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This study focused on evaluating the genetic d iversity among 'Candidalus 

Phytoplasma mali ' (,Ca . P. mali') populations in orchards of nonh-we,tern 

Italy, where apple proliferation (AP) disease is widespread and induces severe 

economic losses. 'Ca. P. mali' was detected through restriction fragment length 

. . p()IYI)l~rphisiri-{RFLP) analysis of PCR-amplifil'd 16S rONA in 101 of 114 

samples ,examined. Collective RFLP pallerns, obtained by restriction analyses 

offour amplified genomic segments (16S/23S rONA. PRo!, PR-2 and PR- 3 non­

ribosomal regiDn, ribosomal protein genes rplV-rpsC and seeY gene), revealed 

the presence of 12 distinct genetic lineages among 60 selected representat ive 

' Ca. ·P. mali' isolates, underscoring an une.xpected high degree of genetic 

heterogeneity among AP phytoplasma populations in north-western Italy, 

Prevalence oLdistinct genetic lineages in d iverse geographic regions opens new 

interesting avenues for studying the epidemiology of AP disease. Furthermore, 

lineage-specific molecular markers identified in this work could be useful for 

investigating the biological life cycle of ' Ca. P. mali'. 

Introduction 

Phytoplasmas are phloem-restricted, cell wall-less 

prokaryotic parasites belonging to the class Mollicu/es (Lee 

e/ al., 2000). They are associated with diseases affect­

ing h u ndreds of plant species and are transm itted by 

phloem-sucking insects (Weintraub & Beanland, 2006). 

As phytoplasmas cannot be successfully cultivated in 

cell-free med ia, their idt'l1tification and differentiation 

is achieved ma in ly by DNA-based techniques, Actual 

(Lee e/ al. , 1998) and virtuul (Wei e/ al., 2007) res t ric­

tion fragment length polymorphism (RFLP) analyses 

of 16S rONA allowed delineation of at !east 30 phy­

toplasma groups, 'Candida/us PhylOpla sma mali ' (,Ca. 

P. mali') is the aelio logical agent of appll' proliferation 

(AP), a quarantinl' disease widespread in the n lost impor­

tJIll appk-growing regions in Europe, whert' it causes 

sevnc production losses and cons iderable economic dam­

ages , According to the 16S rONA RFLP-based classifica­

tion scheme, 'Ca. p, mali' belongs to the group 16SrX 
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(subgroup 16SrX-A) and is closely related to ' Candida/us 

Phytoplasma pyri' ('Ca. P. 'pyri') (subgroup 16SrX-C) and 

' Candida/us Phytoplasma prunorum ' (,Ca. P. prunorum') 

(subgroup 16SrX-F), the causal agents of pear decline 

(PO) and European stone fruit yellows (ESFY) diseases, 

. respective ly (Sel'miille r & Schneider, 2004). In nature, 

'Ca, P. mali' is tr,IJlSmilled from infected plants to healthy 

ones by insects of the family Psyllidae, In Ituly, Cacapsylla 

mrlanol1eura Fiirster is the main vector of ' Ca . P. mali ' 

in the north-\wstcrn regions (Tedeschi & Alma, 2007), 

while Cacol'sylla pic/a Fi.:irs tl'f (known as th e main vector 

of 'Ca. P. mali ' in Gnmany) (Jar,lllsch el al., 2007) trans­

mits the pathogen in the north -eastern regions (Cilrraro 

e/ al .. 200 I ), Moreover, add itional vectors and natu ral 

plant hosts ha\'e been reported (Tedeschi & Alma 2006; 

Tedeschi e/ al., 2009). The biologicall complexity of AP 

disease has stimu lated research on molecular markers of 

'Ca. P. mali' genetiC' diversity, Analysis of the PR-l, PR-2 

and PR -3 non-ribosomal region proved the existence of 

a t iL"ast three 'Ca . P. milJi' genotypes (AT-!, AT-2 and 
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API5) diffe-relltly dislribuled in orchards ill southwestern 

Gl'rmany and nOrlh-easlern lLaly (CaincJli et al.. 2004; 

Jarausch el al.. 2004). Further work based on molecular 

char,Klcrisa lion of rp/ll-rpsC genes idclllilied at least four 

·Ca. P. mali' genotypes according to geographical and. 

in some cases, aiso wilh epidemic dislribulion in nonh­

eaSlertl Italy. Hungary and Serbia (Marlin i el ai., 2008; 

Pallrinieri el al., 20 I0). Recellily. ana lyses of ribosomal 

(16S/23S rONA. rpIV-rpsC) and non-ribosomal (aceF.sccl'. 

pnp. il1ll ' . hflB) genes allowed finer diffcrl'nliation of 'Ca. 
P. mali ' slrains and revealed their presl'nce in diverse geo­

graphic areas (Danel el al ., 2007; Schneider &. Seemiillcr, 

2009; Casali el al., 20 I 0). Moreover. n:sulls lrom chromo­

some ell7.ymal ic cleavage and Southern biOI hybridisa tion 

assays indicated a significant genetic variability among 

'Ca. P. mali' isolates exhibiting different virulence levels 

(Secmliller & Schneider, 2007). To investigatl' the genetic 

diversity among 'Ca. P. mali' populations in north-Italian 

orchards, in thi s work a PCR-RFLP-based multilocus 

sequence analysis (MLSA) was performed on four dis­

tinct chromosome segments inclu ding 16S/23S rDNA. 

PR-I, PR-2 and PR-3 non-ribosomal region, ribosomal 

protein genes rplV-rpsC and sec}' gene. Multiple distinct 

genetic lineages were described. The findings expand our 

knowledge about complex structu res of 'Ca. P. mali' pop­

ulations in Italy, underscoring tbe va lu c of molecular 

markers for studying the ecolog)' of AP disease. 

Materials and methods 

Sample collection, nucleic acid preparation and 
detect ion of 'Ca, Po mali' 

Leaf samples [rom 99 apple trees showing t)' pical 

symptoms of AP disease were collected [rom 2003 to 2007 

in orchards of LotlIbardia, Piemonte and Valle d' Aosta 

r~gi()ns, non h-western Italy. Seventy five individuals of C. 
J71i' lal1ollrurn were captured by beat-tray method (Horton, 

1999) in orcliards of Valle d'Aosta; adults w ere identified 

under the stcrcolllicrnscope . 

Total plant DNA was extracted from 0.5 g o[ leaf mid­

veins llsing t Iil" DNea sy Plant Mini Kit (Qiagen, Hilden, 

Germany) . Extractioll of insect DNA was performed on 

15 h.ltc1ws with l"ach having 5 adult psyllid individuals, 

as previollsly dcsnibed (MarLachi el al., 19 98) . 

DLotLTtion of ' Ctl . P. 11Iali ' was carried out by means of 

,1I1lpl iliL"ation (If 16S -23S rONA, in nested PCRs primed 

by pi1ytoplaSIlI,l-lIniversal .primer pair PlIP7 (Dcng & 
Hirllki, (991), [ollowed by 16SrX group-specific primer 

pair R I6FI( X)ml(,Rl(X) [FIIRl(X)1 (Lee el al., 1995). 

and s llbsequent SSI'I-RFLP assay as previously described 
(LlT CI al., 19<).')) . 'Ca. P. mali ' stra in AT (slIbgrollP 

16SrX-A), 'Ca . P. pyri' s lrain PD (slIbgroup I (,SrX-C) , 

'Ca. P. prtllHlI"l 1111 , sirain LP (subgroup 16SrX-F) , 'CI1 . 
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Phytoplasma asteris' strain SAY (subgroup 16Srl-B) 

and 'Ca. PhylOplasma ulmi ' strain EY! (subgroup 

16SrV -A) were employed as reference con trois. Reference 

phytoplasma st rains were maintained in plants of 

Madagascar periwinkle [Catharal1lhus roseus (L.) G. Don'] 

in greenhouse. DNA extracted from healthy periwinkks, 

maintained in greenhouse, and n:aclion mixtures devoid 

of DNA were used as negative controls. 

Sequencing and charact e risation of 16SrX 
phytoplasma seeY gene 

Universal degenerate primer pa irs were designed for 

amplifying phytoplasma sec }' gene from 'Ca. P. mali', 

'Ca. P. pyri' and 'Ca. P. prunorum ' (group 16SrX ). Pre­

viously published seeY gene sequences of phytoplasmas 

belonging to genetically diverse groups 16SrI (Oshima 

et al., 2004; Lee et ai. , 2006) , 16SrV (Lee el al., 2004; 

Arnaud et al., 2007) , 16SrX (Kube el al ., 2008) and 

16SrXil (Tran-Nguyen et al. , 2008) were retrieved [rom 

GenBank and aligned using the softwa re CiustalW2 

(http://www.ehi.ac.uk / tools/clu stalw21). The differen­

tia�ly conserved regiOns in the a lignmen.~ were utilised 

for designing 12 universal degenerate primers; 35 primer 

pair combinations were used in PCRs [or the alnplifica tion 

of partial sequences of secY gene [rom phytoplasmal refer­

ence strains (listed in Table I) . PCRs were performed,in 

an automated thermal cycler (PCR Mastercycler Gradient. 

Eppendorf), using I J.lL of DNA template in 25 J.lL of reac­

tion mixture containing 2.5 J.lL of lO x PCR buffer, 2 mM 

of MgCh , 200 J.lM of each dNTP, I J.lM of each primer 

and 0.625 U of Platinum® Taq DNA Polymerase High 

Fidelity (Invitrogen, Carlsbad, CA, USA). PCR conditions 

were initial denaturation for 4 min at 94°C fo llowed by 

35 cycles of denaturation for 3 min at 94°C, annealing 

for 2 min at 42°C and extension for 3 min at 72"C and 

a final extension for 7 min at 72°C. To design 16S rX­

specific primer pairs, PCR products (1242 bp) amplified 

by universal primer pair fSecY 1 I rSecY I (Table 2) from 

phytoplasIlla reference strains of group 16SrX (AT, A P 15, 

LP and PO) were purified by means of the QIAquick PCR 

Purification Ki t (Qiagen, Valencia , CA, USA), accord­

ing to the manufaclllrer's instructions, cloned ill plas­

mid vector pCR2 . 1-TOPO (Invi trogen) and propagated 

in Escherichia coli as described (Schuman, 1994 ). Botli 

s lrands ef r]onedinscrts werc seqllellced by using primer 

pairs MI3for and Ml3rev. DNA sequencing was per­

fo rmed by J commercial seqllcncing service (Prillllll, 

Milan, Ilaly). Nucleotid e seqllences wcre analysed by 

the software FinchTV l.4 (~)ttp : //www .gcospiza . com). 

ass<'lllbkd b)' e11lploying tbe Contig Assembling pro­

g1',1111 tof 11lL' s<'qucncc analysis software BIOEDIT 

7.05 (h I t p: 1Iwww.l11bio .ncsu .cdu/bioEdit/biocdit.htl11l ) 
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Table 1 SecY gene amplification from phytoplasma stra ins maintained in 

periwinkle 

PCR' 

fSecYlI fATY21 

Phytopla sma Strain Subgroup rsecYI rATY2 

CY Chrysanthemum yellows 16srl-l3 + 
KV Clover phyllody 16srl -C + 
KV·I Clover phyllody 16srl-C + 
SAY Western aster yellows 16srl·B + 
sUNHP sunhemp witche's-broom 16srll ·A + 
GVX Western X disease 16srlll ·A + 
PYRL Peac h yellows lea f roll 16srlll-A + 
VAC Vacclnium witche's-broom 16srlll-B + 
EYI Elm yellows 16srV·A + 
ALY Alder yellows 16srV-C + 
FD70 Flavescence doree 16srV-C + 
RUs Rubus stunt 16srV-E + 
ULW Elm witche's-broom 16srV·A -I­

BLL Brinjal li ttle leaf 16srVI-A + 
BLTVA Periwinkle vi rescence 16srVI-A + 
TBB Tomato big bud 16srVI-A + 
ASHY Ash yellows 16srVII-A + 
AT Apple proliferation 16srX-A + + 
"PIS Apple proliferation 16srX-A + + 
PO Pear decline 16srX-C + + 
LP Plum neptonecrosis 16SrX-F + + 
BVK Leafhopper-borne 16srXI-A + 
STOL Stolbur 16srXII-A + 

'The symbol + indicates positive PCR reaction; the symbol - indicates 

negat ive PCR reac tion . 

and deposited in GenBank at accession numbers 

HM237289 (AT) , HM237294 (API5), HM237295 (LP) 

and HM237296 (PO). Nucleotide sequcnces were com­

piled in FASTA forma t, aligned using the software 

CiustalW2 and searched for 16SrX group-specific primer 

pairs through the software Primer Select (DNAstar, Madi­

son, WI, USA). Their specificity was verified by PCRs on 

DNAs fro m periwinkles infected by pilytOplasmas belong­

ing to group 16SrX and to olher groups (listed in Table 1) . 

Furthermore, sreY gene sequences were- searched for 'Ca. 
P. mali'-specific singk nll\kotide polymorpilis lll s (SNPs). 

Loca li sation of SNPs in recognition sites for restriction 

ellzymes WilS (iL'tcrmined by virtual RFLP analyses using 

th(' so ftware pDRAW32 (htlp:llwww.acal"ione.coml) and 

vl'Ti(i l'd by act ual in vitro RFLP assays . 

Characterisation of 'Ca .. P. Illilli ' isolates Ihro ugh 
PCR-RFLP-bilsed Illultilocus seq uence analysis 

Molecular cililraClnis,lI ion o[ 60 'Cn. P. 1ll,1Jj' iso lates, 

idellti fkd ill this st udy ilnd SeleCIl'd ilS representative 

o f di stinCi geographic rc'gioll s. was performed by 

I'CR-RFLP-based assays of four phytopl ,1srnal gellomic 

Portion s, includillg 16S / 23S rONA , PR - l . PR-2 ,l'nd PR-3 
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non-ribosomal region, ribosomJ I protein gcn t's rplV and 

rpsC and secY gene .. GermJIl 'Ca. P. lllali ' strJ ins AT 

and APl5, maintained in periwinkk. Wl'1e analysed as 

refe rence stra ins. Nested PCR reactioli mixtures (tOial 

volume of 25 J.lL ) for a mplification o[ sccY gene contained 

2.5 jJ.L o f lO x PCR buffer, 2 mM of MgCI 2 , 200 J.lM o f 

each dNTP, O.4 il jJ.M o f each primer Jnd 0 .625 U of 

Tnq polymerase (Invi troge n). Nested PCRs for secY gene 

amplificat io n were perfornwd at the foll owi ng cond it ions: 

initi a l de naturation for 4 min Jt 94<C follow ed by 35 

cycles of denaturation fo r 45 s at 94°(' annealing for 

2 min at 55°C and extension for 30 s at 72°C and final 

extension fo r 7 min at 72°C. PCR- RFLP analyses of the 

genomic segments are summarised in Tahle 2 . 

Phylogenetic analysis 

Nucleo tide sequences o f secY genes, amplified (rom ·Ca. 
P. mali' referencc strains AT (accessioll no . HM237289 ) 

and AP15 (accession no. HM 237294), (rom repre­

senta tive 'Ca. P. mali ' isolJtes V147 (access ion no. 

HM237290), V247 (accession no. HM237291), T3 (acces­

sion no. HM237292) and TlO (accession no. HM 237293), 

·Ca. P. pyri' strain PO (accession no. HM237296), 'Ca. 

P. prUnorum ' straill LP (accession no. HM237295) and 

(rom previously described phytop'lasma strains o( group 

16Srt 16SrV and 16SrXII, were employed for phyloge­

netic analyses. PhylOplasma sec Y gene sequences were 

aligned using Cl ustalW2; in order to eliminate poorly 

aligned positions, alignments were trimmed th rough 

the software GBlocks 0.91 b (htlp:llmolevol.ibmb.csic.es l 

Gblocks .html ). Minimum evolution analyses were per­

form ed using the neighbour-joining method a nd boot­

strap rep lica ted 1000 times with the software MEGA 

4.0 (http ://www.megasoftware.netl).SpiroplasJ11nkunkelii 

served as outgnlUp o f the trees. 

Res'ults and discussion 

Ide ntificatio n o f 'Ca. P. mali' in north-western Italy 

The 16SrX-specific primer pair FIIR 1(X) p roduced ampl i­

cons from DNA from 97 o f 99 (98 % ) plant sampl es a nd 

from 4 of 15 (27%) insect batches examined (da ta not 

shown) . DNAs fmm EYI (16SrV-A)-infeCl ed , SAY (16 Srl­

13)-infected iJnd healthy periwinkle plant s, and wat e r 

devoid of DNA tcmpla lc yielded no observable ,11llpli­

fication. All amplicons showed Sspl-RFLP pattcrns that 

were indistinguishahle (rom one another and fr01n the 

S-'I'I pattern characteristic o f the refere nce strain AT (Lee 

<'I al., 1998) (data not s llOwn), indicating tilat tile isolates 

detected in di seased app le plant s and ins"ct s be lo nged to 

the species ·Cn. P. Illoli'. High percent age or posilive sam­

ples confirmcd tile strong association helwl'en specific AP 
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Table 2 Primer pairs and rest ric tion enzymes employed in PCR-RFLP-based ML5A analyses of ·Co. P. mali ' isolates 

Genome segment 

PCR·Amplificatlon' 

Primer 

RFLP Assayb 

References Enzyme References 

1651235 rONA PI 5'-AAGAGTTTGATCCTGGCTCAGGAT-3' Id) 

P7 5'CGTCCTTCATCGGCTCTT-3' Id) 

PIA 5' -ACGCTGGCGGCGCGCCT AATAC-3' In) 

P7A 5' -CCTTCATCGGCTCTTAGTGC-3' In) 

PR -lIPR·2/PR-3 AP1 3 5'-CTACAGATTTCACACATTGG-3' Id) 

AP10 5'-TTTTCACAACGTATTCCGCC-3' Id) 

AP1 ~ 5'-CAGATTTCACACATTGGTTAT-3' In) 

AP15 5'-ATTTTTGTTGTTTTCTACCCAT-3' In) 

rplV-rps C rpL2F3 5'-WCCTTGGGGYAAAAAAGCTC-3' Id) 

rpl l)R 1A 5'-GTTCTTTTTGGCATTAACAT-3' Id) 

rpAPI5f 5' -AGTGCTGAAGCTAATTTGG-3' In) 

rpAP 1 5r 5' -TGCTTTTT A T AGCAAAAGGTT -3' In) 

secY f5ecY 1 5' -AATHTTTTTHACYTTATTYA TTA TT-3' Id) 

rSecY I 5'-ACAATAATWARMARACTOGTYCC-3 ' Id) 

fAT Y2 5'-TAGGACGTAGTATACAAATCC -3' In) 

rATY2 5'-GGTCCCCCTATTTTAAATTCC-3' In) 

Deng & Hiruki 11991) HpOIl , HpyCH~V, Foul Casati et 01 . 1201 0) 

Lee et 01. 1200~) 

Jarausch et 01 . 1199~) Hincll. Pogi Jarausch et 01 . 12000) 

Casati et 01. 1201 D) 

Martini etal. (2007) Aful Martini et 01. (2008) 

Martin i el 01. (2008) 

This work Msel, Alul, HpyCH4V This work 

This work 

Co. P. mali, Candido Ius Phytop lasma mali ; RFLP, restriction fragmen t leng th polymorphism; MLSA, mulliloc~s sequence analysis. 


aid) Prim er used in direct PCRs, In) pr imer used in nested PCRs. 


bDlgestions were performed on nested PCR products. 


diseas.: symptoms and infection by 'Ca_ P_ mali'; more­

over. apple sampks were collected in middle-old age 

orchards (plants from 10 to 20 years old), where tre.:s 

w ere probabl y infectt'd be fore th e application of manda­

tory measures for the control of 'Ca_ P. mali' spreading. 

On the o tl1.:r hand , the presence of n ega tive samples 

could be connected with the low titre of phytoplasmas in 

sy rnpt onla tic apple tree tissues (Smart et aI. , 1996). 

Analyses of seeY gene sequences among 16SrX 
phytoplasmal group 

In a recent work, it was demonstrateJ that RFLP and 

phylogenetic analyst:s of seeY gene sequences permit­

ted fine r differentiation of closely rela ted phytoplasma 

strain s (Lee fI al.. 2il06, 2010)_ In this stud y, we anal­

ysed seeY gene seq uences of 16SrX phytoplasma strains 

and we utili sed sequence information for designing RFLP 

ass Jys lor discriminating isolates within I6SrX-A sub­

group_ Dq':t'nl'r;Jte universal primer pairs fSecY I / rSecY I . 

designed (or amplifying partial secY gene sequences from 

all spedt's in I hl' provision a l genus 'Ca. Phytoplasma', 

primed amplifkation of DNA. from templa tes derived 

frolll phytoplasm.) strains of diverse 16S r taxon omic 

subgroups (T.1bk I). 16SrX group -specific primt'f pairs 

fATY2lrATY2 pcrmitl ed amplification of seeY gene parlial 

seq U cncl' on ly from 16S rX phYlOplasma st rains AT, A P 15, 

PD and LP (Table 1) _Nested PCRs primed by primer pairs 

fSecY I /rS ecY 1 followed hI' IATY2/rATY2 amplifi ed seeY 
gent' from all tile 'Ca. P. Illilli' iso latt:s identi fied in this 

\ , 
s tudy (data not shown). PCR products from is!Jlates V147, 

V247, TlO and VI45 were sequenced and aligned with 

those from 16SrX phytoplasma isola tes maintained in 

periwinkle (AT, API5, PD and LP). Such isolates share d 

seeY gene sequence identity of 89.6-100%, consistent 

with the data previously published by Dane t 1'1 al. (2007). 
Italian 'Ca. P_ mali ' isolates (VI45, V147, TlO and V247 ) 

shared 99.7-100% sequence identity among themselves 

and 96_2-96.3% sequence identity with German refer­

ence st rain AT; ·Ca . P. mali' isolates shared 89.6-94.3% 

sequ ence idem it y with phytoplasma strains PD and LP_ 

Phylogenetic analyses confirmed that !Ialian and Ger­

man 'Ca. P. mali' isolates clu stered together in a subclade 

distinguished from strains PD and LP (data not shown )_ 

Compared to the strain AT, th e Italian 'Ca_ P_ mali ' iso lates 

had a 17-bp deletion in the seeY gene (from nucleotide 

pOSition 408 to 424; Fig. 1)_ The deletion callsed a shift 

in open reading frame (ORF) and the original ORF was 

restored by a second deletion at position 431. Similarly, 

SII-ains PD and LP had a deletio n of 21 bp (frolll posi­

tion 408 to 428) and 24 bp (from position 408 III 431), 

respectively compared to Ge rman strain AT (Fig. I A 

and Fig. I B)_ Mo reover, seeY gene sequences of iIalia n 

'Ca_ P. mali ' isolates were dislinguished fn1m t\1e Ger·­

m an strain AT by 17 additional SNPs an d from s trains 

PD and LP by 14 additional SNPs (Table S I, SUPPOrl­

ing information Jnd Fig. IB). These da ta were in linl' 

with tl1t' prt'villu s findings by Danet fI al_ (2007). bUI 

more accurately described seeY gene variability bt,t\\'t'<'n 

'Ca. P. mali' isolillcs and the German reference str<liu 
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Annals 01 Applied Biology €) 201 \ Association of Appl ied Giolosist~-, 



- -

P. Casati et 0/. Genetic diversityamong ·Co. P. mali' poputations 

AT (CU469464)-- AT (1IM237289) 

V147 (1IM237290) 

V247 (1IM237291) 

~ 

(1IM237292) 

T10 (1IM237293) 

AP15 (1IM237294) 

-------- V145 

A LP (1IM237295) 
C PD (1IM237296) 

390 400 410 420 

130 .J..iOI) 150 

I··· ·1··· ·1··· ·1 
XYSGNKE9~FIGEKLYIS 

· .. s- - - - -~. DYPD ••••• 

· .. s - - - - -lit. DYPD •••.• 
• •. 9- - ---·... DYPD •...•• 
• •• 9- - - - --K. DYPD •..•• 

· •• 9- - - --..... DYPD .•..• 

• • N- - - - - --rELFKD. 1. .. 
•• N--------.EFKDQI ... 

430 .....0 4 50 

AT (CU469464) 

AT (1IM237289) 
V147 (1IM237290) 

V247 (1IM237291) 

V145 (1IM237292) 

T10 (1IM237293) 
AP15 (1IM237294) 

LP (1IM237295) 
B PD (1IM237296) 

I·· · ·1··· ·1··· ·1·· ·1·· ·1··· ·1··· · 1· ·· ·1· ·1· . · 1·1 
ATATAGTGGTAATAAAGAAAGTGGTGGTGAGATATTTATTGGAGAAAA~TATATATCG 

••• •••. A •••• G.T ••• ----------------- •• • • cc- ... c .. .. __ ........ . 
••••..• A .••• G. T ••• ----- ---- -------- •• • • cc- ... c . . ___ ......... . 
• •.•.•• A ••.• G. T ••• - - - - • - - - - - - - - - - - - ••.• cc- ... c ...__......... . 
• •••.•• A .••. G. T ••• - - - • - - - - - - - - - - - - - •••• cc- ... c ...... __ ........ . 
• • .••.• A •••• G.T ••• --- ---- -- - ------- ••• • cc- ... c .. . _........... . 
• • ••• A.AT .G.ATT. TT- - - - - - - - - -- - - - - - - - - -- .AA .•• T •• -'1-_ •• •••••••. 

• •••• A. AT. G. ATTTA. - - - - - - - - - - - - - - - - - - - - - - - - ••• cc . ..:L ••••••..•. 

Figure 1 Deletions in secY gene and SecY protein sequences. (A)SecY gene PCR products amplified by means of prin1!r pairs fATY91rATY t2 (33Sbpl and 

separated by electrophoresis on 10% polyacrylamide gel 1M: molecular marker <1>x 174 digested by Hoem (lqvitrogen)J .13I SecY gene sequence ah~nment 

from nucleotide positions 390 (from the ATG start codon) to 450; (C) SecY protein sequence alignment from amino a!:d.positions t 30 to tSO (translated 

from nucleotide sequences in Fig . 2BI. AT. 'Condidotus Phytoplasma mali ' strain AT; APIS. ·Co. P. mali" strain AP1S; VH7. ·Co. P. mali' strain V147; V247. 

·Co. P. mali" st rain V247; VI4S. ·Co. P. mali" strain V145; TlO. ·Co. P. mali' strain TlO; LP. 'Condidotus Phytoplasma!JTunonum' strain LP; Pear decline. 

'Condidotus Phytoplasma pyri' strain PD. 

AT. Intriguingly, seeY SNPs that distinguished Italian and 

German AT phytoplasma strains w ere non· synonymous 

coding SNPs responsible for numerous amino acid substi­

tution s in SecY protein sequences (Tabk SI and Fig. IC). 

Changes in SecY amino acid sequences may modify 

the function of SecY and consequently alter the sub­

strate specificity and/or protein transport kinetics of the 

Sec translocation system. It was recentl y reported lhat 

(a) antigenic membrane proteins are exported to cellu· 

lar membrane by Sec system (Kakizawa et al., 2004); 

(b) speci fic binding of phytoplasmal antigenic membrane 

proteins and insect cytoskeleton microiilaments deter­

mined the insect's capabilit yin tran smjt t ing phytoplasmas 

(SuZllki et III., 2006); and (c) the main insect vectors of 

'CII. P. mali' are C. piCl1I in Germany and north·eastern 

Italy (Jarausch ellll., 2007; Mayer N af.. 2009) and C. 

tnc!al/OI1CU rll in north-western Italy (Tedeschi et al., 2009). 

In light of these evidence, it would be interesting to learn 

whether differences in SecY protein seqUt: nees could be 

a f,lctor in determining the different biological cycle of 

German and Italian ·Ca. P. mali · isoi.1tes . 

Single nucleotide polymorphi sms and virtual RFLP 

analyses on seeY gene scquences identified additional 

mol ecular markers t!Jat could (,<Isily dilkrentiate Italian 

·CII. P. mali' isolatl's from othn strains. Enzymatic 

digl'slion of fATY2/rATY2 ampli(011S by Mscl, AluI and 

HI'yC H4V produced distinguishillg restriction profiles 
(dJla nOI shown). 
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To date, MLSA was applied f~r: investigating the genetic 

diversity in various bacteridJ raxa (Na ser el al.. 2006; 

Mignard & Flandrois, 2008; P.aKual er al., 2010). ReCently, 

MLSA was utilised for studyil¥llw complex relationships 

within I 6SrV grapevine-infe.cing phylnpla smas and ron· 

firm ed the presence of thm!" genetically close distinct 

flavescence don~e phytoplaszla dusters (A rna ud 1'/ aI., 

2007). Moreover, a previoU5 prcliminary st udy utilized 

an MLSA approach based analyses of four nOll· 

ribosomal genes (seeY, lIeeF, i. and pl1p) for typing frnit 

tree phytop lasmas of group 16SrX (Danet er al., 2007) 

and confirmed the distinctio betw('en ·Ca. P. mali' ref· 

erence strains AT and AP I 5 ~Jarausch er al.. 1994). To 

gain an insight into the gcatic diversi ty among ·Ca. 

P. mali' populations in north-western Italy, in this StL1dy 

a PCR-RFLP·based MLSA "lWS performed on four di s· 

tinct chromosome segments: two ribosomJI (I 6S /23S 

rDNA and rplV·rpsC genes) and two ex tra ·ribosomal 

(PR· I. PR·2. PR ·3 region an /LeeY gene). Collective RFLP 

pal1crns, obtained by llluitifll: gene seque ncc al la ly ses. 

reveal ed the presence of 1.2 d!ill nCl 'Ca , P. mali' genetiC 

lineages, frolll number I to l.2. if11long 60 selected repre· 

selltative Italian isolates. Alllh.c 12 lineages were distinct 

from th e lineage (number 13) .t' presented by the Gn· 

mall ·Ca. P. mali' referellce stwin AT (Tables 3 and 4 , 

Fig . 2). Surpri singly, results of R P·based analyses sug· 

gested Ihat ribosomal gClle scq ll ccs (16SI/23S rDNA and 
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Table 3 'Co P. mali' genetic lineages identified in north·western Italy 

PR· l, PR-2 and PR-3 1651235 rDNA rplV ·rpsC secY 

Lineage' Isolat e" HinC11 Pagl Profile Hpall HpyCH4V Smul Profile Alul Profile M .,A,H. Profil e 

I V 147 A A AT-l A A A 165rX-A2 C rpX-C A se cY(X)-A 

2 V 14S A A AT · l A A B 165 rX·Al E rpX·E A secYIX) -A 

3 V24 7 A A AT-l A A A 165rX-A2 D rpX-D A secY (X)-A 

4 V240 A A AT-I A A B 165rX-A l A rpX·II A secYIX)-A 

5 V246 A A AT · l A A A 165rX·A2 A rpX-A A secY(X)-A 

6 P270 A A AT-l A A A 165rX-A2 E rrX·E A secYIX)-A 

7 M31 A A AT-l B A A 165rX-A3 6 rpX-6 A secYIX)-A 

8 P264 A A AT-l A A 6 16SrX-A l C rpX-C A secYiX) -A 

9 P267 A A AT-l A A 6 165rX·A l D rpX-D A secY(XiA 

10 T9 6 A AP' 1S B B A 165 rX-A4 A rpX-A A secYIX) ·A 

II Tl0 A B AT-2 B A A 16SrX-A3 rpX·F A secY(X) -A 

12 T1 6 B A AP-1S 6 A A 16SrX-A3 A rpX·A A secYIX)-A 

13 AT A A AT-l B A A 16SrX·A3 B rpX-B 6 secY(X) -6 

Co P mali, Candidatus Phytop lasma mali; RFLP. restriction fragment length polymorphism; WI Msel ; A , Alul; H., HpyCH4V. 


'Determined on the baS IS of unique collective RFLP patterns. 


bRepresentative 'Co . P. mall' isolate . 


Table 4 'Ca. P. mali' genet ic lineage distribution and prevalence in regions of no rthern Italy 


Origin 	 Host Genetic Lineage 'Ca. P. mali' Isolates' Number 01 Isolates 
, 

Lombardla 	 Malus x domes tica Borkh. I V147; B32; B33; B42 ; B43; B44; B4 7; 648 ; V149; V1 54 ; V244; M5; M6 13 

Malus x damestica Borkh. 2 V14S; V241 ; V2S 1; M7; M8; M22; M24 ; M26; M30 9\ 
'. Malus x domestica 60rkh . 3 V247; V148 2 

Malus x domes tJ ca Borkh . 4 V240 I 

Malus x domestic a Borkh. 5 V246 ; V242; V54 3 

Malus x domestico Borkh. 6 V167 ; M28 2 

Malus x domestico Borkh. M31 

Piemonte 	 Malus x domestica Borkh I T6; T7; T8 ; T1 I 

Malus x domes tica Borkh 2 P2S7; P276; P277; P278 4 

Malus x domestica 60rkh. P2S4; P255 ; P259; P262 ; P263; P268; P269; P274; P27S 9 

Malus x domest ico 60rkh. 6 P270 

M alus )( domestico Borkh . 8 P2.64 

Molus x domestica Borkh . 9 P267 

Malus x domestico Borkh. 10 T9 1 

Malus x damestica Borkh. 11 TlO 1 

Valle d'Aosta 	 Malus x domestica Borkh. 1 T4 1 

Malus x domes tico 60rkh. 2 T2; T3 2 

Cocopsylin melanoneura 2 T1 4; T1 9; T20 

C. me1anoneuro 12 Tl6 

Germany Cathoranthus roseus 10 APIS 

C. roseus 13 AT 

Ca. P mall Condido lus Phytoplasma mali . 


'Rerresentatll'c isoliltes of diverse 'Ca. P. mali ' genetic lineages ITable 3) are in bold . 


'-I'I\I -,-"s(' genes) w en' nHllT info rmat ive IhJn non­

ribtlSorn,lI gl'lle sequences (PR L PR2, PR 3 oon-rib",ollla) 

region a nd s,',V gt' nc) ill diSiinguishin g 'Ca. P. 1ll,1W is(l­

),1t es. In [,1(1. 10llr and si:-: restriction patl crn s w ere dclln cd 

b~snj on 16S123 5 rDNA and rl'l\I-rpsC al11rlicons, respcc­

tively, whik three and two restriction pattern s were 

cvidcnced hasl'd on PR I. PR2, PR 3 no n-rilll)SO IIIaI ITgitlll 

and saY gc nt' (L1hk 3 ,1l1d Fig. 2) . In compnrison wilit 

previoll s wor).;s (Martini el ai _, 2008; Casa ti cl lIl., 2010). 

new ·Cll. P. mal(' RFLP patterns were ide ntified ill Ihis 

siudy: Ihe paltern 165rX -A4 in 165 /23 5 rONA and the 

patterns rpX-E a nd rrX-F in rp iV -rpsC g<:nes. On 111<' oll1<'r 

h~nd, based tln RFLP analysis or s~cY amplicons. ,111 It,11­

ian 'CI1. P. m,1li· isolalt·s were i(knlical 10 c,Kh tllhn and 

10111<: APt) relt-renct' sU·,1in , and diffclTd only fwm il1(' 
German rdcrl'nn: slr~in AT. 
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Figure 2 Restriction fra2ment length polymorphism patterns discriminating 'Condidotus Phytoplasma mali' genetic lineages. (A) Profi les fem digestions 

of P 1 A/P7A PCR products (165/235 rDNA); (B) profiles from digestions of AP14/API 5 PCR pl'Oducts (PR' I , PR·2 and PR·3 non·ribosomal reglD'll, (C) profiles 

from digestions of rpAP15flrpA P1 5r PCR products (rplV and rpsC genes); (D) profiles from digestions of fATY2/rATY2 PCR produd5 lsecY gene). 

Phytoplasrna acronyms are listed in Tabl es 1 and 31M, molecular marker <l>x 174 digested by Hoelll (InVitrogen); nd, PCR product ~ot digestedl. 

Electrophoretic analyses were carr ied ou t on 6% polyacrylamide gel. 

Genetic diversity and ecology of 'Cn. P . m a li ' in flail' 	 included 82 % of Ih e 'Cn. P. mali ' isolates ex ined, !Jut 

lineage 1 lVilS prevalent in Lo m!Jardia (13 iIo latl'sl3 1),
Ex tensive gennicdivcr~ ity , revealed ill th is siudy through 

lilleage 2 ill Vil ile d 'Aosta ( 5 isolatesl7) 0 1 lineage 3 
MLSA and evidl'lln'd by the dcscription of 12 'Ca. 

ill Picl1lOntc (9 isolates /22) (Table 4), ru n rnhlrl'. it 
1'. mali' ge nelic lill l'uges in orchard s of north-western 

is ill1pnrlilnt 'to nlllC Ihat certain genetic linGZgl's w ere 
Il il li ,1 11 regio ns (T~llk 3), opencd new pnspeCliw5 for 

preSe llt only in speci fic regi nn s; for cxa mple. !ineagl's 
Ihl' in wsliga lion (I I eculogy end e pideJ11io logy of AP 4- alld 6 WlTl' ide ntified only ill LUlllbardia 1li h,lrd s. 
di ' L'Jse. In I ~ct. prl' vJicn cl' il ild di siriblilion of Ihe lineages 7 - 10 WlTl' fOUlld 01111' ill Pic rno nt e a n(lli nc:a~L' 

'Ca, r , 111,11i' gc nelic lill l'ill!CS difkrl'll ill Ille geogra phic 12 W.1S idell lilicd (l nl y ill Valle d 'Aosta, Val" i n n 01 
JrC.1S eXJ lll illed Ill'rl' (Td!>l" 4). Gl'Ill'liL lilll'ages I (20 gell e tic di versi lY ~nlOng ph ylop las ma popula - us in 
isolilles/('O), 2 (18 isol.lles/60) J1Hi , ( I I isoIJI C's/('O) assllciJ lion wi th sp t'l' ilil' l'nl!(lgicalnichcs was rcp<l1l.mHor 

Ann Aprl Bool 158 (20 11) ?!o7 ?66 ©:>o II The Aull. fS 263 
Allndls of Applied Biology (C-~ 20 11 ASco{){~lion of Applt 11lioioXISIS 



264 

Genetic diversity among ·Co. P. mali' populations 

other pllytoplasmas in previous work and a hYllothesis 

was proposed that strain population diversity mal' be 

inOut'nced by diverse ecological relationships that alter 

the population composition through strain selection (Cai 

CI al., 2008; QuagJino et al., 2009). [n the case of AP, 

the l'xistence of diverse- insect vectors and host plants 

in different geographic areas could reinforcc this idea , 

opening the possibilities for further investigation with the 

aim to cxtcnd the knowledge about the distribution and 

frequencies of 'Ca . P. mali ' genctic lineages in Italy and 

other Europea n coulllries. 

[n conclusion, MLSA based on PCR-RFLP assays 

confirmed its usefulness in describing accurately the 

genetic diversity among closely related phytoplasma 

strains and/or isolates. as described in previous work 

(Duduk el al., 2009). In this study, a broad genetic het­

erogeneity (I2 gen e tic lineages) was underscored among 

'Ca . P. mali' populations in north-western Italy, open­

ing a new intriguing scenario for future researches 

aimed to investigate the possible association of lineage­

specific molecular markers and phytoplasma biological 

properties. Findings from thi s study encourage further 

researches (a) to extend the molecular characterizat ion of 

'Ca. P. mali' to s trains /isolates from additional geographi­

. cal areas and (b) to include more genes that are potentially 

involved in phYlOplasma -host interaction mechanisms 

to MLSA. Research in that direction could improve the 

knowledge of 'Ca. P. mali' ecologies. 
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