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Abstract

The nucleotide sequences of two extrachromosomal elements from tomato big bud (TBB) and one extrachromo-
somal element from Candidatus Phytoplasma australiense (Ca. P. australiense) phytoplasmas were determined. Both
TBB plasmids (3319 and 4092 bp) contained an open reading frame (»570 bp) with homology to the rolling circle repli-
cation initiator protein (Rep). This gene was shorter than the rep genes identiWed from other phytoplasma plasmids,
geminiviruses and bacterial plasmids. Both TBB extrachromosomal DNAs (eDNAs) encoded a putative DNA primase
(dnaG) gene, a chromosomal gene required for DNA replication and which contains the conserved topoisomerase/pri-
mase domain. We speculate that the replication mechanism for the TBB phytoplasma eDNA involves the dnaG gene
instead of the rep gene. The Ca. P. australiense eDNA (3773 bp) was shown to be circular and contained four open read-
ing frames. The rep gene was encoded on ORF 1 and had homology to both plasmid (pLS1) and geminivirus-like
domains.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Extrachromosomal DNA (eDNA) elements
play important roles in the pathogenicity, host
speciWcity and virulence of many plant pathogenic
bacteria (Panopoulos and Peet, 1985; Vivian et al.,
2001). They are mobile genetic elements that can
replicate autonomously. Plasmids as a form of

* Corresponding author. Fax: +61 8 8946 6847.
E-mail address: lucy.tran-nguyen@cdu.edu.au (L.T.T.

Tran-Nguyen).
0147-619X/$ - see front matter © 2006 Elsevier Inc. All rights reserved
doi:10.1016/j.plasmid.2006.05.009
eDNA can incorporate genetic material from their
host by recombination or transposition, and trans-
fer it to a new host either by conjugation, mobilisa-
tion, transformation, or transduction (del Solar
et al., 1996). A large majority of small, multicopy
plasmids of Gram-positive bacteria replicate using
the rolling circle replication (RCR) mechanism
(Khan, 2000). This mechanism involves the genera-
tion of a site-speciWc nick by the plasmid-encoded
replication initiator protein (Rep) that has a nucle-
otydil-transferase activity. The nascent strand is
extended at the 3� hydroxyl end by a DNA poly-
merase (Khan, 1997). RCR mechanism is also used
.
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by families of prokaryotic and eukaryotic single
stranded (ss) DNA viruses such as geminiviruses
(Stenger et al., 1991).

Phytoplasmas associated with numerous plant
diseases in northern Australia have been exten-
sively studied and documented (Collmer, 1998;
Davis et al., 1997; Davis et al., 2003; De La Rue
et al., 1999; Gibb et al., 1995; Padovan and Gibb,
2001; Schneider et al., 1999b; Tran-Nguyen et al.,
2000). Two phytoplasmas, tomato big bud (TBB)
and Candidatus Phytoplasma australiense (Ca.
P. australiense) are widespread in Australia. The
TBB phytoplasma has a wide host range including
papaya, sesame, eggplant, and passionfruit (Davis
et al., 1997; Padovan and Gibb, 2001; Schneider
et al., 1999b). The Ca. P. australiense phytoplasma
has a more limited host range of crop and non-
crop host species (Davis et al., 1997; Davis et al.,
2003; Padovan et al., 2000; Schneider et al., 1999b;
Streten et al., 2005).

To date, eDNAs have been isolated from
phytoplasmas associated with maize bushy stunt
(Davis et al., 1988); phyllody of Oenothera hookeri
(Sears et al., 1989), western aster yellows (AY)
(Kuske and Kirkpatrick, 1990), chrysanthemum
yellows, tomato big bud, periwinkle little leaf,
American eastern AY (Bertaccini et al., 1990),
witches’ broom disease of pigeon pea (Harrison
et al., 1991), walnut witches broom (Chen et al.,
1992), numerous phytoplasmas from herbaceous
plants, and woody dicots (Schneider et al., 1992);
sugarcane white leaf (Nakashima and Hayashi,
1995); peanut witches’ broom, and aster yellows
(unpublished GenBank Entry Accession No.
AY270152 and NC_003353); onion yellows (OY)
(Kuboyama et al., 1998; Nishigawa et al., 2003;
Nishigawa et al., 2002a; Nishigawa et al., 2002b;
Nishigawa et al., 2001; Oshima et al., 2001a), beet
leafhopper-transmitted virescence agent (BLTVA)
(Liefting et al., 2004; Shaw, 1991); aster yellows
witches’ broom (AYWB) (Bai et al., 2006);
TBB (Australian strain), and sweet potato little
leaf strain V4 (Schneider et al., 1999a).

Although phytoplasma eDNAs have been
detected, nothing is known about the role of these
eDNAs in phytoplasma pathogenicity, if indeed
they do have such a role. Only the seven phytopl-
asma eDNAs from OY, two from BLTVA
and four from AYWB have been fully sequenced
and published. This study aimed to expand
our knowledge of eDNAs from Australian phy-
toplasmas.
2. Materials and methods

2.1. Sources of plants and DNA

Tomato big bud and Ca. P. australiense phytoplasma
DNA were isolated from periwinkle (Catharanthus roseus)
plants maintained at Charles Darwin University (CDU).
The TBB phytoplasma strain was originally transmitted
from tomato (Lycopersicon esculentum) collected near
Adelaide, South Australia. The Ca. P. australiense phy-
toplasma strain was originally transmitted from Gompho-
carpus physocarpus, Nambour, QLD. These TBB and Ca.
P. australiense phytoplasma strains were transmitted to
periwinkle by grafting and maintained in periwinkles by
serial grafting. Field samples of the TBB phytoplasma
were obtained from capsicum samples with little leaf
(Childers, South QLD) and a chicory plant with little leaf
and phyllody (Bundaberg, central QLD). A Weld sample of
the Ca. P. australiense phytoplasma was obtained from
strawberry (Fragaria x ananassa) with green petal symp-
toms (Deception Bay, southeast QLD). Other sources of
TBB phytoplasma DNA were from a DNA archive main-
tained at CDU. Random clone TBB88 containing TBB
from periwinkle was obtained as described in Schneider
et al. (1999a).

2.2. DNA extractions

To identify the best method for isolating phytoplasma
eDNA, several extraction methods were used. The meth-
ods included a small-scale extraction from fresh material
(Doyle and Doyle, 1990) and total DNA extraction using
the Dellaporta method (Dellaporta et al., 1983). Genomic
DNA was extracted from 100 mg of lyophilised plant
material using the DNeasy Kit (Qiagen, Australia) follow-
ing the manufacturer’s instructions. DNA prepared for
Southern hybridisation was extracted using 2 g of lyophi-
lised plant material according to Doyle and Doyle (1990)
and resuspended in 200 �L TE buVer pH 8.0. To separate
chromosomal host and phytoplasma DNA in a large scale
total DNA extraction, 30 g of lyophilised strawberry plant
material was extracted as described by (Porebski et al.,
1997), resuspended in 5 mL of TE buVer and partially
puriWed using a cesium chloride (CsCl) bisbenzimide gra-
dient (Kollar and Seemüller, 1989; Kollar et al., 1990).
BrieXy, the DNA suspension was centrifuged for 70 h at
33,000 rpm. Hoechst stain preferentially binds the AT-rich
phytoplasma DNA, thereby lowering the DNA buoyant
density, and facilitating separation of phytoplasma and
plant host DNA. The phytoplasma DNA band was
located by comparing with a healthy plant DNA control.
The phytoplasma band was extracted using a small TeXon
tube attached to a micropipette tip, stained with Hoechst
solution again and centrifuged at 33,000 rpm for a further
70 h, in total three spins. The Wnal partially puriWed DNA
solution was destained using isopropanol and precipitated
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with 3 M sodium acetate pH 4.6 and 100% ethanol. DNA
pellets were resuspended in 100 �L SDW. Two to Wve
micrograms of partially puriWed CsCl DNA were loaded
on a 1% agarose gel for separation at 80 V for 1 h. Pulsed
Weld gel electrophoresis (PFGE) was performed by the
contour-clamped homogeneous-electric Weld (CHEF)
technique using the CHEF-DR III system (Bio-Rad) with
1% Seakem agarose (FMC). PFGE was used to provide
an accurate determination of eDNA band sizes. Electro-
phoresis conditions were 1.5–5 s at 6 V/cm for 15 h at 14 °C
in 0.5£ TBE buVer.

Plasmid DNA from random clone TBB88 (pTBB88)
was prepared from 4 mL LB media supplemented with
50 �g/mL ampicillin using the Miniprep Kit (Qiagen, Aus-
tralia) following the manufacturer’s instructions. DNA
was eluted from the columns using 50 �L SDW. All DNA
samples were stored at ¡20 °C until required.

2.3. PCR ampliWcation of rep and dnaG genes

Preliminary sequence analysis of pTBB88 (Schneider
et al., 1999a) contained a segment of the rep gene. PCR
primers TBBRepF (5�-CAT GAT TGC AAA GAT GCT
G-3�) and TBBRepR (5�-GTG GAC GAT CAA ATT
GGC-3�) were designed to amplify a 650 bp fragment of
the TBB extrachromosomal phytoplasma rep gene. PCR
assays were performed in 50 �L reactions using 0.1 mM
dNTP, 0.25 �M of each primer, 1£ polymerase buVer,
1.25 U Taq DNA polymerase (Geneworks, Australia)
and 50–100 ng of DNA. The optimal PCR conditions
used were 30 cycles of denaturation at 95 °C for 1 min,
annealing at 62 °C for 1 min, and extension at 72 °C for
1.5 min.

To determine whether phytoplasma eDNA was circu-
lar, eDNA was subjected to inverse PCR using primers
based on the rep gene. For TBB eDNA, the inverse prim-
ers were TBBRepinvr144 (5�-GTT TTG TCA TGG AAT
TAG TG-3�) and TBBRepF322 (5�-AGA TGG AAT
TTC GAA GCA A-3�). PCR assays were 25 �L reactions
using 0.2 mM dNTP, 1 �M of each primer, 1£ PCR buVer
and 1£ Advantage Polymerase Mix (BD Biosciences,
Australia). PCR conditions were 30 cycles of denaturation
at 94 °C for 30 s, annealing at 55 °C for 30 s, and extension
at 72 °C for 3 min. For Ca. P. australiense eDNA, the
inverse primers were PaRepinvr40 (5�-GAG ATT TGT
TTT GCT AAA GT-3�) and PaRepF185 (5�-CAG CTT
GAT CAG TGA A-3�). PCR conditions were 25 cycles of
denaturation at 94 °C for 30 s, annealing at 50 °C for 30 s,
and extension for 3 min at 68 °C.

PCR primers fPrim2 (5�-CAG CTC TCG ATT ATT
TGT T-3�) and rPrim2 (5�-CCA TAT TTG CGT AAT
AAT TC-3�) designed from the alignment of phytoplasma
dnaG sequences from chromosomal peanut witches’
broom (PNWB) (GenBank Accession No. AY270153)
and phytoplasma eDNAs, were used to amplify a 650 bp
segment of the dnaG gene. PCR conditions used were 35
cycles of denaturation at 95 °C for 1 min, annealing at
58 °C for 1 min, and extension at 72 °C for 1.5 min.

2.4. eDNA sequence analysis

Samples used for sequencing were plasmid DNA of
clone TBB88, inverse PCR products of TBBperi (periwin-
kle), TBBcap (capsicum), and CPa (strawberry), hereafter
referred to as pTBBperi, pTBBcap, and pCPa respectively,
The nucleotide sequences of the pTBB88 insert, pTBBperi,
pTBBcap, and pCPa eDNAs were determined on both
strands by primer walking using the ABI Big Dye Termina-
tor Kit (Australian Genome Research Facility, (AGRF),
Brisbane, QLD) and analysed at the AGRF. Primers were
designed using the Primer3 program (http://www.genome.
wi.mit.edu/genome_software.other/prime3.html) based on
melting temperature and their location on the sequence.
Sequencing primers were synthesised by Sigma Customs
Oligos (Sigma Genosys, Australia). Sequences were assem-
bled using AssemblyLIGN (Eastman Kodak, USA). Open
reading frames were predicted using MacVector (Eastman
Kodak), ORF Wnder (NCBI, http://www.ncbi.nlm.nih.gov/
gorf/gorf.html) and FlipORF (BioManager, Entigen Cor-
poration, http://www.entigen.com) using the bacterial
genetic code with the minimum setting of 80 amino acids
for ORFs. Homologous sequences were identiWed from the
GenBank database using the NCBI BlastX network (http://
www.ncbi.nlm.nih.gov/BLAST/) (Altschul et al., 1997). Tan-
dem repeats Wnder server (http://tandem.bu.edu/trf/trf.html)
was used to identify repeated regions in the sequences (Ben-
son, 1999). Conserved domains were identiWed using soft-
ware available from http://www.ncbi.nlm.nih.gov/Structure/
cdd/wrpsb.cgi (Marchler-Bauer and Bryant, 2004). Multiple
sequence alignments of related amino acids were performed
using ClustalW (accurate) (Thompson et al., 1994) and dis-
played using PrettyBox (GCG package 1998). Phylogeny
based upon dnaG was estimated using the general boot-
strapping tool ‘Seqboot’ in which 100 replicate data sets
were generated. The bootstrapped set of phylogenetic trees
was generated by parsimony using the program ‘DNAPars’.
A consensus tree was generated using the majority-rule
consensus tree method (Felsenstein, 1989) and viewed using
TreeView (http://taxonomy.zoology.gla.ac.uk/rod/treeview.
html). MacVector (Eastman Kodak) was used to construct
plasmid diagrams.

2.5. Southern blot analysis

Two to Wve micrograms of DNA was loaded onto a 1%
agarose gel and transferred to a nylon membrane as
described by (Sambrook and Russell, 2001). Aliquots from
the same samples were also loaded onto a 1% Seakem aga-
rose gel (FMC) and subjected to pulsed-Weld gel electropho-
resis using the contour-clamped homogeneous-electric Weld
(CHEF) technique using the CHEF-DR III system (Bio-
Rad). Electrophoresis conditions were 1.5–5 s at 6 V/cm for
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15 h at 14 °C in 0.5£ TBE buVer. DNA from the gel was
transferred to a nylon membrane and southern hybridisa-
tions were performed as described by Davis et al., 1997,
using digoxigenin labelled DNA probes. Post hybridisation
washes were performed twice with 2£ SSC, 0.1% sodium
dodecylsulfate (SDS) for 5 min at room temperature and
twice with 0.1£ SSC, 0.1% SDS at 50–55 °C for 30 min. The
blots were generally hybridised and washed at 50 °C Wrst,
exposed to Wlm and then re-evaluated after the wash tem-
perature was increased to 55 °C. Digoxigenin labelled
probes of clone pTBB88 and rep gene were made using the
DIG PCR labelling kit (Roche Diagnostic, Australia)
according to the manufacturer’s instructions. PCR condi-
tion used for labelling the rep genes were similar to those
described above. Universal forward (5�-GTA AAA CGA
CGG CCA GT-3�) and reverse (5�-AAC AGC TAT GAC
CAT G-3�) M13 primers were used to label the pTBB88
insert. PCR conditions used were 35 cycles of denaturation
at 95 °C for 1 min, annealing at 55 °C for 1 min and exten-
sion at 72 °C for 2 min. The TBB phytoplasma 16S rRNA
gene was labelled using fP1 (Deng and Hiruki, 1991) and
rP7 (Smart et al., 1996), PCR conditions were 35 cycles of
denaturation at 95 °C for 1 min, annealing at 55 °C for
1 min, and extension at 72 °C for 1.5 min.

2.6. Two-dimensional gel electrophoresis

To identify diVerent structural conformations of Ca.
P. australiense eDNA, two-dimensional gel electrophore-
sis was conducted as described by Hintermann et al.
(1981) with slight modiWcations. One and a half to two
micrograms of CsCl puriWed Ca. P. australiense DNA was
loaded onto a 0.85% agarose gel and subjected to electro-
phoresis at 60 V for 6 h. The gel was stained in 50 �g/mL
ethidium bromide (EtBr) for one hour and destained for
30 mins. The lane containing phytoplasma bands was
excised, exposed to UV light for 2 min and inserted into a
new 0.85% agarose gel at 90° to the original orientation.
Gel electrophoresis was conducted at 60 V for 6 h, fol-
lowed by staining and destaining as described above.

3. Results

3.1. eDNA detection

Extrachromosomal DNA, if present, was
obtained for each of the DNA extraction methods
tested. Cesium chloride buoyant density centrifuga-
tion was found to be optimal for obtaining high
titres of eDNA for Ca. P. australiense, since eDNA
bands could be seen on normal 1% agarose gels.
While TBB eDNA could not be observed on normal
1% agarose gels, it was detected using PCR ampliW-
cation; southern hybridisation using eDNA probes
or by cloning and screening CsCl puriWed DNA.
3.2. Candidatus Phytoplasma australiense eDNA

3.2.1. PCR ampliWcation of pCPa
A 600bp fragment of the rep gene was Wrst identi-

Wed by sequence analyses of clones from a Ca. P. aus-
traliense phytoplasma library (data not shown). Inverse
PCR based upon the rep gene was used to amplify a
3.6kb product from one strawberry sample, thereby
conWrming that the eDNA from Ca. P. australiense
phytoplasma was approximately 3.7kb, and circular.

3.2.2. Sequence analysis of Candidatus Phytoplasma 
australiense eDNA

The complete 3773 bp Ca. P. australiense eDNA
sequence (GenBank Accession No. DQ119295), was
sequenced and had a G + C content of 28.38 mol%
and four open reading frames (ORF) (Fig. 1, Table 1).
A conserved domain for the replication (Rep) protein
was identiWed at the 5� end of ORF 1, and a RNA
helicase at the 3� end (data not shown). A multiple
amino acid residue alignment for the replication pro-
tein from pCPa, from other phytoplasma eDNAs and
pCI411 (plasmid from Leuconostic lactis 533) indi-
cated that four of Wve conserved motifs (RII-V) (del
Solar et al., 1993) typical of bacterial plasmids were
located on ORF 1 (Fig. 2). The Walker A and Walker
B (Saraste et al., 1990; Walker et al., 1982) motifs,
known as nucleotide-binding motifs and typically
found in geminiviruses (Koonin and IIyina, 1992;
Oshima et al., 2001a), were located on the C terminus
of ORF1 (Fig. 2). Tandem repeat DNA is two or
more contiguous copies of a pattern of nucleotides
(Benson, 1999). One repeat of 15 bp (GATAATAAA
TCAACT) was identiWed and found to repeat three
times within ORF3 (data not shown).

3.2.3. Two-dimensional electrophoresis
Candidatus Phytoplasma australiense CsCl puriWed

DNA was subjected to horizontal gel electrophoresis
and bands of approximately 4.1 and 6kb was observed
(Fig. 3a). The sample was subjected to 2D electropho-
resis to determine the nature of these bands. This
method is used to distinguish diVerent forms of plas-
mid DNA, open circular (OC), closed circular (CC)
and linear (L) forms. When the closed circular form is
nicked with UV light in the presence of ethidium bro-
mide, it will convert to the relaxed open circular form,
designated OC*. After the second dimension electro-
phoresis, the original OC, the CC and the newly con-
verted OC* form a triangle (Hintermann et al., 1981).
The Wrst dimensional electrophoresis of pCPa that
gave bands at 4.1 and 6kb (Fig. 3a), when subjected to
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2D electrophoresis, produced a triangle formed by the
OC form at 6kb, the CC form at 4.1kb and the newly
converted OC* form at 6kb (Fig. 3b).

3.3. Tomato big bud eDNA

3.3.1. PCR ampliWcation of tomato big bud eDNAs 
(pTBBperi and pTBBcap)

PCR rep primers based upon the TBB Rep pro-
tein were used to screen TBB positive plants in
which the DNA had been extracted using diVerent
methods (Table 2). All samples except for Solanum
sp. and Gomphocarpus sp. were positive. Inverse
PCR based upon the Rep protein was conducted on
samples from periwinkle and capsicum and these
gave a 3.2 and 4.5 kb product respectively. The
remaining TBB samples listed in Table 2 were also
subjected to inverse PCR but a product was not
observed. The same TBB samples were subjected to
PCR using primers designed to amplify the chromo-
somal dnaG gene, giving a 650 bp product.

3.3.2. Sequence analysis of pTBBperi
The sequence of random clone pTBB88 (3kb) and

the full-length circular 3.3 kb eDNA from TBB peri-
winkle, designated pTBBperi, were compared and
Fig. 1. Plasmid diagram of Ca. Phytoplasama australiense.
Table 1
Predicted ORFs in phytoplasma eDNAs

Abbreviations: pPNWB, peanut witches’ broom; OY-NIM, onion yellows non-insect transmissible mutant; and OY-M, onion yellows
mutant strain.

a Based on closest match found in database.

Phytoplasma eDNA Plant host Predicted ORFs Size (bp) Proteina Organism % Similarity 
(amino acid)

pTBBperi (3319 bp) Periwinkle ORF 1 996 DNA primase pPNWB 84
ORF 2 567 Replication protein pPNWB 97
ORF 3 366 No signiWcant homology — —
ORF 4 528 Threonine synthase pPNWB 96

pTBBcap (4092 bp) Capsicum ORF 1 1656 DNA primase pPNWB 80
ORF 2 570 Replication protein pPNWB 94
ORF 3 528 Threonine synthase pPNWB 96

pCPa (3773 bp) Strawberry ORF 1 1128 Replication protein OY-NIM 61
ATP-dependent protease, 
Clp, ATPase subunit

OY-M 62

ORF 2 453 No signiWcant homology — —
ORF 3 642 Hypothetical protein OY-M 29
ORF 4 441 Hypothetical protein OY-M 35
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found to be 100% homologous over 3 kb. The exact
length of pTBBperi was 3319bp with a G + C content
of 26.8 mol%. The pTBBperi sequence (GenBank
Accession No. DQ119297) was analysed for ORFs
encoding a minimum of 80 amino acids, and four
ORFs (Fig. 4a, Table 1) were identiWed. ORF 1 was
996 bp and encoded the putative dnaG gene. ORF1
was also subjected to searches against a conserved
domain database (CDD). DnaG protein and
TOPRIM (topoisomerase/primase) conserved
domains were identiWed (data not shown). ORF 2 was
567 bp and encoded a putative replication (Rep) pro-
tein. Compared with other rep genes from other phy-
toplasma eDNAs (Fig. 5), the pTBBperi rep gene was
considerably shorter (Table 3). ORF 3 did not have
signiWcant homology to known proteins available
from the database and ORF 4 encoded the putative
threonine synthase protein. Two sets of tandem
repeats were identiWed for pTBBperi. One repeat was
the nucleotide (A) repeated 28 times between posi-
tions 2273 and 2300, the second was an 11 bp segment
(TTGGCTCCAAG) repeated three times within
ORF3.

3.3.3. Sequence analysis of pTBBcap
To determine if the short rep gene in pTBBperi was

unique for TBB eDNAs, a Weld collected TBB sample
from capsicum containing eDNA, designated pTBB-
cap, was sequenced. Using inverse PCR, a 4.5kb prod-
uct was ampliWed from the TBB capsicum Weld
sample. A 4092bp segment of the 4.6kb pTBBcap
(GenBank Accession No. DQ119296) was sequenced,
and had a G+C content of 30.8mol% and three
ORFs (Fig. 4b, Table 1). ORF 1 encoded the putative
dnaG gene, and using conserved domain searches for
pTBBcap ORF 1, conserved domains for dnaG and
the zinc Wnger were identiWed (data not shown). ORF2
encoded a short rep gene of 570bp (Fig. 5) and ORF3
encoded the putative threonine synthase. No tandem
repeats were identiWed in pTBBcap.

A spatial distribution of ORFs of the two TBB
eDNAs, peanut witches’ broom phytoplasma
Fig. 2. Multiple sequence alignment of amino acid residues showing the conserved motifs for the putative replication protein. Abbrevia-
tions are pOYNIM, plasmid from onion yellows on-insect transmissible mutant strain; pOYM, plasmid from onion yellows mutant strain,
pOYW, plasmid from onion yellows wild-type strain; pJHW, plasmid from Japanese honewort; OYMATPase, onion yellows mutant
strain ATPase-dependent protease Clp subunit; pCPa, plasmid from Candidatus P. australiense, and pCI411 from Leuconostoc lactis, plas-
mid from pLS1 family. Conserved motifs RII-V are characteristics of pLS1 plasmids. # and ¤ are conserved histamine and tyrosine resi-
dues, respectively. Walker A and Walker B motifs are characteristic of geminiviruses replication proteins.
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Fig. 3. Conformation of pCPa eDNA (a) 1D and (b) 2D gel electrophoresis. Lane 1 is 1 kb plus DNA marker; lane 2 is supercoiled marker;
and lane 3 is Ca. P. australiense DNA. CC is the closed circular form, OC is the open circular form and OC* is the nicked closed circular
form. After 1D electrophoresis, lane 3 indicated on the Wgure was extracted and placed at the top of the new gel at 90° to the original ori-
entation, as described in the text. Arrow indicates the direction of 2D electrophoresis.
Table 2
Screening for eDNA by PCR

nt, not tested.
a Based upon 16S rRNA data.
b Candidatus Phytoplasma australiense phytoplasma.
c Tomato big bud phytoplasma.

Plant host Location DNA extraction method Phytoplasma 
straina

TBB rep PCR TBB DNA 
primase PCR

Inverse rep
PCR

Catharanthus roseus NT CsCl gradient TBBc + + + (3.2 kb)
Catharanthus roseus NT DNeasy TBB + + + (3.2 kb)
Catharanthus roseus NT Dellaporta TBB + + + (3.2 kb)
Lycopersicon esculentum L. QLD Doyle and Doyle TBB + + ¡
Cichorium intybus QLD DNeasy TBB + + ¡
Capsicum annuum QLD DNeasy TBB + + + (4.5 kb)
Apium graveolens QLD CsCl gradient TBB + + ¡
Solanum melongena L. NT Doyle and Doyle TBB ¡ + ¡
Solanum melongena L. NT Doyle and Doyle TBB ¡ + ¡
Gomphocarpus physocarpus QLD Doyle and Doyle Ca. P.a.b ¡ nt nt
Gomphocarpus physocarpus QLD Doyle and Doyle Ca. P.a. ¡ nt nt
Fragaria x ananassa QLD CsCl gradient Ca. P.a. nt nt + (3.6 kb)
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eDNA (pPNWB; GenBank Accession No.
AY270152) and beet leafhopper-transmitted vires-
cence agent (pBLTVA-1; GenBank Accession No.
AY423627) eDNA (Fig. 5) not only demonstrated
that the rep gene in the two TBB eDNAs was
shorter than the rep gene for the other two phy-
toplasma eDNAs, but it also showed that the dnaG
gene is common to all four phytoplasmas. A boot-
strapped phylogenetic tree for the dnaG gene
(Fig. 6) demonstrated the close relationship
between TBB and peanut witches’ broom phytopl-
asma eDNA.

3.3.4. Southern blot hybridisation
No TBB eDNA was observed on 1% agarose hori-

zontal gels, so southern hybridisation was used to
determine how many eDNAs were present in TBB
phytoplasma samples. Extrachromosomal clone
pTBB88 was labelled and hybridised to eDNAs in two
Weld samples (capsicum and chicory). Two bands
Fig. 4. Plasmid diagram of TBB eDNAs (a) pTBBperi and pTBBcap.
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approximately 5.5 and 12kb were observed in both
samples. Due to gel artefacts such as uneven heat dissi-
pation from the gel or ionic strength of the two sam-

Table 3
Phytoplasma eDNA replication proteins

Phytoplasma
eDNA

Genbank 
Accession No.

Replication 
protein (bp)

pCPa DQ119295 1128
pTBBperi DQ119297 567
pTBBcap DQ119296 570
pJHW AB064396 1125
pOY-NIM AB061724 1134
pOYW AB056858 1134
pBLTVA1-1 AY423627 1241
pBLTVA1-2 AY423627 1251
pBLTVA 2 AY423628 1251
pPNWB AY270152 1194
pAYWB-I CP000062 1119
pAYWB-II CP000063 1149
pAYWB-III CP000064 1107
pAYWB-IV CP000065 1128
ples (Rodriguez and Tait, 1983), there was a slight
diVerence in migration rate of the plasmids in lanes 1
and 2 (Fig. 7). The pTBB88 eDNA probe was highly
speciWc and did not hybridise to healthy DNA or Ca.
P. australiense phytoplasma DNA (Fig. 7; lanes 3–5).
Several bands were observed for TBB CsCl puriWed
DNA (Fig. 7; lane 6) and the pTBB88 DNA positive
control (Fig. 7; lane 7) indicating the multiple forms of
the plasmid. The probe also hybridised to high molec-
ular weight TBB CsCl puriWed DNA (>48.5kb) sug-
gesting similar sequences of the plasmid in the TBB
chromosome. To conWrm the two bands in the Weld
samples were plasmid in origin, a probe based upon
the rep gene was used and hybridised to the lower two
bands (data not shown).

4. Discussion

Two TBB phytoplasma eDNAs were studied in
detail and the nucleotide sequences determined.
Fig. 5. Spatial distribution of ORFs in phytoplasma eDNAs. Abbreviations are pTBBcap, plasmid from tomato big bud isolated from
capsicum; pPNWB, plasmid from Peanut witches’ broom; pTBBperi, plasmid from tomato big bud from periwinkle; and pBLTVA-1,
plasmid from beet leafhopper-transmitted virescence-1.

 pTBBperi
threonine

  dnaG    rep synthase ORF 4

0   113   1108    1678  3321 bp 

 pTBBcap
threonine

dnaG  rep    synthase
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pTBBperi isolated from grafted TBB periwinkles
and pTBBcap derived from a Weld collected capsi-
cum plant contained circular eDNA of 3.3 and
4.8 kb respectively. A 3.7 kb plasmid was identiWed
in one strawberry sample that was positive for the
Ca. P. australiense phytoplasma. This is the Wrst
report of an eDNA for this phytoplasma. Due to the
diVering titres of phytoplasmas in their host, four
diVerent DNA extraction methods were compared
and, of these, the CsCl buoyant gradient extraction
method was best suited for eDNA detection.

Candidatus Phytoplasma australiense contained
both closed circular and open circular forms of
eDNA and this was demonstrated by the migration
pattern observed in 2D electrophoresis. The size of
the plasmid was estimated to be 4.1 kb by gel elec-
trophoresis but the size estimated by inverse PCR
was 3.6 kb which is a more accurate measure of
actual size than migration through a gel. Any
unknown bands observed after 2D electrophoresis
that do not Wt the triangle pattern usually indicate
contaminating chromosomal DNA or linear forms
of eDNA (Hintermann et al., 1981). We observed
the smearing associated with chromosomal DNA
but the linear form of the plasmid was not
observed.

The pCPa rep gene contained the conserved
domain for bacterial plasmid rep genes (del Solar
et al., 1993; Khan, 1997; Oshima et al., 2001a) as well
as the conserved Walker A and Walker B motifs
characteristic of geminiviruses (Marchler-Bauer and
Bryant, 2004). A geminivirus-like rolling circle
Fig. 6. Bootstrapped phylogenetic tree for DNA primase. Abbreviations are pTBBcap, plasmid from tomato big bud isolated from capsi-
cum (GenBank Accession No. DQ119296); pPNWB- plasmid from peanut witches’ broom (GenBank Accession No. AY270152); pTBB-
peri, plasmid from tomato big bud from periwinkle (GenBank Accession No. DQ119297); OYM, onion yellows mutant strain (GenBank
Accession No. AP006628, PAM569); pBLTVA-1, plasmid from beet leafhopper transmitted virescence-1 (GenBank Accession No.
AY423627), and M. mycoides sp. is Mycoplasma mycoides subsp. mycoides (GenBank Accession No. CAE77093). M. mycoides was selected
as the outgroup for tree construction.
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replication mechanism has been previously reported
for Vaccinium witches’ broom (Liefting et al., 2004;
Namba et al., 2005; Nishigawa et al., 2002a;
Nishigawa et al., 2001; Rekab et al., 1999). The
unusual Wnding of the pLS1 and the Walker motifs
on the pCPa rep gene was also observed in plasmids
isolated from the OY phytoplasma (pOYW)
(Oshima et al., 2001a). Oshima et al. discussed two
possibilities for this phenomenon. First, an ancestral
pOYW plasmid may have acquired its eukaryotic
DNA from host phytoplasma DNA, entered the
eukaryotic cytoplasm and evolved into an ancestral
eukaryotic ssDNA virus. Second, an ancestral
pOYW obtained the helicase domain by recombina-
tion with a virus. When the phytoplasma rep genes
were aligned with the OY phytoplasma ATPase sub-
unit of the ATP-dependent protease Clp, the four

Fig. 7. Southern hybridisation of DNA using pTBB88 probe.
Lane 1 is TBB (chicory); lane 2 is TBB (capsicum); lane 3 is Ca. P.
australiense (strawberry); lane 4 is healthy periwinkle; lane 5 is
CsCl puriWed Ca. P. australiense; lane 6 is CsCI puriWed TBBperi;
and lane 7 is pTBB88. Arrows indicate presence of eDNAs.
conserved motifs characteristic of the bacterial plas-
mid pLS1 and the two Walker motifs were present.
This is consistent with an ATPase role for nucleo-
tide-binding proteins (Higgins et al., 1988; Koonin,
1993) and supports the replication role of the phy-
toplasma rep genes.

The TBBperi strain used in the study had been
maintained in the shadehouse for over 10 years by
grafting. Schneider et al. (1999a) detected eDNAs
from TBBperi ranging in size from »4.1 to 12.1 kb.
The diVerence in sizes may reXect the diVerent phys-
ical forms of eDNAs. In this study, the 12.1 kb
eDNA was also observed in Weld samples from chic-
ory and capsicum. In this present study, the TBB
eDNA from periwinkles maintained in the shade-
houses was estimated to be 3.3 kb and not 4.1 kb. It
is possible that genetic material may have been lost
during serial grafting. This has also been reported in
studies of the onion yellows phytoplasma strain,
where serial grafting of the wild-type OY gave rise
to the OY-NIM strain which could not replicate in
the insect host (Oshima et al., 2001b). pOY-NIM
lacks two ORFs that were found in pOYW and
pOYM, these two ORFs encoded for single-
stranded DNA-binding protein (SSB) and a protein
with no signiWcant similarity to known proteins.
Another possibility for the diVerence in TBBperi
eDNA sizes from Schneider et al. (1999a) and this
study, is that hybridisation patterns of eDNA are
subject to change due to the multiple physical forms
of eDNA resulting from diVerent DNA extractions
methods, storage conditions and the age of the
DNA sample (Schneider et al., 1999a).

We were unable to obtain the complete sequence
of pTBBcap due to technical diYculties encountered
in sequencing the remaining 700 bp even after sev-
eral attempts. It is possible that long stretches of sin-
gle nucleotides, AT rich regions and tandem repeats
were present that are known to confound sequenc-
ing of DNA fragments (Weitzmann et al., 1997;
Wells, 1996). Interestingly, in the 4092 bp fragment
sequenced, no tandem repeats were identiWed, how-
ever, this does not eliminate the possibility that a
repeat occurs in the region yet to be sequenced.

Bacterial plasmids contain an essential region
which may contain several genes such as the origin
of replication, the protein for replication initiation
and plasmid-borne genes involved in the control of
its replication (del Solar et al., 1998). The shorter rep
gene in TBB eDNA suggests that replication in these
plasmids involves a unique mechanism, at least for
phytoplasma eDNAs. Housekeeping genes are not
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generally found on plasmids (Koch, 1981) but the
presence of dnaG in TBB eDNA suggests that in the
TBB eDNA system, the dnaG and chromosomal
genes are used for replication instead of the rep gene
(del Solar et al., 1998). The bacterial dnaG is a
nucleotidyltransferase that synthesises the oligori-
bonucleotide primers required for DNA replication
on the lagging strand of the replication fork; it can
also prime the leading stand and has been impli-
cated in cell division. If dnaG was not located on the
TBB chromosome but present only on the plasmid,
the primase may be transferred to the chromosome
for DNA replication possibly through horizontal
transfer (Khan, 2005). However, PCR tests ampli-
Wed the primase gene from all TBB samples tested,
including samples that were negative for eDNA.
These results suggest that the dnaG may also be
located on the chromosome, which is also the case
for peanut witches’ broom phytoplasma and its
associated plasmid (GenBank Accession No.
AY270152 and AY270153). The full-length rep gene
was found on the PNWB plasmid, therefore in this
system the dnaG may not be responsible for replica-
tion. Due to incomplete sequence data of the chro-
mosome encoded PNWB dnaG gene, we were unable
to determine if the gene in PNWB was complete and
functional. Although PCR tests of TBB samples
suggest that the primase gene is also located on the
chromosome, the functionality of the protein is not
known. The dnaG gene was also encoded on the
BLTVA plasmid, but whether it is also on the chro-
mosome is unknown. However, the BLTVA plasmid
also encodes the full-length rep gene so the primase
may not be responsible for replication in this plas-
mid. No other plasmid-encoded dnaG gene was
identiWed for other phytoplasma plasmids. Based on
the 16S rRNA genes, the TBB and PNWB phytopl-
asmas are closely related (Seemüller et al., 1998;
Wang and Hiruki, 2005) and this is aYrmed by the
close genetic relatedness of the plasmid-encoded
dnaG genes.

This research has provided insight into extra-
chromosomal DNA from two important Austra-
lian phytoplasmas and it is the Wrst report of
eDNA from Candidatus Phytoplasma australiense.
In this phytoplasma the full-length rep gene is simi-
lar to those from other phytoplasmas and contains
both plasmid and geminivirus-like motifs associ-
ated with the rolling circle mechanism of replica-
tion. We also report an unusual gene arrangement
and speculate upon a unique plasmid replication
system for TBB eDNAs where the dnaG is utilised
for replication in place of the truncated Rep pro-
tein. Beyond knowing the genetic code of these
eDNAs, it is still unclear what roles these plasmids
actually play in phytoplasma disease expression
and if they are true bacterial plasmids that can rep-
licate autonomously.
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