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Abstract
Diseases caused by phytoplasmas, prokaryotic plant pathogens restricted to phloem tissue, result
in a huge impact on agriculture and, at the present day, no effective control strategy has been
developed. The individuation of resistance or tolerance sources, need to understand the mechanisms
existing at the basis of plant responses to phytoplasma infection.
Investigations in natural plant hosts are limited by the impossibility to control the numerous
environmental conditions that could affect plant-pathogen relationship. The reliability of Arabidopsis
thaliana as model plant for studying phytoplasma-plant interaction was proved in this work,
comparing macroscopic, histological and ultrastructural modifications induced by phytoplasma
infection in A. thaliana with those reported in natural host plants.
The agglutination of phloem protein filaments in the sieve elements following phytoplasma
infection has been hypothesised to limit phloem mass flow and, consequently, to prevent pathogen
spread. To elucidate the interaction between phytoplasmas and SE-protein filaments, Arabidopsis
mutant lines lacking genes related to SE-protein filament (AtSEOR1, AtSEOR2 AtPP2-A1) were used
both in healthy and in infected conditions. Various microscopic techniques were used, in order to
combine fresh and embedded tissue observations, gaining information on both ultrastructural and
physiological sieve element modifications. The analysis of healthy and infected plants suggested that
SE-protein filaments affect phloem flow only even if agglutinated SE-protein masses are present in
the sieve elements, and this occurs only in infected tissues. Moreover, even if filament presence was
observed in mutant lines (indicating that in case of stressful condition SE-protein filament formation
can overcome AtSEOR1 and AtSEOR2 absence), only filaments proper of wild-type plants are able to
block the phloem mass flow in case of phytoplasma infection. No correlation between phloem
impairment and pathogen concertation was found, but the low phytoplasma titre in AtSEOR1ko lines
could indicate the involvement of this gene in plant defence mechanism, probably related to jasmonic
acid and cis-12-oxo-phytodienoic acid pathway.

Keywords
Arabidopsis thaliana; phloem proteins; phytoplasma; sieve element occlusions; combined
microscopy
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1. Introduction.

1.1.

The pathogen: the phytoplasmas.

Phytoplasmas are prokaryotic plant pathogens belonging to the class Mollicutes (order
Acholeplasmatales,

family

Acholeplasmataceae),

a

group

of

wall-less

microorganisms

phylogenetically related to low G/C % molar content Gram-positive bacteria (Weisburg et al., 1989).
Phytoplasmas were discovered by Doi and collaborators in 1967 and were named mycoplasma-like
organisms (MLOs), due to their morphological and ultrastructural similarity to mycoplasmas, already
known as etiologic agents in animal and human diseases. Following the application of molecular
technologies MLOs were designed as a coherent, genus-level taxon, named ‘Candidatus
Phytoplasma’ (IRPCM, 2004). In this new clade, groups and subgroups have been defined and many
of them are now considered species (Bertaccini and Duduk, 2009). The most comprehensive and
widely accepted phytoplasma classification system relies on restriction fragment length
polymorphism (RFLP) analysis of polymerase chain reaction (PCR)-amplified 16S rDNA (Lee et al.,
2004a, b; Marcone et al., 2000; Zhao and Davis, 2016).
Phytoplasmas are procariotes of small dimensions, varying from 200 nm to 800 nm in diameter,
delimited by a plasma membrane, but devoid of the cell wall (Lee et al., 2000). The absence of a rigid
cell wall allows them to be highly pleomorphic and to change shape adapting to the environment. The
trilaminar plasma membrane encloses ribosomes and DNA. Plasma membrane predominantly
consists of immunodominant proteins (Berg et al., 1999), categorized in three different
nonhomologous types: Imp (Immunodominant Membrane Protein), IdpA (immunodominant
membrane protein A) and Amp (antigenic membrane protein) (Kakizawa et al., 2006; Morton et al.,
2003). Although recent results indicate that Amp is involved in vector specificity interacting with
insect proteins such as actin, the specific functions of these proteins are still unknown (Galetto et al.,
2011).
Phytoplasmas are obligate parasites, living inside the cells of plants and vector insects and
replicating intracellularly in both (Hogenhout et al., 2008). Phytoplasmas are transmitted by phloemfeeding insect species within the Order Hemiptera, such as Cicadellidea (leafhoppers), Fulgoridea
(cicada) and Psyllidae (psyllids) (Weintraub and Beanland, 2006). Phytoplasma transmission is
persistent and propagative. Through insect nutrition activity on infected plants, phytoplasmas enter
the vector (Fig. 1). The insects must feed for an extended period of time (called acquisition access
period, AAP) to acquire a sufficient titre of phytoplasmas to establish infection. During a latent period
(LP) in the vector, phytoplasmas pass from the alimentary canal through the midgut into the
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haemolymph, they invade salivary gland cells, multiply and are incorporated into saliva. Then they
are transmitted to a new host plant by injection into phloem tissue during insect feeding (inoculation
access period - IAP) (Bosco et al., 2007; Christensen et al., 2005; Hogenhout et al., 2008; Oshima et
al., 2011).

Figure
1.
Life
cycle
of
phytoplasmas. Phytoplasmas (here
represented as red dots) are
Mollicutes that infect the phloem of
many host plants and several organs
of phloem-feeding insect vectors
and actively multiply in both hosts.
Insects can acquire phytoplasmas
during nutrition activity on infected
plants. In the vector, phytoplasmas
reach salivary glands and multiply.
After the latency period, the
phytoplasmas can be inoculated
through saliva in the phloem of
healthy plants.
Picture from Oshima et al. (2011)

Inside the sieve elements the phytoplasmas moved systemically through the plant. Phytoplasma
spread into the plant cannot be explained solely by assimilate flow (Garcia-Chapa et al., 2003;
Marcone et al., 2009; Wei et al., 2004). On the other hand, considering the fact that phytoplasmas
have no gene coding for cytoskeleton elements or flagella, their active movement seems unlikely
(Christensen et al., 2005). Even if their way to move in plant tissue is poorly understood, in a variable
period of time (Hogeout et al., 2008), phytoplasmas reach every plant organ (Cordova et al., 2003).
Phytoplasma-infected plants exhibit symptoms suggesting a profound disturbance in the normal
balance of growth regulators and interference in mass phloem flow (Lee et al., 2000; Osler et al.,
1996) (Fig. 2). Hormone unbalance deals to virescence, phyllody, big bud, flower sterility or
abnormalities, witches’-brooms, rosetting, internode elongation and off-season growth (Lee et al.,
1997; Lee et al., 2000; Bertaccini and Duduk, 2009). Symptoms attributable to the impairment of the
phloem transport are: leaf yellowing or reddening, alteration of leaf blades that appear thick and
folded on the petiole, rolling and leaf curls, dwarfism and general decay (Bertaccini and Duduk, 2009;
Himeno et al., 2014; Loebenstein et al., 2009; Osler et al., 1996).
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Figure 2. Symptoms associated with
phytoplasma presence. Typical
symptoms include: a bushy or
"witches' broom" appearance due to
changes in plant normal growth
patterns (A -Malus domestica-), the
yellowing and reddening of the leaf
tissue (B -Vitis vinifera- and C Primula vulgaris-), the abnormal
transformation of a floral structure
into a foliage leaf (phyllody) and the
green coloration of non-green flower
parts (C -Primula vulgaris- and D Zinnia elegans-). The great majority
of phytoplasma disease causes stunted
growth, general decline and, in some
cases, plant death (E -Pyrus
communis-).
Images from www.fitoplasmi.it

Although not all infections are necessarily deleterious, the great majority of phytoplasma diseases
causes stunting of overall plant growth, general decline, loss of productivity and, in some cases, plant
death (Seemüller et al., 2002). Phytoplasmas are reported to be associated with plant diseases in
several hundred plant species, including many important vegetable and fruit crops, ornamental and
woody plants, causing an impressive impact on agriculture (Bertaccini et al., 2014; Valiunas et al.,
2015). Moreover, their impact is intended to grow by accidental introduction, by globalized human
activities, of insect vectors and infected plants and by global warming, which will advantage the coldsensitive phytoplasma vectors (Hogenhout et al., 2008).
Despite the economic importance of phytoplasma diseases, progress on the understanding the
plant-phytoplasma interactions has been slow as compared to other plant bacterial pathogens
(Bertaccini and Duduk, 2009). Since their discovery, the study of phytoplasmas has been inherited
by the extreme difficulty to culture them in vitro (Contaldo et al., 2012). In fact, they exhibit a strong
host-specific and a tissue-specific correlation, highlighting a durable adaptation to life as obligated
parasite. They lack several pathways for the synthesis of compounds considered to be necessary for
the cell metabolism (Marcone et al., 1999) and thus probably they can survive by means the
absorption of host cell substances (Bai et al., 2006). The absence of a clear comprehension of the
phytoplasma physiology entails ineffective ways of disease management. Phytoplasma outbreak and
spread can be controlled only by the eradication of infective plants and the use of insecticides to
7

reduce insect vector populations. However, this approach results burdensome both for its economic
impact and for health implications to human and environment (Desneux et al., 2007; Bertaccini et al.,
2014). Mitigation of disease is slowly shifting from chemical vector control to habitat management
and the use of genetic methods to produce naturally disease-resistant plants (Osler et al., 2014; 2016).
The understanding of the fine mechanisms at the basis of plant responses to phytoplasma infection
represents the necessary background for the development of these new strategies.

1.2.

The plant: the phloem tissue.

For the plants, the transition from an aquatic life to a terrestrial one occurred roughly 470 million
years ago and involved the evolution of a number of specialized cells, tissues and organs required for
land survival and reproduction (Bowman, 2013; Delwiche and Cooper, 2015). Among them, a
vascular transport system evolved into two effective microfluidics systems with different roles: the
xylem, which translocates, through the apoplast, water and minerals gathered by the roots, and the
phloem, which transports assimilates in the symplasm. While xylem is a network of channels that
consists of dead cells, phloem consists primarily of living cells (Lucas et al., 2013).
Functional phloem consists of sieve elements (SEs) and companion cells (CCs). While SEs are
enucleated conducting cells, CCs are cells with intact cellular components and are known to support
the functioning of SEs. The strong relationship between SEs and CCs has induced to consider them
and unique complex, called SE/CC complex (van Bel, 2003), and originates from a common ontogeny
(Fig. 3) (Esau, 1969; van Bel, 2003). Originated from unequal division of a mother cell, the two cells
develop different function and morphology. While one daughter cell develops into one or several
metabolically hyperactive CCs, the other one exhibits selective degenerative autolysis (Esau, 1969;
Lucas et al., 2013; van Bel, 2003). In fact, as the SE matures, the nucleus and vacuoles are degraded,
while ribosomes, Golgi apparatus and mitochondria are greatly reduced in number. The mature SEs
present only the endoplasmic reticulum and some mitochondria closely related to the plasma
membrane and a thin marginal cytoplasm area, the cytoskeleton and phloem-specific proteins and
plastids (van Bel, 2003; Hafke et al., 2013). Moreover, SEs develop perforated walls at the cell
junctions within the sieve tube, forming sieve plates and establishing a symplastic continuity
throughout the sieve tube (van Bel, 2003; van Bel and Thompson, 2013). The reorganization of the
cellular contents creates an effective transport route (Lucas et al., 2013; van Bel and Thompson, 2013)
and, at the same time, maintains SEs still alive, thanks to plasmodesma pore units (PPUs), which
symplastically interconnect the SEs to their neighbouring CCs (Kempers and van Bel, 1997;
Knoblauch and van Bel, 1998; Hafke et al., 2013). In fact, CCs are responsible for SE survival,
8

providing metabolites, energy-carrying substances, messages and probably genetic information (van
Bel, 2003). Moreover, CCs allow the translocation of photoassimilates between parenchyma cells and
SEs (Taiz and Zeiger, 1998).
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Figure 3. Development and organization of the SE-CC complex. SE
and CC are derived from the same meristematic cell (A). Mother cell
divides differently. While the immature CC keeps a dense cytoplasm, the
immature SE vacuolizes strongly (blue) and forms conspicuous protein
bodies (red) and plastids (yellow) (B). In immature SE, nucleus (violet),
ribosomes, cytoskeleton, Golgi apparatus and vacuole membrane
disappear. On the other hand, the CC retains its equipment. (C). After
completion of the growth of the length of the cells, the SE has only one
plasma membrane (PM), parietal ER network (ER), sieve element plastids
(P), some mitochondria and phloem-specific, structural proteins (SP) (D).
Furthermore, the simple plasmodesmata connecting SE and CC are
modified in branched connections called plasmodesma pore units (PPUs).
In this process, the wall connecting two SEs perforates forming sieve
plates and establishing a symplastic continuity throughout the sieve tube.
Image from van Bel and Hess (2003).

Phloem transports a complex mixture of organic and inorganic substances (Heo et al., 2014;
Komor et al., 1996). Analyses of the phloem exudates from various plants have shown that the major
phloem sap components are carbohydrates and amino acids. Sucrose is the main sugar in phloem sap
(Fukumorita and Chino, 1982; Liu et al., 2012; Patrick et al., 2001), while amino acids are the main
form of reduced nitrogen in phloem sap (Dinant et al., 2010; Douglas, 2006). Absolute and relative
concentrations of these compounds vary among species (Dinant et al., 2010; Douglas, 2006).
Furthermore, sieve tubes are not only efficient pipes for the photosynthate transport: they also mediate
long-distance signalling by transporting hormones, peptides, proteins, and RNAs (Bishop et al., 2011;
Dinant et al., 2010; Heo et al., 2014; van Bel, 2003). Signalling substances are responsible for the
integration of functioning, growth and development of the plant and play an important role in defence
against pests and predators (Dannenhoffer et al., 2001; Dinant et al., 2010; Furch et al., 2014; Hijaz
and Killiny, 2014). On the other hand, precisely for its high transport efficiency along the plant,
phloem provides an excellent vehicle for distribution of micro-organisms (Nelson and van Bel, 1998;
Oparka and Santa Cruz, 2000; Bové and Garnier, 2003; Hijaz and Killiny, 2014).
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1.3.

Plant-pathogen interaction step 1: pathogen recognition.

Plants have developed multiple layers of a sophisticated apparatus for pathogen recognition and
response. Even if recent literature suggests that plant response is an integrative and essentially
stochastic process combining different surveillance and response mechanisms (Pritchard and Birch,
2014; Thomma et al., 2011), plant response to pathogen attack is considered to consist of at least two
phases, described by the so called “zig-zag model” (Fig. 4) (Jones and Dangl, 2006).

Figure 4. The zig-zag model. Plant surface receptors, called pattern recognition receptors (PRRs),
recognize pathogen-associated molecular patterns (PAMPs) and activate an innate immune response, called
PAMP-triggered immunity (PTI). Successful pathogens are able to overcome PTI, secreting effectors that
suppress PTI responses and causing in the plant the so-called effector-triggered susceptibility (ETS).
Nevertheless, plants respond to these effectors through the development of cytoplasmic R proteins that
recognize single effectors and activate the so-called effector-triggered immunity (ETI). Finally, as a result
of the selection pressure on both actors, there will be the loss or the gain of effectors over evolutionary time.
Image from Jones and Dangl, 2006

Pathogen extracellular presence is first detected by the plant pattern recognition receptors (PRRs),
which recognize pathogen associated molecular patterns (PAMPs) and activate the PAMP-triggered
immunity (PTI). Successful pathogens employ virulence proteins (called effectors) that provide a
beneficial environment for bacterial multiplication inside the host, suppressing PTI and causing the
effector-triggered susceptibility (ETS). The second phase, consists in the recognition of the pathogen
effectors by the plant resistance (R) proteins, resulting in the effector-triggered immunity (ETI). ETI
is a more efficient form of resistance and it is frequently associated with the hypersensitive response
(HR), characterized by deliberate plant cell suicide at the site of infection, and systemic acquired
resistance (SAR), a long-lasting, broad-spectrum immune response that is induced throughout the
entire plant following attempted local infection (Jones and Dangl, 2006; Katagiri and Tsuda, 2010;
Schwessinger and Zipfel, 2008). Pathogen recognition results in several plant defence response, like
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activation of enzymes and generation of reactive oxygen species (ROS) (Baxter et al., 2014; Thakur
and Sohal, 2013), accumulation of salicylic acid (SA), jasmonic acid (JA), ethylene and lipid-derived
molecules implicated in systemic signalling and the production of antimicrobial compounds, such as
pathogenesis-related (PR) proteins (Durrant and Dong, 2004; Fu and Dong, 2013; Thakur and Sohal,
2013; van Loon and van Strien, 2009; Wani et al., 2016). As a result of selection pressure on both
plants and microbes, a coevolutionary arm race will continue with the loss or the gain of effectors
and pathogen-recognition molecules over time (Deslandes and Rivas, 2012).
As regards phytoplasmas, the knowledge about the molecular mechanisms involved in the
pathogenicity and in the host plant response has been limited primarily by the inability to culture
phytoplasmas in vitro (Contaldo et al., 2012). Moreover, in contrast with other bacteria, phytoplasmas
are directly introduced and confined inside living sieve cells (Bertaccini et al., 2014). Because of the
fact that PRR-mediate immune responses occur in the extracellular space (Bent and Mackey, 2007;
Deslandes and Rivas, 2012; Schwessinger and Zipfel, 2008), phytoplasmas have the ability to hide
from host recognition and immune defence reaction inside the phloem cells (Hogenout et al., 2008).
On the other hand, effector proteins into the cytoplasm can be recognized intracellularly and Rmediated ETI can be triggered (Bent and Mackey, 2007). Like other pathogens, also phytoplasmas
produce effectors, which can interact directly with vector and host to influence developmental
processes (Hogenhout and Loria, 2008; Hogenhout and Segura, 2010; Sugio et al., 2011). Effectors
could enhance phytoplasma fitness, modifying the plant development in accordance with pathogen
needs, for example generating more vegetative tissues to attract the insect vectors, prolonging the
vegetative growth phase of the plant to postpone plant death and suppressing inducible plant defence
pathways (Lu et al., 2014; MacLean et al., 2014; Sugio et al., 2011). In response to effector release,
host plant may activate resistance genes, to detect pathogen virulence factors and to initiate an
immune response (Jones and Dangl, 2006). It is unclear whether ETI can be induced by sieve cells,
since they lack the organelles reputed indispensable for most plant immune responses (like the
nucleus, chloroplasts or the Golgi-apparatus) (Knoblauch and van Bel, 1998; Sugio et al., 2011).
Since effector proteins are produced in the phloem, but accumulate in nuclei of cells beyond the
phloem (Bai et al., 2009), the neighbouring cells could have a role in their recognition (Hoshi et al.,
2009). Effector protein transport is assumed to be achieved through plasmodesmata passage
(Hogenhout and Loria, 2008).
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1.4.

Plant-pathogen interaction step 2: biochemical changes.

1.4.1. Signalling molecules.
Pathogen presence and activity, as well as its recognition by the host plant, drive to many
biochemical changes indicating the activation of plant defence response. Phytoplasma infection
induces Ca2+ influx into the SEs, leading to sieve-tube blockage (Musetti et al., 2013; Musetti and
Favali, 2003). In addition, Ca2+ signals are decoded and relayed by signalling molecules, generating
various intracellular cascades leading to changes in metabolism and gene expression (Kudla et al.,
2010; McAinsh and Pittman, 2009; van Bel et al., 2014).
Phytoplasma infection can lead to the involvement of other important signal and defence
molecules such as hydrogen peroxide (H2O2) (Musetti et al., 2004; 2005; Sanchez-Rojo et al., 2011)
and different phytohormones (Minato et al., 2014; Punelli et al., 2016; Zimmermann et al., 2015).
H2O2 and other reactive oxygen species (ROS) can directly have a toxic effect on the pathogenic
bacteria but can also function as signalling molecules (Apel and Hirt, 2004; Scheler et al., 2013),
activating a variety of defence responses including enhancement of cell wall strength, synthesis of
phytoalexins, synthesis of pathogenesis-related proteins, and suppression of pathogen growth by
programmed cell death (Lamb and Dixon, 1997). Nevertheless, it seems that H2O2 accumulation
depends on the phytopathological condition of the plants, being relegated to recovery, a spontaneous
remission of symptoms in phytoplasma-infected plants (Musetti et al., 2004; 2005; 2007). On the
other hand, phytohormones play a regulatory role before or within symptom appearance (Kazan and
Lyons, 2014; Punelli et al., 2016). Phytohormones are small molecules that occur at low
concentration and regulate numerous aspects of plant growth, development, and response to stress,
functioning in complex signalling networks, with interactive effects, referred to as crosstalk (Kazan
and Lyons, 2014; Pieterse et al., 2009; Robert-Seilaniantz et al., 2011). Primary defence hormones
are jasmonates (JAs), salicylates (SAs), and ethylene (ET). Other phytohormones, such as abscisic
acid (ABA), auxins (indole-3-acetic acid [IAA]), cytokinins (CKs), brassinosteroids (BRs),
gibberellins (GA), and strigolactones, are better known for their roles plant growth and development,
but they also regulate plant defence (Pieterse et al., 2009; Robert-Seilaniantz et al., 2011).
Traditionally, SA signalling activates resistance against biotrophic and hemibiotrophic pathogens,
while a combination of JA and ET signalling induces resistance against necrotrophic pathogens
(Kazan and Lyons, 2014; Pieterse et al., 2009; Robert-Seilaniantz et al., 2011). Phytoplasmas are
biotrophic pathogens, thus the increase in SA level and the consequent decrease of JA level was
supposed and demonstrated (Minato et al., 2014; Musetti et al., 2013; Patui et al., 2013; Sugio et al.,
12

2011; Zimmermann et al., 2015). Nevertheless, the concentration of these two hormones seems to be
dependent on many factors, such us the tissue age (Sugio et al., 2011), the moment of vegetative cycle
(Janik et al., 2016), the phytoplasma strain (Ahmad et al., 2013), probably due to distinct sets of
virulence factors (Zimmermann et al., 2015) and the phytosanitary state of the plant (Musetti et al.,
2013). Another phytohormone significantly compromised in different phytoplasma infections, is
IAA, whose level and biosynthesis pathway activity drop dramatically (Chang, 1998; Gai et al., 2014;
Hoshi et al., 2008; Zafari et al., 2012). Many phytoplasma-associated disorders are grouped as
auxonic plant diseases (Musetti, 2010). In fact, considering that IAA controls cell division and cell
elongation in plants during developmental processes, including stem elongation and apical
dominance, stunting and witches’ broom symptoms could be explained by an imbalance of these
growth regulators (Gai et al., 2014; Hoshi et al., 2008).
It is important to underline that phytoplasma-triggered hormonal imbalance is not only related to
plant defence response, but could be directly caused by pathogen activity. Up to date, it is not known
whether phytoplasmas synthesize plant growth regulators, like some walled plant-pathogenic bacteria
(Kazan and Lyons, 2014; Robert-Seilaniantz et al., 2011), or if phytoplasmas change the natural level
of one or more of the endogenous plant hormones. Nevertheless, two phytoplasma effectors have
been discovered to regulate JA biosynthesis in a negative manner rendering the plants highly
susceptible to phytoplasma vectors (Sugio et al., 2011): secreted AY-WB protein 11 (SAP11) and
tengu-su inducer (TENGU) (Hoshi et al., 2008; Minato et al., 2014; Sugio et al., 2011).

1.4.2. Photosynthetic activity and carbohydrate metabolism.
Different authors reported a downregulation of photosynthetic proteins in phytoplasma-infected
plants (Ji et al., 2009; Hren et al., 2009; Taheri et al., 2011), accompanied by a reduction of total
chlorophyll content (Bertamini et al., 2002a; 2002b; Junqueira et al., 2004; Zafari et al., 2011). The
limited expression of the photosynthetic proteins induces alteration in the photosynthetic whole chain
(mainly affecting photosystem II activity), compromising the whole photosynthetic process (Musetti,
2010). This inhibition seems to have an impact on the carbohydrate metabolism, particularly on the
accumulation of soluble carbohydrates and starch, as observed in source leaves of plants infected by
phytoplasmas (Ji et al., 2009; Junqueira et al., 2004; Lepka et al., 1999; Maust et al., 2003; Pagliari
et al., 2016). It has been proposed that, following infection, photosynthesis must be switched off to
initiate respiration and other processes for plant defence against pathogens (Scharte et al., 2005). On
the other hand, an increase in soluble carbohydrate concentration and elevated invertase activity could
also suggest the establishment of a pathogen-induced carbohydrate sink (Santi et al., 2013). Thus,
13

altered expression of genes coding for enzymes involved in carbohydrate metabolism may be caused
by phytoplasma necessity to satisfy their requirements for energy, growth and spread using the host
plant’s phloem system (Giorno et al., 2013). On the other hand, sugar can also act as a signalling
molecule in plant immunity, preparing the plant to a fast and strong defence response, without
however triggering any response before the actual manifestation of the stress condition (Moghaddam
and van den Ende, 2012).

1.4.3. Protein content.
It has been hypothesized that photosynthesis impairment and the following decrease in synthesis
of ribulose-1, 5-biphosphate carboxylase, the major soluble protein of the leaf (Bertamini et al.,
2003), could be related with the reduction in total soluble proteins observed in many phytoplasmainfected plants (Favali et al., 2001, Bertamini et al., 2002a; 2002b, Musetti et al., 2007). Despite the
decrease of the total protein content, following pathogen infection, a lot of proteins are produced by
the host plant. Most of them are related to the defence mechanisms and are called pathogenesisrelated-proteins (PR-proteins) (Junqueira et al., 2004; Margaria and Palmano, 2011; Musetti et al.,
2013; Santi et al., 2013; Zhong and Shen, 2004). PR proteins accumulate locally in the infected leaves
and are also induced systemically, dealing to the development of systemic acquired resistance (SAR)
(van Loon, 1999). To date, 17 families of PR proteins have been identified in numerous plant species
(Ebrahim et al., 2011). This great variability reflects the wide range of roles they are supposed to
cover, that include peroxidases, chitinases and β-1, 3-glucanases (Ebrahim et al., 2011; Sels et al.,
2008; van Loon, 1999). However, a direct functional role in defence could not be demonstrated for
all of them (Sels et al., 2008).

1.4.4. Phenolics.
Despite the lack of information on the topic, polyphenols seem to play an important chemical and
biological role in plant resistance against phytoplasmas. In fact, in many pathosystems a significant
increase in phenolic compounds was observed in relation to the inhibition of the pathogen inside the
phloem cells (Choi et al., 2004; Junqueira et al., 2004; Musetti et al., 2000; 2007). Moreover, Hren
and co-authors (2009) demonstrated a significant reprogramming of the transcriptome following
phytoplasma infection, because 19 out 22 genes from secondary metabolism, mainly flavonoids and
chalcones, were involved in up-regulated processes. Nevertheless, studying two different cultivars,
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Margaria and co-authors (2014) hypothesized that flavonoid accumulation is a physiological
consequence of phytoplasma infection but does not affect phytoplasma multiplication.

1.5.

Plant-pathogen interaction step 2: morphological and ultrastructural plant
modifications following phytoplasma infection.

Following phytoplasma infection, a deep architectural modification of the host cell structure
occurs, due to the alteration of metabolism, hormone and development balances, which pathogen
presence implies (Albertazzi et al., 2009; Buxa et al., 2015; Ehya et al., 2013; Musetti et al., 2005,
2010; Pagliari et al., 2016; Zimmermann et al., 2015). A stable association between the necrosis of
the phloem elements and the formation of new ones, due to the cambium hyperactivity (hyperplasia),
was reported in many phytoplasma-plant interactions (Braun and Sinclair; 1979; Garcion et al., 2014;
Iriti et al., 2008; Oshima et al., 2001; Pagliari et al., 2016; Sinclair et al., 1976) and it could be
explained as a plant response to limit phloem functionality that occurred in infected tissue (Oshima
et al., 2001) or as a result of pathogen effector action (Bai et al., 2009; Sugio et al., 2011).
Transmission electron microscopy (TEM) images revealed cell wall thickening and distortion in the
phloem of different plant hosts infected by phytoplasma (De Marco et al., 2016; Musetti et al., 2000,
2013; Pagliari et al., 2016; Santi et al., 2013), probably due to defensive depositions of phenolic
(Messiaen et al., 1993) and/or homogalacturonans (Cosgrove, 2005). The SE plasma membrane also
deforms due to phytoplasma infection, invaginating or undulating, and incoming in close contact with
the phytoplasma membrane (Buxa et al., 2015), to form a structure that anchors the phytoplasma body
to the SE plasma membrane (Musetti et al., 2016).
Phytoplasmas also interact with the plant and insect cytoskeleton by the immunodominant
membrane proteins (IMP) (Boonrod et al., 2012; Galetto et al., 2011), imposing SE actin
reorganization (Buxa et al., 2015). It is known that actin is stimulated by intracellular bacteria for
promoting their motility (Borisy and Svitkina, 2000; Haglund and Welch, 2011; Opalski et al., 2005).
Considering that phytoplasmas lack genes coding for movement, actin binding could be involved in
phytoplasma movement within SEs and through the sieve plates.
Starch accumulation and general disorganization of thylakoids (Braun and Sinclair, 1978;
Junqueira et al., 2004; Maust et al., 2003; Musetti et al., 2010), together with impaired photosynthesis
(Bertamini et al., 2001; Lepka et al., 1999; Maust et al., 2003) and stoma closure (Matteoni and
Sinclair, 1983; Vitali et al., 2013) are often described in phytoplasma infection and seem to be related
to the inhibition of phloem transport (Bertaccini and Duduk, 2009). Limited phloem translocation
may be not exclusively linked with high phytoplasma level clogging SE lumen. In fact, a lower
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translocation has also been seen in plants with a low phytoplasma titre (Christensen et al., 2005). Two
characteristic plant responses, such as structural phloem protein in sieve elements (SE-protein)
filament formation and agglutination and callose deposition at sieve plate level, have been
hypothesised to limit phloem mass flow and, consequently, to prevent pathogen spread by SE
occlusion (Braun and Sinclair, 1978, Gamalero et al., 2010; Lherminier et al., 2003; Musetti et al.,
2010; 2013; Sinclair et al., 1976).
Callose is a structural component of the SE (Ehlers et al., 2000; van Bel et al., 2002), but its
activity in case of biotic and abiotic stress is extensively reported (Barratt et al., 2011; Furch et al.,
2007; Knoblauch and van Bel, 1998; Xie et al., 2011). This site-specific plant response (De Marco et
al., 2016; Pagliari et al., 2016) occurs mainly around sieve pores after the increase in Ca2+
concentration inside the SEs and takes several minutes to occlude the sieve pores (Furch et al., 2007;
2008; 2010; van Bel et al., 2014), probably for the necessity of a de novo synthesis (Chen and Kim,
2009; Xie et al., 2011) or the relatively high Ca2+ threshold level necessary to evoke this response
(van Bel et al., 2014). Thanks to a sort of “safety design” (van Bel et al., 2014), the time necessary
for callose deposition is covered by SE-protein occlusion mechanism.

1.5.1. SE-proteins in Fabaceae plants: forisomes.
Differently from callose, SE-proteins are structural components of the SEs, which do not require
a de novo synthesis (van Bel, 2003). Moreover, as callose deposition, SE-protein agglutination is a
Ca2+-mediated response, but its threshold level seems to be considerably lower (van Bel et al., 2014).
For these reasons, the agglutination of SE-protein filaments is an immediate and reversible process
that acts in the time frame of seconds (Furch et al., 2007; Srivastava et al., 2015; van Bel, 2003).
SE-proteins are encoded by members of the widespread sieve element occlusion (SEO) gene
family, first described in Fabaceae and then individuated in many other angiosperms (Ernst et al.,
2011; 2012; Froelich et al., 2011; Pelissier et al., 2008; Rüping et al., 2010). In Fabaceae, SEO
proteins encode forisome components (Pélissier et al., 2008). Forisomes are synthesized in the
cytoplasm of immature SE, forming giant, electron-dense SE-proteins bodies (Cronshaw and Esau,
1967; Fisher, 1975; Steer and Newcomb, 1969; Wergin and Newcomb, 1970). During the maturation
and the selective autolysis of the SE, forisomes maintain their spindle-shaped morphology. In case of
biotic or abiotic stress, forisomes can undergo to a reversible calcium-induced change in its
conformation, from spindle to dispersed state, reaching up to six times their contracted volume and
temporary occluding sieve pores (Fig. 5) (Furch et al., 2007; Knoblauch and Oparka, 2012;
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Knoblauch et al., 2001, 2003; Peters et al., 2006). It has been speculated that this mechanism reduces
photoassimilate leakage in case of injury (Srivastava et al., 2015; van Bel et al., 2014). Moreover,
results obtained in in vivo studies with phytoplasma-infected Vicia faba plants demonstrated that
structural modification of forisomes could also be triggered by phytoplasmas, suggesting a putative
role in pathogen restriction (Musetti et al., 2013).

A.

B.

Figure 5. Structural modification occurring in forisomes. The intact SE presents condensed forisomes,
showing typical spindle shape, and low degree of callose deposition (blue areas) (A). Following an increase
in the Ca2+ concentration in SEs, due to the activation of Ca2+-permeable channels (red circles), forisome
dispersion and callose synthesis occur.
CC: companion cell; ER: endoplasmic reticulum; SE: sieve element; SP: sieve plate
Picture from Furch et al., 2007

1.5.2. SE-proteins in non-Fabaceae plants.
In non-Fabaceae plants, conventional SE-proteins are supposed to share many structural and
functional features with forisomes (Ernst et al., 2012; Rüping et al., 2010; Srivastava et al., 2015),
but instead of protein giant bodies, they consist of electron dense, variously branched, protein strands
(Batailler et al., 2012; Ernst et al., 2012; Jekat et al., 2013; Sjolund, 1997). Moreover, even if, like
forisomes, they are synthesized in the cytoplasm of immature SEs as large electron-dense proteins
bodies, conventional SE-proteins disperse during SE maturation forming a parietal layer at the sieve
element wall (Ehlers et al., 2000; Ernst et al., 2012; Evert et al., 1972; Froelich et al., 2011).
SEO genes have been found conserved through Dicots (Ernst et al., 2011, 2012; Pélissier et al.,
2008; Rüping et al., 2010). In Arabidospis, SE-protein filament formation requires two SEO genes,
AtSEOR1 (At3g01680) and AtSEOR2 (At3g01670) (Anstead et al., 2012). These two contiguous
genes, together with one pseudogene (At1g67790), are located on chromosome 3 and are the sole
SEO genes individuated in A. thaliana (Anstead et al., 2012; Rüping et al., 2010). No functional
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redundancy between the corresponding proteins has been detected (Anstead et al., 2012). The
heterodimer formation mechanism is still uncertain and AtSEOR1 and AtSEOR2 interaction seems
to require one or more additional unknown proteins (Anstead et al., 2012; Jekat et al., 2013). Even if
AtSEOR1 and AtSEOR2 remain the sole proteins reputed necessary for SE-protein filament
formation, Batailler and coauthors (2012) reported that the protein AtPP2-A1, encoded by the gene
At4g19840, is also associated with SE-protein filaments in Arabidopsis. In Cucurbita spp., phloem
protein 2 (PP2) and phloem protein 1 (PP1) have been associated with the structural SE-protein
filaments (Allen, 1979; Cronshaw and Sabnis, 1990; Read and Northcote, 1983; Sabnis and Hart,
1978). While PP1 gene belongs to a family found only in Cucurbitaceae (Clark et al., 1997; Lin et
al., 2009), PP2-like genes have been found widely among angiosperms and gymnosperms (Dinant et
al., 2003). Moreover, phloem lectin PP2 is known to play a role in different phloem-specific defence
mechanism, induced by both biotic and abiotic stresses (Bencharki et al., 2010; Beneteau et al., 2010;
Lee et al., 2014; Zhang et al., 2011).
Despite the solid knowledge acquired on forisome functions (Knoblauch and Peters, 2004;
Srivastava et al., 2015; Musetti et al., 2013), up to now, the role of SE-protein filaments in nonFabaceae, in physiological and stress conditions is not well understood and, for this reason, it is still
matter of debate.
In Cucurbita spp., PP2 and PP1 proteins are the candidates for sieve tube occlusion in case of
abiotic stress. In fact, after wounding, PP2 covalently interacts with PP1 and sieve tubes and cut
surfaces are rapidly occluded by exudate gelling (Alosi et al., 1988; Clark et al., 1997; Dinant et al.,
2003; Furch et al., 2010; Lough and Lucas, 2006; Read and Northcote, 1983). On the other hand, in
Cucurbita maxima a SEO-like protein (CmSEO1) has been also found and it has been supposed to
have a role in wound sealing (Ernst et al., 2012; Zhang et al., 2010). This phenomenon could be
explained by the significant differences between the fascicular and the extrafascicular phloem system
characteristic of C. maxima (Zhang et al., 2010).
Having a general view on non-Fabaceae plants, following biotic or abiotic stresses, such as injury
or pathogen infection, SE-protein filaments are displaced from their parietal position and organized
in SE lumen as strands or meshwork to plug the sieve plate (Batailler et al., 2012, Ernst et al., 2012;
Jekat et al., 2013; Sjolund, 1997). Dealing with the further step of this mechanism, different
experiments drove to opposite conclusions (Froelich et al., 2011; Ernst et al., 2012; Jekat et al., 2013),
generating a lively debate about the real impact of SE-protein plugs on phloem mass flow and
photoassimilate translocation (Knoblauch et al., 2014). Moreover, it is not even clear if the supposed
plug could really affect pathogen spread. In fact, this assumption is only based on indirect evidences
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(Gamalero et al., 2010; Lherminier et al., 2003; Musetti et al., 2013).
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2. Aims.

As previously described, phytoplasmas represent worldwide a severe problem to agriculture,
causing huge damages in plant productivity. The lack of effective traditional curative strategies has
pressed for the development of genetic-based approaches and thus the detailed knowledge on plant
response mechanisms to phytoplasma infection is mandatory.
Following infection, many morphological and biochemical changes occur. Even if the
macroscopic consequences of phytoplasma activity in the host plants have been amply described,
phytoplasma relationships and effects on the sieve-element physiology and ultrastructure have been
poorly investigated. SE-protein agglutination and callose deposition at sieve pore level have been
proposed as plant response to limit pathogen spread, but unequivocal evidences about the identity of
actors in phytoplasma-mediated sieve-tube occlusion and their possible consequences on pathogen
fitness are lacking thus far. In this work, the interactions between SE-protein and phytoplasmas have
been investigated, using wild-type and AtSEOR and AtPP2-A1 mutant Arabidopsis lines. For the first
time, SE-protein morphology and functionality were studied both in healthy and pathogen-stimulated
SEs. Two main goals have been attempted to achieve: elucidating the role of SE-proteins on phloem
mass flow and their affection on phytoplasma infection.
Various microscopic techniques were used, in order to observe both fresh and embedded tissue,
gaining information both on ultrastructural and physiological modifications in SEs following
phytoplasma infection. Trying to have a view as wide as possible, a multidisciplinary approach was
followed, interpenetrating microscopy investigations with molecular and biochemical analyses.
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3. Setting of the experimental system.

3.1.

Pathosystem.

3.1.1. The pathogen: 'Candidatus Phytoplasma asteris'.
'Candidatus Phytoplasma asteris' is a member of the Aster Yellows (AY) phytoplasma group or
16SrI group (IRPCM, 2004; Lee et al., 2004a). On the basis of 16S rRNA gene sequence analysis,
the AY phytoplasma group is relatively homogeneous (Lee et al., 2004a), but, despite this, the AY
phytoplasma group could be subdivided into several distinct restriction fragment length
polymorphism (RFLP) subgroups (16SrI subgroups), basing on extensive RFLP analysis of 16S
rRNA gene sequences (Lee et al., 2004a; 2007; Jomantiene et al., 2011; Wei et al., 2011).
16SrI is the most widespread phytoplasma group (Marcone et al., 2000; Lee et al., 2004a;
Jomantiene et al., 2011). It appears to have a wide host range, mostly infecting herbaceous
dicotyledonous plant hosts and spreads naturally by several leafhoppers as insect vectors (Lee et al.,
1998; 2004a; Weintraub and Beanland, 2006).

3.1.2. The plant host: Arabidopsis thaliana.
A. thaliana, a member of the Brassicaceae family, is a herbaceous winter annual plant with a
relatively short life cycle. Native to Europe, Asia, and north-western Africa, nowadays Arabidopsis
presents a cosmopolitan diffusion (Hoffmann, 2002). While A. thaliana impact is not directly
significant in agricultural or economic fields, in the last decades it has imposed in the biologic
research scenario as the model plant per excellence, becoming probably the most widely studied plant
species (Huala et al., 2001; Koornneef and Meinke, 2010; Meinke et al., 1998). In fact, A. thaliana
has many advantages, including a relative small genome size, fully sequenced in 2000 (Kaul et al.,
2000), a fast growth cycle, small size, autogamous breeding system and the ability to grow on various
media (Koornneef and Meinke, 2010). Moreover, mutants can be obtained easily, by transformation
process or, when available, by request to stock centres, open to the scientific community (Koornneef
and Meinke, 2010).
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3.2.

Classification of the putative phytoplasma strain.

In A. thaliana infection process, infected Chrysanthemum plants were used as sources of
phytoplasma acquisition for the insect vectors. The effective presence of ‘Ca. P. asteris’ in daisy
plants was previously checked by PCR and restriction fragment length polymorphism (RFLP)
technique.
For each plant, 1 g of randomly-selected leaf tissue was collected. Total Genomic DNA was
extracted using the CTAB extraction method (Doyle and Doyle, 1990) modified according to Martini
and co-authors (2009). Briefly, leaf tissue was placed in a sterile mortar with 4 ml of CTAB extraction
buffer and homogenized with a sterile pestle. 1 ml of the total homogenate was collected in a 2-ml
microfuge tube, vortexed, and thawed at 70°C for 25 minutes. After centrifugation at 10000 rpm for
10 min, the supernatant was transferred to another sterile microfuge and an equal volume of
chloroform:isoamyl alcohol (24:1) was added. Tubes were vortexed and centrifugated at 8000 rpm
for 10 min. Then the supernatant was transferred to another sterile microfuge tube and 2/3 volume of
cold isopropanol was added. After having gently mixed by inverting several times, the tubes were
then centrifuged at 12000 rpm for 15 min at 4°C. The pelleted DNA was separated from the
supernatant and washed with 0.5 ml of cold 70 % ethanol. Following a 5-minute centrifugation at
12000 rpm at 4°C, the supernatant was discarded and the DNA pellets were then dried by a HetoVac
vacuum and diluted in 200 µl of TE buffer. DNA concentration and purity were determined using a
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).
For polymerase chain reaction (PCR) analysis, the 16S rRNA gene, commonly used for
phytoplasma diagnosis (Lee et al., 2000), was chosen as a target for amplification using the universal
primer pair, R16F2n/R16R2 (Gundersen and Lee, 1996; Marcone et al., 2000). PCR was performed
in a reaction volume of 25 µl containing 200 mM of each dNTP, 0.4 mM of each primer, 1.5 mM
MgCl2, 5ml of 5×PCR buffer, 0.625 U of GoTaq Flexi polymerase (Promega, USA) and 20 ng of
total DNA. A negative control lacking DNA templates in the reaction mix was included. Cycling
conditions were as follows: 94 °C for 2 min, 40 cycles of 94 °C for 1 min, 55 °C for 1 min, 72 °C for
2 min, followed by a final extension at 72 °C for 8 min. Amplification products were analysed by 1%
agarose gel electrophoresis, stained with GelRedTM (10000× Biotium, USA) and visualized under
UV light. The PCR products (6–8 ml) were digested singly with each of the restriction enzymes
(MseI, HpaII, AluI, HhaI, HinfI, HaeIII), which were selected to differentiate among phytoplasma
groups and subgroups inside the AY group (16SrI) (Marcone et al., 2000). The restriction products
were then separated by electrophoresis through a 2.5% agarose gel for 30 min at 120V and 60 min at
100 V, stained with GelRedTM (10000×Biotium, USA), and visualized with a UV transilluminator.
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As showed in figure 6, RFLP profiles of infected chrysanthemum sample were identical to the
profiles of the strains belonging to group 16Sr-IB (Marcone et al., 2000).

Strains and 16Sr-I subgroups

1

2

3

4

5

6

a. Aster yellows witches’
broom (NJAY)
b. Grey
dogwood
stunt
(GD1)
c. Onion yellows mild strain
(NA)
d. Silene vulgaris yellows
(SIL)
e. Acetosella witches’ broom
(SA)
f. Periwinkle yellows (OS)

A
A
B
B
M
B

g. Tagetes witches’ broom
(TWB)
h. Maryland aster yellows
(AY1)
i. Clover phyllody (Cph)

B

l. Carrot yellows (CA)

C

m. Leontodon yellows (LEO)

C

n. Canada Clover phyllody
(CCph)
o. Putative strain

C

L
C

B

Figure 6. RFLP classification of the putative phytoplasma strain. The PCR products of infected
chrysanthemum plants were digested singly with each of the restriction enzymes: AluI (1), HhaI (2), MseI
(3), HinfI (4), HpaII (5) and HaeIII (6). RFLP profiles from infected chrysanthemum sample (indicated with
letter o) were identical to the profiles of the strains belonging to group 16Sr-IB (letter c,d,f,g).

3.3.

Infection protocol.

A. thaliana plants, ecotype Col-0, were infected with Chrysanthemum yellows (CY) phytoplasma,
a ‘Ca. P. asteris’-related strain (16SrI-B subgroup) (Lee et al., 2004a), using infected daisy plants
(Chrysanthemum carinatum Schousboe) as the source of inoculum.
Both the insect vector Euscelidius variegatus and A. thaliana plants were grown at 20/22 °C under
short-day conditions (9hL/15hD period). Fourth and fifth instar E. variegatus nymphs were taken
from healthy colonies grown on Avena sativa and transferred to CY-infected daisy plants for a 7-day
acquisition-feeding period. The choice of juvenile stages depended on the necessity to ensure the
survival of the insects at the end of the latency period and consequently the possibility to infect the
host plant. The minimum number of days required for the acquisition `was estimated to be 3 days,
however, the insects remained on chrysanthemum for 7 days, to increase the vector phytoplasma titre
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and consequently the probability for a successful infection (Palermo et al., 2001). Thirty days after
nymph transfer, 45-day-old A. thaliana plants [corresponding to the 3.50 growth stage, according to
Boyes et al., (2001)] were individually exposed to 3 infective insects. Healthy control plants were
exposed to healthy insects. At the end of the 7-day inoculation-feeding period, insects were manually
removed.

3.4.

Arabidopsis as a model plant for studying plant-phytoplasma interaction.

Phytoplasmas are strictly dependent on metabolic compounds from their hosts (Bai et al., 2006;
Oshima et al., 2004) and for this reason many attempts to culture them in vitro failed (Contaldo et
al., 2012). The necessity to study the fine mechanisms regulating plant-phytoplasma interaction and
thus to control experimental and environmental condition, makes investigation in natural plant hosts
particularly limiting. Therefore, in the last decade some authors have started to use A. thaliana as
model plant for studying phytoplasma-plant interactions (Bressan and Purcell, 2005; Cettul and
Firrao, 2011; Hogenhout and Music, 2010; Hoshi et al., 2009; MacLean et al., 2011). Nevertheless,
ultrastructural modifications occurring in A. thaliana tissues following phytoplasma infection have
never been described in detail.
Paper published by Micron Journal (2016).
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a b s t r a c t
Phytoplasmas are phloem-inhabiting plant pathogens that affect over one thousand plant species, representing a severe threat to agriculture. The absence of an effective curative strategy and the economic
importance of many affected crops make a priority of studying how plants respond to phytoplasma infection. Nevertheless, the study of phytoplasmas has been hindered by the extreme difficulty of culturing
them in vitro and by impediments to natural host plant surveys such as low phytoplasma titre, long plant
life cycle and poor knowledge of natural host-plant biology. Stating correspondence between macroscopic
symptoms of phytoplasma infected Arabidopsis thaliana and those observed in natural host plants, over
the last decade some authors have started to use this plant as a model for studying phytoplasma-plant
interactions. Nevertheless, the morphological and ultrastructural modifications occurring in A. thaliana
tissues following phytoplasma infection have never been described in detail. In this work, we adopted a
combined-microscopy approach to verify if A. thaliana can be considered a reliable model for the study
of phytoplasma-plant interactions at the microscopical level.
The consistent presence of phytoplasma in infected phloem allowed detailed study of the infection process and the relationship established by phytoplasmas with different components of the sieve elements.
In infected A. thaliana, phytoplasmas induced strong disturbances of host plant development that were
mainly due to phloem disorganization and impairment. Light microscopy showed collapse, necrosis and
hyperplasia of phloem cells. TEM observations of sieve elements identified two common plant-responses
to phytoplasma infection: phloem protein agglutination and callose deposition.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Phytoplasmas, which are plant pathogenic prokaryotes belonging to the Mollicutes (Lee et al., 2004), are associated with several
hundred diseases affecting over one thousand plant species, including many economically important crops (Marcone et al., 2014),
and they cause severe yield losses worldwide. Their impact in
agriculture is expected to grow by the continuing association of
phytoplasma with newly emerging diseases (Bertaccini and Duduk,
2010) and by global warming, advantageous to cold-sensitive insect
vectors (Hogenhout et al., 2008). There is no effective curative
strategy available so far, and the most common ways to limit the
outbreaks of phytoplasma epidemics are the use of insecticides and
the removal of symptomatic plants (Bertaccini et al., 2014).
Phytoplasmas are obligate pathogens of plants and phloemfeeding insects. With a unique life cycle, they are able to replicate

∗ Corresponding author.
E-mail address: Rita.Musetti@uniud.it (R. Musetti).
http://dx.doi.org/10.1016/j.micron.2016.07.007
0968-4328/© 2016 Elsevier Ltd. All rights reserved.

intracellularly in both (Hogenhout et al., 2008). While in plants phytoplasmas are confined to phloem tissue, in insects they move from
the intestinal tract to the salivary glands and are then released in
new host plants by feeding activity (Hogenhout et al., 2008).
Although not all phytoplasma infections are necessarily deleterious, symptoms in diseased plants suggest strong disturbances to
phloem functions and imbalances in plant growth regulators (Lee
et al., 2000). Phloem impairment results in foliar yellowing and
reddening, small leaves, leaf roll and curl, vein clearing and enlargement, vein necrosis, growth stunting and general plant decline.
Phloem impairment is caused by occlusion of the sieve elements
(SEs) due to phloem-protein (PP) agglutination and callose deposition (Musetti et al., 2013), followed by necrosis and collapse of SEs
(Lee et al., 2000; Musetti et al., 2013). Reduced phloem translocation is histologically demonstrated by starch accumulation in
the chloroplasts of source leaf tissues, which leads to thylakoid
disorganization (Musetti, 2010) and to a consequent alteration in
photosynthesis activity (Bertamini et al., 2002; Lepka et al., 1999).
Since their discovery by Doi et al. (1967), the study of phytoplasmas has been hindered by the extreme difficulty of culturing them
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in vitro (Contaldo et al., 2012). This is due to the high dependence
of phytoplasmas on metabolic compounds from their hosts, due
to their loss of many endogenous metabolic genes (Bai et al., 2006;
Oshima et al., 2004). Moreover, investigations in natural plant hosts
are often limited by environmental conditions, long plant-host life
cycles and poor knowledge of host-plant biology. Therefore, in the
last decade some authors have started to use Arabidopsis thaliana
as model plant for studying phytoplasma-plant interactions. This
choice was supported by the correspondence between macroscopic
symptoms present in infected A. thaliana and those observed in
natural host plants (Bressan and Purcell, 2005; Cettul and Firrao,
2011; Hogenhout and Music, 2010; Hoshi et al., 2009; MacLean
et al., 2011). Nevertheless, ultrastructural modifications occurring
in A. thaliana tissues following phytoplasma infection have never
been described in detail.
In this work we combined different microscopy approaches,
focusing on phloem tissue of A. thaliana infected with a strain of
‘Candidatus Phytoplasma asteris’ (‘Ca. P. asteris’, Lee et al., 2004),
to detect ultrastructural modification occurring in Arabidopsis following phytoplasma challenge, with the aim of evaluating whether
this plant species is a reliable tool for studying phytoplasma-host
plant interactions at the cytological level.

2. Materials and methods
2.1. Plant materials and insect vectors
A. thaliana plants, ecotype Col-0, were infected with Chrysanthemum yellows (CY) phytoplasma, a ‘Ca. P. asteris’-related strain
(16SrI-B subgroup) (Lee et al., 2004), using infected daisy plants
(Chrysanthemum carinatum Schousboe) as the source of inoculum and Euscelidius variegatus as the insect vector (Bosco et al.,
1997). Both the insect vector and A. thaliana plants were grown at
20/22 ◦ C under short-day conditions (9hL/15hD period). Fourth and
fifth instar E. variegatus nymphs were taken from healthy colonies
grown on Avena sativa L. and transferred to CY-infected daisy plants
for a 7-day acquisition-feeding period. Thirty days after nymph
transfer, 45-day-old A. thaliana plants [corresponding to the 3.50
growth stage, according to Boyes et al. (2001)] were individually
exposed to 3 infective insects. Healthy control plants were exposed
to healthy insects. At the end of the 7-day inoculation feeding
period, insects were manually removed.
For the molecular detection and microscopy analyses diseasedsymptomatic and healthy control A. thaliana plants were analysed
20 days after inoculation, corresponding to the 3.90 growth stage
(Boyes et al., 2001). For macroscopic full-symptom evaluation,
symptomatic and healthy control A. thaliana plants were analysed
40 days after inoculation, corresponding to the 6.50 growth stage
(Boyes et al., 2001).

PCR was performed in a reaction volume of 25 ml containing
200 mM of each dNTP, 0.4 mM of each primer, 1.5 mM MgCl2, 5 ml of
5 × PCR buffer, 0.625 U of GoTaq Flexi polymerase (Promega, USA)
and 20 ng of total DNA. A negative control lacking DNA templates in
the reaction mix was included. Cycling conditions were as follows:
94 ◦ C for 2 min, 40 cycles of 94 ◦ C for 1 min, 55 ◦ C for 1 min, 72 ◦ C for
2 min, followed by a final extension at 72 ◦ C for 8 min. Amplification
products were analysed by 1% agarose gel electrophoresis, stained
with GelRedTM (10000× Biotium, USA) and visualized under UV
light.
Restriction fragment length polymorphism (RFLP) analysis of
PCR products was used for the identification of the putative phytoplasmas. The PCR products (6–8 ml) were digested singly with each
of the restriction enzymes (MseI, HpaII, AluI, HhaI, HinfI, HaeIII),
which were selected to differentiate among phytoplasma groups
and subgroups inside the AY group (16SrI) (Marcone et al., 2000).
The restriction products were then separated by electrophoresis
through a 2.5% agarose gel for 30 min at 120 V and 60 min at 100 V,
stained with GelRedTM (10000× Biotium, USA), and visualized with
a UV transilluminator.
2.3. Transmission electron microscopy
For transmission electron microscopy (TEM) analysis, ten fully
symptomatic and ten healthy control A. thaliana plants were used.
To preserve phloem tissue structure, a gentle preparation method
was adopted, modifying the protocol by Ehlers et al. (2000), to
adapt it to Arabidopsis leaves as recently reported for tomato (De
Marco et al., 2016). From each plant, a midrib portion, 30 mmlong, was excised from three randomly selected, full-expanded
leaves of the rosette. The midrib segments were immediately submerged in a buffer (10 mM NaOH-2-(N-morpholino) ethanesulfonic
acid, 2 mM CaCl2 , 1 mM MgCl2 , 0.5 mM KCl and 200 mM mannitol, pH 5.7) for two hours at room temperature. A fixation solution
of 3% paraformaldehyde and 4% glutaraldehyde in 50 mM sodium
cacodylate buffer plus 2 mM CaCl2 , pH 7.2, was used and substituted every 30 min for 6 h. Samples were rinsed for 1 h at 4 ◦ C in
50 mM sodium cacodylate buffer (2 mM CaCl2 , pH 7.2) and postfixed overnight with 2% (w/v) OsO4 in the previous buffer at 4◦
C. Samples were dehydrated in a graded ethanol series and then
transferred into propylene oxide. From the central part of each
midrib, a 6–7 mm long piece was finally excised and embedded
in Epon/Araldite epoxy resin (Electron Microscopy Sciences, Fort
Washington, PA, USA). Ultrathin sections (60–70 nm in thickness)
were cut using an ultramicrotome (Reichert Leica Ultracut E ultramicrotome, Leica Microsystems, Wetzlar, Germany), collected on
uncoated copper grids, stained with uranyl acetate and lead citrate
(Reynolds, 1963), and then observed under a PHILIPS CM 10 (Eindhoven, The Netherlands) TEM, operating at 80 kV. Five non-serial
cross sections from each sample were analysed.
2.4. Light microscopy

2.2. Phytoplasma molecular detection
The polymerase chain reaction (PCR) was performed to detect
phytoplasmas in ten diseased-symptomatic and ten healthy control A. thaliana plants. For each plant, 500 mg of randomly-selected
fully-expanded leaf tissue were collected from the rosette. Total
genomic DNA was extracted using a CTAB extraction method (Doyle
and Doyle, 1990) modified according to Martini et al. (2009).
DNA concentration and purity were checked using a NanoDrop
1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE, USA). The 16S rRNA gene, commonly used for phytoplasma
diagnosis (Lee et al., 2000), was chosen as a target for amplification
using the universal primer pair, R16F2n/R16R2 (Gundersen and Lee,
1996; Marcone et al., 2000).

For phloem visualization at the histological level, semithin sections (1 mm in thickness) of resin-embedded tissue, prepared as
described above, were cut using an ultramicrotome (Reichert Leica
Ultracut E ultramicrotome), stained with 1% toluidine blue and
examined using a Zeiss Axio Observer Z1 microscope (Carl Zeiss
GmbH, Munich, Germany). Five non-serial cross sections from each
sample were analysed.
2.5. Callose aniline blue staining and epifluorescence microscopy
Three entire Arabidopsis leaves, selected as described above
from five healthy and five infected plants, were cut and submersed
immediately in 4% paraformaldehyde and 0.1% glutaraldehyde in
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0.2 M Sorensen’s phosphate buffer, pH 7.2, overnight in the dark
at 4 ◦ C. A segment, 4 mm in length, was excised from the midrib
of each sampled leaf. It was immediately washed and submerged
overnight in a graded sucrose series in 0.1 M Sorensen’s phosphate buffer (Lee et al., 2011) as follows: 0.7 M sucrose for 4 h,
1.5 M sucrose for 4 h and 2.3 M overnight. Samples were finally
embedded in Jung Tissue Freezing Medium embedding matrix
(Leica Instruments GmbH, Nussloch, Germany), overnight at 4 ◦ C.
Forty mm-thick transversal sections of frozen samples were cut
using a cryostat (Jung CM 1500, Leica Instruments, GmbH, Nussloch, Germany) operating at −20 ◦ C. Sections were stained for 5 min
at room temperature using a solution containing 0.05% (w/v) aniline blue (Carlo Erba Reagents, Milano, Italy) in phosphate buffer.
They were then rinsed in buffer solution and examined using a
Zeiss Axio Observer Z1 epifluorescence microscope (EFM), using
a 405 nm excitation filter and a 435–490 nm emission filter.
As controls, unstained sections were observed at the same excitation wavelength used for the fluorochrome (405 nm) (Fig. 3A and
B).
At least 10 thin sections were analysed for both healthy and
infected Arabidopsis leaves.

2.6. Statistical analysis
To compare phloem development in healthy and phytoplasmainfected leaf tissues, phloem cell layers observed under the LM were
counted and phloem size was measured. Three different measuring
points, as indicated by the lines drawn in Fig. 2, were chosen in
three different non-serial cross sections from five healthy and five
infected samples. Comparable vascular bundles from leaves at the
same developmental age were detected.
The level of aniline fluorescence in the phloem tissue was
measured and compared in healthy and diseased samples by computerized image analysis in 3 non-serial sections per plant, using
ImageJ 1.49 m software (National Institutes of Health, Bethesda,
MD, USA) (Bacci et al., 2008). The grey level (in arbitrary units;
0 = black, i.e. absence of signal; 255 = white) was measured on the
tissue in an area devoid of signal at visual inspection and assumed as
background; the threshold was then set at 2 times the background
and the surface area and mean grey intensity were measured for
all phloem areas above threshold. The background was subtracted
from the mean grey intensity and the result was multiplied for the
surface area above threshold, to get the signal intensity for every
field (in arbitrary units) (Bacci et al., 2008).
To compare the distribution of sieve-element reticulum (SER)
in healthy and phytoplasma-infected SEs, SER stacks observed
by TEM were counted and recorded in five healthy or five
phytoplasma-infected SEs (SE) from five different non-serial sections (Bamunusinghe et al., 2009).
Unpaired t-tests were performed using the InStat GraphPad
software package (La Jolla, CA, USA) to determine statistically significant differences between healthy and infected samples. A level
of P <0.005 was considered statistically significant.

3. Results
3.1. Development of symptoms and molecular phytoplasma
detection
All plants exposed to infective insects exhibited symptoms
within 20 days of inoculation. In comparison to controls (Fig. 1A),
infected plants showed yellowing, reduced growth and general
stunting, although this did not result in rapid plant decline or death
(Fig. 1H).

Table 1
Phloem hyperplasia: phloem development in healthy and infected plants.
Phloem cell layers (±SD)

Phloem thickness (mm) (±SD)

Fields Healthy plants Infected plants Fields Healthy plants Infected plants
15

3.47 ± 0.2

6.47 ± 0.43

15

10.86 ± 0.94

21.66 ± 1.04

Fields are defined as the three non-serial cross sections of five healthy and five
infected plants. Unpaired t-test, P-values < 0.0002. SD: standard error.

Table 2
Measurements of the aniline blue fluorescence intensity in healthy and infected
midribs.
Condition Fields Dot number (±SD) Total Area (±SD) Signal Intensity (± SD)
Healthy
Infected

15
15

7.67 ± 2.51
20.61 ± 5.15

84.67 ± 18.61
10027.25 ± 1445.47
391.51 ± 100.20 43428.31 ± 6214.20

Fields are defined as the three non-serial cross sections of five healthy and five
infected plants. Unpaired t-test, P-values < 0.0002. SD: standard error.

Leaves that emerged after phytoplasma inoculation were
shorter, with a thick main vein and closely spaced, causing bushy
appearance in the plants (Fig. 1H). Many leaves showed progressive
yellowing, while reddening was detected in rare cases at the end of
observation period (Fig. 1B and C, right side). Flower virescence and
phyllody were generally observed (Fig. 1E). Flower abnormalities
caused fruit anomalies or sterility. Siliquae appeared shorter and
enlarged, with a profile characterized by a swollen top (Fig. 1G).
Direct PCR analysis allowed the amplification of a 1250-bpfragment, confirming the presence of phytoplasmas only in the
symptomatic plants. RFLP analysis confirmed the inclusion of PCR
products into the 16SrI-B subgroup (not shown).

3.2. Plant responses at the histological level
Semithin sections and light microscopy (LM) observation of
midribs from healthy A. thaliana plants allowed the visualization
of vascular bundles with a regular collateral pattern and no cell
alteration (Fig. 2A). Phytoplasma-infected leaf tissues were characterized by a general disorganization of the vascular bundles, with
slight aberration in bundle disposition (Fig. 2B). Many phloem components possessed dense withdrawn protoplasts, probably due to
the presence of phytoplasma or necrotic processes (Fig. 2B). Moreover, cambial tissue appeared in a hyperactivity state, showing
many layers and a massive production of new phloem components, leading to phloem hyperplasia. New phloem cells appeared
to have small lumens and an irregular shape associated with thick
and distorted walls (Fig. 2B).
The phloem tissue in infected plants was approximately two
times thicker than in the controls; at the same time cell layers
of infected phloem were almost two times more numerous than
in control tissue (Table 1). In spite of a small variation in xylem
arrangement and vessel wall thickness, no new xylem formation
or other significant changes in vessel morphology were detected
(Fig. 2B).
Callose was detected in healthy and phytoplasma-diseased A.
thaliana midribs by aniline blue staining under the EFM (Fig. 3).
Healthy tissues were characterized by a modest callose presence,
indicated by a number of fluorescent dots in correspondence to
phloem tissue (Fig. 3C). In infected samples, intense aniline blue
signals revealed a considerable increase in callose deposits (Fig. 3D).
The level of fluorescence was measured and compared in healthy
and infected samples, resulting in a significant increase in the latter
compared to the former (Table 2).
No fluorescence signal was identified in chlorenchyma.
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Fig. 1. Phytoplasma infection alters the phenotype of Arabidopsis, producing classic phytoplasmosis symptoms. (A) Healthy plants show regular growth. (B) Infected plants
are characterized by stunted growth and bushy phenotype. (C and D) Leaves are shorter, with a thick main vein. Yellowing is manifested on the leaf lamina, while reddening
occurs only in leaf veins (arrow) (left: a leaf from healthy plant, right: a leaf from infected plant). (E) Flowers in healthy plants have regular morphology. (F) Flowers in
infected plants show virescence (green petals and stamens) and phyllody (leaf-like sepals and petals). (G) Siliquae in healthy plants are linear and elongated. (H) In infected
plants siliquae have enlarged and distorted carpels. Bars correspond to 10 mm (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

3.3. Phytoplasma morphology and localization
TEM observations confirmed the presence of phytoplasma
exclusively in the SEs of every symptomatic A. thaliana plant. The
phytoplasma colonization pattern often seemed uneven, with some
SEs filled by phytoplasma cells and others less populated (Fig. 4A).
Phytoplasmas appeared well preserved, with their typical pleo-

morphic shape (Fig. 4B). An electron-dense membrane, holding
ribosome granules and dispersed DNA strands, delimited phytoplasma cells (Fig. 4B, inset i). In the SE lumen free-floating, dividing
phytoplasmas were detected (4 B) with others partly located within
the sieve pores (Fig. 4B and C). Other phytoplasmas adhered to
SE plasma membrane by an “adhesion structure”. Contact structures connecting phytoplasmas with SER stacks were also visible
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Fig. 2. Semithin sections of midribs from healthy and infected A. thaliana plants. (A) In healthy plants vascular bundles have a regular collateral pattern and no cell alteration.
(B) In infected leaf tissues many phloem components show plasmolysis, collapse or necrosis. Moreover, massive production of new phloem components causes phloem
hyperplasia. Amber segments indicate phloem thickness measuring lines. Bars correspond to 25 mm. c: cambium; p: phloem; x: xylem.

Fig. 3. Epifluorescence images of A. thaliana midrib cross-sections. (A) Healthy and (B) infected unstained samples do not emit fluorescence when observed at the same
excitation wavelength used for the fluorochrome (405 nm). (C) After aniline blue staining of healthy tissue, fluorescent dots corresponding to the phloem indicate callose
deposition (arrows). (D) In infected tissue, intense aniline blue signals reveal consistent callose deposition. Bars correspond to 50 mm. p: phloem; x: xylem. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. TEM micrographs showing phytoplasmas in infected SEs. (A) The presence of phytoplasma is consistent, even though the colonization pattern is often uneven. (B).
Phytoplasmas show a typical pleomorphic shape, delimited by an electron-dense membrane (inset i, arrow). Many free-floating phytoplasmas divide in SE lumen (arrow)
and may spread by passing through sieve pores. (C) Passage through the sieve-pore may involve the narrowing and elongation of the phytoplasmas as observed within the
sieve plate. (D) Phytoplasmas adhere to the SE plasma membrane (inset ii) or to SER cisternae (insets i and iii). Contact structures, connecting phytoplasmas with the stacks
of SER, are visible (arrows). In (A) and (D) the bars correspond to 1000 nm; in (B) and (C) the bars correspond to 500 nm. c: callose; CC: companion cell; cw: cell wall; ph:
phytoplasma; pp: P-protein; sp: sieve pore; SE: sieve element; ser: sieve-element reticulum.

(Fig. 4D, insets i and iii). The SER seemed to have proliferated with
an increased number of stacks (Table 3) as well as expansion and
deformation of the cisternae (Fig. 4D).

3.4. Plant response at the ultrastructural level
TEM observations confirmed and refined the description of
phloem cell morphology obtained by LM observations. In healthy A.

thaliana plants, SEs and companion cells (CCs) looked well differentiated, with a regular shape and no signs of necrosis or subcellular
aberrations (Fig. 5A and B). In mature SEs, small smooth SER and
mitochondria were easily visible (Fig. 5F). Dispersed phloem protein (P-protein) filaments were located in the lumen and along
the SE plasma membrane (Fig. 5A). Filaments consisted of electron
dense strands that could be straight, branched or even organized
into thin networks (Fig. 5C). P-proteins had an irregular frequency
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Fig. 5. TEM micrographs of midrib tissue from healthy plants. (A) and (B) Phloem components appear well preserved. Some P-protein filaments (arrow) are visible. (C)
P-protein filaments consist of electron dense strands, organized in thin networks (arrow). (D) The plasmodesmata are open and well structured (inset i, arrows). (E) No
callose deposits or P-protein plugs surround the sieve pores. (F) Compact cisternae of the SER observed in parietal position. In (A) and (B) the bars correspond to 1000 nm;
in (C) the bar corresponds to 300 nm, in (D), (E) and (F) the bars correspond to 500 nm. CC: companion cell; ch: chloroplast; cw: cell wall; m: mitochondrion; n: nucleus; ph:
phytoplasma; pp: P-protein; sp: sieve pore; SE: sieve element; ser: sieve-element reticulum.

Table 3
Number of SER stacks per SE in healthy and infected samples.
Fields

SER stacks in healthy
samples (±SD)

Fields

SER stacks in infected
samples (±SD)

25

1 ± 0.14

25

3 ± 0.10

Fields are defined as the cross sections of five SEs observed in five non-serial sections.
Unpaired t-test, P-values < 0.0002. SD: standard error.

and density within the SE cells (Fig. 5A–C). Sieve pores and plasmodesmata appeared open and free from callose deposition (Fig. 5D
and E).
In infected plants, the presence of new phloem cells and severe
ultrastructural disorders of mature cells were observed. Several

phloem cells belonging to different phloem components showed
electron-dense content or were altered in shape and morphology
(Fig. 6A). The plasma membrane of these cells was irregular and
often detached from the cell wall, which appeared thick and distorted (Fig. 6A). In many SEs, the SER was expanded along the
plasma membrane or into the lumen (Figs. 4D and 6B). An increase
in the number of SER stacks per SE was also observed (Fig. 6B;
Table 3). The lumen of infected SEs was characterized by a consistent P-protein filament presence, also enveloping phytoplasma
cells (Fig. 6C). In contrast to control SEs, P-protein occasionally
plugged sieve pores (Fig. 6D). SEs also had considerable callose
accumulation mainly at the sieve pores (Figs. 4B and D; 6D and
E). Callose was occasionally detected at the PPUs (Figs. 4D and
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Fig. 6. TEM micrographs of midrib tissue from infected plants. (A) Several phloem components present alterations in shape and morphology (arrows). Chloroplasts in
companion cells show various degrees of swelling and large starch grains provoke a distortion of the thylakoid membrane system. (B) The presence of phytoplasma is
associated with SER stack proliferation and (C) P-protein filament agglutination (arrows). (D) Sieve pores are narrowed or obstructed by P-protein agglutination (arrow) and
(E) callose deposits. (F) PPUs are generally not affected by callose deposition (arrow). In (A) and (F) the bars correspond to 1000 nm; in (B), (C), (D) and (F) the bars correspond
to 500 nm. c: callose; CC: companion cell; ch: chloroplast; ph: phytoplasma; pp: P-protein; sp: sieve pore; SE: sieve element; ser: sieve-element reticulum.
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6F), apparently without occluding them. No callose deposits were
detected in other phloem components or in other leaf tissues.
CC ultrastructure seemed generally well preserved. In contrast
with chloroplasts in control plants (Fig. 5A), those in infected tissues
had lost their typical elongated shape, presenting various degrees
of swelling (Fig. 6A and B). Large starch grains occupied a significant amount of the chloroplast profile and were accompanied by
a distortion of the thylakoid membrane system. This modification
was also associated with the disorganization of the parallel pattern
of the lamellae and a reduction in the grana (Fig. 6A).

4. Discussion
As previously described by different authors (Bressan and
Purcell, 2005; Cettul and Firrao, 2011; Hogenhout and Music, 2010;
Hoshi et al., 2009; MacLean et al., 2011), at the macroscopic level,
infected A. thaliana manifested classic phytoplasma-disease symptoms without suffering a rapid decline. Stunted and yellowed plants
were indicative of strong disturbance of phloem functions (Maust
et al., 2003), while auxilary shoot proliferation and flower abnormalities, such as virescence and phyllody, suggested disturbances
in the normal balance of plant hormones (Bertaccini et al., 2014).
The presence of typical phytoplasma-disease symptoms
matched with an easily detectable phytoplasma presence, using
both molecular and microscopy diagnostic tools. In fact, in contrast to natural woody host plants, it was not necessary to set up
any particular DNA extraction protocol for phytoplasma enrichment, PCR assay did not require nested steps and TEM observations
immediately led to phytoplasma visualization. The ease of detection is also characteristic of other herbaceous plants used to
study phytoplasma-plant interactions, such as Catharanthus roseus
(Musetti et al., 2011) or Solanum lycopersicum (Buxa et al., 2015).
Nevertheless, A. thaliana has emerged in the last thirty years
as model system for research in plant biology. The Arabidopsis
genome was the first plant genome to be completely sequenced,
the functions of many genes have been identified and mutants
can be obtained easily, by transformation process or, when available, by request to stock centres, open to the scientific community
(Koornneef and Meinke, 2010). For these reasons, the choice of
Arabidopsis as a model for experiments in plant pathology could
benefit from the large body of existing physiological data on
this species and provide a novel contribution to the Arabidopsis
research community.
The extensive TEM observations and the phytoplasma abundance in infected SEs reinforced the hypothesis about diverse sites
of interaction in phytoplasma-infected SEs, as recently described
in tomato (Musetti et al., 2016). In fact, as in tomato, an “adhesion
structure” that joined the phytoplasmas and SE plasma membrane
was highly visible in Arabidopsis. Concerning the SER, in addition to
the stack deformation and proliferation described previously (Buxa
et al., 2015; Musetti et al., 2016), a contact structure connecting
the phytoplasma membrane and SER cisternae has been described
here for the first time. Connection structures, joining the bacterial surface with the endoplasmic reticulum have been reported
in pathogenic endocellular bacteria, with the function of acquiring proteins from the host (Kagan et al., 2004; Tilney et al., 2001).
The finding of SER-phytoplasma contact structures supports the
hypothesis of a role of SER in phytoplasma nutrition (Musetti et al.,
2016). The increase in the number of SER stacks reported in infected
SEs could be a consequence of this nutritional interaction (Musetti
et al., 2016).
Phytoplasma multiplication and spread was documented by the
presence of dividing phytoplasma cells and their presence inside
sieve pores, suggesting passage from one cell to another, which
was easily observed in Arabidopsis leaf tissue.
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Regarding the plant response to CY phytoplasma, necrosis
and altered cell morphology were visualized in infected plants
by LM and TEM; these observations matched evidence known
from other phytoplasma-infected plants (Buxa et al., 2015; Kartte
and Seemüller, 1991; Musetti, 2010; Rudzinska-Langwald and
Kaminska, 2001). In fact, modifications in cell wall structure and
morphology were observed in other phytoplasma hosts (Kaminska
et al., 2001; Musetti et al., 2013; Santi et al., 2013) and are
supposedly formed by calcium-dependent phenolic depositions
(Messiaen et al., 1993). Necrotized cells were sometimes detected
in Arabidopsis phloem tissue and the presence of dead cells was
balanced by excessive procambial or cambial activity, leading to
phloem hyperplasia, as reported in many phytoplasma-plant interactions (Braun and Sinclair, 1976, 1979; Garcion et al., 2014; Iriti
et al., 2008; Oshima et al., 2001; Schneider, 1977; Uehara et al.,
1999). New phloem cells did not look smaller, but the cell lumens
appeared restricted by cell wall thickening. In fact, following infection, phloem cell layers roughly doubled and the tissue thickness
showed the same trend. Hyperplasia may be explained as a plant
response to limited phloem functionality (Oshima et al., 2001) or
as a result of pathogen effector action (Bai et al., 2009; Sugio et al.,
2011).
P-protein agglutination and callose deposition, observed in
infected SEs of A. thaliana have been previously described in
different plant/phytoplasma interactions (Gamalero et al., 2010;
Lherminier et al., 2003; Luna et al., 2011; Musetti et al., 2010,
2013). P-proteins filaments, constituted by heterogeneous subunits dispersed in SE lumina of most angiosperms (Ernst et al.,
2012; Knoblauch et al., 1998), clump during abiotic and biotic
stresses (Batailler et al., 2012; Knoblauch et al., 2001; Musetti et al.,
2013; van Bel et al., 2014). In infected A. thaliana plants, P-protein
agglutination led to SE lumen filling and sieve-pore plugging. This
phenomenon is interpreted as a fast and straightforward plant
response to physically limit pathogen spread (Lherminier et al.,
2003; Musetti et al., 2010, 2013), and might be associated with the
activation of systemic-defence processes connected to P-proteinmediated long-distance signalling (Read and Northcote, 1983; van
Bel, 2003).
While P-protein clumping is an immediate and reversible
process, callose deposition is a long-term plant response to phytoplasma infection (Braun and Sinclair, 1976; Gamalero et al., 2010;
Leljak-Levanić et al., 2010; Musetti et al., 2010). Even though callose synthesis occurs during basic developmental processes in plant
tissues (Barratt et al., 2011; Xie et al., 2011), the local deposition
of callose is induced only by stress (Jacobs et al., 2003; Nishimura
et al., 2003). Fluorescence microscopy observations showed an evident increase in aniline blue signal in infected compared to healthy
phloem. In infected A. thaliana plants, callose deposits localized by
TEM mainly occurred at the sieve plates and rarely at the PPUs.
According to our observations, in full-symptomatic A. thaliana,
callose occlusion at the sieve pores could be sufficient to limit phytoplasma passage and their spread through the vascular system
(Braun and Sinclair, 1976; Lherminier et al., 2003; Musetti et al.,
2013). However, it would seem counterproductive to completely
isolate the SEs from each other and from CCs, as previously reported
by Froelich et al. (2011) in healthy-uninjured Arabidopsis tissues. It
is worth noting that for phytoplasmas, as biotrophic pathogens, it
would be important to ensure permanent metabolic and energetic
support from the SE-CC complex.
In different species of wounded or pathogen-infected plants,
P–proteins and callose masses are reported to stop or at least
decrease the translocation of photosynthetic products (Braun and
Sinclair, 1978; Ernst et al., 2012; Guthrie et al., 2001; Kartte and
Seemüller, 1991; Lepka et al., 1999). As a consequence, photoassimilates accumulate in chloroplasts, mainly as starch deposits,
and lead to a consistent disorganization of thylakoids (Braun and
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Sinclair, 1978; Junqueira et al., 2004; Maust et al., 2003; Musetti
et al., 2010). Dealing with phloem mass-flow reduction, it is not
clear if the same principles are applicable to A. thaliana (Froelich
et al., 2011; Knoblauch et al., 2014; Jekat et al., 2013). Nevertheless,
TEM observations of infected A. thaliana plants revealed alteration
in chloroplast ultrastructure due to starch accumulation, suggesting phloem impairment.
5. Conclusions
Our work demonstrated that A. thaliana is a reliable plant model
for studying phytoplasma-plant interactions at macroscopical and
ultramicroscopical level. Phytoplasma-infected A. thaliana exhibited characteristic symptoms of phytoplasma infection, presenting
the main morphological and ultrastructural changes reported in
various phytoplasma natural hosts. The high phytoplasma abundance in infected SEs allowed an easy detection and the minute
study of phytoplasma interaction with diverse SE organelles. For
the first time, a contact structure connecting phytoplasma membrane and SER cisternae has been described. The possible use of
transformed Arabidopsis plants may enable quick progress in elucidating the molecular bases of plant-phytoplasma interactions.
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4. SE-proteins role.
After having established that Arabidopsis is a reliable model for studying plant-phytoplasma
interaction, it has been proceeded with the study of the role of SE filaments following
phytoplasma infection. It has been hypothesised that filament agglutination could limit phloem
flow and consequently pathogen spread (Gamalero et al., 2010; Lherminier et al., 2003; Musetti
et al., 2013). Nevertheless, these speculations were based on indirect evidences and, up to now,
the information about the physiological role of the SE-protein filaments in non-Fabaceae are still
fragmented even in physiological condition (Knoblauch et al., 2014).
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Abstract

The understanding of the basic mechanisms of plant response to phytoplasma infection
can contribute to the development of contrast strategies, limiting the huge impact of these
pathogens on agricultural yield. In Fabaceae, dispersion of SE structural proteins, called
forisomes, following phytoplasma infection has been hypothesised to limit phloem mass flow
and, consequently, prevent pathogen spread. To elucidate the interaction between
phytoplasma and sieve-element protein filaments, Arabidopsis mutant lines, lacking genes
related to SE filament, were used both in healthy and in infected conditions. In the present
work, various microscopic techniques were used, in order to combine fresh and embedded
tissue observations, gaining information both on ultrastructural and physiological
modifications in SEs. The analysis of both intact and infected plants suggested that SE
protein filaments affect phloem flow only in case of a massive SE protein production,
occurring only in stressed tissues. Moreover, even if filaments production also in mutant line
was observed (indicating that in case of stressful condition SE protein filament formation
can overcome AtSEOR1 and AtSEOR2 absence), the wild-type filament form is required for
phloem impairment. No correlation between phloem impairment and pathogen concertation
was found, indicating that plant activates other defence mechanism, probably related to JA
and cis-OPDA pathway.

Keywords
Arabidopsis thaliana; phloem proteins; phloem mass flow; phytoplasmas; sieve-element
occlusion
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1) Introduction
Phytoplasmas are prokaryotic plant pathogens belonging to the class Mollicutes. They
are transferred by insect vectors to the phloem tissue, where their pathogenicity is
developed (Bertaccini and Duduk, 2009; Bertaccini et al., 2014; Lee et al., 2000).
Phytoplasma-associated diseases have an enormous impact on agricultural yield, being
associated with disorders affecting hundreds of plant species, including many economically
important crops (Bertaccini et al., 2014; Namba, 2011; Valiunas et al., 2015). Phytoplasma
outbreaks and spread can only be controlled thus far by using insecticides against vector
populations or by eradicating infected plants. Alternative strategies, such as the individuation
of resistant or tolerant plants (Osler et al., 2014; 2016), require a thorough notion of the
physiological

mechanisms

underlying

the

interactions

between

plant

host

and

phytoplasmas.
Phytoplasmas are mostly confined to the sieve elements (SEs) in phloem tissue. Hardly
anything is known about the cytological and molecular events at the phytoplasma-SE
interface. Recently, the extensive ultrastructural re-organization of SEs following
phytoplasma infection seems to represent changes that simultaneously serve the nutrition
of phytoplasmas (Buxa et al., 2015; Musetti et al., 2016; Pagliari et al., 2016) and the
protection of the host plant against phytoplasma spread (De Marco et al., 2016; Pagliari et
al., 2016). In infected Vicia faba plants, phytoplasmas also trigger structural modifications of
forisomes in SEs (Musetti et al., 2013). Forisomes are spindle-shaped, giant SE protein
bodies, typical of SEs in Fabaceae. They can undergo a calcium-induced dispersion that
leads to expansion and occlusion of the sieve pores (Knoblauch et al., 2001; 2003; van Bel
et al., 2014). In this way, forisomes impair mass flow and probably limit pathogen invasion
and spread (Srivastava et al., 2015; Musetti et al., 2013; van Bel, 2003).
Forisome components are encoded by members of the Sieve-Element Occlusion (SEO)
gene family, first described in Fabaceae (Pélissier et al., 2008) and subsequently found to
be highly conserved among eudicotyledons (Ernst et al., 2011; 2012; Froelich et al., 2011;
Pélissier et al., 2008; Rüping et al., 2010). In non-Fabaceae plants, SEO genes encode for
filamentous proteins, called SE-proteins. SE protein filaments and forisomes may share
several structural and functional features (Rüping et al., 2010; Srivastava et al., 2015), but
instead of the well-ordered forisome structure, they form electron-dense, variously and
irregularly branched, protein strands (Batailler et al., 2012, Ernst et al., 2012; Jekat et al.,
2012; Sjolund, 1997). In Arabidopis thaliana, SE-protein filament formation requires two socalled Sieve-Element Occlusion Related (SEOR) genes, AtSEOR1 (At3g01680) and
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AtSEOR2 (At3g01670) (Anstead et al., 2012). These two contiguous genes, together with
one pseudogene (At1g67790), are located on chromosome 3 and are the sole AtSEOR
genes identified in Arabidopsis (Anstead et al., 2012; Rüping et al., 2010). No functional
redundancy between these genes has been detected (Anstead et al., 2012). The
heterodimer formation mechanism is still unclear and AtSEOR1 and AtSEOR2 interaction
seems to require one or more additional unknown proteins (Anstead et al., 2012; Jekat et
al., 2013). Even if AtSEOR1 and AtSEOR2 are the sole proteins known to be necessary for
SE-protein filament formation, the phloem protein 2, AtPP2-A1, encoded by the gene
At4g19840, is associated with the SE-protein filaments in Arabidopsis (Batailler et al., 2012).
In contrast to the solid information on forisome functioning (Furch et al., 2007; 2009;
Knoblauch et al, 2004; Srivastava et al., 2015; Zimmermann et al., 2013), the role of SEprotein filaments in non-Fabaceae is still a matter of debate (Ernst et al., 2012; Froelich et
al., 2011; Jekat et al., 2013; Knoblauch et al., 2012; 2014). In Arabidopsis, SE-protein
filament subunits are synthesized in immature SEs and assembled as large protein bodies,
which disperse and relocate to the cell periphery along with the SE maturation (Evert et al.,
1972; Ehlers et al., 2000; Ernst et al., 2012; Froelich et al., 2011). Under biotic and abiotic
stress, SE-protein filaments displace from their parietal position and assemble in the SE
lumen as strands or meshwork to plug the sieve plate (Achor et al., 2010; Froelich et al.,
2011; Jekat et al., 2013; Musetti et al., 2010). Yet, different approaches led to conflicting
conclusions with regard to actual occluding capabilities of SE proteins in Arabidopsis
(Froelich et al., 2011; Ernst et al., 2012; Jekat et al., 2013, Knoblauch et al., 2014).
Considering the fact that SE-protein agglutination and plugging is a typical plant response
to phytoplasma infection (Gamalero et al., 2010; Lherminier et al., 2003; Luna et al., 2011;
Musetti et al., 2010; 2013), the potential SE occlusion by SEOR proteins in response to
phytoplasma infection in Arabidopsis was investigated here. It was further studied, if sievetube occlusion and the associate phenotypic changes induced by phytoplasmas can be
really considered defence mechanism and if they are related to biochemical responses, such
us phytohormone signalling. In a multidisciplinary approach, the following questions were
addressed:
a) Does phytoplasma-triggered SE-protein filament agglutination limit the phloem flow?
b) If so, can this strategy limit pathogen capability to proliferate in phloem tissue?
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c) Is eventual SE-protein pathogen limitation simply related to a mechanical restriction
mechanism or are SE-protein filaments associated to more complex mechanisms, in
which phytohormones are involved?
To elucidate these aspects, wild-type and AtSEOR or AtPP2-A1 Arabidopsis mutant lines
were used, both in healthy and in phytoplasma-infected conditions.

2) Materials and methods

2.1) Arabidopsis mutant lines. Arabidopsis mutant lines, lacking one or both AtSEOR
genes reported to be essential for SE protein filament formation (Anstead et al., 2012), were
used. Seeds for the single AtSEOR gene knockout lines, SALK_081968C (AtSEOR1
knockout, hereafter called Atseor1ko) and SALK_148614C (AtSEOR2 knockout, hereafter
called Atseor2ko), were obtained from the European Arabidopsis Stock Centre (NASC). Two
knockout/knockdown plant lines, obtained from the Institute of Plant Biology and
Biotechnology of the University of Münster (Germany), were also used. These mutants,
previously described from Jekat and co-authors (2013), have the AtSEOR1 gene knockout
and the AtSEOR2 gene knockdown (Atseor1ko/Atseor2kd) or the AtSEOR1 gene
knockdown and AtSEOR2 gene knockout (Atseor1kd/Atseor2ko), allowing the impairment
of the expression of both genes (Jekat et al., 2013). To study the role of PP2 protein in
filament formation, the AtPP2-A1 gene knockout line SALK_080914C was used. All mutants
were in a Columbia (Col-0) background. In table 1, the main features of the Arabidopsis
mutant lines we analysed, are summarized.

2.2) Plant materials and insect vectors. A. thaliana plants were infected with a
phytoplasma strain related to ‘Candidatus Phytoplasma asteris’ (‘Ca. P. asteris’, 16SrI-B
subgroup), called Chrysanthemum yellows (CY) phytoplasma (Lee et al., 2004). As
extensively described by Pagliari and co-authors (2016), 4th and 5th instars of the insect
vector Euscelidius variegatus (Bosco et al., 1997; 2007) were transferred to CY-infected
daisy plants (Chrysanthemum carinatum Schousboe), used as the source of inoculum, for
a 7-day acquisition-feeding period. Thirty days after nymph transfer, 45-day-old A. thaliana
plants were individually exposed to three infective insects. Healthy control plants were
exposed to healthy insects. At the end of the 7-day inoculation-feeding period, insects were
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manually removed. Both insect vectors and A. thaliana plants were grown at 20/22 °C, under
short-day conditions (9hL/15hD period).
For every analysis, full-symptomatic and healthy control A. thaliana plants were tested 20
days after the end of the inoculation period. For rosette weight measurement, ultrastructural
observations and phytoplasma titre analyses, ten healthy and ten infected plants from each
line were used. Phloem mass flow experiment required three healthy and three infected
plants per line. Finally, for gene expression and phytohormone investigation, at least five
healthy and five infected plants were used.

2.3)

Symptoms

observation

and

rosette

weight

measurement.

Symptom

development was observed in ten healthy and ten infected plants per line, from the end of
the inoculation period to the harvest for different analyses. For rosette weight, pots were
saturated of water and, after 14 hours, plants were harvested, cutting them at ground level.
Rosette weight was immediately measured. Statistical comparisons between healthy and
infected plants and among the different Arabidopsis lines were performed by the Prism 7.02
software package (GraphPad Software, La Jolla, CA, USA), using, respectively, the
unpaired t-test and the two- way ANOVA with a Dunnett’s test as post hoc test for multiple
comparisons.

2.4) Phytoplasma molecular detection. To check phytoplasma presence in
Arabidopsis, each healthy and symptomatic plant was analysed by PCR. Total genomic
DNA was extracted from 100 mg of leaf tissue according to Doyle and Doyle (1990), modified
by Martini and co-authors (2009). DNA concentration and purity were checked using
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). PCR
amplifications

were

performed

GAAACGACTGCTAAGACTGG-3’

with
/

primer

pair

R16F2n/R16R2

5’-TGACGGGCGGTGTGTACAAACCCCG

5’-3’

(Gundersen and Lee, 1996; Lee et al., 1995), using One Advanced thermocycler (Euroclone,
Celbio, Milan, Italy) in 25-µl reactions containing 2.5 mM each of the four dNTPs, 20 µM of
each primer, 25 mM MgCl2 5× polymerase buffer, 1 unit Taq polymerase (Promega, San
Luis Obispo, CA, USA) and 1µl of sample nucleic acid (about 20 ng). Parameters used for
40-cycle PCR were: denaturation at 94°C for 1 min (2 min for the first cycle), annealing at
55°C for 1 min and extension at 72°C for 2 min (8 min for the last cycle). The amplified
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products were analysed by electrophoresis in 1% agarose gel containing 1 µl Gel Red

TM

(10000x, Biotium, Hayward, CA, USA) per ml.

2.5) Phloem mass flow. The phloem-mobile dye 5,6 carboxyfluoresceindiacetate
(CFDA) (SIGMA Saint Louis, Missouri, USA) was used to investigate phloem flow. This dye,
extensively used in plant research as a marker for symplastic transport, permeates the
plasma membrane in acetate form and is cleaved by cytosolic enzymes producing
membrane-impermeant carboxy- fluorescein (CF), which is transported by mass flow inside
SEs (Froelich et al., 2011; Furch et al., 2010; Koh et al., 2012; Knoblauch and van Bel.,
1998).
As previously reported in V. faba (Musetti et al., 2013), in healthy and infected A. thaliana
plants a droplet of freshly prepared 1 µM CFDA solution was applied to the midrib after
having removed the leaf tip. After a 1-hour incubation period at room temperature, 5 mmlong midrib samples were cut at a distance of approximately 3 cm from the CFDA application
site. Sample pieces were included in 8% low melting point agarose. 100 µm-thick sections
were cut by a HM560V vibratome (Microm Microtech, Brignais, France) and collected in
phosphate-buffered saline solution. Sections were examined with a Leica TCS SP2 AOBS
confocal laser scanning microscope (CLSM) (Leica, Wetzlar, Germany) with a 40 × waterimmersion objective (HCX Apo 0.80), exciting CFDA with the blue argon ion laser (488 nm)
and collecting emitted fluorescence from 500 to 545 nm. As control, unstained sections were
observed at the same excitation wavelength used for the fluorochrome. For each A. thaliana
line and condition, ten non-serial sections from three different plants were observed.
The fluorescence level in the phloem tissue was measured and compared in healthy and
diseased samples by computerized image analysis in five non-serial sections per plant,
using ImageJ 1.49m software (National Institutes of Health, Bethesda, MD, USA). The grey
level (in arbitrary units; 0 = black, i.e. absence of signal; 255 = white) was measured on the
tissue in an area devoid of signal at visual inspection and assumed as background (Bacci
et al., 2008). The threshold was then set at two times the background and fluorescence
intensity were measured and divided for the analysed surface area. One-way analysis of
variance (ANOVA) followed by a Dunnett’s test was used to determine significance, with
healthy wild-type values as control. Statistical analyses of fluorescence levels were
performed with the Prism 7.02 software package (GraphPad Software).
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2.6) Transmission electron microscopy (TEM). To preserve phloem tissue structure, a
gentle preparation method was adopted, modifying the protocol by Ehlers and co-authors
(2000), to adapt it to Arabidopsis leaves as recently reported by Pagliari and co-authors
(2016). Briefly, from each plant, a 30 mm-long midrib portion was excised from three fullyexpanded leaves of the rosette. The midrib segments were immediately submerged in a
MES buffer for two hours at room temperature. A fixation solution of 3% paraformaldehyde
and 4% glutaraldehyde was used and substituted every 30 minutes for 6 hours. Samples
were rinsed for 1 h and postfixed overnight with 2% (w/v) OsO4. Samples were dehydrated
in a graded ethanol series and then transferred into propylene oxide. From the central part
of each midrib, a 6-7 mm long piece was finally excised and embedded in Epon/Araldite
epoxy resin (Electron Microscopy Sciences, Fort Washington, PA, USA). Ultrathin sections
(60-70 nm in thickness) were cut using an ultramicrotome (Reichert Leica Ultracut E
ultramicrotome, Leica Microsystems, Wetzlar, Germany), collected on uncoated copper
grids, stained with uranyl acetate and lead citrate (Reynolds, 1963), and then observed
under a PHILIPS CM 10 TEM (FEI, Eindhoven, The Netherlands), operating at 80 kV. Five
non-serial cross sections from each sample were analysed.

2.7) RNA extraction and gene expression analyses. Total RNA was extracted from
approximately 1 g of leaves, ground into fine powder and homogenized in 5 ml of lysis buffer
(MacKenzie et al., 1997). Homogenate (1.5 ml) was collected and centrifuged for 6 minutes
at 12.000 rpm. One milliliter of supernatant was mixed with 100 μl of 20% (wt/vol) sarkosyl
buffer and incubated 15 minutes at 70°C. Samples were then transferred to a QIAshredder
spin column (lilac) and RNA purified with RNeasy Plant Mini Kit (Qiagen GmbH, Hilden,
Germany) according to the manufacturer’s instructions. Extracted RNAs were DNAsetreated and reverse-transcribed into complementary DNA (cDNA) with the QuantiTect
Reverse Transcription Kit (Qiagen GmbH) following the manufacturer’s instructions. The
expression of AtSEOR1, AtSEOR2 and AtPP2-A1 genes was analysed in healthy and
infected plants by real time experiments performed on a CFX96 instrument (Bio-Rad
Laboratories, Richmond, CA, USA). Reference gene was individuated comparing UBC9
(ubiquitin conjugating enzyme 9), TIP41 (TIP41-like family protein), SAND (SAND family
protein) and UBQ10 (polyubiquitin 10) genes (Table 2). The gene stability measures (M
value) were calculated according to the geNorm program (Vandesompele et al., 2002)
(Table 2). UBC9 gene was found to be the most stably expressed gene and so the most
suitable as reference gene.
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SsoFast EvaGreen Supermix (Bio-Rad Laboratories Inc., Hercules, CA, USA), cDNA
obtained from 5 ng of RNA and specific primers were used in a total volume of 10 μL for
AtSEOR1 and AtPP2-A1 genes. AtSEOR2 gene expression analyses were carried out with
cDNA from 10 ng of RNA in a total volume of 20 μL. Every reaction was performed at 95°C
for 3 min, 40 cycles of 95°C for 5 sec and 58°C for 5 sec, followed by a melting curve analysis
from 65°C to 95°C to check primer specificity. Primers were designed using Primer3
software (http://bioinfo.ut.ee/primer3-0.4.0/primer3/) and primer specificity evaluated with
the BLASTN (Nucleotide Basic Local Alignment Search Tool) algorithm (Altschul et
al.,1997). Primer pair efficiency (E) was evaluated as described by Pfaffl (2001) on the
standard curves of different dilutions of pooled cDNA. Gene and primer sequences for
expression analysis are reported in Table 3. A mean normalized expression (MNE) for each
gene of interest (Muller et al., 2002) was calculated by normalizing its mean expression level
to the level of the UBC9 gene. Three technical repeats and at least five individuals concurred
to gene MNE determination.
Statistical analyses of gene expression levels were performed with the Prism 7.02
software package (GraphPad Software) using an unpaired t-test and two-way ANOVA test
and a Dunnett's test as post hoc test for multiple comparisons.
2.8) Phytoplasma quantification. Total genomic DNA was extracted from 1 g of leaf
tissue as described above for phytoplasma molecular detection. Ribosomal protein (rp) gene
rplV (rpl22) was chosen as target for the amplification of CY phytoplasma DNA using the
primer

pairs

rp(I-B)F2/rp(I-B)R2

5’-

CGTTTGGGTGGTGCTGAAAT-3’/5’-

GAGGGCGTCTGTTAGGAGTG-3’ (this study; Lee et al., 2003) and producing an amplicon
of 232 bp. To quantify CY phytoplasma DNA, a 1260 bp ribosomal protein fragment from
CY phytoplasma, amplified with primer pair rpF1C/rp(I)R1A (Martini et al., 2007), was cloned
in pGem®T-Easy vector (Promega). Plasmid DNA was first quantified by using Qubit® 2.0
Fluorometer (Invitrogen, Carlsbad, CA, USA); then a standard curve was established by 10fold serial dilutions of plasmid DNA corresponding to ca. 10^9 to 10^1 target genomes.
Standards and 1 ng of each DNA sample (run in three replicates) were added to a mixture
containing 0.3 µM each primer, 7.5 µl 2x SsoFast EvaGreen Supermix (Bio-Rad
Laboratories) in a 15 µl total volume. Cycling conditions were as follows: initial denaturation
at 98 °C for 2 min; 44 cycles of 5 sec at 98 °C and 5 sec at 60 °C, and a final extension at
95 °C for 1 min. A melting curve analysis (ramp from 65 °C to 95 °C at 0.5 °C/sec) was
programmed at the end of the cycling reaction to evaluate the purity of the amplification
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product. CY phytoplasma concentration was expressed as the number of CY phytoplasma
genome units (GU)/1 mg of leaf sample to normalize the data.
The comparisons of phytoplasma population size were performed analysing the
quantification results from three technical repeats of ten plants per line with the Prism 7.02
software package (GraphPad Software), using one-way ANOVA and a Dunnett’s test as
post hoc test for multiple comparisons, with wild-type line as control.

2.9) Phytohormone analysis of midrib and laminar tissue. The stress-related
phytohormones, abscisic acid (ABA), salicylic acid (SA) and the jasmonates, jasmonic acid
(JA), cis-12-oxo-phytodienoic acid (cis-OPDA), and (+)-7-iso-jasmonoyl-l-isoleucine (JAIle), and the jasmonate degradation products 12-hydroxy jasmonic acid (OH-JA), as well the
12-hydroxy (OH-JA-Ile) and 12-carboxy (COOH-JA-Ile) form of (+)-7-iso-jasmonoyl-lisoleucine were investigated in leaves.
In each plant, leaf midrib was separated from the other part of the lamina and roughly 250
mg of fresh material from both leaf parts was collected in two different vials and immediately
frozen in liquid nitrogen. After freeze-drying, samples were weighted and homogenized in a
Geno/Grinder 2000 (SPEX Certiprep, London, UK) at 1000 rpm for 60 sec. Plant material
was extracted with 1.5 ml methanol containing 60 ng of 9,10-D2-9,10-dihydrojasmonic acid,
60 ng of D4-salicylic acid, 60 ng of D6-ABA (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and 15 ng of JA-[13C6] Ile conjugate as internal standards (Vadassery et al., 2012).
The suspension was centrifuged at 13000 g for 20 min. Then, the supernatant removed to
a fresh tube and the pellet was extracted again with 500 μl of methanol, mixed, and
centrifuged. Supernatants were combined, evaporated in a Speed Vac at 30°C and finally
dissolved in 500 μl of methanol.
For chromatography, an Agilent 1200 HPLC system (Agilent Technologies, Böblingen,
Germany) equipped with a Zorbax Eclipse XDB-C18 column (50 × 4.6 mm, 1.8 m, Agilent)
was employed and eluates were analysed according to Vadassery and co-authors (2012).
Statistical comparisons between healthy and infected plants and among the different
Arabidopsis lines were performed by the Prism 7.02 software package (GraphPad Software)
using, respectively, the unpaired t-test and two- way ANOVA with a Dunnett’s test as post
hoc test for multiple comparisons.
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3) Results

3.1) Macroscopic phenotypes of heathy and full-symptomatic plants. Ten healthy
and ten infected plants from each line were observed and weighted. Healthy plants of all
lines grew at similar rates (Fig.1, 2). Within 20 days of inoculation, common phytoplasma
disease symptoms appeared in every plant exposed to three infective insects. Infected
plants showed yellowing, reduced growth and general stunting (Fig. 1). Leaves having
emerged after phytoplasma inoculation were shorter, with a thick main vein and a smaller
petiolar area. Wild-type and mutant lines did not differ in symptom development or plant
phenotype due to infection (Fig. 1). A decrease of roughly 40 % in growth was observed in
all infected plant lines compared to the healthy ones, but no differences in rosette fresh
weights among the lines were measured (Fig. 2).

3.2) Phytoplasma molecular detection. Phytoplasma detection and quantification was
performed in healthy and symptomatic plants. Direct PCR analysis allowed the amplification
of a 1250-bp fragment, confirming the presence of phytoplasmas only in the symptomatic
plants (not shown).

3.3) Phloem mass flow analysis with CFDA dye. To examine alterations of SE mass
flow due to infection in diverse SE-protein mutants, phloem-mass flow was observed under
CLSM using leaf cross-sections and CFDA. For each A. thaliana line, ten non-serial sections
from three different plants were observed at about 3 cm remote from the site of CFDA
application. Unstained sections were observed at the same excitation wavelength used for
the fluorochrome and no fluorescent signals were detected (Fig. 3). In healthy plants of each
line investigated, the phloem-mobile CF emitted strong signals from the phloem area (Fig.
4). Colorless CFDA must have entered the SEs via the plasma membrane and, following
de-esterification, the membrane-impermeant CF was translocated by mass flow through the
sieve tubes. From there, CF has probably moved to companion cells (CCs) and phloem
parenchyma cells (cf. Knoblauch and van Bel, 1998). In the latter cells, CF may have
accumulated in the vacuoles, enhancing fluorescence signal (Fig. 4). Due to the high
hydration and the softness of Arabidopsis tissue, cross-sectioning by vibratome caused CF
contamination in correspondence to xylem area. No significant differences between the
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aggregate fluorescence levels in the phloem were detected among the various lines (Fig.
4).
In infected plants, the phloem areas were larger than in healthy plants due to phloem
hyperplasia, the excessive production of new phloem tissue due to procambial or cambial
hyperactivity following phytoplasma infection. Infected wild-type plants were characterized
by reduced CF signals (Fig. 5 A). In infected mutant lines, the CF emitted signals from the
phloem area, comparable in strength to the ones detected in wild-type plants (Fig. 5). The
interpretation of the observations was corroborated by a fluorescence quantification analysis
that revealed a strong reduction of fluorescence in the infected wild-type line in comparison
to all other specimens (Fig. 6).

3.4) SE changes in ultrastructural organization following infection. To visualize
changes in SE ultrastructure due to mutation or pathogen presence, and eventually correlate
them with phloem impairment, phloem tissue was observed by TEM. For each condition,
five non-serial sections from ten different plants were analysed. Observations of healthy
samples showed a well-preserved sieve-tube ultrastructure, with a regular shape and no
signs of necrosis or subcellular aberrations, also in case of transformed plants (Fig. 7). In
the latter lines, the SE plasma membrane had a regular profile, appressed to the cell wall.
Mitochondria and thin stacks of sieve-element reticulum (SER) adhered to the plasma
membrane. In wild-type plants, SE protein filaments were rarely observed and only tiny
filaments were detected (Fig. 7 A). Sieve-plate pores appeared unobstructed and free from
filament plugs or callose deposition (not shown). In mutant plants lacking one or both
AtSEOR genes, SE lumina were fully devoid of filaments (Fig 7 B-E). By contrast, SE lumina
of Atpp2-a1ko plants showed filaments that did not appear to morphologically differ from
wild-type protein filaments (Fig. 7 F).
In all infected lines, phytoplasmas were present exclusively in SEs (Fig. 8), with a
disparate distribution over the SEs (data not shown, cf Pagliari et al., 2016). The
phytoplasmas exhibited a well-preserved structure, with their typical pleomorphic profile,
delimited by an electron-dense membrane, enclosing dispersed DNA strands and ribosome
granules (Fig. 8). Pleomorphic phytoplasmas were observed to float freely in the SE lumen
or to be linked to the SE plasma membrane or SER stacks (Fig. 8 A, B). In infected wildtype plants, SEs were characterized by various alterations, such as callose accumulation
around the sieve pores (Fig. 8 C, D), condensation of protein filaments, or traces of necrosis
or plasmolysis. Protein filaments appeared to be organized in simple or branched strands,
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or thin networks (Fig. 8 A). In other cases, the protein filaments formed a dense meshwork
filling the SE lumen that surrounded phytoplasmas and plugged sieve-plate pores (Fig. 8 B,
D).
In every infected section of Arabidopsis lines lacking one or both AtSEOR genes, SEs
showed electron-dense strands that could be straight, branched or even organized into thin
networks, with morphology and organization similar to those observed in infected wild-type
plants (Fig. 9 B-E). Filaments were also observed in the infected SEs of Atpp2-a1ko plants
(Fig. 9 F).

3.5) AtSEOR1, AtSEOR2 and AtPP2-A1 gene expression analyses. To check if
AtSEOR1, AtSEOR2 and AtPP2-A1 genes are involved in infection response, their
expression was analysed in healthy and infected plants by real-time RT-PCR experiments.
For each condition, three technical repeats in at least five individuals were investigated. For
all samples, gene-expression analyses are presented in Fig. 10, where the mean normalised
expression of each gene is plotted as the transcript abundance compared to the UBC9
expression level (set at 100). The expression level of the AtSEOR1 and AtSEOR2 genes
was low, with MNE values fluctuating from 0.07 to 1.59 and from 0.08 to 2.10, respectively.
AtPP2-A1 presented a higher gene transcription level compared to AtSEOR genes, ranging
from 2.77 to 19.84.
The unpaired t-test on MNE values showed that each gene analysed was significantly upregulated in infected plants (Fig. 10). To compare the expression level of each single gene
in respective Arabidopsis lines, a two-way ANOVA and a Dunnett’s test as post hoc test
were performed using the wild-type MNE values as negative controls. No significant
differences were detected among expression levels in healthy plants, except for AtSEOR2,
which was significantly up-regulated in healthy Atpp2-a1ko plants. On the other hand, in
infected plants, each gene showed a significant increase in gene transcription levels in the
mutant lines in comparison to the wild-type ones (Fig. 10).

3.6) Phytoplasma titre quantification. To correlate phloem impairment with pathogen
replication capability and spread, phytoplasma titre was quantified in ten infected plants from
each line, performing every time three technical replicates. Molecular analyses confirmed
the presence of phytoplasmas in every symptomatic plant. Wild-type, Atseor2ko,
Atseor1ko/Atseor2kd and Atpp2-a1ko plants were characterized by phytoplasma titres
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ranging from 440.75E+06 to 724.68E+06 phytoplasma genome units (GU)/1 mg of leaf
sample. One-way ANOVA and a Dunnett’s post hoc tests revealed significantly lower
phytoplasma concentrations in Atseor1ko and Atseor1ko/Atseor2kd plants (95.55E+06 and
248.61E+06 phytoplasma GU/1 mg of leaf sample, respectively) than in wild-type plants
(601.68E+06 phytoplasma GU/1 mg of leaf sample) (Fig. 11).

3.7) Phytohormone analysis of midrib and laminar tissue. The fact that widely
different phytoplasma titres did not coincide with phloem mass flow condition in the various
Arabidopsis lines (cf. Figs 4, 5 and 11) suggested an alternative defence mechanism for
pathogen limitation. To see if and how defence mechanisms were activated, analyses of
phytohormones, central regulators of plant immunity, were carried out. The phytohormones
ABA, SA, JA and some of their derivatives were analysed separately in the leaf midrib and
the remaining lamina, in each healthy and infected plant lines under examination. For each
condition, five different plants were studied. In healthy plants, the ABA concentrations were
consistently higher in lamina tissue (Fig. 12 A, for specific amounts see supplementary Fig.
S1) than in the midribs. Phytoplasma infection caused a significant increase to the same
level in ABA levels in both tissues (Fig. 12 A). Thus, the relative response to infection is
higher in the midribs (Fig. 12 A). While the SA concentrations in midrib and lamina tissue
were similar in healthy plants, the SA levels in infected plants significantly dropped in the
midribs and remained stable in the laminae (Fig. 12 B, Fig. S1). The opposite held for the
JA concentrations which were similar in midribs and laminae of intact plants of all lines
(except of Atpp2-a1ko plants), but were significantly higher in the midribs of all plant lines
(Fig. 12 C). The JA active form, JA-Ile, showed an even more explicit effect of infection. JaIle occurred in higher concentrations in the laminae than in the midribs of intact plants, but
generally decreased in the laminae and significantly increased in the midribs of infected
plants (Fig. 12 D, Fig. S1).
In healthy plants, the JA-precursor cis-OPDA levels were almost identical (Fig. 12 E).
Phytoplasma infection effected a considerable and significant increment of the cis-OPDA
concentration in both tissues of every line, but the effect was stronger in laminae (Fig. 12 E,
Fig. S1). The infection did not cause a distinct result on the JA degradation form, OH-JA,
with exception of a rise in infected Atpp2-a1ko plants (Fig. 12 F, Fig. S1). Both in healthy
and in infected plants, OH-JA-Ile had a lower concentration in midribs than in lamina tissue.
The difference was statistically significant in infected plants (Fig. 12 G, Fig. S1). Despite the
variability, it was concluded that COOH-JA-Ile was present in lower concentrations in the
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midribs than in the laminae of healthy plants. The difference was more distinct in infected
plants, where the COOH-JA-Ile level rose to a higher extent (Fig. 12 H, Fig. S1).

4) Discussion

4.1) Phytoplasma infection induces SE-protein filament formation in AtSEOR
mutant lines. In Arabidopsis two non-redundant SEO genes, AtSEOR1 and AtSEOR2
(Anstead et al., 2012; Rüping et al., 2010), are regarded to be necessary for SE-protein
filament formation (Anstead et al., 2012). TEM pictures reveal the presence of SE protein
filaments only in healthy wild-type and Atpp2-a1ko plants (Fig 7), in line with what previously
reported in literature (Anstead et al., 2012). By contrast, infected plants of every line show
a significant presence of SE-protein filaments (Fig 9). These findings lead to hypothesize
that under stressful conditions SE-protein filament formation becomes independent of
AtSEOR1 and AtSEOR2 expression. Up to date, most of the proteins that take part to SEfilament formation are unknown and AtSEOR1 and AtSEOR2 interaction mechanism seems
to require one or more unknown components (Anstead et al., 2012; Jekat et al., 2013). In
infected plants, statistical analyses underline the overexpression of SE-protein genes in
mutant lines in comparison to wild-type lines (Fig. 10), suggesting that plants try to
compensate the lack of one SE-protein by enhanced production of the others to overcome
the deficits in mutant lines, as already observed in other systems (Gierth and Mäser, 2007;
Kawakatsu et al., 2009; Ramundo et al., 2014; Schneider et al., 2002). The upregulation of
genes under stress conditions, may sustain the production of SE-protein filaments in an
alternative way.

4.2) Wild-type SE-protein filaments restrict phloem flow. The question now arises if
occlusion by protein filaments restricts mass flow. Phytoplasma-infected plants show
stunted growth and a diversity of alterations like yellowing, leaf-size reduction and vein
enlargement (Fig 1). Such symptoms have commonly been attributed to impairment of
phloem activities following phytoplasma infection (Braun and Sinclair, 1978; Kartte and
Seemüller, 1991; Lepka et al., 1999; Maust et al., 2003). However, yellowing could also be

due to downregulation of photosynthetic proteins (Ji et al., 2009; Hren et al., 2009; Taheri et
al., 2011), accompanied by a reduction of total chlorophyll content (Bertamini et al., 2002a;
2002b; Junqueira et al., 2004; Zafari et al., 2011).
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The identical sieve-tube conductance for CF in healthy wild-type and mutant lines (Fig.
4) is in line with the identical mass flow velocities found in wild-type and AtSEOR1 mutants
(Froelich et al., 2011). The latter study seemingly conflicts with involvement of SE-protein
filaments in sieve-tube occlusion. However, sieve-tube occlusion in infected wild-type plants
(Fig. 5) indicates that SE-filament proteins are engaged in sieve-plate plugging, as seen in
phytoplasma-infected V. faba (Musetti et al., 2013) and as concluded from exudation
experiments in Arabidopsis (Ernst et al., 2012; Jekat et al. 2013). The reason for the
contradictory results may lie in the fact that the SE-proteins do not aggregate in intact wildtype plants, whereas the SE-proteins coagulate in stressed wild-type plants, likely owing to
Ca2+ influx mediated by stress-activated Ca2+-permeable channels (Hafke et al., 2010; van
Bel et al., 2014). Lack of one of the SEOR proteins may explain the inability to seal sieve
tubes in infected mutants (Fig. 5) despite the phytoplasma-imposed stress. Masses of SEprotein filaments showing up in TEM-pictures of phytoplasma-infected mutant plants (Fig.
9) may result from compensatory expression of other genes (Fig. 10). Like in forisomes a
structural arrangement of filamentous SEOR-proteins may provide the spatial conditions for
Ca2+-binding to attain plug formation. If one of the proteins is lacking, effective occlusion
structures will not be reached. Another explanation for the lack of occlusion may be that the
porosity of the material is critical (Froelich et al., 2011). Proteins, especially if they contain a
high percentage of charged amino acids, are surrounded by viscous hydration shells, which
increase the effective filament diameter significantly (Bánó and Marek, 2006).

4.3) Phloem impairment does not effectively affect pathogen spread. Phytoplasmatriggered phloem impairment has been postulated to be a plant strategy to limit pathogen
spread (Gamalero et al., 2010; Lherminier et al., 2003; Musetti et al., 2013). Remarkably,
the phytoplasma titre in wild-type plants equals that in some mutants (Fig. 11), excluding a
possible connection between phloem impairment and pathogen spread limitation. This
phenomenon is consistent with the view that phytoplasma spread is not only dependent on
phloem mass flow (Garcia-Chapa et al., 2003; Wei et al., 2004; Buxa et al., 2015). Moreover,
the lower phytoplasma titre found in Atseor1ko and Atseor1ko/Atseor2kd plants indicate
other defence mechanisms being associated with the filamentous SE-proteins. In view of
the putative involvement of AtSEOR2 protein in plant immune signalling (Afzal et al., 2013),
phytohormone analyses were carried out.
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4.4) Site-specific JA increase to phytoplasma infection. Plants have evolved
sophisticated survival strategies, including phytohormones as major actors in response to a
range of biotic and abiotic stresses (Peleg and Blumwald. 2011; Vidhyasekaran, 2015).
Primary defence hormones are jasmonates (JAs), salicylates (SAs), ethylene (ET) and
abscisic acid (ABA), but several other hormones, reputed for their role in plant growth and
development, participate in defence responses (Pieterse et al., 2009; Robert-Seilaniantz et
al., 2011). The involvement of so many regulators in plant immunity suggests that defence
mechanisms cross-communicate in complex signalling networks with interactive effects
(Foyer et al., 2016; Kazan and Lyons, 2014; Koornneef and Pieterse, 2008; RobertSeilaniantz et al., 2011).
ABA is regarded as a broad-spectrum phytohormone, engaged in general defence
mechanisms (Dar et al., 2015; Robert-Seilaniantz et al., 2011; Vidhyasekaran, 2015). As
observed in this study (Fig. 12 A), the ABA concentration -or the expression of ABA-related
genes- rises in case of phytoplasma infection (Janik et al., 2016; Leon et al., 1996; Mou et
al., 2013; Punelli et al., 2016; Zimmermann et al., 2015). The ABA burst could retard stem
elongation and shoot growth, being the main cause of smaller leaves and shorter internodes
as result of phytoplasma infection (Mou et al., 2013).
SA and JA are plant hormones required for signal transduction leading to plant resistance.
JA and SA-mediated signalling pathways are mutually antagonistic (Koornneef and
Pieterse, 2008; Loake and Grant, 2007; Vidhyasekaran, 2015). Traditionally, SA signalling
is deemed to activate resistance against biotrophic and hemibiotrophic pathogens, while JA
is mainly though to induce resistance against necrotrophic pathogens and wounding (Kazan
and Lyons, 2014; Pieterse et al., 2009; Robert-Seilaniantz et al., 2011). Phytoplasmas are
biotrophic pathogens (Bertaccini et al., 2014) and the expected increase in SA level and
decrease of JA level were demonstrated (Minato et al., 2014; Musetti et al., 2013; Patui et
al., 2013; Sugio et al., 2011; Zimmermann et al., 2015). In this study (Fig. 12 B, D) and in
other analyses, in which main-vein and lamina tissues were separately measured, an
increase in JA was detected or expected by expression analysis (Luge et al., 2014; Punelli
et al., 2016). The veins are the sites where the direct interaction between phytoplasma and
host occurs and the midribs, being rich in vascular tissue, express the vein responses most
clearly. In conclusion, it seems vascular tissue reacts to the infection by a boost in JA
production.
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To better understand the processes responsible for the JA burst, JA metabolites were
analysed in lamina and vein tissues. JA is synthesised via the oxylipin pathway, that starts
in chloroplasts, where cis-OPDA is produced and transported into peroxisomes, to be
converted to JA. JA is then translocated to the cytosol where it can be methylated or
conjugated to amino acids (Dar et al., 2015; Vidhyasekaran, 2015; Wasternack and Hause,
2013). Several JA metabolites act as signal molecules in triggering plant immunity. Among
them, JA-Ile is the major bioactive form (Dar et al., 2015; Vidhyasekaran, 2015).
Investigation on midribs and leaf lamina tissue is compatible with the pattern observed for
JA, with an increase in JA-Ile in the main veins (Fig. 12 D). Cis-OPDA is not just an
intermediate in the JA pathway, but triggers innate immune responses having signalling
properties distinct of JA (Dave and Graham, 2012; Park et al., 2013; Wasternack and Hause,
2013). In case of phytoplasma infection, it has been observed that cis-OPDA level can both
rise (Janik et al., 2016) or fall (Janik et al., 2016; Zimmermann et al., 2015). Its boost
following infection (Fig. 12 E) suggests an important role of cis-OPDA in restriction of
phytoplasma spread and/or multiplication. cis-OPDA accumulation leads to glutathione
synthesis (Park et al., 2013) and to the consequent changes of the cellular redox
homeostasis. Since redox homeostasis is a key issue in transcriptional regulation (Foyer
and Noctor, 2005), cis-OPDA contributes to the operational control of nuclear gene
expression (Park et al., 2013). Higher cis-OPDA levels found in mutant lines (Atseor1ko and
Atseor1ko/Atseor2kd) with the low phytoplasma titres could indicate a better regulation of
the defence genes expression in these lines.
JA and JA-Ile can be hydroxylated at C-12 or C-11, or carboxylated at C-12 (Wasternack
and Hause, 2013). The role of these compounds is still matter of debate (Nakamura et al.,
2011) and up to know, no information is reported about a possible role in phytoplasma
infection. Nevertheless, the increase of JA hydroxylated forms in infected tissue suggests
that an intense activity and regulation of the JA pathway as response to phytoplasma
infection is occurring (Miersch et al., 2008).

5) Conclusions
With this survey, it has been attempted to give an insight about the relationship between
phytoplasma infection and SE protein filament agglutination, as plant response to pathogen
invasion. It was observed that, in case of stressful condition, SE-protein filament formation
can overcome AtSEOR1 and AtSEOR2 absence, corroborating the previous hypothesis
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about a wider protein composition of the SE protein filament (Ansteadt et al., 2012; Jekat et
al., 2013). Phloem flow analysis on both intact and infected plants suggested that SE protein
filaments cause phloem impairment only in case of a massive SE protein production in its
wild-type form. This result nicely matches with previous records (Ernst et al., 2012; Froelich
et al., 2011; Jekat et al., 2013). Moreover, no correlation between phloem impairment and
pathogen multiplication was found, indicating that plant activate other defence mechanism,
probably related to JA and cis-OPDA pathway. Phytohormone analysis establishes an
inspected correlation between cis-OPDA and pathogen presence and spread, confirming
the recent data about a specific role of cis-OPDA in plant defence response and signalling
(Dave and Graham, 2012; Park et al., 2013; Wasternack and Hause, 2013). However,
further experiments are necessary, to confirm the possible relation between cis-OPDA,
phytoplasma infection and their ability to multiply, for example comparing wild-type and opr
Arabidopsis mutant lines, lacking the 12-oxophytodienoic acid reductase required for
jasmonate synthesis (Stintzi and Browse, 2000).
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Tables

Table 1. List of Arabidopsis mutant lines used for the experiments.
Line

Atseor1ko

Atseor2ko

Atseor1ko
Atseor2kd

Atseor1kd
Atseor2ko

Atpp2-a1ko

Gene

At3g01680.1

At3g01670.1

At3g01680.1
At3g01670.1

At3g01680.1
At3g01670.1

At4g19840.1

SALK_081968C SALK_148614C
SALK_080914C
Jekat et al., 2013 Jekat et al., 2013
(NASC)
(NASC)
(NASC)

Source

t-dna insertion

Transformation

t-dna insertion

At3g01680.1
t-dna insertion

At3g01680.1
hpRNA cassettes

At3g01670.1
hpRNA cassettes

At3g01670.1
t-dna insertion

t-dna insertion

Table 2. List of primers and accession number of sequences used housekeeping
individuation.
Gene

Forward primer 5’-3’

Reverse primer 5’-3’

nM

M
value

UBC9

TCACAATTTCCAAGGTGCTGC

CGAGCAGTGGACTCGTACTT

300

0.43

TIP41

CCTCTTGCGATTTTGGCTGAG

ACGAAGAACAGTTGGTGCCT

400

0.52

NM_119592.5

SAND

AGATCAATCGCGGAAGGTGG

TATGTCGGGACCAGGTGAGT

400

0.74

NM_128399.4

0.59

NM_178968.5*
NM_001084884.5*
NM_001340546.1*
NM_116771.5*
NM_202787.4*
NM_001340547.1*
NM_178969.6*
NM_178970.5*

UBQ10

CGTCTTCGTGGTGGTTTCTAA

ACAAGGCCCCAAAACACAAAC

300

NCBI accession
no.
NM_179131.3
NM_118934.3

*This primer pair amplifies every gene transcript variant.

Table 3. List of primers and accession number of sequences used in real-time PCRs.
Gene

AtSEOR1

Forward primer 5’-3’

Reverse primer 5’-3’

ACCATCTCGCTGAGACCTTGAG
GGCCGTGAGAATCTTCATGTTATCA
G
(Anstead et al., 2012)
(Anstead et al., 2012)

nM

E

NCBI
accession
n.
(%)

500 97,8 NM_111034.3

AtSEOR2

TTCAAAGAGACGCGTCGGG

GCTGCCATGCTTCTGTGTAG

500

104 NM_111033.3

AtPP2-A1

GGTGGACGAGAGAAACAGCA

GCTTCCACATTCTCGTTTGGT

400 96,3 NM_118104.5

UBC9

TCACAATTTCCAAGGTGCTGC

CGAGCAGTGGACTCGTACTT

300 97,1

NM_179131.3*
NM_118934.3*

*This primer pair amplifies both gene transcript variants.
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Figure 1. Macroscopic phenotypes of representative heathy and full-symptomatic plants at 70 days.
Different A. thaliana lines were indicated as follows: A. wild-type, B. Atseor1ko, C. Atseor2ko, D.
Atseor1ko/Atseor2kd, E. Atseor1kd/Atseor2ko, F. Atpp2-a1ko. Phytoplasma infection altered the phenotype of
A. thaliana, producing classic phytoplasmosis symptoms. Healthy plants (1) showed regular growth, while
infected plants (2) were characterized by reduced growth and shorter, yellowish leaves, with a thick main vein.
No obvious difference was recorded among the different plant lines. For each condition, 10 different plants
were analyzed.
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Figure 2. Fresh rosette weight of healthy and infected wild-type and mutant A. thaliana lines. The results
are expressed as mean ± SD. Infected plants were characterized by reduced growth in every line considered.
No difference between wild-type and mutant lines was recorded, nor in healthy or in infected plants. For each
condition, 10 different plants were analyzed. Differences between healthy and infected conditions in each line
were calculated using unpaired t-test. Family-wise significance and confidence level: 0.05. **** P<0.0001. For
comparisons among the different lines, two-way ANOVA followed by a Dunnett’s test was used, with wild-type
values as control. Family-wise significance and confidence level: 0.05. A, a: no significant difference with wildtype values.
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Figure 3. Unstained vibratome section of fresh tissue as staining control. CLSM images of unstained
section from healthy wild-type A. thaliana midribs were excited at the same wavelength used for the
fluorochrome (excitation: 488 nm, emission: 500-545 nm). No autofluorescence signal was detected (B). p:
phloem, x: xylem. Bars: 75 µm
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Figure 4. CF fluorescence signal in vibratome sections of fresh tissue of healthy wild-type and mutant
A. thaliana lines. The fluorescence of CF in the sieve elements of wild type and mutant plants was observed
in cross-sections, approximately 3 cm far from the dye application site. In healthy plants, CF emitted a strong
signal in correspondence to phloem area in every line considered. For each A. thaliana line, 10 non-serial
sections from 3 different plants were observed. A. wild-type, B. Atseor1ko, C. Atseor2ko, D.
Atseor1ko/Atseor2kd, E. Atseor1kd/Atseor2ko, F. Atpp2-a1ko. p: phloem, x: xylem. Bars: 75 µm.
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Figure 5. CF fluorescence signal in vibratome sections of fresh tissue of infected wild-type and mutant
A. thaliana lines. In infected plants, the phloem tissue was larger than one observed in healthy plants (phloem
area is indicated by white bar). While in wild-type plants (A) phytoplasma infection drove to a modest CF signal,
mutant lines (B-F) showed high fluorescence level and dye accumulation in phloem cells. For each A. thaliana
line, 10 non-serial sections from 3 different plants were observed A. wild-type, B. Atseor1ko, C. Atseor2ko, D.
Atseor1ko/Atseor2kd, E. Atseor1kd/Atseor2ko, F. Atpp2-a1ko. p: phloem, x: xylem. Bars: 75 µm.
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Figure 6. CF fluorescence quantification sections of fresh tissue of healthy and infected wild-type and
mutant A. thaliana lines. The fluorescence level in the phloem tissue were measured and divided for the
analysed surface area. The results are expressed as mean ± SD. While in healthy plants no significant
difference was detected, in infected plants wild-type line showed a dramatic drop in CF signal. For each
condition, 5 non-serial sections from 5 different plants were analyzed. One-way ANOVA followed by a
Dunnett’s test was used to determine significance, with healthy wild-type values as control. Family-wise
significance and confidence level: 0.05. Different letters indicate different significance levels: A: no significant
difference with wild-type values, B: P < 0.01.
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Figure 7. TEM micrographs of sieve elements in different healthy A. thaliana lines. Different A. thaliana
lines were indicated as follows: A. wild-type, B. Atseor1ko, C. Atseor2ko, D. Atseor1ko/Atseor2kd, E.
Atseor1kd/Atseor2ko, F. Atpp2-a1ko. Healthy samples presented unaltered phloem tissue, also in case of
transformed plants (B-F). In wild-type (A) and in Atpp2-a1ko plants (F), some protein filaments were observed
(arrows, insets). On the other hand, lumina of mutants lacking one or both AtSEOR genes (B-E) appeared
empty, without any sign of filament formation. For each condition, 5 non-serial sections from 10 different plants
were analyzed. CC: companion cell; m: mitochondrion; PPU: pore plasmodesma unit; SE: sieve element; ser:
sieve-element reticulum. Bars: 1 µm.
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Figure 8. Phytoplasma distribution and ultrastructural responses in sieve tubes of wild-type A. thaliana
plants. Phytoplasmas presented their typical pleomorphic profile, delimited by an electron-dense membrane,
holding dispersed DNA strands and ribosome granules (A, inset). While some phytoplasmas were observed
free-floating in the SE lumen (A, B), others established a connection with the host cell at plasma membrane or
sieve-element reticulum (SER) stack level (A, B). Plants responded to the infection with alterations at
ultrastructural level, such as callose accumulation at sieve pores level (C, D), and SE-protein filament
condensation (arrows). SE-protein filaments formed networks with different organization and density (B), that
can plug pores at the sieve plates (C, inset). 5 non-serial sections from 10 different plants were analyzed. c:
callose; CC: companion cell; m: mitochondrion; ph: phytoplasma; PPU: pore plasmodesma unit; SE: sieve
element; ser: sieve-element reticulum; sp: sieve plate. Bars: 1 µm.
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Figure 9. TEM micrographs of sieve elements in different infected A. thaliana lines. Different A. thaliana
lines were indicated as follows: A. wild-type, B. Atseor1ko, C. Atseor2ko, D. Atseor1ko/Atseor2kd, E.
Atseor1kd/Atseor2ko, F. Atpp2-a1ko. In infected tissue, wild-type (A) and Atpp2-a1ko (F). SEs showed a
massive presence of agglutinated SE-protein filaments (arrows, insets). Also in A. thaliana lines lacking one
or both AtSEOR genes (B-E), infected SEs showed filaments with morphology and organization similar to
those observed in wild-type plants (arrows, insets). For each condition, 5 non-serial sections from 10 different
plants were analyzed. CC: companion cell; m: mitochondrion; ph: phytoplasma; SE: sieve element. Bars: 1
µm.
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Figure 10. Gene expression level of healthy and infected wild-type and mutant A. thaliana lines. The
expression of AtSEOR1 (A), AtSEOR2 (B) and AtPP2-A1 (C) genes was analysed in healthy and infected
plants of both wild-type and mutant lines by real time RT-PCR experiments. Expression values were
normalized to UBC9 expression level, arbitrarily fixed at 100, then expressed as mean normalized expression
± SD and indicated as transcript abundance. Every gene was significantly up-regulated in infected plants
compared to healthy plants. No significant differences were detected among expression levels in healthy
plants, except for AtSEOR2 in Atpp2-a1ko plants. In infected plants, each gene showed a significant increase
in gene transcription levels in the mutant lines in comparison to the wild-type ones. For each condition, 3
technical repeats from 5 different plants were carried out. Differences between healthy and infected conditions
in each line were calculated using unpaired t-test. Family-wise significance and confidence level: 0.05. * =
P<0.05, ** = P<0.01. For comparisons among the different lines, two-way ANOVA followed by a Dunnett’s test
was used, with wild-type values as control. Family-wise significance and confidence level: 0.05. Different letters
indicate different significance levels. Healthy plants: a: wild-type level, b: P<0.05. Infected plants: A: no
significant difference with wild-type values, B: P<0.05, C: P<0.01, D: P< 0.001, E: P<0.0001.
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Figure 11. Phytoplasma titre in infected leaves of various sieve-element protein A. thaliana mutants.
Phytoplasma quantification in the different A. thaliana lines was detected by qPCR and expressed as the
number of CY phytoplasma genome units (GU)/1 mg of leaf sample. The results are expressed as mean ± SD.
Wild-type, Atseor2ko, Atseor1ko/Atseor2kd and Atpp2-a1ko plants were characterized by similar phytoplasma
titres, while Atseor1ko and Atseor1ko/Atseor2kd plants showed lower mean phytoplasma concentrations. In
every line, 3 technical repeats from 10 different plants were carried out. One-way ANOVA followed by a
Dunnett’s test was used to determine significance, with wild-type values as control. Family-wise significance
and confidence level: 0.05. Different letters indicate different significance levels: A: no significant difference
with wild-type values, B: P < 0.0001
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Figure 12. Phytohormone analysis of midrib and laminar tissue. The phytohormones were analysed in
the leaves deprived of the midrib (L) and in leaf veins (LV), each in healthy (H) and infected (I) condition. The
results are expressed as mean ± SD, calculated as ng phytohormone per g of dried plant tissue. Different A.
thaliana lines were indicated as follows: 1. wild-type, 2. Atseor1ko, 3. Atseor2ko, 4. Atseor1ko/Atseor2kd, 5.
Atseor1kd/Atseor2ko, 6. Atpp2-a1ko. Following infection, ABA level increased in both tissue types and every
A. thaliana line (A). SA concentration decreased in leaf vein tissue (B), while JA (C) and JA-Ile (D) levels rose.
On the other hand, the level of these three hormones remained unaltered in leaf tissue deprived of main veins.
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Figure 12. Phytohormone analysis (continued). cis-OPDA levels oscillated without a clear pattern,
increasing following phytoplasma infection (E). OH-JA concentration values were characterized by a
considerable oscillation (F). Both in healthy and in infected plants, OH-JA-Ile (G) and COOH-JA-Ile (H)
presented a lower concentration in midribs than in other part of the leaf. Following phytoplasma infection a
considerable raise occurred only in leaf deprived of main vein (OH-JA-Ile) or in the whole tissue (COOH-JAIle). For each condition, 5 different plants were analyzed. Differences between healthy and infected conditions
in each line were calculated using unpaired t-test (results were marked with *). For comparisons among the
different lines, two-way ANOVA followed by a Dunnett’s test was used, with wild-type values as control (results
are marked with different letters). Family-wise significance and confidence level (in both tests): 0.05. a, A: no
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significant difference with wild-type values; b, B,*: P<0.05; c, C, **: P<0.01; d, D, ***: P< 0.001; e, E, ****:
P<0.0001.
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LV

L

LV

L

LV

L

LV

L

LV

L

LV

L

H
I
H
I
H
I
H
I
H
I
H
I
H
I
H
I
H
I
H
I
H
I
H
I

117,02
190,31
66,57
189,56
80,20
152,87
56,48
214,36
111,53
191,33
66,95
156,51
114,11
219,09
73,34
226,75
90,51
217,15
58,13
186,49
144,96
220,62
88,28
268,51

3426,40
4630,45
5215,54
2487,03
3802,13
4775,81
3845,77
2754,25
4105,96
4814,45
3947,04
2625,05
4696,65
3615,02
3968,82
2230,30
4968,84
4352,60
4233,36
2534,38
3452,33
3446,18
2940,54
2099,98

SA
918,96
982,31
551,49
2105,40
1822,27
1568,43
1066,17
2323,06
1678,75
1385,08
869,28
2593,28
1577,77
1307,06
1260,50
2195,56
1705,98
1262,17
1723,75
2441,07
859,16
1294,85
1673,19
2638,09

JA
53,14
49,56
29,72
178,89
125,62
96,03
42,94
131,19
128,38
99,04
46,39
240,75
124,23
78,18
61,33
154,93
139,49
69,70
76,00
180,65
49,73
71,39
69,43
171,59

JA-Ile
3017,00
19945,64
1956,78
8936,49
5053,63
21215,95
3865,97
23738,22
4972,06
18218,12
5209,60
9606,20
4406,28
27123,93
3594,79
18380,55
5707,36
22933,79
3305,28
10352,77
2791,00
36450,35
2569,11
17111,75

cis-OPDA

mean (ng/g dried tissue)

2202,83
1856,45
1102,33
1731,87
2413,08
2544,12
1311,15
1223,11
3132,86
2506,41
2025,36
1142,11
1397,01
1956,86
1385,32
1325,28
2429,08
1540,16
1145,42
962,46
1628,85
2270,34
2390,12
919,79

OH-JA
42,36
131,81
18,69
37,00
43,26
125,79
10,66
27,46
77,65
133,54
15,14
33,61
27,20
129,11
8,86
15,72
39,10
154,67
15,04
18,46
45,94
134,48
27,24
43,43

OH-JA-Ile

COOH-JAIle
46,92
279,46
31,74
133,31
69,27
197,19
29,55
115,17
119,25
169,80
28,75
110,89
44,68
293,72
23,82
91,20
70,75
204,05
34,02
99,64
56,62
405,22
36,84
212,60
30,02
69,54
10,80
97,92
10,38
55,59
11,28
63,22
30,23
87,93
18,99
63,57
29,57
19,65
15,43
50,69
23,95
64,03
16,58
65,03
26,97
92,38
14,82
118,49

ABA
1154,21
1345,85
1585,90
557,04
1203,52
432,78
1339,36
743,66
787,16
1109,86
703,10
439,66
1656,37
334,27
945,82
388,85
674,53
964,81
729,07
706,03
630,11
328,27
678,13
113,57

SA
284,85
240,76
301,71
503,20
610,23
432,08
430,62
491,47
332,02
295,39
387,03
497,28
287,24
479,36
220,80
460,35
557,20
318,10
354,61
505,84
154,03
193,71
763,34
327,28

26,43
20,69
19,65
58,11
26,24
36,60
18,72
72,72
52,62
40,01
27,56
76,00
33,02
28,88
29,55
49,17
31,11
17,96
38,88
34,78
18,20
21,17
53,70
23,27

JA-Ile
951,82
5536,69
701,07
2921,31
2437,99
5498,64
1154,47
1783,64
1580,85
4379,43
1231,15
2638,54
1551,83
8231,41
848,64
6983,47
1418,68
5779,23
629,54
3495,53
798,23
5496,34
749,98
4031,35

cis-OPDA
1242,73
500,40
393,83
975,64
688,81
853,17
280,18
675,20
1260,78
1154,86
414,19
166,83
685,67
618,08
533,47
633,68
753,16
575,58
302,75
345,93
1412,56
1317,76
1008,42
332,40

OH-JA

standard deviation (ng/g dried tissue)
JA
34,43
73,90
17,42
28,19
24,48
55,20
3,64
24,64
76,78
78,44
3,80
28,40
23,64
60,67
5,42
9,32
28,66
78,96
10,23
22,82
42,98
116,27
13,66
28,09

OH-JA-Ile

COOH-JAIle
22,01
112,34
24,04
62,70
41,78
62,59
9,66
69,54
97,16
118,74
13,83
13,97
44,38
140,81
10,99
64,81
54,97
83,43
30,85
96,12
26,85
169,90
16,32
171,31

Figure S1. Phytohormone analysis. The phytohormones were analysed in the leaves deprived of the midrib (L)
and in leaf veins (LV), in healthy (H) and infected (I) conditions. Mean and SD were calculated as ng phytohormone
per g of dried plant tissue. For each condition, 5 different plants were analyzed.
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5. Discussion and conclusions.
Phytoplasmas are unique bacteria that can efficiently colonize and replicate intracellularly in hosts
belonging to two different kingdoms. This capability implies the pathogen capability to intimately
adapt to host cells and the evolution of mechanisms for manipulation of host cellular processes
(Christensen et al., 2005). In plants, phytoplasmas are confined into the phloem tissue, in SEs,
specialised enucleated living cells responsible for the phloem flow and the photosynthate
translocation (Bertaccini and Duduk., 2009). In infected plants, macroscopic symptoms suggest a
strong alteration of phloem functionality (Himeno et al., 2014; Loebenstein et al., 2009), but no
specific analyses were carried out to explain this phenomenon and its consequence on phytoplasma
fitness. The most promising candidates as cause of phloem impairment are callose deposition and SEprotein filament agglutination (Musetti et al., 2010). While TEM observations clearly documented a
clear reduction of the sieve pore lumen by callose deposition (De Marco et al., 2016; Musetti et al.,
2010), the role of SE-protein filaments in sieve pore plugging have been remained uncertain, even in
physiological conditions (Knoblauch et al., 2014). So, investigating the interaction between
phytoplasmas and their host could help in understanding not only the biology of phytoplasmas but
also that of the most specialized cells of the phloem.
In the present work, various microscopic techniques, such as Light- (LM), Epifluorescence- (EFM)
and Confocal Laser Scanning Microscopy (CLSM) and TEM, were used. The combination of
observations from fresh and embedded tissue provides information both on ultrastructural and
physiological modifications in SEs following phytoplasma infection.
TEM observations allowed a detailed analysis of site-specific interaction between pathogen and
host. While many phytoplasmas were in the SE lumen free-floating or dividing, other phytoplasmas
adhered to SE plasma membrane and SER stacks. Even if TEM micrographs represent just fixed shots
and no consequential order can be inferred, further information has been gained, confirming what
reported and speculated previously (Buxa et al., 2015; Musetti et al., 2016) and individuating another
linking site between the two organisms at SER level. The connection structure resulted in a continuity
layer between phytoplasma membrane and SER stacks. Even if it was not possible to understand if
this structure consists in an open channel or not, SER is considered an important source of proteins
and metabolites available for intracellular pathogens (Swanson and Isberg, 1995) and thus represents
a convincing candidate for phytoplasma nutrition stores. At the same time, mechanisms different from
bulk flow could be supposed considering the fact that phytoplasmas probably rely strongly on the
uptake of nutrients by membrane transport processes and in general it is still unclear how
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phytoplasmas catch resources from the host for their metabolism, growth and multiplication
(Christensen et al., 2005; Saigo et al., 2014; Siewert et al., 2014).
LM and EFM observations completed the symptom examination, demonstrating that A. thaliana
is a reliable model plant for studying phytoplasma-plant interaction (Pagliari et al., 2016).
A. thaliana has emerged in the last thirty years as model system for research in plant biology and
mutant lines are available by request to stock centres (Koornneef and Meinke, 2010). For this project,
5 mutant lines were used, lacking one or two genes related to SE-protein filament (AtSEOR1 At3g01680-, AtSEOR2 -At3g01670- and AtPP2-A1 -At4g19840-), both in healthy and infected
condition.
CLSM observations gave the opportunity to move from a fixed and descriptive point of view to a
physiological approach, investigating alleged phytoplasma affection to phloem mass flow. The
protocol used didn’t alter phloem physiology (Knoblauch et al., 2014), so an effective comparison
between healthy (intact) and infected (stressed) plants was possible. On the other hand, mutant lines
offered the chance to study the involvement of SE-protein in phloem impairment mechanism. The
combined results from CLSM and TEM observations suggested that SE-protein filaments cause
phloem impairment only in case of a massive SE-protein production in its wild-type form. The use of
both intact and stressed conditions finally matches with previous and opposite records on the topic
(Ernst et al., 2012; Froelich et al., 2011; Jekat et al., 2013), confirming SE-protein as a structural
protein activated in defence mechanisms. Moreover, comparison between wild-type and mutant lines
indicated that SE-protein filaments don’t perform a simple mechanical function, but they interact with
the surrounding environment. Besides fitting with CSLM images, TEM images also raised another
interesting question, showing that that in case of stressful condition SE-protein filament formation
can overawed AtSEOR1 and AtSEOR2 absence, corroborating the previous hypothesis about a wider
protein composition of the SE-protein filament (Ansteadt et al., 2012; Jekat et al., 2013). Even if
results obtained by gene expression analysis suggested a possible compensation attempt by the plant,
extensive expression analyses, such as mRNA sequencing, are necessary.
In order to study if and how SE-proteins may affect phytoplasmas, molecular and biochemical
analyses were also carried out. Gene expression analyses confirmed the SE-protein involvement in
phytoplasma infection. Phytoplasma quantification established that does not exist any correlation
between phloem impairment and pathogen replication and spread capability, indicating that plant
activate other defence mechanisms. For this reason, phytohormone investigation was carried out.
The separation of midrib and the remaining tissue allowed a site-specific study and revealed an
increased JA concentration at midrib level in case of infection. Even if it is not possible to exclude
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that JA rise is limited to 'Candidatus Phytoplasma asteris'- A. thaliana interaction, the specific
analysis of the main veins in other phytoplasma-plant pathosystems confirmed that midrib-specific
JA burst is not an isolated phenomenon (Luge et al., 2014; Punelli et al., 2016). The correlation that
might intervene between phytoplasma infection and JA defence response is reinforced by the fact that
increase in cis-OPDA level, the JA precursor, seems to be related to lower phytoplasma titre.
However, further experiments are necessary, to confirm the possible relation between JA, cis-OPDA,
phytoplasma infection and their ability to multiply. Many ways could be followed, but the extensive
screening on the expression of JA- and cis-OPDA-related defence genes (Jimenez-Aleman et al.,
2015) and the use opr Arabidopsis mutant lines, lacking the 12-oxophytodienoic acid reductase
required for jasmonate synthesis (Stintzi and Browse, 2000), seem to be promising.
Nevertheless, the data obtained with this survey confirm again the infinite complexity of plantpathogen interaction and how long is still the way for a good comprehension of both phloem and
phytoplasma physiology.
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Papers.

Paper 1.
Title: OHMS**: phytoplasmas dictate changes in sieve-element ultrastructure to
accommodate their requirements for nutrition, multiplication and translocation
Authors: Musetti, R., Pagliari, L., Buxa, S. V., Degola, F., De Marco, F., Loschi, A., ... & van
Bel, A. J.
Year of publication: 2016
Journal: Plant signaling & behavior, 11(2), e1138191
Abstract: Phytoplasmas are among the most recently discovered plant pathogenic
microorganisms so, many traits of the interactions with host plants and insect vectors are still unclear
and need to be investigated. At now, it is impossible to determine the precise sequences leading to
the onset of the relationship with the plant host cell. It is still unclear how phytoplasmas, located in
the phloem sieve elements, exploit host cell to draw nutrition for their metabolism, growth and
multiplication.In this work, basing on microscopical observations, we give insight about the structural
interactions established by phytoplasmas and the sieve element plasma membrane, cytoskeleton,
sieve endoplasmic reticulum, speculating about a possible functional role.
Keywords: actin, plasma membrane, phytoplasma, phytoplasma adhesion, phytoplasma
anchoring, sieve elements, sieve-element reticulum
Doi: 10.1080/15592324.2016.1138191

Paper 2.
Title: Epifluorescence microscopy imaging of phytoplasmas in embedded leaf tissues using
DAPI and SYTO13 fluorochromes
Authors: Buxa S. V., Pagliari, L., & Musetti, R.
Year of publication: 2016
Journal: MICROSCOPIE
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Abstract: The use of DNA-specific dyes, i. e. DAPI, is extensively reported for phytoplasma
detection in fresh plant materials. However, fluorescence-based microscopy and imaging of fresh
tissues often evidences technical limitations which are more significant in infected tissues, because
phenolic and other defense-related compounds accumulate in the cell wall and in the vacuole making
difficult sample preparation. In this paper, we describe a method based on the use of epifluorescence
microscopy and the DNA probes DAPI and SYTO13® for phytoplasma visualization in resinembedded plant tissues. The method allows detection of phytoplasmas and it is recommended for
tissues that are recalcitrant to conventional imaging.
Keywords: DAPI, epifluorescence microscopy, phytoplasmas, stolbur, SYTO13®, tomato
Doi: 10.4081/microscopie.2016.5271

Paper 3.
Title: Looking inside phytoplasma-infected sieve elements: A combined microscopy
approach using Arabidopsis thaliana as a model plant
Authors: Pagliari, L., Martini, M., Loschi, A., & Musetti, R.
Year of publication: 2016
Journal: Micron
Abstract: Phytoplasmas are phloem-inhabiting plant pathogens that affect over one thousand plant
species, representing a severe threat to agriculture. The absence of an effective curative strategy and
the economic importance of many affected crops make a priority of studying how plants respond to
phytoplasma infection. Nevertheless, the study of phytoplasmas has been hindered by the extreme
difficulty of culturing them in vitro and by impediments to natural host plant surveys such as low
phytoplasma titre, long plant life cycle and poor knowledge of natural host-plant biology. Stating
correspondence between macroscopic symptoms of phytoplasma infected Arabidopsis thaliana and
those observed in natural host plants, over the last decade some authors have started to use this plant
as a model for studying phytoplasma-plant interactions. Nevertheless, the morphological and
ultrastructural modifications occurring in A. thaliana tissues following phytoplasma infection have
never been described in detail. In this work, we adopted a combined-microscopy approach to verify
if A. thaliana can be considered a reliable model for the study of phytoplasma-plant interactions at
the microscopical level.
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The consistent presence of phytoplasma in infected phloem allowed detailed study of the infection
process and the relationship established by phytoplasmas with different components of the sieve
elements. In infected A. thaliana, phytoplasmas induced strong disturbances of host plant
development that were mainly due to phloem disorganization and impairment. Light microscopy
showed collapse, necrosis and hyperplasia of phloem cells. TEM observations of sieve elements
identified two common plant-responses to phytoplasma infection: phloem protein agglutination and
callose deposition.
Keywords: Phytoplasma; Arabidopsis thaliana; Phloem; Combined microscopy
Doi: 10.1016/j.micron.2016.07.007

Paper 4.
Title: Combined microscopy and molecular analyses show phloem occlusions and cell wall
modifications in tomato leaves in response to ‘Candidatus Phytoplasma solani’
Authors: De Marco, F., Pagliari, L., Degola, F., Buxa, S. V., Loschi, A., Dinant, S., ... & Musetti,
R.
Year of publication: 2016
Journal: Journal of microscopy
Abstract: Callose deposition, phloem-protein conformational changes and cell wall thickening
are calcium-mediated occlusions occurring in the plant sieve elements in response to different biotic
and abiotic stresses. However, the significance of these structures in plant–phytoplasma interactions
requires in-depth investigations. We adopted a novel integrated approach, based on the combined use
of microscopic and molecular analyses, to investigate the structural modifications induced in tomato
leaf tissues in presence of phytoplasmas, focusing on vascular bundles and on the occlusion
structures. Phloem hyperplasia and string-like arrangement of xylem vessels were found in infected
vascular tissue. The diverse occlusion structures were differentially modulated in the phloem in
response to phytoplasma infection. Callose amount was higher in midribs from infected plants than
in healthy ones. Callose was observed at sieve plates but not at pore-plasmodesma units. A putative
callose synthase gene encoding a protein with high similarity to Arabidopsis CalS7, responsible for
callose deposition at sieve plates, was upregulated in symptomatic leaves, indicating a modulation in
the response to stolbur infection. P-proteins showed configuration changes in infected sieve elements,
exhibiting condensation of the filaments. The transcripts for a putative P-protein 2 and a sieve element
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occlusion-related protein were localized in the phloem but only the first one was modulated in the
infected tissues.
Keywords: Callose, phloem, phytoplasma, P-proteins, tomato.
Doi: 10.1111/jmi.12426
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Abstracts.

Abstract 1
Title: A combined microscopy approach to study plant-phytoplasma interaction using
Arabidopsis thaliana
Authors: Pagliari, L., & Musetti, R.
Year of publication: 2016
Congress: The 16th European Microscopy Congress 2016
Abstract: Phytoplasmas, obligate parasites of plants and phloem-feeding insects, belong to
Mollicutes (Lee et al., 2004) and are associated with several hundreds of diseases affecting over one
thousand plant species, including many economically important crops (Marcone, 2014). There is no
effective curative strategy available so far, so the sole ways to limit the infection outbreaks are the
use of insecticides and the removal of symptomatic plants (Bertaccini et al., 2014). Even if not all
infections are necessarily deleterious, symptoms in infected plants suggest heavy disorders of phloem
functions and growth-regulator balancing (Lee et al., 2000). Upon their discovery (Doi et al., 1967),
the study of phytoplasmas has been hindered by the extreme difficulty to culture them in vitro, due
to their lack of fundamental metabolic pathways (Bai et al., 2006). Moreover, the study in natural
plant hosts is often limited by environmental conditions, long plant life cycle and poor knowledge of
host-plant biology. Therefore, in the last decade some authors suggested to use Arabidopsis thaliana
as model plant for studying phytoplasma-plant interactions. This choice was supported by the
correspondence between the macroscopic symptoms developed in infected A. thaliana and those
observed in natural host plants (Bressan and Purcell, 2005; Hoshi et al., 2009; Cettul and Firrao,
2011; MacLean et al., 2011). Nevertheless, morphological and ultrastructural modifications occurring
in infected A. thaliana tissues have never been described in detail. In this work, we adopted a
combined microscopy approach to verify if this plant is a reliable model for the study of phytoplasmaplant interactions at microscopical level. Using DAPI and fluorescence microscopy (FM),
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phytoplasma presence and localization were demonstrated in every infected plant. Transmission
electron microscopy (TEM) observations confirmed phytoplasma massive presence into the sieve
elements (SEs) (Figure 1). Phytoplasma appeared well preserved, with typical pleomorphic shape,
free-floating and dividing in the lumen or adhered to SE membrane, probably connecting to the host
(Marcone et al., 2014; Buxa et al., 2015). Phytoplasmas also established relationships with sieve
element reticulum (SER). Pathogen presence, probably linked to nutrient uptake (Celli et al., 2015;
Musetti et al., 2016), caused SER hyperproliferation, as observed in many other plant-phytoplasma
interaction (Rudzinska-Langwald and Kaminska, 2001; Buxa et al., 2015) (Figure 1). Pathogen
spread was documented by the passage through sieve pores. As remarked above, phytoplasma
presence affected host plant development (Lee et al., 2000). In infected A. thaliana plants, light
microscopy (LM) evidenced a profound disturbance in phloem morphology at histological level,
mainly consisting in collapse, necrosis and hyperplasia of the phloem components. The relationship
between necrosis and hyperplasia could be explained as a plant response to the impaired phloem
functionality (Oshima et al., 2001) or due to pathogen effectors (Bai et al., 2009; Sugio et al., 2011).
At ultrastructural level, as previously observed in other phytoplasma hosts (Musetti et al., 2000; 2013;
Kaminska et al., 2001; Santi et al., 2013), phloem components showed plasmolysis or were collapsed
or necrotized. Even in vital SEs, abnormalities of cell membrane profile and cell wall thickness were
visible. TEM observations showed two typical plant responses to phytoplasma infection: phloemprotein agglutination and callose deposition at the sieve plates, which limited sieve-pore diameter
(Figure 1). These phenomena have been interpreted as a plant reaction to physically limit pathogen
spread (Lherminier et al., 2003; Gamalero et al., 2010; Luna et al., 2011; Musetti et al., 2010; 2013).
Phloem functionality experiments using CFDA and confocal laser scanner microscopy (CLSM)
suggested that sieve-pore obstruction leads to phloem impairment (Figure 2 A, C). This phenomenon
is also associated to the accumulation of photo-assimilates, visible as chloroplast starch deposits
under LM and TEM (Figure 2 B, D), as previously reported in other host plants (Maust et al., 2003;
Junqueira et al., 2004; Musetti et al., 2013). This study proved that phloem tissue of infected A.
thaliana presented the main morphological and ultrastructural response to phytoplasma infection as
reported in natural hosts. Moreover, analyses carried on A. thaliana were not affected by troubles
linked to low phytoplasma titre and uneven distribution, typical of woody plants. Therefore, we can
state that A. thaliana revealed a reliable model plant for phytoplasma-plant interactions, concerning
both macroscopic symptoms and morphological and ultrastructural changes.
Keywords: combined microscopy, plant-pathogen interaction
Doi: 10.1002/9783527808465.EMC2016.6047
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Abstract 2.
Title: SEO1 AND SEO2 GENES ARE INVOLVED IN THE RESPONSE OF
ARABIDOPSIS TO PHYTOPLASMA INFECTION
Authors: Pagliari, L., Buxa, S.V., Martini, M., Musetti, R.
Year of publication: 2015
Congress: XXI SIPAV National Congress 2015
Journal: Journal of Plant Pathology
Abstract: Phytoplasmas are plant-pathogenic prokaryotes restricted to the sieve elements and
transmitted from plant to plant by phloem feeding insects. Curative strategies are not available so far,
therefore plant natural defence mechanisms, mainly those occurring in the sieve elements, should be
studied more in depth. One of the first responses of the sieve elements undergoing pathogen attack
(or abiotic stimuli) is the aggregation of the Phloem protein (P-protein) filaments. P-proteins are able
to plug affected sieve elements likely to avoid pathogen diffusion, moreover they seem to have a role
also in the systemic defence signalling. Nevertheless, the role of the P-proteins during plant-pathogen
interactions is still matter of debate. Among the genes encoding for P-proteins, AtSEOR1 and
AtSEOR2 are reported to be essentials for filament formation in Arabidopsis thaliana. To evaluate
the effective role of P-proteins in the limitation of phytoplasma spread through the sieve elements,
wild type and mutant (knockout for AtSEOR1 or AtSEOR2 or both) A. thaliana plants have been
used and infected with ‘Candidatus Phytoplama asteris’. Lacking AtSEOR1 and AtSEOR2 in healthy
plants caused the absence of P-protein filaments: this did not affect plant phenotype, tissue
morphology nor sieve-element ultrastructure. Both wild type and knockout infected plants developed
disease symptoms, but in knockout plants they were more severe. Surprisingly, infected knockout
plants evidenced filaments in the sieve elements, morphologically identical to the ones observed in
wild type plants. On the other hand, filaments should not be as effective as the ones in wild type
plants. Experiments carried out using CFDA and confocal microscope demonstrated that sieveelement mass flow was significantly reduced only in infected wild type plants.
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