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Abstract

Apple proliferation (AP) represents a serious threat to several fruit-growing areas and is 

responsible for great economic losses. Several studies have highlighted the key role played by the 

cell wall in response to pathogen attack. The existence of a cell wall integrity signaling pathway 

which senses perturbations in the cell wall architecture upon abiotic/biotic stresses and activates 

specific defence responses has been widely demonstrated in plants. More recently a role played by 

cell wall-related genes has also been reported in plants infected by phytoplasmas. With the aim of 

shedding light on the cell wall response to AP disease in the economically relevant fruit-tree 

Malus × domestica Borkh., we investigated the expression of the cellulose (CesA) and callose 

synthase (CalS) genes in different organs (i.e., leaves, roots and branch phloem) of healthy and 

infected symptomatic outdoor-grown trees, sampled over the course of two time points (i.e., spring 

and autumn 2011), as well as in in vitro micropropagated control and infected plantlets. A strong 

up-regulation in the expression of cell wall biosynthetic genes was recorded in roots from infected 

trees. Secondary cell wall CesAs showed up-regulation in the phloem tissue from branches of 

infected plants, while either a down-regulation of some genes or no major changes were observed 

in the leaves. Micropropagated plantlets also showed an increase in cell wall-related genes and 

constitute a useful system for a general assessment of gene expression analysis upon phytoplasma 

infection. Finally, we also report the presence of several ‘knot’-like structures along the roots of 

infected apple trees and discuss the occurrence of this interesting phenotype in relation to the gene 

expression results and the modalities of phytoplasma diffusion.
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Introduction

Phytoplasmas are cell wall-free phloem-restricted bacteria belonging to the class Mollicutes, 

which are able to manipulate the metabolism of insects and plants, since their life cycle 

involves replication steps which take place in organisms belonging to two different 

kingdoms (Hogenhout et al. 2008).

Among the diseases caused by phytoplasmas, apple proliferation (AP) certainly constitutes a 

serious concern for the economy of many apple-growing areas in Central and Southern 

Europe (Rekab et al. 2010, Baric et al. 2011a). It is caused by ‘Candidatus Phytoplasma 

mali’ (Ca P. mali) (Seemüller and Schneider 2007), a bacterium recommended for regulation 

as quarantine pest by EPPO (European and Mediterranean Plant Protection Organization; 

http://www.eppo.org/QUARANTINE/listA2.htm), which can be transmitted through grafting 

of infected propagation material (Kartte and Seemüller 1988) and by sap-feeding insects 

(Frisinghelli et al. 2000, Tedeschi and Alma 2004). In addition, transmission of Ca. P. mali 

through root anastomoses (i.e., root bridges) has also been reported, both experimentally and 

naturally (Ciccotti et al. 2007, Baric et al. 2008).

The specific symptoms at the outbreak of AP are characterized by the typical ‘witches’ 

brooms’, enlarged stipule phenotypes, accompanied by less specific signs, like foliar 

reddening and yellowing, growth suppression, vigor reduction, increased susceptibility to 

powdery mildew infections and development of undersized/unmarketable fruits (Kartte and 

Seemüller 1988, Lee et al. 2000, Bertaccini 2007).

Infected apple trees usually display a non-homogeneous distribution of the pathogen (Rekab 

et al. 2010, Baric et al. 2011b). Canopy infection indeed follows a seasonal fluctuation: 

during winter the bacteria persist in the roots and disappear from the aerial parts, because of 

the almost complete degeneration of the phloem in the trunk and the branches (Schaper and 

Seemüller 1984, Musetti et al. 2010, Baric et al. 2011b). The root system, where intact sieve 

tubes are present throughout the year, constitutes a ‘reservoir’ where the bacteria overwinter 

and under circumstances recolonize the newly formed phloem in the canopy during spring 

(Seemüller et al. 1984, Bisognin et al. 2008).

The infected trees can sometimes spontaneously show a transient or permanent remission 

(recovery) of the disease symptoms (Seemüller et al. 1984, Carraro et al. 2004). Although all 

the molecular events of this complex phenomenon are still not completely understood, it has 

been recently shown that the cell wall-related enzyme callose synthase (CalS) and the 

phloem-protein plugging of the sieve tubes play a key role in favoring this process (Musetti 

et al. 2010). Callose and phloem protein deposition are calcium (Ca2+)-dependent processes. 

Ca2+ plays a pivotal role in the plant–pathogen interaction: one of the promptest responses 

upon pathogen attack is indeed the increase in its cytosolic concentration and it has been 

demonstrated to act both upstream and downstream of reactive oxygen species (ROS) 

production (Torres et al. 2006). Ca2+ signaling has also been shown to play a key role in the 

establishment of recovery from AP disease in apple plants (Musetti et al. 2010): a higher 

concentration of Ca2+ has been observed in the leaves of recovered apple plants, which is 

consistent with the increase in the expression of CalS and PP2 genes in those leaves.
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The plant cell wall is a complex structure and its basic structural component is cellulose, a 

polymer of glucose units arranged in a network of microfibrils embedded in a matrix of 

heteropolymers, i.e. pectins and hemicelluloses (Cosgrove 1997, 2005). The cell wall plays 

an important role in plant physiology: it indeed regulates cell growth, controls cell volume, 

mediates stress response signaling (Ellis et al. 2002, Joubert et al. 2011, Ramírez et al. 2011) 

and constitutes a barrier against pathogens and water loss (Sieber et al. 2000).

Recent studies carried out on grapevine, as well as on apple and apricot have contributed to 

shed light on the role of cell wall-related genes after phytoplasma infection: in particular, 

genes involved in cell wall degradation were repressed, while those responsible for cell wall 

reinforcement were induced to limit the spread and invasion sites of the pathogen (Musetti et 

al. 2005, 2010, 2011, Albertazzi et al. 2009).

The presence of a cell wall integrity (CWI) signaling pathway in plants, similar to that 

present in the yeast Saccharomyces cerevisiae (Levin 2005), has been demonstrated 

(Hématy et al. 2007, 2009, Humphrey et al. 2007, Ringli 2010, Hamann and Denness 2011): 

the cell wall acts as a sensor of its own structural and functional integrity, which is usually 

compromised in situations of exogenous stresses or genetic perturbations (Steinwand and 

Kieber 2010). Signaling cascades are then activated, which in their turn trigger hormone 

responses (Caño-Delgado et al. 2003, Hernández-Blanco et al. 2007, Duval and Beaudoin 

2009, Zhang et al. 2011), ectopic lignin deposition (Vance et al. 1980, Caño-Delgado et al. 

2000, 2003, Fagard et al. 2000, Xu et al. 2008, Denness et al. 2011) and/or the synthesis of 

antimicrobial secondary metabolites (Hernández-Blanco et al. 2007).

With the purpose of investigating the cell wall response of the recently sequenced fruit tree 

Malus × domestica Borkh. (Velasco et al. 2010) to Ca. P. mali infection, we studied the 

seasonal expression of apple cellulose and callose synthase genes (designated MdCesA and 

MdCalS), by analyzing three different organs from healthy and Ca. P. mali-infected trees, as 

well as in vitro micropropagated control and infected apple plantlets. This is to our 

knowledge the first study providing a comprehensive analysis of the expression of the CesA 
and CalS genes in different organs of a relevant fruit tree, in response to phytoplasma 

infection.

Materials and methods

Plant material

The experimental plants (Malus × domestica Borkh. ‘Golden Delicious’ Clone B on M9 

rootstock) were obtained in March 2008 as knip-boom trees from a commercial nursery. The 

plants were potted during late March in Gramoflor substrate (Manna, Italy) in 3.5 l pots and 

grown outdoor in an insect-proof tunnel at the Research Centre for Agriculture and Forestry 

Laimburg (South Tyrol, northern Italy).

The following year, the trees were repotted in 9 l pots and in 25 l pots in 2011. Each year the 

plants were fertilized [(Plant Prod 20-5-30 + B + Cu + Zn) + N (total 0.7 g/plant)] with urea 

at intervals of ~2 weeks, from April to July. In order to inoculate the experimental plants 

with Ca. P. mali, shoots were cut from apple trees from a commercial orchard. The orchard 
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(‘Golden Delicious’ on M7 rootstock) was located in Tramin/Termeno (South Tyrol) and 

comprised a high percentage of trees naturally infected by AP and showing pronounced 

disease symptoms. Shoots were also obtained from healthy apple trees to treat the control 

plants the same way as the infected ones. The presence/absence of the pathogen in the donor 

plants was confirmed by a highly sensitive real-time polymerase chain reaction (PCR) 

detection approach (Baric and Dalla Via 2004, Baric et al. 2006). Samples tested positive for 

the phytoplasma were further typed at genes encoding a rhodanese-like protein and the 

ribosomal protein L22, as described by Baric et al. (2011a). All the infected donor trees used 

for this study carried the phytoplasma subtype AT-2/rpX-A, which is most common in the 

study area of South Tyrol (Baric et al. 2011a).

Chips were cut from the shoots of infected and healthy donor plants and the inoculation of 

potted apple trees occurred in August 2008 (plants were 2 years old at the time of infection), 

using the chip-budding technique. Each plant was grafted with 2–3 chip buds. The first 

evaluation of symptoms was carried out in October 2009, the last in September 2011. The 

health status of the experimental plants was also tested on roots by real-time PCR (Baric and 

Dalla Via 2004, Baric et al. 2006). A total of 12 healthy and 12 symptomatic infected trees 

(3 biological replicates, each with a pool of 4 trees) were used for this study.

Approximately 5 g of tissues were collected (during mid-May and mid-October 2011; the 

plant material was always harvested between 9 and 11 a.m.), soil from roots was eliminated 

using a soft brush, then the harvested tissues were snap-frozen in liquid nitrogen and 

immediately brought to the laboratory for subsequent RNA extraction, or long-term storage 

at −80 °C.

In addition to the apple trees grown in pots in an insect-proof tunnel, in vitro 

micropropagated plantlets were analyzed in this study.

In vitro cultures of healthy (control) and infected ‘Golden Delicious’ were established and 

propagated according to the protocol of Jarausch et al. (1996) and Ciccotti et al. (2008). 

Cultures were incubated in a growth chamber at 23 ± 2 °C under 16 h photoperiod with 

cool-white fluorescent light (60 μE m−2 s−1). Diseased cultures were derived from apple 

plants infected experimentally with Ca. P. mali by Cacopsylla picta (Frisinghelli et al. 2000). 

The presence of subtype AT-2/rpX-A in the in vitro plantlets was confirmed using the 

procedure of Baric et al. (2011a).

A total of 30 homogeneously growing in vitro plantlets, healthy and infected respectively, 

sampled after 30 days of culture, were used in this study (3 biological replicates, each 

corresponding to 10 pooled plantlets).

Data mining and bioinformatics analysis

The identification of putative full-length CesA and CalS genes from M. × domestica was 

carried out first by performing BLASTp searches of the predicted apple CESA and CALS 

homologs (http://www.rosaceae.org/projects/apple_genome) against non-redundant protein 

databases of Populus balsamifera L. ssp. trichocarpa (Torr. & Gray ex Hook.) and 

Arabidopsis thaliana (L.) Heynh. from the National Centre for Biotechnology (NCBI; http://
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www.ncbi.nlm.nih.gov). The percentage of identities between M. × domestica/P. trichocarpa 
and M. × domestica/A. thaliana were then compared. Transmembrane domain prediction 

(Krogh et al. 2001) was performed using the license-free software program TMHMM 

(http://www.cbs.dtu.dk/services/TMHMM-2.0/) and the neighbor-joining phylogenetic tree 

was built using BIONJ (Dereeper et al. 2008), after aligning the conserved amino acid 

regions shown in Figure S1 available as Supplementary Data at Tree Physiology Online 

using ClustalW (Larkin et al. 2007).

RNA extraction, cDNA synthesis and real-time PCR

Total RNA was extracted from 100 mg of apple tissue, by using the RNeasy Plant Mini Kit 

(Qiagen, Milan, Italy), coupled with the on-column DNaseI digestion. Leaves (including the 

midribs, from the middle part of the canopy) and roots (~6–8 mm thick and 8 cm long, from 

which bark was removed with a sterile razor blade) were pulverized in liquid nitrogen (to 

help the pulverization process, the whole root was ‘shaved’ with a blade while keeping it 

frozen during processing), using a mortar and a pestle. Phloem shavings from branches were 

prepared using a sterile blade, after removal of the outer bark. RNA from in vitro 

micropropagated plantlets was extracted as described by Gambino et al. (2008), after having 

thoroughly rinsed the plants to remove agar and pulverized the stem and leaves in liquid 

nitrogen.

The quality of the extracted RNA was checked by electrophoresis and the concentration 

measured using a NanoDrop ND-1000 spectrophotometer.

Two hundred nanograms of extracted RNA were retro-transcribed using the Superscript Vilo 

cDNA Synthesis Kit (Invitrogen, Milan, Italy), following the manufacturer’s instructions.

The primers used to perform real-time PCR analyses on the CesA genes are the same as 

reported in Guerriero et al. (2012). The CalS primers are reported in Table 1 and their 

specificity was tested in preliminary PCRs. The PCR products obtained were cloned using 

the pGEM-T Easy Vector System (Promega, Milan, Italy) and then sequenced at GATC 

(Konstanz, Germany) with the universal primers M13 Fwd and M13 Rev.

For quantitative real-time PCR analysis, ~20 ng cDNA were used as template. The cDNA 

was amplified using the SYBR GreenER qPCR SuperMix Universal (Invitrogen, Milan, 

Italy) on a 7500 Fast Real-time PCR System (Applied Biosystems, Milan, Italy), with the 

ROX Reference Dye.

The reactions were performed in triplicate and repeated on three biological independent 

replicates. The PCR conditions consisted of an initial denaturation at 95°C for 10 min, 

followed by 40 cycles of denaturation at 95°C for 15 s, annealing/extension at 57°C for 60 s. 

A dissociation kinetics analysis was performed at the end of the experiment to check the 

specificity of annealing.

The results were analyzed with Q-gene software (Muller et al. 2002) and normalized against 

the housekeeping genes Ubiquitin and GAPDH (accession numbers EB109811 and 

CN929227, respectively). The values are expressed as log MNE (mean normalized 

expression), to facilitate visualization and comparison of the graphs. Following a 
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Kolmogorov–Smirnov test, which confirmed normal distribution of data, the analysis of 

variance two-factor with replication test, as implemented in the QI Macros SPC Software for 

Excel, was performed.

Microscopic observation of apple roots

Thin cross sections of roots from control and infected trees were prepared by hand, using a 

sterile surgical blade. The sections were subsequently mounted on a microscope slide and 

observed by bright-field microscopy (N Plan ×40/0.65 objective, Leica DMRB, Leica AG, 

Heerbrug, Switzerland).

Results and discussion

Domesticated apple has 12 putative CalS genes

Data mining of the recently sequenced apple genome (Velasco et al. 2010) showed the 

presence of 13 putative CesA (Guerriero et al. 2012) and 12 CalS genes (this study). Taking 

into account the identity percentages with the orthologs from A. thaliana, we propose a 

nomenclature for M. × domestica CalS genes (Table 2 and Figure 1), The putative CalS 
genes code for proteins (hereafter referred to as CALS) displaying between 9 and 19 

transmembrane helices and a deduced polypeptide length of 1478–2206 amino acids (Table 

2).

The alignment included 22 protein sequences and was performed by aligning the conserved 

regions shown in Figure S1 available as Supplementary Data at Tree Physiology Online. The 

neighbor-joining phylogenetic tree of CALS from A. thaliana and M. × domestica shows 

well-supported branches for apple orthologs of AtCALS3, AtCALS5, AtCALS7, AtCALS8, 

AtCALS9 and AtCALS12 (Figure 1).

Interestingly, we found two apple orthologous genes of AtCalS7, shown to be involved in 

phloem transport (Barratt et al. 2011, Xie et al. 2011), which we named MdCalS7-A and B. 

This probably reflects a more complex transport system in the sieve tubes of M. × domestica 
which required the differentiation of two genes. We also found two orthologs of AtCALS3, 

an enzyme involved in callose deposition at the plasmodesmata (Vatén et al. 2011), as well 

as of AtCALS5, involved in exine formation in pollen wall (Dong et al. 2005). The 

differentiation of two CalS3 genes in M. × domestica could reflect a fine-tuning of callose 

deposition at the plasmodesmata during sieve tubes development and/or pathogen response. 

Functional studies are nevertheless necessary to investigate the role(s) of these genes and 

whether they have redundant functions.

MdCALS1 and MdCALS2, the orthologs of AtCALS1 and AtCALS2, cluster together 

(Figure 1) and this might reflect their functional redundant role in vivo in domesticated 

apple, as already previously reported in A. thaliana (Hong et al. 2001).

Gene expression analysis in different organs of potted apple trees

In our experimental system, the biggest changes in gene expression upon phytoplasma 

infection could be observed in the roots of apple trees (Figure 2a and b). In the infected roots 

collected during spring, it was possible to observe an increase in the expression of seven 
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CesA genes: in particular there was a strong induction of MdCesA1-A (56-fold), MdCesA4-
A (79600-fold), MdCesA6-B (121-fold) and MdCesA6-E (16500-fold) and a milder up-

regulation of MdCesA1-B (5-fold), MdCesA7 (7-fold) and MdCesA6-D (1.8-fold) (Figure 

2a). Ten of the CalS genes identified in domesticated apple were also induced in infected 

roots sampled in spring (Figure 2b). Among these, it is particularly noteworthy to mention 

MdCalS7-A (94-fold), one of the apple orthologs of AtCalS7, recently shown to be involved 

in phloem transport (Barratt et al. 2011, Xie et al. 2011), MdCalS3-A and B (17.5-fold and 

77-fold respectively), orthologs of AtCalS3 involved in callose deposition at the 

plasmodesmata (Vatén et al. 2011), that are structures through which effector proteins can be 

transmitted from cell to cell (Sugio et al. 2011) and MdCalS12 (20-fold), the ortholog of 

AtCalS12, shown to be up-regulated in response to fungal and oomycete pathogens (Jacobs 

et al. 2003, Nishimura et al. 2003, Dong et al. 2008).

In infected roots collected during autumn an induction of almost all the cell wall genes 

analyzed was observed. Interestingly, the overall expression level of the genes investigated 

was lower than that in the spring (Figure 2a and b), both in control and infected roots. This 

behavior in the tissues from healthy trees might be explained by a seasonal effect on M. × 

domestica roots during winter. M. × domestica is a deciduous tree characterized by 

dormancy during winter, a season during which the growth of the roots is significantly 

reduced: it is therefore possible to relate the lower levels in gene expression observed in 

control roots in autumn to the changes in the metabolism of the tree entering the winter 

period. Similarly, the gene expression profile observed in infected roots might be due to the 

seasonal effect, but at the same time also reflect the difference in pathogen concentration in 

the two seasons analyzed. A recent study carried out using a TaqMan real-time PCR 

approach (Baric et al. 2011b) has indeed shed some light on the seasonal colonization of 

apple trees by Ca. P. mali, by monitoring the titer of the bacteria in roots and branches over 

two growing seasons in a commercial apple orchard. The authors showed that the 

concentration levels of bacteria in the roots were higher from December to May and that the 

appearance of disease symptoms was dependent on the titer of phytoplasma present in the 

above-ground organs of the tree and not on the pathogen occurrence alone. Therefore, the 

generally higher gene expression levels found in spring could be explained by the higher 

titer of pathogen present in the roots in spring. From these data it is possible to infer that the 

presence of the pathogen in apple roots could trigger specific responses, among which is 

remodeling of the cell walls, through the modulation in genes expression. It has indeed been 

shown that a cell wall response of Medicago truncatula L. roots is triggered after infection 

by Ralstonia solanacearum (Smith 1896) (Turner et al. 2009): the cell wall constitutes the 

first barrier encountered by invading pathogens and therefore the first site where defense 

mechanisms are triggered (Caño-Delgado et al. 2003, Turner et al. 2009). Cell wall 

reinforcement, through callose, cellulose and lignin deposition, helps in preventing further 

penetration and colonization of the pathogen and limits the extension of the damage (Caño-

Delgado et al. 2003, Turner et al. 2009, Musetti et al. 2010).

In contrast to roots, no significant increase in cell wall gene expression could be detected in 

leaves, either in spring or in autumn. On the contrary a mild down-regulation (between 2.5- 

and 4-fold) of secondary cell wall CesAs (MdCesA4-A and B, MdCesA8-A and B; Figure 

3a) and a significant decrease in the expression of two CalS genes (namely MdCalS2 and 

Guerriero et al. Page 7

Tree Physiol. Author manuscript; available in PMC 2016 July 08.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



MdCalS11; Figure 3b) were observed. This is in agreement with the data obtained by 

Musetti et al. (2010) for five CalS genes in infected apple leaves, where it was demonstrated 

that callose deposition is a process involved in the establishment of recovery of apple trees 

from AP.

In the phloem from branches sampled during spring, it was possible to observe an up-

regulation in gene expression of the secondary cell wall CesAs MdCes4-A (10.6-fold), 

MdCesA7 (4-fold), MdCesA8-A (17-fold) and B (7-fold) (Figure 4a), while in autumn no 

major differences in the expression of the cell wall-related genes were detected, apart from a 

down-regulation of MdCalS8 (3.2-fold; Figure 4b). The CalS genes identified in apple 

showed either no significant variations or down-regulation in leaves and branch phloem 

(Figures 3 and 4). These results indicate that in the leaves and branch phloem of 

symptomatic plants the infection of phytoplasma does not trigger an increase in callose 

deposition, in accordance with recent studies, which linked the induction in CalS gene 

expression to the process of recovery (Musetti et al. 2010, 2011). Recovery is a phenomenon 

whose physiological basis is still not fully understood. Several studies have suggested a 

connection between recovery from phytoplasma infection and production of H2O2 in the 

phloem (Musetti et al. 2004, 2005, 2007) and a connection between ROS and callose 

deposition has been documented (Sivaguru et al. 2000, Jongebloed et al. 2004, Luna et al. 

2011). The cell wall response to pathogen attack is a versatile mechanism involving both 

short- and long-term mechanisms (Seifert and Blaukopf 2010): in this respect the recovery 

process might be seen as a long-term mechanism involving ROS production, signaling 

cascades, activation of transcription factors which in their turn activate specific metabolic 

pathways and resulting in phloem plugging mediated by callose, as well as PP2 and sieve 

element occlusion (SEO) proteins (Musetti et al. 2011).

The deposition of callose at plasmodesmata and sieve pores (Vatén et al. 2011, Barratt et al. 

2011, Xie et al. 2011) may help establishing recovery, by inhibiting the spread of 

phytoplasma effectors (Sugio et al. 2011) and/or the diffusion of bacteria (Hogenhout et al. 

2008, Xie and Hong 2011, Zavaliev et al. 2011).

Cultivated apple trees represent ‘chimeras’ of two different genotypes, the rootstock and the 

scion. The rootstock/scion combination of the trees analyzed in the present study was M9/

‘Golden Delicious’. The differences in the relative expression levels of CesA and CalS genes 

between the rootstock and the above-ground organs of apple trees could thus be due to 

different responses of the two genotypes to phytoplasma infection. Based on the observation 

of symptoms, it was indeed shown that Malus taxa and hybrids differ in their susceptibility 

to Ca. P. mali (Kartte and Seemüller 1991). However, Bisognin et al. (2008) demonstrated a 

major influence of the rootstock genotype on the expression of symptoms and the pathogen 

titer in the canopy of the cultivar ‘Golden Delicious’. Rootstocks influence the growth and 

vigor of scions and they also affect the flowering precocity of the scion (Atkinson and Else 

2001). The rootstock might also constitute the site of synthesis of effector proteins, which 

can then be transported to the scion and modulate the overall plant physiology to respond to 

the biotic stress through a modulation of cell wall biosynthesis. The presence of 

phytoplasma effector proteins inducing phenotypic changes in plants and even affecting the 

reproductive success of their insect vectors has been indeed proposed and shown (Sugio et 
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al. 2011). Based on the results obtained in this study, it can be speculated that phytoplasma 

infection could modulate the interaction of the rootstock and the scion.

Gene expression analysis in in vitro micropropagated apple plantlets

We decided to compare the gene expression values observed for potted apple trees (which 

were selected to reflect the situation in the field) with those of in vitro micropropagated 

apple plantlets, to check the response of cell wall biosynthetic genes to phytoplasma under 

different experimental growth conditions. In vitro grown plantlets displayed a mild up-

regulation of the secondary cell wall MdCesA8-B (2-fold), together with the primary cell 

wall gene MdCesA6-D (1.6-fold) (Figure 5a). Interestingly, 8 of the 12 CalS genes showed a 

mild up-regulation too (1.3 to 2-fold) (Figure 5b), in particular both the apple AtCalS7 
orthologs, MdCalS7-A and B. This might be due to a major role of callose with respect to 

cellulose in the in vitro infected plantlets: the physiology of the response to phytoplasma 

infection in the in vitro system could be primarily regulated by callose, which is a typical 

reaction polysaccharide, while in the actual trees, where a tissue differentiation together with 

lignifications and a seasonality of infection are present, cellulose is also involved in cell wall 

fortification. However, it is noteworthy to highlight that the typical ‘witches’ brooms’ 

phenotype is present in the in vitro system (Figure S2 available as Supplementary Data at 

Tree Physiology Online), a finding which implies a common response mechanism, at least in 

terms of phenotype appearance, between the micropropagated plantlets and the actual trees. 

From these data we can therefore conclude that the in vitro micropropagated plantlets 

constitute a useful system for a generalized assessment of gene expression following 

phytoplasma infection: it is possible to reproduce the ‘witches’ brooms’ phenotype, to easily 

increase both the number of biological replicates and that of pooled plantlets per biological 

replicate and to get information about variations in gene expression which, despite the 

differences in the growth parameters, are congruent with the results relative to the outdoor-

grown trees. We must highlight, though, that the in vitro system does neither allow the 

selective analysis of different tissues, nor the seasonality of gene expression.

Infected apple roots show a distinctive phenotype

It was possible to observe the presence of a distinctive root phenotype in the infected trees 

analyzed, namely several bulges along the whole length of the roots (Figure 6). To 

understand the nature of this phenotype, cross sections coupled to bright field microscopy 

observations were carried out, which revealed the structures to be lateral root primordia 

(Figure 6 insets). Since we systematically observed this phenotype in the roots of all our 

symptomatic infected trees sampled during both the time points considered in the study, but 

not in any of our healthy controls, we propose that the infection by Ca. P. mali induces the 

formation of lateral root primordia in the infected young trees analyzed, which result in a 

more branched root system in older trees.

In our experimental system, the phenotype observed could be due to a higher sensitivity of 

the rootstock genotype to phytoplasma infection. However, a root system showing a higher 

number of lateral roots has been observed also in older self-rooting infected ‘Golden 

Delicious’ apple trees (age between 7 and 10 years old; Figure S3 available as 

Supplementary Data at Tree Physiology Online), a finding which suggests a correlation 
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between infection and appearance of the phenotype. We hypothesize that the increase in cell 

wall biosynthetic genes observed in infected apple roots correlates with the increased 

branching of infected roots.

The presence of an increased number of lateral root primordia in young infected trees could 

be due to two reasons: (i) the infected plants try to extend the root apparatus through the 

formation of lateral roots which emerge from the ‘knot’-like structures, to be able to increase 

the nutrient uptake from the soil and therefore withstand biotic stress; (ii) the lateral roots 

originating from the ‘knots’ may represent an underground transmission system of 

phytoplasma to neighboring trees.

We propose a model for this last hypothesis (Figure 7) according to which, upon infection, 

the root system is induced to expand/branch out via emergence of lateral roots and 

eventually to form anastomoses when in contact with the roots of neighboring trees, to favor 

diffusion and spread of the pathogen. The ‘knots’ observed in the roots of infected trees 

develop into a more intricate root apparatus as the tree gets older, as can be seen in Figure 

S3 available as Supplementary Data at Tree Physiology Online. It is known that the 

emergence of lateral roots is a complex phenomenon which involves plant hormones and cell 

wall remodelling (Péret et al. 2009). An up-regulation of CesA and Csl (Cellulose synthase-

like) genes in Populus during lateral roots emergence (Gou et al. 2010) has been described, 

similar to what we observed in infected roots of apple trees (Figure 6). To our knowledge, 

this is the first time such a phenotype is described.

The transmission of Ca. P. mali by psyllid vectors has been extensively studied (Frisinghelli 

et al. 2000, Jarausch et al. 2003, 2007, Tedeschi et al. 2003, Tedeschi and Alma 2004, 

Seemüller et al. 2004, Pedrazzoli et al. 2007, Carraro et al. 2008, Mayer et al. 2009, 

Malagnini et al. 2010). It was even shown that phytoplasma can manipulate the host plant in 

such a way that it emits a sesquiterpene (E-β-caryophyllene) which attracts the insect vector 

(Mayer et al. 2008a, 2008b). The pathogen can induce changes not only in the host plant, but 

also in the vector, to be efficiently transmitted. However, apart from insect vectors, a 

transmission of Ca. P. mali via natural/experimental root bridges (Ciccotti et al. 2007, Baric 

et al. 2008) has been already reported. We therefore propose that the apple root phenotype 

described here may be the result of an underground disease diffusion mechanism which 

ensures maximal diffusion and transmission of the pathogen, through an increased branching 

of the root system.

Conclusions

Here we have shown that the infection caused by Ca. P. mali induces a cell wall response 

which is particularly evident in the roots of infected trees. We have also shown that the in 

vitro system, despite the impossibility of analyzing different tissues and the seasonality of 

infection, is useful for a general assessment of gene expression following phytoplasma 

infection, since the results confirm an induction in the expression of cell wall-related genes. 

Moreover, this system allows an increase in the number of pooled material per biological 

replicate.
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The cell wall response of infected apple trees likely provides a way to ensure turgor-driven 

expansion of the protoplast during biotic stress (Hèmaty et al. 2009) and at the same time 

might provide a way to stop the spread of the pathogen, by plugging the sieve elements and 

reinforcing the cell walls.

These results constitute a further step towards deciphering the intricate events which take 

place upon phytoplasma infection in an economically important fruit tree.

Supplementary data

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Neighbor-joining phylogenetic tree of M. × domestica and A. thaliana CALSs. The tree was 

rooted with Saccharomyces cerevisiae FKS1 (accession number NP_013446). Bootstrap = 

1000. Numbers refer to % of branch support value. The scale bar refers to the number of 

amino acid substitutions per site.
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Figure 2. 
Gene expression analysis of CesA (a) and CalS (b) in roots. Asterisks indicate statistically 

significant changes (P < 0.05) in gene expression among phytoplasma-infected and healthy 

control plants. MNE stands for mean normalized expression.
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Figure 3. 
Gene expression analysis of CesA (a) and CalS (b) in leaves. Asterisks indicate significant 

changes (P < 0.05) in gene expression among phytoplasma-infected and healthy control 

plants. MNE stands for mean normalized expression.
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Figure 4. 
Gene expression analysis of CesA (a) and CalS (b) in branch phloem. Asterisks indicate 

significant changes (P < 0.05) in gene expression among phytoplasma-infected and healthy 

control plants. MNE stands for mean normalized expression.
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Figure 5. 
Gene expression analysis of CesA (a) and CalS (b) in in vitro micropropagated apple 

plantlets. Asterisks indicate significant changes (P < 0.05) in gene expression among 

phytoplasma-infected and healthy control plants. MNE stands for mean normalized 

expression.
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Figure 6. 
Roots from healthy (a) and infected symptomatic (b) trees. Several bulges could be observed 

in the infected roots (arrows). Insets: cross sections of healthy (inset in a) and infected 

symptomatic (inset in b) roots, observed with bright field microscopy.
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Figure 7. 
Proposed model for the underground transmission system of AP. (i) Roots of infected 

symptomatic trees show bulges (lateral root primordia); (ii) bulges progressively grow and 

(iii) branch out, until they are in contact with the roots of a healthy neighboring tree; the 

roots can form connections (root anastomoses), through which phytoplasmas can migrate 

and infect the neighboring tree.
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Table 1

Primer names and sequences used for the real-time PCR of M. × domestica CalS genes.

Primer name Sequence (5′ → 3′)

MdCalS1 Fwd CGGTCGCCTTTATCTTGTTC

MdCalS1 Rev TAACCATAGGCAAGGCCATC

MdCalS2 Fwd ACCTAATCCAGTGGCCTCCT G

MdCalS2 Rev CGATCTCCAAGGACCAAAAA

MdCalS3-A Fwd TCTTGCTTTCATGCCAACTG

MdCalS3-A Rev TGCTGAATGCTTGGTTGAAG

MdCalS3-B Fwd TGAGATTCATGCCAGAGTGC

MdCalS3-B Rev AAGCAACCAGAAACCACAGG

MdCalS5-A Fwd TAATTCAGTGGCCACCCTTC

MdCalS5-A Rev ATCTGCACATATCCGCTTCC

MdCalS5-B Fwd CTTTGAAGATCCGCTTCCAC

MdCalS5-B Rev TGTCCTCGCTCAGATTGATG

MdCalS7-A Fwd TCTACGGGCAATCCTTTGAC

MdCalS7-A Rev CCAATACCACCACGATTTCC

MdCalS7-B Fwd TGGAAGTGCTGATTCTGCTG

MdCalS7-B Rev AAGCAACCAGAAACCACAGG

MdCalS8 Fwd AATCCTCGTTGTTGGTCGTC

MdCalS8 Rev GACCTTGCGATGCTTTCTTC

MdCalS9 Fwd TGTGTACGGCTTCTGCATTC

MdCalS9 Rev TTGAGCACTGTGCAAACCTC

MdCalS11 Fwd TGTTCAATGAAGCGTTCAGC

MdCalS11 Rev CGAAAAGATTCGGAGACTCG

MdCalS12 Fwd GCTTTTGGCATTTTTGTGGT

MdCalS12 Rev ACAGGGCCGAAATACTTGTG

Ubq Fwd TGATCTTCGCTGGAAAACAG

Ubq Rev CCTGAATTTTTGCCTTGACG

GAPDH Fwd GTTCGTTGTTGGTGTGAACG

GAPDH Rev GTCTTCTGGGTGGCAGTGAT
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