to previously
published code (Vincent et al., 2019) adapted by
Bernardini. All the polynomials from the second to the
fifth degree were tested and fitted to the plot (Fig.6.4).
The best fit for the dataset was the polynomial function

to the fifth degree, which is written as:
y =a+ bx +cx? +dx3 +ex* + fx°

The coefficients from a to f were provided as
summary results of the fitting process by the software
itself. The function was used to calculate the value of y
at values of x with Microsoft Excel software (version
16.42, 20101102). As x, a late time in the infusion
period was chosen, close to the end of the experiment:
24, 36 and 48 hours past the peak. For each biological
replicate, we calculated the value of the radioactive

carbon still incorporated in the plant. The results of the

6. Appendix
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|
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Figure 6.4 Plot of normalized data on which the function
was fitted. The x-axis represents the time over which the '4C
infusion elapsed. The y-axis represents the standardized

counts, which vary from a maximum of 1 to a minimum of 0.

calculation were handled with RStudio, and a two-way ANOVA (considering mutation and time as factors)

with a post-hoc T-test with a significance level at P<0.05 was performed on the means.

Second method

Due to the low stability of the function in the first part of the fitting (for x <24hours), we proposed a

label.8hr=mean (label[inoculation.start.ti

me>965&inoculation.start.time<995]

label.l6hr=mean (label[inoculation.start.t

ime>1445&inoculation.start.time<1475]

label.24hr=mean (label[inoculation.start.t

ime>1925&inoculation.start.time<1955])

Figure 6.5 Code used for the second method. The second method
used for the data analysis was besed on the mean of a 30minutes

period around the time choosen for the analysis.

the data the code which is reported here (Fig. 6.5).

second method to calculate the value of y at a certain
x in the first part of the fitting. We choose as x three
values at the beginning of the fitting: 8, 16 and 24
hours past the peak, which represents the end of
infusion. For each selected time, we calculated the
mean value of y for every x value in the range of 15
minutes before and 15 minutes after the selected x
(for example, every x in the 15 minutes before the 8
hours post-infusion time and 15 minutes after the 8-

hours post-infusion time). To do this, we applied to
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6. Appendix

6.2 RESULTS

The final results of the analysis are presented as a scatterplot (Figure 6.6) and in Table 1. Although a

trend is clear in the results, with a decrease in the percentage of the labelled carbon still incorporated in the

% of incorporated 14C after 24 hours % of 14C incorporated before 24hours

70,00¢ e

65,008 f T 5,00%

60.00% N —— |

’: ‘ 65,00% l

ol

45,009 5,00 !

o 24h 36h 48h 8h 16h 24h

e Wild type Atcals 7ko —a— Wild type Atcals7ko
Time Time
st.dev st.de

post Wild type  Atcal7ko WT Atcals7ko post Wildtype  Atcal7ko st.::v st.:;h
injection injection
24h 61,73% 63,63% 9,91% 7,70% 8h 85,84% 79,49% 11,83% 14,48%
36h 57,34% 60,83% 9,55% 9,99% 16h 76,21% 71,81% 11,55% 9,67%
48h 52,00% 57,40% 9,76% 11,51% 24h 64,40% 62,00% 9,25% 10,04%

Figure 6.6 Labelled Carbon still present in the plants. In the graph A data from the analysis of the first method are presented, in

the graph B data analyzed with the second method are presented.

plant, the high standard deviation did not allow for significant differences to appear between the time periods
nor the mutation type. These preliminary results potentially indicate a higher ability of the mutant line to retain
the labelled carbon, and so, as a consequence, a smaller transport capacity as previously reported by Barratt
2011 and our study (see chapter 4.2). The statistical analysis did not indicate significant differences among the
results obtained, in particular no differences were shown between the two mutant lines. Comparing the two
graphs obtained, it appears that the mutant line could have a slower decrease in the amount of the fixed carbon

when compared to the wild type.

In conclusion this labelling method is useful to study Arabidopsis with the protocol that we previously
described (materials and methods, chapter 4.2); the two applied methods for data analysis are suitable for our
purposes, with the fitted function being more suitable for the end of the time course, while the method based
on the mean is more suitable for the beginning of the analysis. The variability among the plants belonging to
the same time and mutation groups was too high to have a significant result. In future experiments, more
biological replicates will be necessary to obtain certain information about the decrease of the incorporated

carbon over time.
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7 e CONCLUDING REMARKS

Despite the big progress obtained in the field, phloem tissue and in particular sieve-eclement biology
still reserves many unclear traits. For example, actually it is not clear the function of many sieve-element

structural components.

As reported before, sieve elements are unique cells, with features unshared with the cells belonging to
the other tissues: they have not nucleus and lack in some vital functions, the organelle size is reduced and the
shape modified. As in the case of mitochondria, the function is still object of study as well as the endoplasmic
reticulum. For sure we know that sieve elements are a highway through which plants transfer chemical
compounds, trophic substances and signaling-related molecules. This environment rich of sugars and poor in
oxygen is the perfect habitat for phytoplasmas: phytoplasmas have, in fact, a high affinity with this tissue, in
which they are able to replicate themselves and keep all the substances necessary for their life (as sugars). The
difficulties related to the study of phytoplasmas are partially related with the lack of knowledge about the
phloem: phytoplasmas are, in practice, unculturable (except some successful results) bacteria: in the future,

more knowledge on the sieve element biology could provide important issues about this matter.

Among the sieve element structural components, filamentous phloem proteins are for many aspects,
still mysterious. On the role of the phloem proteins, new insights have been reached in the last decades: the
description of forisomes and the characterization of the sieve element occlusion (SEO) and sieve element
occlusion-related (SEOR) genes lighted up them and allowed the creation of mutant lines suitable for in vivo
functional study. Previous studies of our research group have demonstrated the possible role of the SEOR
proteins in the phytoplasma-Arabidopsis interaction. With the experimental work described in this thesis we

gave insight about the vast possibility of interaction of AtSEOR2 with the plant-defense system.

Another fundamental compound present in the sieve elements is callose: since a long time, callose has
been considered as a key ‘product’ in the mechanical response of the infected plants against phytoplasmas, as
long as some researchers, before the use of the molecular tools, proposed the aniline blue staining as suitable
method to detect phytoplasma presence in the host sieve elements. The beginning of the molecular biology
discarded this idea, but the role of the callose during phytoplasma infection remains uncontested. Sugars have
a fundamental role in the stress-related signaling. Here we have investigated about the possible relations among
callose and sugar metabolism during phytoplasma infection: little is still known about this topic and more

study is required about the matter.

The last aspect that we took in consideration was about a possible role of synaptotagmin in

phytoplasma infection, as already reported in other plant-pathogen interactions. Even if phytoplasmas are
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“motile” inside the plant, the passive movement mechanism is pretty unknown: it has been reported about the
role of the actin in the phytoplasma squeezing through the sieve pores, but, considering the role in the virus

infection, a possible role following phytoplasma infection could be supposed.

With this thesis we attempted to give more knowledge about phytoplasma pathogens, focusing on their
fine interaction with the sieve elements, their ideal habitat. The setting of novel experimental approaches, as
the use of not-invasive techniques, the use of high-resolution microscopy integrated with the modern molecular
biology tools, will be of fundamental importance in obtaining specific information about sieve-elements and
the mechanisms regulating phytoplasma colonization. Knowledge will be surely useful also to approach other

phloem-limited bacteria, which could represent further new threats for agricultural products worldwide.
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Jasmonates, salicvlate and site-specific responses to phytoplasma infection in
Arabidopsis thalians
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Phytohermones are major actors in the sophisticated survival strategies developed in
response to biotic and abiofic stresses, Several hormones take par 1© & complex signalling
network, but jasmonate {JA) and salicylic acid (SA) play & crucial role. JA- and SA-medinted
signalling pathways are mutually antagonistic. SA signalling is deemed (o activate defences
against bistrophic and hemibiotrophic pathogens, while JA is mainly though to induce
resistance against necrotrophic pathogens. Phytoplasma are oblignte biotrophic parasites
pssociated with hundreds of diseases affecting many important crops. Considering the crude
methods used o control phyloplasma diseases, a decper knowledge on the defence
mechanisms recruited by the plant to face phytoplasma invasion is required. In this work,
phyvtohormone response was studied in Arabidopsis dhalioma plants miected with
‘Candidatus Phyloplasma asteris” (strain Chrysantemum yellows, 168r-1). Phytohormone
titre was measured in leaves of healthy and infected plants, in two tissses, the main-vein and
the laminn. Differently from what was expected for biotrophic pathogens, phytohormone
mensurements on midrib tissue revealed an increase of JA and a decrease of SA lovels. Sinee
the veins are the sites where the direct interaction between phyvtoplasma and host oceurs, this
response could be interpreted as the “true’™ plant reaction to the infection. However, because
separation of the midrib from the lamina might caouse a wounding response, further
experiments were performed to confirm a possible role of JA and/or A upon phytoplasma
infection and their ability to muliiply. Thus, phytoplasma titre was measured in wild-type
and Arabidopsis mutant lines, dde2-2 and sid2-2, which are defective in JA and SA
production, respectively.
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17-21 June 2019, Catania-Salina

BEponses in Arabidopsis sieve elements during phytoplasma

infection

Chiara Bernardini - bernardini.chiara@spes.uniud.it

PhD in Agricultural Science and Biotechnology, University of Udine

Phytoplasmas are unculturable phloem-limited prokaryotes, discovered only 50 years ago and
associated with numerous diseases affecting different crops. They are obligate pathogens with a
very small genome, lacking many genes, indispensable for the autonomous life. The phytoplasma
reliance on host metabolism causes severe alterations of plant cytology and physiology, resulting in
the dramatic yield reduction. As direct methods to control phytoplasma diseases are not available
so far, it is important to study in depth the strategies adopted by the plant to face phytoplasma
infection. Sieve-elements are able to contrast the stress imposed by wounds or pathogen invasions,
by the activation of Sieve Element Occlusion Related (SEOR) proteins or of callose, limiting the
mass flow, and thus avoiding sugar losses or blocking pathogen spread. In Arabidopsis thaliana two
SEOR genes concur to the formation of sieve-element protein filaments (AtSEORT and AtSEOR?2),
through a heteromeric assemblage of the two proteins they encode. Our research group previously
demonstrated that in the Arabidopsis line silencing Atseor1 gene (Atseor1ko), so expressing ‘free’
AtSEOR?2 protein, phytoplasma titre is significantly lower in comparison with wild-type or AtSeor2ko
plants. This led to speculate that AtSEOR2 protein, free from its bond with AtSEOR1, could act in
plant-defence mechanism. Nevertheless, no explication of this phenomenon was provided. Aim of
my research project is to investigate the possible involvement of AtSEOR2 protein in plant reactions
against phytoplasmas. The effective defence responses occur precociously during plant-pathogen
interaction, so we focused our investigations both in fully symptomatic plants at the late stage of
infection and in plants yet asymptomatic, i.e. at an early stage of infection. As literature reports
possible interferences of AtSSEOR2 with the phytohormone signaling system, in particular with the
indol-acetic acid (IAA) and abscisic acid (ABA) pathways, we quantify phytohormones in wild-type,
Atseoriko, Atseor2ko Arabidopsis lines following phytoplasma infection. Moreover, with the aim to
evidence possible site-specific response we performed analyses using leaf laminae or midribs.
Interestingly the amount of IAA and ABA are significantly higher in Atseor1ko plants compared to
the other lines, starting from the first stage of infection, when macroscopical symptoms, sieve-
element ultrastructural modifications and modulation of Atseor genes are not yet detectable in
infected plants. The project will continue focusing on the second occlusion system activated in
injuried sieve elements: the callose deposition at the sieve plates, regulated, in Arabidopsis, by the
expression of the Callose synthase 7 (AtCas7) gene. The Arabidopsis mutant line AtCas7ko will be
infected with phytoplasmas, with the aim to study not only the role of the long-term callose-mediated
occlusion in infected Arabidopsis, but also to evidence variations in sugar metabolism, also related
to the early plant defense signaling.

The author thanks Dr Axel Mithfer and Dr Marilia Almeida-Trapp (Max Planck Institute for Chemical Ecology, Jena,
Germany) for their collaboration in phytohormone quantification, Professor Domenico Bosco (University of Torino, Italy)
for his advice on insect rearing and the transmission of CY phytoplasma. This work was supported by the Department of
Agriculture, Food, Environment and Animal Sciences, University of Udine, Project Start up 2018.
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Li, F., Upadhyaya, M., Schwessinger, B, Sperschneider, 1., Matny, O, Raley, C., Miller, M. E., Silverstein, K., Mguyen-Phue, H., Hirsch, C. D,
Visser, B., Pretorius, Z. A, Steffenson, B., Dodds, P. M., and Figueroa, M. 201%. Contribution of 8 somatic hybridization event to the emergence
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10-51.1

The abstracts are published as a supplement to MPMT for citation purposes. They were not reviewed by the MPMT Editorial Beard and were not
cdited by the APS editorial staff.
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i 2019 International Society for Molecular Plant-Microbe Interactions

Abscisic acid and auxin are early activated in Arabidopsis Atseorlko mutants during phytoplasma infection

C. BERNARDINI (1), L. Pagliari (1), V. De Rosa (1), M. Almeida-Trapp (2), M. Martini (1), A. Mithofer (2), R. Musetti (1), (1) Dep. of
Agricultural Food Environmental and Animal Sciences, University of Udine, Udine, Italy; (2) Dep. of Bioorganic Chemistry, Max Planck
Institute for Chemical Ecology, Jena, Germany

Phytoplasmas are phloem-confined pathogens associated to several diseases of economically important plants. Plant response to the infection
implies many physiological alterations, cytological modifications and modulation of global transcription and protein profile. We previously
demonstrated that in Arabidopsis the absence of AtSEORI gene, involved in sieve-element filamentous protein formation in association with
AtSEOR2, allowed the plant to face phytoplasma invasion more effectively. This led to speculate that AtSEOR2 protein, free from its bond with
AtSEORI, could act in defense mechanism. Nevertheless, no explication of this phenomenon was provided. In this study wild-type and
Atseorlko lines were analyzed at early and late infection stages, performing microscopic, molecular and physiological analyses to identify
possible key aspects of phytoplasma-AtSEOR2-plant defense interactions. According to transmission electron microscope and gene expression
analyses, at the first stage of the infection, sieve-element filamentous proteins are not involved in plant response to the phytoplasmas. On the
other hand, stress-related phytohormones, measured in both leaf midribs and laminae through HPLC-MS/MS highlighted that site-specific auxin
and abscisic acid response takes place precociously in the Atseorlko plant infection site. Little is still known about the initial steps of the plant
response against phytoplasma, but phytohormones seem to play a role in the first defense line.
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Callose response to phytoplasma infection: plugging at the sieve
plate or something more?

CHIARA BERNARDINI, RITA MUSETTI
UNIVERSITY OF UDINE, BERNARDINI.CHIARA@SPES.UNIUD.IT

Phytoplasma are important pathogens affecting several crops but their relationships with the host
plants are not completely known. Plants face phytoplasma in different ways, using chemical or mechanical
barriers. Sieve-element occlusion-related (SEOR) proteins and callose are responsible for phloem plugging,
respectively, as fast and slower responses to pathogens or injuries. While the mechanical role of sieve-element
occlusion systems is well known from a long time, the other possible functions related with the
physiological/molecular reply against phytoplasmas are not deeply investigated so far. The capability of
AtSEOR?2 phloem protein to modulate phytohormone-dependent defense pathways in Arabidopsis thaliana
infected with “Candidatus Phytoplasma asteris” was recently demonstrated by our research group. The role
of callose also ranges from physical occlusion of the sieve-pores to the activation of defence signaling. In fact,
callose and sugars are in general used by plants as very efficient signaling molecules to fight against pathogens
and pests. With the aim to highlight the different roles of callose in phytoplasma-infected plants, especially
those related to the plant defense signaling, Arabidopsis wild-type and Atcas7ko lines were infected with
phytoplasmas. Modifications at morphological, transcriptomic and metabolic levels in the two lines were
compared and discussed in order to evidence that callose is more than a simple mechanical plugging of the

sieve plates during phytoplasma-plant interaction.

2™ Joint meeting of Agriculture Oriented PhD programmes UniCT-UniFG-UniUD, 28% 30% September 2020,
Udine, Italy
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