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ABSTRACT 

In Australia the strawberry diseases, lethal yellows and green petal, are 

associated with Candidatus Phytoplasma australiense (Ca. P. australiense). In 

addition, a rickettsia-like-organism (RLO) is associated with Australian strawberry 

lethal yellows (SLY) disease. Ca. P. australiense is also associated with the plant 

diseases, papaya dieback (PDB), Australian grapevine yellows (AGY) and 

Phormium yellow leaf (PYL; New Zealand). The tomato big bud (TBB) 

phytoplasma is associated with a wider range of plant diseases throughout Australia. 

In contrast, the RLO has only been identified in association with SLY disease, and 

Ca. P. australiense has only been detected in a limited number of plant host species. 

Diversity studies of phytoplasmas have shown that the conserved 16S rRNA gene 

may not distinguish closely related phytoplasmas within the Ca. P. australiense 

group. Identification of more variable genes may facilitate the differentiation of 

these closely related phytoplasmas. 

The aims of this study were to; 1) develop a peR based diagnostic test for the 

SLY RLO, 2) use this and existing tests to examine the phloem limited organisms 

associated with strawberry green petal (SGP) and lethal yellows diseases, 3) measure 

the level of association between the RLOs and phytoplasmas, and strawberry 

diseases, 4) identify plant species that are possible reservoirs for the phytoplasmas 

and RLOs associated with SLY and SOP diseases, 5) identify new genes that may be 

suitable for differentiating closely related phytoplasmas, 6) use these genes and 

previously identified phytoplasma genes to investigate genetic variation among Ca. 

P. australiense strains and determine whether there is a relationship between strains 

and a particular host plant species. 
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Two plants with SLY disease were subjected to PCR using papaya bunchy 

top (PBT) RLO primers and the amplicons were sequenced. Both amplicons shared 

96% sequence identity with the sdhA gene of the PBT RLO and this provided the 

first molecular evidence that an RLO is associated with strawberry lethal yellows. 

Only two plants with strawberry green petal disease were observed and collected 

between January 2000 and October 2002, compared with 363 plants with SLY 

disease symptoms. Of the 363 SLY samples, 117 tested positive for the RLO, 67 

tested positive for Ca. P. australiense AGY strain and 11 plants tested positive for 

Ca. P. australiense Phormium yellow leaf variant strain. On runner production farms 

at Stanthorpe, the RLO was detected in SLY diseased plants more frequently than 

phytoplasmas. On fruit production farms at the Sunshine Coast, Queensland, Ca. P. 

australiense was detected in SLY disease plants more frequently than the RLO. 

Thirty one other plant species from south-east Queensland were observed with 

disease between 2001 and 2003 and of these, 18 species tested positive using 

phytoplasma specific primers. The RLO was detected III diseased lacksonia 

scoparia and Modiola caroliniana samples collected at Stanthorpe. The TBB 

phytoplasma was detected in 16 different plant species and Ca. P. australiense AGY 

strain was detected in six species. The TBB phytoplasma was detected in plants 

collected at Nambour, Stanthorpe, Warwick and Brisbane. Ca. P. australiense was 

detected in plants collected at Nambour, Stanthorpe, Gatton and AHora. 

A TBB phytoplasma random clone genomic library was analysed as part of a 

search for new genes that could be used to distinguish closely related phytoplasmas. 

Twenty clones were analysed and these contained 26 genes comprising 19.0kbp of 

TBB phytoplasma genomic DNA. Half of the TBB phytoplasma genes identified 
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were involved in DNA replication, transcription and translation. The remaining TBB 

phytoplasma genes were involved in protein secretion, cellular processes, transport 

and energy metabolism. Most primers designed based on the newly identified 

phytoplasma genes amplified a product from TBB and sweet potato little leaf strain 

V4 (SPLL-V4) phytoplasma samples. When amplified products were subjected to 

restriction fragment length polymorphism (RFLP) analysis, the restriction patterns 

were the same as the respective clones. These primers did not amplify Ca. P. 

australiense DNA but sequence analysis of the tuf gene and rp gene operon showed 

that Ca. P. australiense strains could be differentiated into four subgroups. These 

subgroups were named 16SrXII-BUuf-Australia I)(rp-A), 16SrXII-BCtuf-New 

Zealand I; rp-B), 16SrXII-B(tuf-New Zealand II) and 16SrXII-B (rp-C). While no 

relationship was observed between these phytoplasma subgroups and collection date, 

location or host plant, the existence of subgroups indicated distinct inoculation 

events and possibly different alternative hosts and different vectors. 

PCR results and sequence analysis indicated the PBT RLO PCR primers are 

suitable for screening SLY disease samples for the presence of an RLO. peR 

screening of diseased strawberry plants showed RLOs and phytoplasmas are equally 

associated with SLY disease and the RLO is more prevalent at runner production 

areas while Ca. P. australiense is more frequently detected at fruit production farms. 

These findings suggest that RLO SLY disease management is required in the runner 

production areas while Ca. P. australiense control strategies should be implemented 

in fruit production areas. The TBB phytoplasma was most frequently detected in the 

other plant species collected during the study so there is a plentiful supply of TBB 

phytoplasma inoculum. Despite this, the TBB phytoplasma was infrequently 

xx 



detected in diseased strawberry plants. Six plant species were identified as possible 

sources of Ca. P. australiense inoculum for SLY disease while only two species are 

possible reservoirs for the SLY RLO. For SLY disease control strategies to be 

effective they will have to address the supply of inoculum in the areas surrounding 

strawberry farms. 

xxi 



Chapter 1 

INTRODUCTION 

This chapter is an adapted version of paper 6 (page iii) submitted to 'Australasian 

Plant Pathology' . 

Streten C, Gibb KS (2005) Phytoplasma diseases in sub-tropical and tropical 
Australia. Australasian Plant Pathology in review. 



1.1 COMMERCIAL STRAWBERRY PRODUCTION IN AUSTRALIA 

Australian commercial strawberry plants are grown in Victoria, Queensland, 

Western Australia and South Australia (Strawberry Industry Australia, 2004). 

Between 2003 and 2004 these farms produced approximately 40,000 tonnes of 

berries which had a farm gate value of $200 million (Strawberry Industry Australia, 

2004). Strawberry runners grown at the fruit production farms originate from 

Queensland and Victorian runner farms (Strawberry Industry Australia, 2004). The 

study presented here focused on diseases affecting the Queensland strawberry 

industry. 

The Queensland commercial strawberry fruit crop is produced from April to 

October at farms located in the Nambour, Caboolture, Brisbane and Beenleigh 

districts of south-east Queensland and the Atherton Tableland in north Queensland. 

Plants grown at these farms originate as runners that are removed from mother plants 

grown on strawberry runner production farms in Stanthorpe, south-east Queensland 

or Victorian runner farms. The mother plants start as runners taken from foundation 

strawberry plants which are propagated by tissue culture, and then grown in 

fumigated soil for 12 months at Stanthorpe runner production farms. The strawberry 

runners from Stanthorpe are removed from mother plants and distributed to fruit 

production farms in March or April. 

1.2 AGENTS ASSOCIATED WITH DISEASES IN STRAWBERRY 

Bacteria, fungi and viruses cause approximately 100 strawberry diseases 

worldwide these include bacterium wilt, powdery mildew, leaf scorch, leaf spot, 

Fusarium wilt, crinkle virus and mottle virus (Broadley et al., 1988; Maas, 1998). 

1 



StrawbelTY plants are also affected by the phytoplasma diseases, aster yellows (A Y), 

green petal (SGP), lethal yellows (SLY), lethal decline (SLD), multipliers (SM), 

bronze leaf wilt (SBLW) and witches' broom (SWB) (Chiykowski, 1987; Harrison et 

al., 1997; Jomantiene et at., 1998a; 1998b; Maas, 1998; Posnette and Chiykowski, 

1987). In America, 10 phytoplasmas are associated with strawbelTY diseases and 

they represent four phytoplasma 16Sr groups (Harrison et al., 1997; Jomantiene et 

ai., 1998a; 1998b; 1999a; 1999b; 2001; 2002). In Europe, the clover phyllody 

(16SrI) and stolbur (16SrXII) phytoplasmas are infrequently detected in diseased 

strawberry plants (Clark et al., 1983; Fos et al., 1992; Honetslegrova et al., 1996). 

In Australia, the strawberry diseases, lethal yellows and green petal are 

associated with a phytoplasma (Greber and Gowanlock, 1979; Padovan et al., 1998; 

2000b). SL Y and SGP diseases occur intermittently at farms in south-east 

Queensland (Greber and Gowanlock, 1979). SLY disease at runner production farms 

is economically significant because this disease can be transmitted to runners from 

mother plants and inadvertently passed onto fruit production farms (Greber, 1987). 

A scheme has been introduced by Queensland's Department of Primary Industries, 

Fisheries, Horticulture and Forestry Science, where plants are inspected frequently 

and those with lethal yellows disease are rogued from runner beds and destroyed. 

Symptoms can, however, develop up to eight weeks after inoculation (Greber and 

. 
Gowanlock, 1979), so diseased material may be unintentionally distributed to 

growers. SLY and SGP disease at fruit production fanns can have a significant 

impact on productivity because flowering and fruit set is inhibited, and infected 

plants frequently die (Greber and Gowanlock, 1979). 

2 



Two types of lethal yellows symptoms are observed on strawberry plants in 

Australia (Greber, 1987; Greber and Gowanlock, 1979). Vascular tissue of 

strawberry plants with purple discolouration of older leaves, stunted younger leaves 

with shortened petioles and marginal chlorosis were examined using electron 

microscopy and these typical SLY symptoms were associated with a mycoplasma

like organism (Greber and Gowanlock, 1979) now referred to as phytoplasmas 

(International Committee on Systematic Bacteriology Subcommittee on the 

Taxonomy of Mollicutes, 1993). Molecular analysis of SLY diseased samples 

exhibiting this symptom type confirmed that a phytoplasma, Candidatus 

Phytoplasma australiense (Davis et at., 1997 a) is associated with SLY disease 

(Padovan et al., 1998; 2000b). In addition, a mixed phytoplasma association of an 

uncharacterised phytoplasma and Ca. P. australiense is also associated with SLY 

disease (Padovan et aI., 2000b). Ca. P. australiense is also associated with SGP 

disease (Padovan et al., 2000b). Green petal is characterised by phyllody where the 

flowers become leaf-like (Greber, 1987). 

Strawberry plants showing a second type of SLY symptoms have bronze 

discolouration of older leaves, stunted petioles and interveinal chlorosis on younger 

leaves. As the severity of this disease increases the flowers tend to abort (Greber, 

1987; Greber and Gowanlock, 1979). Greber and Gowanlock (1979) reported that 

these symptoms are associated with a rickettsia-like-organism (RLO). Plants 

affected by an RLO also have mild discoloration of the vascular tissue (Hopkins, 

1977). RLO associated SLY symptoms disappeared after seven weeks treatment 

with penicillin drenches which supports the hypothesis that bacteria-like-organisms 

are associated with this disease (Greber and Gowanlock, 1979). 
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A number of diseases are associated with an RLO including papaya bunchy 

top (PBT) (Davis et al., 1998), can·ot proliferation (Franova et al., 2000), rugose leaf 

curl of clovers (Behncken and Gowanlock, 1976), hops crinkle, rosette latent, little 

leaf of Sida cordifolia and larch tree witches' broom (Behncken, 1983; Davis, 2001; 

Niehaus and Sikora, 1979). The bacteria associated with these diseases were 

identified as rickettsia-like-organisms based on their morphological resemblance to 

the Rickettsiae, obligate intracellular bacterial pathogens that affect vertebrates and 

invertebrates (Behncken, 1983; Behncken and Gowanlock, 1976; Davis, 2001; 

Franova et ai., 2000; Niehaus and Sikora, 1979). Recently, the 16S rRNA gene, 

flavoprotein subunit of the succinate dehydrogenase (sdhA) and 17kDa rickettsial 

common antigen genes of the RLO associated with PBT disease were identified 

(Davis et al., 1998). The PBT RLO is the only association that has been confirmed 

using molecular techniques (Davis et ai., 1998). Some diseases previously reported 

as associated with RLOs are now considered to be associated with bacterium-like

organisms (BLOs) such as yellow vine disease (Avila et al., 1998) and citrus 

greening (Jagoueix et al., 1994). Strawberry marginal chlorosis disease in France is 

associated with a BLO (Danet et al., 2003; Nourrisseau et at., 1993; Zreik et al., 

1998) designated 'Candidatus Phlomobacter fragariae' (Zriek et a!., 1998). 

1.3 OVERVIEW OF PHYTOPLASMAS 

Phytoplasmas were first observed as pleomorphic bodies in the phloem of 

diseased mulberry plants (Doi et ai., 1967). Since then phytoplasmas have been 

associated with numerous plant diseases worldwide which affect approximately 1000 

plant species (McCoy et ai., 1989; Seemiiller et al., 1998). Microscopy studies 
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showed that phytoplasmas range in size from 200 nm-lOOO nm (McCoy et al., 

1989), and are surrounded by a triple layered single unit membrane (Lee and Davis, 

1992; Sinha, 1976). The presence of a flexible membrane instead of a cell wall 

allows the phytoplasmas to move through the sieve plate pores which means 

phytoplasmas are not limited to a single location within the plant (Kirkpatrick, 1989; 

Rudzinska-Langwald and Kaminska, 1999). The internal ultrastructure of 

phytoplasmas consists of strands that are thought to be DNA and granules that are 

the size of prokaryotic ribosomes (Lee and Davis, 1992; Sinha, 1976). These 

characteristics resembled those of the mycoplasmas which led to the phytoplasmas 

being assigned to the class Mollicutes (Doi et ai., 1967). Members assigned to this 

class are thought to have evolved from the gram-positive bacteria (Woese et al., 

1980). 

Molecular analysis of the phytoplasmas revealed genomic characteristics that 

are also common to members of the class Mollicutes (Seemtiller et al., 1998). They 

have a small genome that has a low G+C content (23 - 35 %) (Kollar and Seemtiller, 

1989; Sears et ai., 1989) and range in size from 640 to 1185 kb (Firrao et ai., 1996; 

Lauer and Seemtiller, 2000; Liefting and Kirkpatrick, 2003; Lim and Sears, 1991 b; 

Marcone et ai., 1999; Marcone and Seemtiller, 2001; Neimark and Kirkpatrick, 1993; 

Padovan et at., 2000a). Unlike the mycoplasmas, phytoplasmas are intracellular 

organisms that are essentially limited to their insect vectors or the sieve tubes of the 

phloem tissue of the host plant (Doi et at., 1967). 

Vectors that transmit phytoplasmas are phloem feeding insects, mainly 

leafhoppers (Cicadellidae), planthoppers (Fulgoridae) and psyllids (Psyllidae) 
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(Fletcher et al., 1998; Kirkpatrick, 1989; Lee et aI., 2000). Some phytoplasmas 

appear to have a very close or specific relationship with their insect vector (Lee et 

al., 1998a; 2000), while for other phytoplasmas the reverse is true. For example, 

California aster yellows phytoplasma is transmitted by 24 leafhopper species (Lee et 

al., 1998a). Insect feeding behaviour largely determines the phytoplasmas' plant 

host range (Lee et al., 2000) in that polyphagous insects transmit phytoplasmas to a 

wide range of species while monophagous species are essentially limited to a single 

plant species (Lee et al., 1998a). An insect acquires the phytoplasma by feeding on 

the phloem of an infected plant (Garnier et aI., 2001; Lefol et al., 1993). The source 

plant can affect leafhopper acquisition which suggests that plant metabolites may 

playa role in phytoplasma transmission (Bosco et al., 1997; Palermo et al., 2001). 

After acquisition, the ingested phytoplasma crosses the gut wall of the insect and 

multiplies in the haemolymph; from here they move into the salivary glands where 

they continue to multiply (Garnier et al., 2001; Kirkpatrick, 1989; Lefol et al., 1993). 

The mechanisms involved in the movement of the phytoplasmas across the insect 

membranes are poorly understood (Fletcher et al., 1998). Insect vectors are only 

able to transmit the phytoplasma after their salivary glands have become infected 

which results in a 2-6 week latent period between acquisition and transmission 

(Fletcher et al., 1998; Kirkpatrick, 1989; Lee et al., 2000; Palermo et ai., 2001). 

Acquisition of a phytoplasma and the subsequent multiplication within the vector is 

generally considered not to be harmful to the insect (Chiykowski, 1991). However, 

some phytoplasmas are pathogenic to the insect vector (Garcia-Salazar et al., 1991). 

After the latent period is complete, the insect is able to transmit the phytoplasma to a 

plant host by feeding from the phloem tissue (Palermo et aI., 2001). It has been 

reported that Cacopsylla pruni, which transmits the European stone fruit yellows 
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phytoplasma, retains its infectivity during overwintering which means that the insects 

can inoculate plants in early spring (Carraro et at., 2001). Not all leafhoppers that 

ingest the phytoplasma during acquisition are able to transmit the phytoplasma to 

another host plant (Blanche et aI., 2003; Palermo et ai., 2001). Transmission can be 

affected by the insect's gender and life cycle (Beanland et ai., 1999). In addition, 

temperature, age of the host plant and the nature of the host plant can affect 

phytoplasma acquisition by a vector (Bosco et ai., 1997; Garcia-Salazar et ai., 1991; 

Palermo et ai., 2001). There is a lag period between inoculation of a plant by an 

insect vector and symptom expression because the phytoplasmas multiply in their 

host before they induce symptoms (Lee and Davis, 1992). 

Floral symptoms associated with phytoplasmas include virescence (green 

flowers), sterility, phyllody (floral organs develop leaf like appearance), and 

gigantism (Lee and Davis, 1992; Lee et ai., 2000). Symptoms affecting plant 

morphology include proliferation of axillary buds (witches'-broom), stunting, 

dieback, yellowing, necrosis of phloem tissue, reduced foliar size (little leaf) and 

terminal bunching (McCoy et al., 1989; Lee and Davis, 1992; Lee et ai., 2000). 

Symptom expression can be affected by environmental factors such as temperature, 

soil type, vitality and age of the plant at the time of 'infection' which means there is 

no clear association between phytoplasma and symptom type (Seemtiller et ai., 

1998). The severity of symptoms also varies between hosts and for coconut lethal 

yellows and papaya dieback, affected plants decline rapidly while other 

phytoplasmas affecting the same plant species do not cause such a rapid decline 

(Gibb et al., 1996; Liu et ai., 1996; Mpunami et al., 1999). This suggests that the 
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severity of symptoms can be influenced by virulence of the phytoplasma strain 

(Berges and Seemiiller, 2002). 

Phytoplasma induced symptoms of mosaic, yellowing, chlorosis or mottling 

are thought to be related to photosynthetic dysfunction resulting from changes in leaf 

structure such as a decrease in chloroplast number and chlorophyll metabolism 

(Lepka et al., 1999; Tan and Whitlow, 2001). Bertamini et al. (2002a; 2002b) 

showed that a phytoplasma association decreased photosynthetic activity by 

disrupting the donor side of photosystem II. It has also been suggested that 

symptoms may be due to the phytoplasma affecting the translocation of 

carbohydrates in the plant (Lepka et at., 1999) or the phytoplasma may produce a 

metabolite which disrupts the integrity of the phloem tissue (Guthrie et al., 2001; 

Siddique et aI., 1998). Symptoms of witches' broom, little leaf and shorter 

internodes are thought to reflect a hormone imbalance in diseased plants (Lee et al., 

1997; 2000). 

For phytoplasma diseases, a remission of symptoms can be observed when 

affected plants are exposed to hot weather (Maramorosch and Hunt, 1981) or after 

antibiotic therapy with tetracycline (Greber and Gowanlock, 1979; Magarey and 

Wachtel, 1986). Phytoplasmas can be eliminated from diseased plants through tissue 

culture by callus formation (Dai et al., 1997; Parmessur et al., 2002). 
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1.4 PHYTOPLASMAS IN AUSTRALIA 

1.4.1 Tomato big bud and sweet potato little leaf strain V 4 phytoplasmas 

Tomato big bud disease was first reported in 1933 (Samuel et al., 1933) 

however the symptoms had previously been recorded by Cobb (1902). Significant 

crop losses had been attributed to tomato big bud (TBB) disease (Hill and Mandryk, 

1954). Electron microscope examination of phloem tissue from tomato plants 

exhibiting big bud symptoms provided the first evidence that a phytoplasma was 

associated with this disease (Bowyer et al., 1969). A phytoplasma was confirmed as 

being associated with tomato big bud disease using molecular techniques (Gibb et 

al., 1995). The tomato big bud (TBB) phytoplasma is now known to be associated 

with more than 40 plant diseases of native and introduced plant species in Australia 

(Davis et al., 1997b; 2003; Padovan and Gibb, 2001; Schneider et al., 1999b; Wilson 

et al., 2001). The wide host range of the TBB phytoplasma possibly reflects the 

feeding habits of its insect vector the common brown leafhopper, Orosius argentatus 

(Evans), which is widely distributed throughout Australia (Hutton and Grylls, 1956). 

O. argentatus was first identified as the vector of the TBB phytoplasma in 1943 

(Hill, 1943). This phytoplasma-insect association has since been confirmed by 

additional vector studies (Greber, 1966; Hutton and Grylls, 1956). 

Restriction fragment length polymorphism (RFLP) and sequence analysis of 

the TBBphytoplasma 16S rRNA gene shows that this phytoplasma is a member of 

the faba bean phyUody (FBP-) group which is designated the phytoplasma 16Sr 

group, 16SrII (Davis et al., 1997b; De la Rue et al., 1999; Gibb et al., 1995; 1998; 

Schneider et ai., 1995a; White et al., 1997). The faba bean phyllody group also 

includes Asian phytoplasmas such as sesame phyllody, peanuts witches' broom and 
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Chinese pigeon pea (IRPCM PhytoplasmaJSpiroplasma, 2004; Schneider et al., 

1995a; Seemtiller et al., 1998). Due to the phylogenetic grouping of the TBB 

phytoplasrna it has been suggested that this phytoplasma may have originated from 

the closely related Asian phytoplasmas (Davis et al., 1997b; De La Rue et al., 1999; 

Schneider et al., 1995a). White et al. (1998) designated the TBB phytoplasma that is 

associated with papaya yellow crinkle and papaya mosaic disease as 'Candidatus 

Phytoplasrna australasia'. Ca. P. australasia has not been retained as a phytoplasma 

species name because the 16S rRNA gene of this phytoplasrna shares 99.5% 

similarity with 'Candidatus Phytoplasrna aurantifolia' (Zreik et al., 1995) and 

therefore should be designated the Ca. P. aurantifolia (IRPCM 

PhytoplasrnafSpiroplasma, 2004). 

The phytoplasma detected in diseased Ipomoea hatatas (sweet potato) plants 

growing in northern Australia was initially reported as indistinguishable from the 

TBB phytoplasrna based on RFLP analysis of a partial fragment of their 16S rRNA 

genes (Gibb et al., 1995). RFLP analysis of the complete 16S rRNA gene and 16S-

23S spacer region revealed a slight difference in the RFLP patterns of these two 

phytoplasrnas (Davis et al., 1997b). Southern hybridisation of total DNA extracted 

from plants identified as positive for the SPLL or TBB phytoplasrnas confirmed 

genetic variation between these two phytoplasmas (Davis et al., 1997b). Based on 

these findings the organism amplified from 1. hatatas plants exhibiting symptoms of 

little leaf was designated the sweet potato little leaf (SPLL) phytoplasma (Davis et 

al., 1997b). Nucleotide sequence analysis shows the TBB and SPLL phytoplasmas 

16S rRNA genes share 98.8% identity (Gibb et al., 1998; Padovan et al., 2000a). For 

phytoplasmas to be considered different species they have to share <97.5% similarity 
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between their 16S rRNA genes (IRPCM PhytoplasmaiSpiroplasma, 2004) therefore 

TBB and SPLL phytoplasmas are assigned the same Candidatus species name, Ca. 

P. aurantifolia. 

To maintain the TBB phytoplasma in an experimental host, it was transmitted 

from naturally 'infected' Lycopersicon esculentum (tomato) plants to the 

experimental host plant, periwinkle (Catharanthus roseus) through the parasitic 

climber Cuscuta australis (dodder) (Gibb et al., 1995). In periwinkle plants, the 

TBB phytoplasma causes phyllody (Padovan et al., 2000a). The SPLL phytoplasma 

was transmitted from naturally 'infected' sweet potato plants that were collected near 

Darwin (Northern Territory, Australia) to periwinkle plants (Gibb et al., 1995). 

When the SPLL phytoplasma was transmitted to periwinkle the plants exhibited 

virescence and smaller flowers (Padovan et al., 2000a). RFLP analysis of the 16S 

rRNA gene of the SPLL phytoplasma isolated from periwinkle showed slight 

variation in AZul and RsaI patterns compared to the TBB and SPLL phytoplasmas 

(Padovan et ai., 2000a; Schneider et al., 1999a). It had previously been reported that 

phytoplasmas transmitted from natural hosts to periwinkle can be different from 

those detected in the original host (Ahrens et al., 1993). The periwinkle isolate of 

the SPLL phytoplasma was designated sweet potato little leaf strain V 4 (SPLL-V 4) 

phytoplasma to distinguish it from field samples of the SPLL phytoplasma (Padovan 

et al., 2000a). Chromosome mapping and hybridisation of genomic libraries 

constructed from the TBB and SPLL-V 4 phytoplasmas shows that there is significant 

genomic diversity between the SPLL-V 4 and TBB phytoplasma which is not 

reflected in their 16S rRNA genes (Davis et al., 1997b; Padovan et ai., 2000a; 

Schneider et ai., 1999a). Based on 16S rRNA gene nucleotide sequence comparisons 
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the SPLL-V 4 phytoplasma is also a member of the 16SrII group and is assigned the 

name Ca. P. aurantifolia (IRPCM PhytoplasmaiSpiroplasma, 2004). 

The SPLL-V 4 phytoplasma is also associated with a range of plant diseases 

in Australia (Schneider et ai., 1999a; Davis et ai., 2003). The TBB and SPLL-V4 

phytoplasmas are considered highly successful phytoplasmas in Australia because 

they are associated with a remarkable variety of plant species (Davis et aZ., 1997b). 

In certain cases, the SPLL-V4 and TBB phytoplasmas are associated with the same 

plant disease such as papaya yellow crinkle but these phytoplasmas do not occur in 

these symptomatic plants as mixed 'infections' (Padovan and Gibb, 2001). 

1.4.2 Candidatus Phytoplasma australiense 

Australian grapevine yellows CAGY) disease was first recorded in 1975 

(Magarey and Wachtel, 1985) and is found in most viticulture regions of Australia 

(Constable et aZ., 2004). Affected shoot tips stop growing and die, while bunches 

shrivel and fall (Magarey and Wachtel, 1986). Other symptoms of AGY disease are 

yellowing and downward curling of leaves on stunted shoots that do not harden off 

(Magarey and Wachtel, 1985). AGY disease is most frequently observed for 

Chardonnay and Riesling but symptoms have also been recorded on Traminer, 

Montils and Semillon CMagarey and Wachtel, 1986). A phytoplasma was implicated 

in AGY disease when symptoms regressed after tetracycline treatment CMagarey and 

Wachtel, 1985). 
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A phytoplasma etiology for AGY disease was confirmed when primers 

specific for the phytoplasma 16S rRNA gene amplified a product from diseased and 

not healthy grapevines (Padovan et al., 1995). The three phytoplasmas associated 

with AGY disease in Australia are TBB, Buckland Valley grapevine yellows 

(BVGY) and Australian grapevine yellows (AGY) (Constable et al., 1998; 2002; 

Gibb et al., 1999; Padovan et al., 1995). The TBB phytoplasma is infrequently 

associated with AGY disease and is more commonly detected in vines exhibiting 

symptoms of late season leaf curl (LSLC) (Constable et aI., 2004; Gibb et al., 1999). 

The BVGY phytoplasma has only been detected in vines growing at two different 

vineyards in Victoria (Australia) (Constable et al., 2002). The AGY phytoplasma is 

most commonly associated with AGY disease (Bonfiglioli et al., 1995; Constable et 

al., 1998; Gibb et al., 1999). This phytoplasma is occasionally detected in vines 

exhibiting LSLC or restricted growth (RG) symptoms and asymptomatic vines 

(Constable et aI., 1998; 2004; Gibb et ai., 1999). In a recent study the AGY 

phytoplasma was detected more frequently in plants exhibiting both RG and AGY 

symptoms than in plants with AGY disease alone (Constable et al., 2003; 2004). 

AGY symptoms can be expressed for only one season in some grapevines and the 

cause of symptom remission is unknown. Constable et al. (2003) postulated that 

disease remission may be related to the titre and distribution of phytoplasmas in the 

host. 

Based on RFLP and nucleotide sequence analysis of the AGY phytoplasma 

16S rRNA gene, this phytoplasma is most closely related to the German grapevine 

yellows and stolbur phytoplasmas (Padovan et al., 1995; 1996). The AGY 

phytoplasma was assigned to the aster yellows (l6SrI) group (Padovan et al., 1995; 
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1996) but since it can be differentiated from other members of the 16SrI group based 

on 16S rRNA gene RFLP analysis (Padovan et al., 1996), it was assigned to the 

16SrI group-subgroup G (Davis et al., 1997 a). Davis and Sinclair (1998) then 

moved the AGY phytoplasma from the 16SrI group into the stolbur group (16SrXII) 

and designated it subgroup B. 

Davis et al. (l997a) named the AGY phytoplasma Candidatus Phytoplasma 

australiense based on evidence from 16S rRNA gene signature sequences and RFLP 

analysis. The same signature sequences are also found in the 16S rRNA genes of 

papaya dieback (PDB) and Phormium yellow leaf (PYL) phytoplasmas (Liefting et 

al., 1998). Based on these findings Liefting et ai. (1998) proposed that the PDB and 

PYL phytoplasmas should also be designated Ca. P. australiense. 

PDB disease was first recorded in 1922 and is a significant disease in 

Australia because epidemic outbreaks can cause complete destruction of papaya 

plantations (Glennie and Chapman, 1976). Papaya dieback outbreaks are most 

prevalent in south-east Queensland (Australia) (Liu et al., 1996). Symptoms typical 

of PDB disease are bending of the apical crown, bunching and chlorosis of crown 

leaves, followed by basipetal necrosis of young leaf and stem tissue (Glennie and 

Chapman, 1976). The internal symptom of brown discolouration of vascular tissue is 

infrequently observed in PDB diseased plants (Siddique et aI., 1998). Although PDB 

disease was first recorded in 1920, a phytoplasma etiology was only confirmed in 

1996 (Gibb et al., 1996; Liu et ai., 1996), this was based entirely on molecular 

techniques because a phytoplasma has not been observed in the phloem of diseased 

papaya plants using electron microscopy (Gibb et ai., 1998; Siddique et aI., 1998). 
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In Australia, Ca. P. australiense is also associated with the diseases 

strawberry lethal yellows (SLY), strawberry green petal (SOP) and mung bean 

witches' broom (MBWB) (Padovan et ai., 1998; 2000b; Schneider et ai., 1999b). 

Recently this phytoplasma was detected in periwinkle with phyllody (PPA) (Davis et 

ai., 2003) and pumpkin yellow leaf curl (PYLC) (Streten et al., 2004). Ca. P. 

australiense is consistently associated with a range of crop plant diseases and has 

only been identified in a limited number of non crop plant species. The host range of 

a phytoplasma generally indicates the feeding habitats or the number of insects 

capable of transmitting the phytoplasma (Lee et al., 2000). Findings to date would 

suggest that the vector for Ca. P. australiense feeds on a narrow range of plants or a 

limited number of species are susceptible to this phytoplasma (Lee et al., 1998a; 

2000). Within Australia, no insect vectors of Ca. P. australiense have been identified 

while in New Zealand the planthopper, Oliarus atkinsoni transmits this phytoplasma 

(Boyce and Newhook, 1953, Liefting et aI., 1997). O. atkinsoni is a monophagous 

species that feeds on Phormium sp. and is essentially limited to New Zealand 

(Andersen et al., 2001; Boyce and Newhook, 1953; Liefting et aI., 1997) so it is 

unlikely to transmit Ca. P. australiense in Australia. 

Phormium yellow leaf is a disease of New Zealand flax (Phormium tenax) 

and mountain flax (P. cookianum) (Boyce and Newhook, 1953). Phormium sp. 

plants are large tufted monocotyledons that have fibrous leaves and rhizomes, and 

are native to New Zealand (Boyce and Newhook, 1953). PYL disease was first 

recorded in 1908 and is characterised by abnormal yellowing of leaves, rhizome 

rotting, increased root death and early flowering in Phormium ten ax (Boyce and 
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Newhook, 1953). This disease in P. tenax contributed to the demise of the New 

Zealand natural fibre industry (Boyce and Newhook, 1953). PYL disease was 

considered to be caused by a virus until phytoplasmas were observed in the phloem 

of diseased flax plants (Ushiyama et al., 1969). The phytoplasma, Ca. P. australiense 

was confirmed as being associated with PYL disease through 16S rRNA gene 

sequence analysis (Andersen et al., 1998a; Liefting et al., 1996). 

Ca. P. australiense is also associated with the cabbage tree sudden decline 

(CSD) in New Zealand (Andersen et al., 2001). The CSD disease affects Cordyline 

australis (ti kouka) which is a tufted monocotyledon that is also endemic to New 

Zealand where it has a widespread distribution (Beever et al., 1996). Cordyline 

australis and Phormium sp. are now widely cultivated as ornamentals in New 

Zealand and in temperate regions of the world, including Australia (Andersen et al., 

2001). Ca. P. australiense has also been identified in Coprosma plants with lethal 

decline symptoms and this plant species is also endemic to New Zealand (Andersen 

et al., 2001). In New Zealand, Ca. P. australiense has only been identified in the 

introduced plant hosts, Boysenberry (Boysenberry decline disease) and strawberry 

(strawberry lethal yellows disease) (Andersen et al., 1998b; Wood et al., 1999). O. 

atkinsoni which transmits Ca. P. australiense between Phormium species is unlikely 

to be involved in the transmission of this phytoplasma between these introduced 

plant species because it only feeds on Phormium sp. (Charles et al., 2002). A study 

of other insect vectors for Ca. P. australiense in New Zealand implicated the 

leafhopper species, Arawa variegata and Recilia hospes but these data need to be 

confirmed by feeding trials (Charles et al., 2002). A. variegata is endemic to New 

Zealand while R. hospes was originally recorded in Hawaii but has since been 
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reported in New Zealand, Guam, Fiji and Australia (Charles et al., 2002). R. hospes 

is a possible target of insect vector studies for Ca. P. australiense in Australia and is 

occasionally detected near commercial strawberry plants (Geoff Waite, personal 

communication). 

It has been postulated that Ca. P. australiense is endemic to New Zealand and 

was introduced to Australia (Andersen et al., 2001; Liefting et al., 1998). This is 

based on the findings that in New Zealand, Ca. P. australiense is more commonly 

associated with diseases of plant species that are endemic to New Zealand, 

Phormium sp., Coprosma sp. and Cordyline australis (Andersen et al., 2001; 

Liefting et al., 1998) while in Australia this phytoplasma is associated with diseases 

of introduced plant species (Gibb et at., 1996; Liu et al., 1996; Padovan et al., 

2000b). Furthermore PYL disease is transmitted by the monophagous vector, O. 

atkinsoni, which is essentially limited to New Zealand and disease resistant 

Phormium cultivars have been identified which suggests a long term association 

between host and organism (Liefting et al., 1998). 

Although Ca. P. australiense is associated with a diverse range of plant 

species that are geographically widespread in Australia and New Zealand, strains 

from different hosts all have the same 16S rRNA gene RFLP banding pattern 

(Andersen et al., 1998a; 1998b; 2001; Liefting et al., 1998; Padovan et al., 2000b). 

The nucleotide sequences of the 16S rRNA genes of the phytoplasmas associated 

with AGY, PDB, PYL, SGP and SLY diseases share 99.6-99.8% homology 

(Liefting et al., 1998; Padovan et al., 2000b). Analysis of the 16S-23 spacer region of 

Ca. P. australiense strains shows the PYL and AGY phytoplasmas can be 
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differentiated from SLY, PDB and SGP phytoplasmas (Padovan et al., 2000b). 

RFLP analysis of the Tu elongation factor (EF-Tu) (tuj) genes of members assigned 

to the aster yellows and stolbur phytoplasma groups which includes Ca. P. 

australiense isolates showed genetic variability among the Ca. P. australiense strains 

(Padovan et aI., 2000b; Schneider et aI., 1997). The tuf gene of the PYL 

phytoplasma gave a different banding pattern compared to the Australian 

phytoplasma strains, AGY, SLY, SGP and PDB (Padovan et ai., 2000b). 

Cun'ently, there is no taxonomic nomenclature that indicates the genetic 

variation between the tuf genes of Ca. P. australiense isolates (Padovan et al., 

2000b). Padovan et al. (2000b) discussed the concept of introducing a subspecies 

naming system for the New Zealand and Australian Ca. P. australiense isolates so 

that genetic variation between these phytoplasmas would be reflected in their 

taxonomic naming. A subspecies naming system based on genetic variation between 

the tuf gene and ribosomal protein operon has been developed for members of the 

aster yellows phytoplasma group (Gundersen et al., 1996; Marcone et ai., 2000). 

The development of a similar system for Ca. P. australiense would allow taxonomic 

names to indicate the presence of slight genetic variation between isolates. 

1.5 DETECTION OF PHYTOPLASMAS 

Phytoplasma associated diseases were originally identified by examining 

ultra thin sections from symptomatic and symptomless plants by electron microscopy 

(EM) (Doi et aI., 1967; Greber and Gowanlock, 1979; Ushiyama et aI., 1969). 

Diseased plants that were phytoplasma positive by EM analysis were treated with 

antibiotics such as tetracycline to confirm the presence of a phytoplasma (Doi et ai., 
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1967; Greber and Gowanlock, 1979). In the 1980s, enzyme-linked immunosorbent 

assays (ELISA) using monoclonal and polyclonal antibodies were developed for the 

detection of phytoplasmas (Clark et al., 1983; 1989; Jiang et aI., 1989; Lee and 

Davis, 1993; Lin and Chen, 1985; Loi et al., 2002; Saeed et al., 1994). While the 

ELISA tests were suitable for the detection of specific phytoplasmas these tests were 

not suitable for differentiating phytoplasmas (Seemiiller et at., 1998). DNA 

hybridisations and RFLP analysis of genomic DNA were introduced and these 

techniques were suitable for detecting and differentiating phytoplasmas (Ahrens et 

at., 1993; Deng and Hiruki, 1990b; 1991b; Kirkpatrick et al., 1987; Lee and Davis, 

1988; Lee et al., 1991). In the early 1990s, polymerase chain reaction (peR) based 

assays were developed for the detection of phytoplasmas (Ahrens and Seemiiller, 

1992; Deng and Hiruki, 1990a; Lee et al., 1993; Namba et al., 1993). Initially PCR 

primers were designed based on phytoplasma genomic DNA and generally these 

primers were phytoplasma specific (Deng and Hiruki, 1990a). Subsequently, 

researchers developed PCR primers based on the highly conserved 16S rRNA gene 

and these primers are universal for all phytoplasmas (Ahrens and Seemiiller, 1992; 

Deng and Hiruki, 1991a; Lee et ai., 1993; Namba et al., 1993). The phytoplasma 

16S rRNA gene specific primers are routinely used to detect phytoplasmas and have 

been used to identify numerous phytoplasma associated plant diseases worldwide 

(Lee et al., 2000; Seemiiller et aI., 1998). Amplification of 16S rRNA genes and 

subsequent RFLP analysis is time consuming and expensive when screening 

numerous diseased plant samples for phytoplasmas, so group specific PCR primers 

have been developed (Davis and Lee, 1993; Guo et al., 2000; larausch et al., 1998; 

Smart et aI., 1996). 
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Phytoplasma distribution and titre varies between host plants and these factors 

affect the sensitivity of the peR (Berges et al., 2000; Constable et a!., 2003). To 

increase the sensitivity of peR assays, researchers introduced 'nested amplifications' 

for detecting phytoplasma associated diseases (Andersen et at., 1998a; Lee et at., 

1994). Nested amplifications are thought to be more suitable for detecting 'mixed 

phytoplasma infections' (Lee et al., 1994; 2000). Recently, Baric and Dalla-Via 

(2004) reported that real-time peR assays were more sensitive for detecting 

phytoplasmas in diseased samples than conventional PCR. 

1.6 DIFFERENTIATION AND CLASSIFICATION OF PHYTOPLASMAS 

1.6.1 16S rRNA gene 

The inability to culture phytoplasma in vitro means that these organisms are 

not classified using the traditional criteria for culturable bacteria which is based on 

phenotypic and genotypic characteristics (Lee et at., 2000; SeemLiller et al., 1998). 

As a result phytoplasmas were originally classified on the basis of symptoms, host 

range and vector specificity (Lee and Davis, 1992; Lee et ai., 2000; Seemuller et at., 

1998). The problem with this system is that the same phytoplasma can cause 

different symptoms in different hosts such as those observed for periwinkle, and 

different symptoms in the same host (strawberry) (Lee and Davis, 1992; Padovan et 

at., 2000b). 

The introduction of DNA-based methods, southern hybridisations and RFLP 

analysis of phytoplasma genomic DNA revealed phytoplasma groups and subgroups 

(Deng and Hiruki, 1991b; Lee et al., 1991). However, a DNA based classification 

system for phytoplasma was not available until researchers began to routinely study 
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the 16S rRNA gene of phytoplasmas (Lee et al., 2000; Seemtiller et at., 1998). 

Woese (1987) proposed that the 16S rRNA gene is a suitable phylogenetic marker 

for classifying prokaryotes because it is a universal gene for prokaryotes and 

contains variable and non variable regions which makes it suitable for taxonomic 

studies. Phytoplasmas have two 16S rRNA genes and both copies of this gene have 

been characterised for the onion yellows and Phormium yellow leaf phytoplasmas 

(Jung et al., 2003a; Liefting et al., 1996; Schneider and Seemtiller, 1994). The two 

copies of the 16S rRNA genes isolated from the same phytoplasma vary by 0.27-

0.1 % (lung et al., 2003a; Liefting et al., 1996). 

RFLP analysis of the phytoplasma 16S rRNA genes was used as a basis for a 

classification scheme for phytoplasmas (Gundersen et al., 1994; Lee et al., 1993; 

1998b; Schneider et al., 1993; Seemiiller et al., 1994). This technique is used 

routinely to identify phytoplasmas however RFLP analysis has largely been replaced 

by 16S rRNA gene nucleotide sequence comparisons (Lee et al., 2000; Seemtiller et 

at., 1998). 

Initial work on the nucleotide sequence of the 16S rRN A gene from the aster 

yellows phytoplasma showed this phytoplasma represents a distinct monophyletic 

clade within the class Mollicutes (Gundersen et al., 1994; Lim and Sears, 1992; 

Schneider et ai., 1995a; 1995b). Furthermore, sequence analysis revealed that the 

phytoplasmas are more closely related to the Acholeplasma species, A. palmae and A. 

laidlawii than Mycoplasma species (Sears and Kirkpatrick, 1994). The relationship 

between the phytoplasmas and AcholepZasma sp. was supported by comparative 

analysis ofthe ribosomal protein (rp) encoding genes (rpsJ9-rpI22-rps3) (Kuske and 
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Kirkpatrick, 1992, Lim and Sears, 1991 a; 1992). Members of the phytoplasma clade 

were differentiated into 12 subclades (l6S rDNA group) through sequence analysis, 

and these groups correlated with those based on RFLP analysis of the 16S rRNA 

gene (Kuske and Kirkpatrick, 1992; Lee et ai., 1998b; Seemuller et ai., 1994). 

Kirkpatrick and Smart (1995) reported that phylogeny derived from the 

phytoplasma 16S-23S spacer region which is adjacent to the 16S rRNA gene is 

consistent with classification based on the 16S rRNA gene. Although groups 

differentiated by the 16S-23S region were consistent with those of the 16S rRNA 

gene, the authors proposed that the 16S-23S region is possibly more variable than the 

16S rRNA gene so it may facilitate finer resolution of phylogenetic groupings 

(Kirkpatrick and Smart, 1995). As a result, phytoplasmas are generally identified 

and assigned to 16SrI groups based on sequence analysis or RFLP analysis of the 

combined 16S rRNA gene and 16S-23S spacer regIOn (IRPCM 

PhytoplasmaiSpiroplasma, 2004; Kirkpatrick and Smart, 1995; Lee et al., 2000; 

Seemtiller et at., 1998). 

Phytoplasmas are now differentiated into 15 phytoplasma 16Sr groups using 

RFLP or sequence analysis of the 16S rRNA gene and spacer region (Figure 1.1; 

Table 1.1) (Lee et at., 2000). There are five phytoplasmas which are not assigned to 

these phytoplasma groups (Lee et a!., 2000; Seemuller et al., 1998). It has been 

recommended that a Candidatus Phytoplasma species name should be assigned to a 

single, unique 16S rRNA gene sequence (IRPCM PhytoplasmaiSpiroplasma, 2004). 

Phytoplasmas assigned to the same 16S rDNA group are generally designated the 

same species name because their 16S rRNA genes share more than 97.5% similarity. 
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Figure 1.1: Phylogenetic tree showing the relationship between the major 

phytoplasma groups (Abbreviations in Table 1.1) (Seemtiller et ai., 2002). 
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Table 1.1: Phytoplasma groups, Candidatus Phytoplasma (Ca. P.) speCIes name and representative phytoplasmas for each group (IRPCM 

PhytoplasmaiSpiroplasma, 2004). 

PhytopJasma Candidatus Phytoplasma Representative phytopJasmas 
group 
16SrI 

16SrII 

16SrIII 

16SrIV 

16SrV 

species 
Ca. P. asteris 

Ca. P. japonicum 
Ca. P. aurantifolia 

Ca. P. pnmi 

Ca. P. palmae 

Ca. P. cocostanzaniae 
Ca. P. cocosnigeriae 
Ca. P. castaneae 
Ca. P. ulmi 

Ca. P. ziziphi 
Ca. P. vitis 

Clover phyllody Europe (KVG); clover phyllody (CPh); Apricot chlorotic leaf roll 
(A Y A); tomato big bud America (BB); American aster yellows (AA Y); severe 
western aster yellows (SAY); Oenothera aster yellows (OA Y); Ranunculus 
phyllody (RP); onion yellow (OY); Paulownia witches' broom (PaWB) 
Hydrangea phyllody (P. japonicum) 
Italian alfalfa witches'broom (IAWB); PiC/'is echioides phyllody (PEP); faba bean 
phyllody (FBP); cactus phytoplasma Martinez-Soriano (Cac-Mos; Cac-MS); 
Bonamia little leaf (BoLL); pigeon pea little leaf (PPLL); sweet potato little leaf 
(SPLL); tomato big bud (TBB), Gerbera phyllody (GerP); papaya yellow crinkle 
(P. australasiaYC); papaya mosaic (P. australasiaM); sweet potato witches' broom 
(SPWB); sunhemp witches' broom (SUNHP); sweet potato little leaf strain (SPLL
S); Chinese pigeon pea witches' broom (PPWB-Ch) 
Sugarcane yellows type I (ScYPI); Western X-disease (WX); Canadian peach X
disease (CX); Tsuwabuki witches' broom (TWB); vaccinium witches' broom 
(VWB); black locust witches' broom (BLWB); Chayote witches' broom (ChWB); 
clover yellow edge (CYE); Italian clover phyllody (lCPh) 
Coconut lethal yellows (LY); Yucatan lethal decline (YLD); lethal yellows 
Caribbean (L Y -Car) 
Tanzanian lethal decline (TLD) 
Phytoplasma strain LDN 
Phytoplasma strain LDG 
Virginia creeper (VirC); alder yellows (AL Y); Elm yellows (EY); elm yellows 
(UL W); mbus stunt (RuS) 
Ziziphus jujube witches' broom phytoplasma (JWB) 
Flavescence doree (FD) 
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Table 1.1: continued 
Phytoplasma 
group 
16SrVI 
16SrVII 
16SrVIII 
16SrIX 

16SrX 

16SrXI 

16SrXII 

16SrXIII 
16SrXIV 
16SrXV 

Calldidatus Phytoplasma 
species 
Ca. P. trifolii 
Ca. P. fraxini 
Ca. P. luffae 
Ca. P. phoenicium 

Ca. P. mali 

Ca. P. pyri 

Ca. P. prunorum 

Ca. P. spartii 
Ca. P. rhamni 
Ca. P. allocasuarinae 
Ca. P. oryzae 

Ca. P. australiense 

Ca. P. solani 
No name suggested 
Ca. P. cynodontis 
Ca. P. brasiliense 
No name suggested 

Representative phytoplasmas 

Clover proliferation (CP); Brinjal little leaf (BLL) 
Ash yellows (P. fraxini) 
Loofah's witches' broom (LfWB) 
Knautia arvensis phyllody (KAP); Picris echioides yellows (PEY); pigeon pea 
witches' broom (PPWB); Caribbean peigeon pea witches' broom (CPPWB) 
Apple proliferation (AT) 

Pear decline (PO); Pear decline POI strain (POl); peach yellow leaf roll 
(PYLR) 

Citation 

Hiruki and Wang, 2004 
Griffiths et al., 1999 

Verdin et ai., 2003 

Seemtiller and Schneider, 
2004 
SeemUller and Schneider, 
2004 

European stone fruit yellows (ESFY); European stone fruit yellows cherry Seemtiller and Schneider, 
(ESFY -C) 2004 
Spartium witches' broom (SpaWB) 
Buckthorn witches' broom (BWB) 
Allocasuarina yellows disease (AlloY) 
Rice yellow dwarf (RYD); sugarcane white leaf (SCWL); leafhopper borne 
(BVK) 

Marcone et al., 2004a 
Marcone et al., 2004a 
Marcone et al., 2004a 
Jung et al., 2003c 

Australian grapevine yellows (P. australiense); Phormiul1l yellow leaf (PYL); Davis et al., 1997a 
papaya dieback (PpDB); strawberry lethal yellows (StrLY) 
Stolbur (StoL); Vergilbungskrankheit (VK) 
Mexican periwinkle virescence 
Bermuda grass white leaf phytoplasma (BGWL) 
Hibiscus witches' broom phytoplasma strain HibWB26 (P. brasiliense) 
Pinus sylvestris phytoplasma (PinP); Chinaberry yellows phytoplasma strain 
Cb Yl; Vigna little leaf phytoplasma (ViLL) ; Stylosanthes little leaf (StLL); 
Italian bindweed yellows (IBS), Mollicutes sp. (S. officinarwn); Sorghum 
grassy shoot phytoplasma variant I and variant II; Galactia little leaf (GaLL); 
Mollicutes sp. (C. roseus); Cirsium phylJody (CirP) 
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In addition, the committee recommended that phytoplasma strains which share 

greater that 97.5% 16S rRNA gene sequence similarity should be assigned the same 

species name except if there is host range, insect vector and serological data which 

supports the separation of the phytoplasma into different species (lRPCM 

PhytoplasmaiSpiroplasma, 2004). Until recently, only three phytoplasma species 

had been assigned species names but all phytoplasma 16Sr groups are currently 

being assigned Candidatus Phytoplasma species names using the minimal taxonomic 

standards for uncultivated bacteria (IRPCM PhytoplasmaJSpiroplasma, 2004)(Table 

1.1). 

1.6.2 Other phytoplasma genes 

Differentiation studies of closely related phytoplasmas based on the 16S 

rRNA gene show no clear relationship between phytoplasma, host plant species or 

symptoms (Seemtiller et a!., 1998). Slight genomic differences that may account for 

the variation in symptoms and host specificity may not be detected because of the 

highly conserved nature of the 16S rRNA gene (Cilia et al., 1996; Ludwig and 

Schleifer, 1999). Furthermore, the 16S rRNA gene may not be useful for identifying 

subgroups within each phytoplasma 16SrI group (Gundersen et al., 1996; Marcone et 

al., 2000). 

Members of the same phytoplasma 16SrI group can also be differentiated using 

more variable regions or genes such as the tuf gene, ribosomal protein operon (rpsJ9-

rpl22 -rps3), or nitroreductase (Gundersen et al., 1996; Jarausch et al., 1994; 2000; 

Liefting et aI., 1998; Marcone et al., 2000; Padovan et al., 2000b). 
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Phytoplasmas assigned to the 16SrI (aster yellows) and 16SrIII (X-disease and 

related phytoplasmas) can be divided into subgroups based on ribosomal protein (rp) 

and 16S rRNA gene sequences (Gundersen et al., 1996). Nine 16Sr1 and eight 

16SrIII subgroups are identified by RFLP analysis of the ribosomal protein gene 

cluster (Gundersen et aI., 1996; Jomantiene et a!., 1998b; Lee et al., 1998b). These 

groupings are designated rr-rp subgroups (Gundersen et aI., 1996; Jomantiene et at., 

1998b; Lee et aI., 1998b) and Gundersen et a!. (1996) proposed that the rr-rp 

subgroups should be equivalent to subspecies. Marcone et al. (2000) reported that 

the tuf genes of phytoplasmas assigned to the 16SrI group are more conserved than 

the 16S rRNA genes. This was in contrast to members of the 16SrXII (stolbur) and 

16SrX (apple proliferation) groups where the tuf genes are more variable than their 

16S rRNA genes (Berg and Seemiiller, 1999; Padovan et aI., 2000b; Schneider et al., 

1997). Genetic variability is also observed between the nitroreductase genes of 

phytoplasmas assigned to the 16SrX group (Jarausch et al., 1994; 2000). 

It has been postulated that phytoplasma membrane associated proteins are more 

variable than housekeeping proteins because the hydrophilic regions of these proteins 

are externally exposed and therefore under greater evolutionary pressure (Barbara et 

a!., 2002; Blomquist et a!., 2001; Davis and Sinclair, 1998). A study of the 

immunodominant membrane protein genes of the European stone fruit yellows, 

peach yellow leaf roll and European pear decline phytoplasmas showed that the 

genetic variability between these phytoplasmas reflected the relationships based on 

16S rRNA gene sequences (Morton et al., 2003). Morton et al. (2003) suggested that 

the greater genetic variability between these genes is possibly related to the host 

because the surface exposed proteins interact with plant and insect cells. 
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Immunodominant proteins of the sweet potato witches' broom (Yu et al., 1998), 

Western X (Blomquist et ai., 2001), Apple proliferation (Berg et al., 1999), aster 

yellows and clover phyllody (Barbara et al., 2002) phytoplasmas have been 

characterised and these proteins are more variable than housekeeping genes (Barbara 

et al., 2002). 

RFLP and sequence analysis of hundreds of field phytoplasma isolates is time 

consuming and expensive so researchers are investigating the suitability of 

heteroduplex mobility assays (HMAs) for detecting genetic variability between 

closely related phytoplasmas (Angelini et al., 2003; Constable and Symons, 2004; 

Wang and Hiruki, 2000). HMAs revealed base changes along the 16S rRNA genes 

of aster yellows isolates while members of the Flavescence doree group could be 

differentiated into subclusters based on HMA (Angelini et ai., 2003; Wang and 

Hiruki,2000) 

1.7 PHYTOPLASMA GENOMICS 

A major difficulty in studying the phytoplasma genome is a lack of pure 

DNA for genomic studies (Oshima et aI., 2002; 2004). The inability to obtain high 

quality pure DNA has limited our knowledge of the biochemical properties of 

phytoplasmas (Oshima et al., 2002; 2004). Until recently, the only phytoplasma 

genes identified included those that encode the SecA protein (Kakizawa et al., 2001), 

ribosomal proteins (Gundersen et al., 1994; Lim and Sears, 1992), nitroreductase, 

(Jarausch et al., 1994), luf (Schneider et aI., 1997), elongation factor G (Berg and 

Seemiiller, 1999), immunodominant membrane proteins (Berg et aI., 1999: 

Blomquist et aI., 2001), RNase P RNA (Wagner et al., 2001), a major membrane 
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protein (Barbara et al., 2002), and an antigenic protein (Yu et al., 1998). 

Characterisation of these genes provided limited information on the possible 

biochemical pathways used by phytoplasmas. 

Oshima et al. (2002) extracted sufficient DNA from diseased plants to construct a 

genomic library which contains the complete onion yellows (OY) phytoplasma 

genome. Sequence analysis of the OY phytoplasma clonal library revealed genes 

that encode proteins involved in the glycolytic pathway (Oshima et aI., 2002; 2004). 

No genes were identified as encoding proteins that are associated with the citric acid 

cycle, fatty acid metabolism or oxidative phosphorylation (Oshima et aI., 2002; 

2004). The absence of genes encoding these metabolic pathways suggests 

phytoplasmas import these products from their host in preference to synthesising 

their own (Oshima et al., 2002; 2004). 

Bacteria use a wide range of transport systems to move molecules in and out 

of their cells (Higgins, 1992; 1993). The largest and most diverse group of transport 

proteins are members of the ATP binding cassette (ABC) superfamily (Higgins, 

1992; Holland and Blight, 1999). Proteins assigned to this family can be importers 

or exporters and they move a wide variety of substrates across the membrane 

(Holland and Blight, 1999). These ABC transporter proteins are involved in a range 

of cellular activities such as attachment to host (Matthysse et al., 1996) and drug 

resistance (Fernandez-Morena et al., 1998). Oshima et al. (2002; 2004) identified 

twenty three ABC transporter associated genes in the OY phytoplasma genome. This 

finding further supported the concept that phytoplasmas import metabolites from 
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their host. ABC transporter protein genes were also identified for the Western X

disease phytoplasma (Liefting and Kirkpatrick, 2003). 

1.8 KNOWLEDGE GAPS 

SLY disease outbreaks can have a significant impact on the productivity of 

the Queensland strawberry industry. It is not known whether these SLY disease 

outbreaks are associated with RLOs or phytoplasmas because there is no molecular 

test for the Australian SLY RLO. Our lack of understanding of the SLY disease 

complex means it is difficult to implement disease control strategies. Currently, SLY 

disease is managed by the removal of symptomatic plants from farms. This may not 

be an effective disease management strategy if there are other plant species near the 

strawberry farms that are reservoirs for the phytoplasmas and RLOs associated with 

SLY disease. Genes more variable than the 16s rRN A gene may be suitable for 

identifying genetic variation between closely related phytoplasmas that are isolated 

from SLY diseased plants and other host plants growing near strawberry farms. 

Analysis of these variable genes may reveal relationships between particular 

phytoplasma strains and host plants. This study describes the development of a 

diagnostic test for the SLY RLO and the occurrence of RLO- and phytoplasma

associated strawberry diseases in Queensland. Plant species that are possible 

reservoirs for the RLOs and phytoplasmas associated with SLY disease are 

discussed. New TBB phytoplasma genes including membrane proteins were 

characterised and used to examine genetic variation among closely related Australian 

phytoplasmas. The tuf genes and rp gene operons were also used to analyse genetic 

variation between Ca. P. australiense strains. 
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Aims of this study 

1. Develop a diagnostic test for the SLY RLO and use this test to examine the 

occurrence of RLO- and phytoplasma- associated SLY disease. 

2. Identify plant species that are possible reservoirs for the phytoplasmas and RLOs 

associated with strawberry diseases. 

4. Identify genes that may be useful for differentiating closely related Australian 

phytoplasmas. 
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CHAPTER 2 

Molecular detection of four phytoplasmas and an alpha 

proteobacterium associated with Australian lethal yellows 

and green petal diseases. 



2.1 INTRODUCTION 

Phytoplasmas are associated with a number of strawberry diseases worldwide 

including multipliers disease, witches' broom, little leaf, bronze leaf wilt and aster 

yellows (Chiykowski, 1987; Harrison et al., 1997; Jomantiene et al., 1998a; 1998b; 

Maas, 1998; Posnette and Chiykowski, 1987). In Australia, strawberry (Fragaria x 

ananassa) plants are affected by green petal (SGP) and lethal yellows (SLY) 

diseases. Epidemic outbreaks of SLY disease occur intermittently at runner and fruit 

production farms in Queensland, Australia (Greber and Gowanlock, 1979). 

Outbreaks of SLY disease at runner production farms are considered to be 

economically important (Greber, 1987) because the disease can be transmitted from 

mother plants to runners which are used as planting material at fruit production areas 

(Greber, 1987). A scheme has been introduced where plants exhibiting symptoms 

are rogued from runner beds during frequent inspections. However, it can take up to 

8 weeks for plants to exhibit SLY or SGP symptoms (Greber and Gowanlock, 1979) 

so diseased material can still be unintentionally distributed to fruit growers. 

Epidemic outbreaks of SGP disease also occur at irregular intervals (Greber, 1987). 

Occurrence of these diseases at fruit production farms can affect productivity 

because no marketable strawberries are produced by plants exhibiting SGP 

symptoms and plants with SLY disease frequently die (Greber, 1987). 

Gowanlock et al. (1976) and Greber and Gowanlock (1979) used electron 

microscopy to demonstrate an association between SLY and SOP disease, and 

phytoplasmas. Molecular analysis of the organisms associated with SLY and SGP 

diseases revealed the same phytoplasma, Candidatus Phytoplasma australiense 

(Davis et al., 1997 a) is associated with both these diseases (Padovan et al., 1998; 
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2000b). The insect vector of this phytoplasma has not been identified. In Australia, 

this phytoplasma is also associated with the plant diseases papaya die back (Gibb et 

aI., 1996; Liu et ai., 1996) and Australian grapevine yellows (Padovan et at., 1996). 

In New Zealand, Ca. P. australiense is associated with strawberry lethal yellows 

(Andersen et aI., 1998a) and Phormium yellow leaf (Liefting et aI., 1996) diseases. 

The involvement of one phytoplasma with such a diverse range of symptoms led to 

more detailed genetic studies aimed at detecting subtle differences in the genes of 

Ca. P. australiense isolates (Padovan et aI., 2000b). Genes amplified from Ca. P. 

australiense DNA extracted from samples with either SLY or SGP disease symptoms 

shared 99-100% sequence identity (Padovan et ai., 2000b). However, Padovan et al. 

(2000b) only examined a limited number of genes that are not directly associated 

with symptom expression, these were the Tu elongation factor (tuj) gene, the 16S 

rRNA gene and the 16S-23S spacer region. It is possible that other more variable 

genes may have revealed differences between the isolates. It is also possible that the 

different symptoms exhibited by strawberry may be influenced by the age of the 

plant at the time of infection, phytoplasma titre, and environmental factors such as 

temperature, nutrient levels in soil, or water stress (Padovan et ai., 2000b). The 

different symptoms may also be due to the presence of another phytopathogenic 

organism (Padovan et ai., 2000b). 

A rickettsia-like-organism (RLO) was observed in strawberry plants with 

lethal yellows disease using electron microscopy (Greber and Gowanlock, 1979). 

Plants affected by the RLO have mild discolouration of the vascular tissue (Hopkins, 

1977), and as the severity of the disease increases the flowers tend to abort (Greber, 

1987). RLO associated symptoms disappeared after seven weeks treatment with 
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penicillin drenches which supports the hypothesis that a bacterium-like organism is 

associated with SLY disease (Greber and Gowanlock, 1979). The insect vector for 

SLY RLO has not been identified. 

RLOs associated with plant diseases were initially identified based on their 

morphological similarity to the Rickettsiae, obligate intracellular bacterial pathogens 

that affect vertebrates and invertebrates (Davis et ai., 1998). Davis et aI. (1998) 

identified the 16S rRNA gene, the flavoprotein subunit of the succinate 

dehydrogenase (sdhA) gene and a 17 kDa rickettsial common antigen gene of the 

RLO associated with papaya bunchy top (PET) disease. This work added to the 

evidence that RLOs are associated with plant diseases. Bacterium-like-organisms 

(BLOs) are associated with numerous plant diseases (Bove and Gamier, 1997). In 

France, a BLO is associated with marginal chlorosis disease of strawberry plants and 

the name 'Candidatus Phlomobacter fragariae' was proposed for this organism 

(Danet et ai., 2003; Zreik et ai., 1998). 

The aims of this study were to further characterise the RLO associated with 

SL Y disease, develop a peR based diagnostic test to detect the RLO and identify 

other phytoplasmas that may be associated with the SGP and SLY diseases. 

2.2 MATERIALS AND METHODS 

2.2.1 Source of phytoplasmas 

Plants exhibiting strawberry lethal yellows (SLY) and strawberry green petal 

(SOP) symptoms were collected from runner farms near Stanthorpe, Queensland, and 

fruit production farms in the Sunshine Coast area, Queensland (Table 2.1). Plants 
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with strawberry green petal (SOP) symptoms were also collected from Katherine, 

Northern Territory (Table 2.1). 

Asymptomatic strawberry plant samples from Victoria, Queensland and the 

Northern Territory were used as negative controls. Reference Ca. P. australiense 

DNA was extracted from Australian grapevine yellows samples collected from 

Loxton, South Australia. 

Reference tomato big bud phytoplasma DNA was extracted from periwinkle 

plants maintained at Charles Darwin University (CDU, Darwin, Northern Territory, 

Australia). The reference Phormium yellow leaf and Vigna little leaf phytoplasrna 

DNA samples were obtained from a collection maintained at CDU. 

2.2.2 Electron microscopy 

Four strawberry plants exhibiting SLY symptoms were examined for the 

presence of a phytoplasma or RLO. Samples for thin section electron microscopy 

were processed according to Gowanlock et al. (1998). 

2.2.3 DNA extraction 

Each sample consisted of two strawberry petioles approximately 10 mm long. 

The petioles were scraped with a razor blade to remove hairs and the epidermal layer, 

and were cut into 1 mm sections. Total DNA was extracted according to the Doyle 

and Doyle (1990) CT AB method, using a modified CT AB extraction buffer 

containing 1M Tris-HCl as described by Padovan et al. (1995). DNA quantity was 
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determined by running the samples on a 1 % agarose gel, stained with ethidium 

bromide and visualised by UV trans-illumination. 

2.2.4 Amplification of rickettsia-like-organism genes 

All strawberry samples were screened using the PCR primers that amplify the 

flavoprotein subunit of the succinate dehydrogenase (sdhA) gene (PBTFI and 

PBTRl), or the 17 kDa rickettsial common antigen gene (R17Fl and R17Rl) of the 

PBT bacterium (Davis et al., 1998). The amplification conditions used for the PBT 

RLO specific primers were 94°C for 1 min, 52°e for 1.5 mins and noc for 1 min, 

for 40 cycles. PCR reactions were according to Davis et al. (1998). Healthy 

strawberry DNA was included as a negative control. If a product was not amplified 

from the SLY diseased samples in the initial PCR, the annealing temperature was 

lowered in 1°C increments in the subsequent peR tests. If the amplification 

conditions required further optimisation, the duration of the extension and annealing 

phases were increased or decreased. 

2.2.5 Characterisation of rickettsia-like-organism gene sequences 

peR products were purified using the QIAquick PCR purification kit. All 

steps were performed according to the manufacturer's protocol (Qiagen, Brisbane, 

Queensland, Australia). DNA quantity was determined by comparing purified 

products to a DNA mass ladder (Invitrogen, Mount Waverley, Victoria, Australia). 

The purified samples were sequenced using the Big Dye terminator sequencing kit 

(Australian Genomic Research Facility (AGRF), Brisbane, Queensland, Australia), 

and the sequencing reactions separated using an ABI prism 3730 automated DNA 

sequencer (AGRF). 
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DNA sequences were aligned using ASSEMBL YUON (Eastman Kodak Co., 

New Haven, CT, USA). Nucleotide sequences were characterised using DNA 

analysis programs accessed through the BioManager website (Entigen Corporation, 

http://www.entigen.com. Sydney, New South Wales, Australia). The BLASTN 

search engine (Altschul et al., 1997) was used to identify homologous sequences in 

the OenBank main database. Open reading frames were identified using the 

FLIPORF program (Bionet software) and genes translated into amino acid sequences 

by the TRANSLATE program (Oenetics computer group (OCO) package). The 

similarity between DNA sequences was calculated using the OAP program (OCG). 

Phylogenetic trees based on nucleotide sequences of sdhA genes were constructed 

using the sequence analysis programs CLUSTALW(accurate) (Thompson et al., 

1994), SEQBOOT, DNAPARS and CONSENSE (Felsenstein, 1989). The sdhA 

gene of Escherichia coli (D90711) and Enterohacter cloacae (AY194228) were 

included in phylogenetic analysis as representatives of the Proteobacteria y -

subdivision while the papaya bunchy top RLO (U76909), Bradyrhizohium japonicum 

(AF007569), Rickettsia prowazekii (RIRSDHA) and Methylohacterium extorquens 

(A Y181036) were included as representatives of the Proteohacteria ex - subdivision. 

2.2.6 Amplification of the Candidatus Phlomobacter fragarie 16S rRNA gene 

All strawberry samples were screened using PCR primers that amplify the 

16S rRNA gene of Candidatus Phlomobacter fragarie, FRA4 and FRA5 (Zreik et al., 

1998). PCR reactions and amplification conditions were according to Zreik et ai. 

(1998). Healthy strawberry DNA was included as a negative control. If a product 

was not amplified from the SLY diseased samples in the initial peR, the annealing 
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temperature was lowered in l°e increments in the subsequent peR tests. If the 

amplification conditions required further optimisation, the duration of the extension 

and annealing phases were increased or decreased. 

2.2.7 Amplification of phytoplasma genes 

DNA samples were initially tested using the iF 1 (Deng and Hiruki, 1991 a) 

and rP7 (Schneider et ai., 1995b) primers, which amplify the phytoplasma 16S rRNA 

gene and 16S-23S adjacent spacer region. Samples that tested negative after 

screening with the fP lIrP7 primers were further tested using the primer combination 

fU5/m23sr (Lorenz et al., 1995; Padovan et al., 1995). The peR reactions were 

prepared according to Schneider et al. (1997). One microliter of undiluted DNA, 

1: 10 diluted DNA or 1 :50 diluted DNA was used in amplification reactions. If 

samples gave a faint band or tested negative after a 35 cycle peR, the total number 

of peR cycles was increased to 40 or 70. The samples were also screened using 

nested peR. The fPlIrP7 peR primers were used for all first round nested 

amplifications. For the second round peR, the primer combination fU5/m23sr was 

used. 

Strawberry samples were also screened using the fTufAy and rTufAy primers 

according to the method of Schneider et al. (1997). These primers amplify the Tu 

elongation factor (tui) gene of phytoplasmas assigned to the aster yellows and stolbur 

groups including Ca. P. australiense (Schneider et al., 1997). 
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2.2.8 RFLP analysis of phytoplasma genes 

The 16S rRNA genes amplified from SLY and SGP diseased samples were 

prepared for RFLP analysis by digestion with the restriction enzymes AZul and Rsal, 

while the tui genes were digested with HpaU and HindUl (Schneider et al., 1997). 

Digestion reactions contained: buffer supplied by the manufacturer, 1 U enzyme 

(Promega, Sydney, Australia), 5 /JL of PCR product, and SDW. Digestions were 

incubated overnight at the specified temperature, and subsequently separated on a 

12% polyacrylamide gel. RFLP gels were stained with ethidium bromide and bands 

visualised using UV trans-illumination. 

2.3 RESULTS 

2.3.1 Electron microscopy 

Electron microscopy examination of vascular tissue from two samples with 

SLY symptoms revealed structures that were morphologically indistinguishable from 

the SLY RLO prokaryote reported by Greber and Gowanlock (1979) (Figure 2.1). 

Examination of a further five SLY disease samples revealed pleomorphic structures 

in the phloem tissue of one sample that resembled phytoplasmas (Figure 2.1). 

2.3.2 Amplification and characterisation of rickettsia-like-organism genes 

Fifteen SLY and five SGP samples were subjected to PCR using the primer 

pair R 17F 1 and F 17R 1 which amplifies the rickettsial common antigen, but no 

samples were positive. A PCR band was observed for two out of 15 SLY diseased 

samples using the PBTFI and PBTRI primers which amplify the sdhA gene of the 

PBT RLO. Optimal cycling conditions were 40 cycles of 94°CIl.5 mins, 51 oCIl.5 

mins and 72°CI2 mins followed by one cycle at 72°C/l0 mins. 
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Figure 2.1: Electron micrograph of phloem cells in vascular tissue sampled 

from strawberry plants with lethal yellows disease. 

a) Rickettsia-like-organism 
Bar = 200nm 

b) Phytoplasma 
Bar = 500nm 

GAP analysis of the peR products amplified from the two SLY disease 

samples using the sdhA gene primer pair showed the two nucleotide sequences were 

identical (A Y 423625). BLASTN database searches showed that these nucleotide 

sequences were 96% similar to the sdhA gene of the RLO associated with papaya 

bunchy top disease. Phylogenetic analysis of the sdhA genes from a range of 

prokaryotes assigned to the Proteobacteria division showed that the bacterium 

associated with SLY disease is a member of the a-subdivision, and it is most closely 

related to the RLO associated with papaya bunchy top disease (Figure 2.2). 
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Figure 2.2: Phylogenetic tree based on the flavoprotein subunit of succinate dehydrogenase (sdhA) genes of the rickettsia-like-organism 

associated with strawberry lethal yellows and other Proteobacteria, showing bootstrapped values. The accession numbers for sdhA genes are 

listed in the methods section. 
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2.3.3 Testing peR primers specific for 16S rRNA gene of Candidatus 

Phlomobacter fragarie 

A product was not amplified from SLY diseased samples using the FRA4 and 

FRA5 peR primers. A product was not amplified when the annealing or extension 

temperatures were lowered or when the length of these phases was altered (data not 

shown). 

2.3.4 Amplification and characterisation of phytoplasmas 

All 15 SLY disease samples tested negative in a single round peR with the 

p lIP7 primer combination. Seven out of 15 SLY samples and all five SGP samples 

were phytoplasma positive using the fU5/m23sr primer pair (Table 2.1). The number 

of positive peR samples did not change when the template DNA was diluted or 

when the number of peR cycles was increased. Samples that gave no product after a 

single round peR also gave no band after a nested peR. 

AluI and RsaI digestion of the fU5/m23sr peR products amplified from the 

SLY diseased samples showed that five samples had the same RFLP pattern as the 

Ca. P. australiense control (isolated from AGY diseased samples), while two samples 

had the same banding pattern as both Ca. P. australiense and the TBB phytoplasma 

(Figure 2.3, only one sample of each banding pattern shown). The banding pattern of 

the AluI and RsaI fU5/m23 peR products from SOP diseased samples corresponded 

to that of the Vigna little leaf (ViLL) phytoplasma (Figure 2.3, only one 

representative sample is shown). 
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Table 2.1: Collection data for strawberry plant samples screened during the study. Abbreviations are: SLY - Strawberry lethal yellows, 

SGP - Strawberry green petal, AGY - Australian grapevine yellows and PYL - Pllannium yellow leaf. 

Farm type Location Symptoms Number Number Organism detected 

tested positive 

Runner Stanthorpe SLY 9 2 Rickettsia-like-organism 

production (28°S,151°E) 

2 Tomato big bud phytoplasma and 

Ca. P. australiense AGY strain 

Fruit Nambour SLY 5 4 Ca. P. australiense AGY strain 

production (26°S, 152°E) 

Caboolture SLY 1 1 Ca. P. australiense PYL variant strain 

(27°S, 152°E) 

Katherine SGP 5 5 Vigna little leaf phytoplasma 

(14°S, B2°B) 
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Figure 2.3: RFLP pattern of 16S rRNA genes amplified from strawberry lethal 

yellows and green petal diseased samples after digestion with AluI and RsaL 

Abbreviations are: SGP - strawberry green petal, ViLL - Vigna little leaf, SLY -

strawberry lethal yellows, AGY - Australian grapevine yellows, TBB - tomato big 

bud. 

bp 

850-

500-

300-

200-

100-

.... 

AluI RsaI 

44 



Of the 15 SLY diseased samples screened for phytoplasma, three samples 

that had the same 16S rRNA gene banding pattern as Ca. P. australiense gave a band 

after amplification using the tuf gene primers. Digestion of the luI gene peR 

products with Hpall and HindIII revealed that two samples had the same banding 

pattern as the AGY phytoplasma (Ca. P. australiense AGY strain), while one had the 

same banding pattern as the PYL phytoplasma when digested with HpaU and no 

restriction sites for HindIII (Ca. P. australiense PYL variant strain)(Figure 2.4). 

Figure 2.4: RFLP patterns of the tuf genes amplified from strawberry lethal 

yellows diseased samples after digestion with HpaU and HindIII. 

Abbreviations are: SLY - strawberry lethal yellows, AGY - Australian 

grapevine yellows, PYL - Phormium yellow leaf. 
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2.4 DISCUSSION 

Rickettsia - like- organism 

Primers which amplify the flavoprotein subunit of the succinate 

dehydrogenase (sdhA) gene of the papaya bunchy top rickettsia-like-organism (RLO) 

amplified a product from two SLY diseased samples. EM analysis of vascular tissue 

of these SLY disease samples revealed the presence of prokaryotic bodies in the 

phloem which had the same morphological structure as the SLY RLO previously 

reported by Greber & Gowanlock (1979). These findings suggest that the sdhA gene 

characterised during this study was amplified from the RLO that has previously been 

identified as being associated with SLY disease. 

The SLY 'RLO' sdhA gene was identified as being more closely related to 

the corresponding gene from the PBT RLO than to other bacterial genera which 

suggest an RLO and not a BLO is associated with SLY disease in Australia however, 

the suitability of the sdhA gene for classifying bacteria has not been determined. 

Furthermore, a product was not amplified from SLY diseased samples using the PCR 

primers specific for the 17 kDa rickettsial common antigen gene therefore it was not 

possible to confirm that the bacteria associated with SLY disease is of Rickettsiae 

origin. Further molecular analysis of the SLY RLO may provide insight into 

whether this organism should be considered an RLO or BLO. It is unlikely that 

Candidatus Phlomobacter fragariae is associated with Australian SLY disease 

because a peR product was not amplified from SLY diseased samples using the PCR 

primers that are specific for this bacterium. 
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The RLO was only identified in SLY diseased samples collected at runner 

production farms. The RLO may also occur at fruit production farms but was not 

detected in this study because only six SLY diseased samples from this region were 

tested. The SLY RLO insect vector has not been identified, but the results presented 

here indicate that the Stanthorpe runner production farms may be an ideal starting 

point for studies aimed at identifying the vector. 

Only two of the 15 SLY diseased samples tested positive for an RLO, 

therefore another organism may be associated with this disease. Based on previous 

reports (Padovan et aI., 1998; 2000b) the most likely agent is a phytoplasma so this 

was investigated further. 

SGP and SLY phytoplasmas 

Seven of 15 SLY disease samples tested positive for a phytoplasma and all 

five SGP diseased samples tested positive for a phytoplasma using the primer pair 

fU5/m23sr. RFLP analysis of the 16S rRNA gene amplified from seven of the 15 

SLY diseased plants showed the phytoplasma was either Ca. P. australiense alone or 

in combination with the tomato big bud (TBB) phytoplasma. Further 

characterisation of the phytoplasmas associated with SLY disease revealed the tui 

gene, amplified from one of the SLY diseased samples, had the same Hpall RFLP 

banding pattern as the Ca. P. australiense strain associated with Phormium yellow 

leaf (PYL) and New Zealand strawberry lethal yellows diseases (Andersen et al., 

1998a). Although PYL, New Zealand SLY, cabbage tree decline, Australian 

grapevine yellows (AGY), papaya dieback (PDB), Australian SLY, and Australian 

SGP diseases are all considered to be associated with the same phytoplasma (Ca. P. 
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australiense), the New Zealand and Australian Ca. P. australiense isolates have 

different tuf gene RFLP banding patterns (Padovan et aI., 2000b; Schneider et al., 

1997). The significance of this difference is unclear. This is the first record of a Ca. 

P. australiense PYL variant strain in Australia. 

Ca. P. australiense AGY strain is associated with SGP disease in Queensland 

(Padovan et at., 2000b) however RFLP analysis of the 16S rRNA gene amplified 

from SOP diseased samples collected from Katherine in the Northern Territory 

showed that the ViLL phytoplasma was associated with this disease. The ViLL 

phytoplasma has only been recorded in the Northern Territory (Davis et aI., 1997b; 

Padovan and Gibb, 2001). These results indicate that different phytoplasmas can be 

associated with the same symptoms in a common host plant, as has been reported for 

other phytoplasma associated diseases (Jomantiene et aI., 1998b; Padovan and Gibb, 

2001). 

Ca. P. australiense AGY strain was identified at both the runner and fruit 

production areas. This phytoplasma may have been unintentionally distributed from 

runner production farms to fruit production areas but the disease may also be the 

result of a local inoculation event. To gain insight into the likelihood of new 

'infections' occurring at fruit production farms, we need to identify the vector of Ca. 

P. australiense AGY strain and study its distribution throughout strawberry 

production areas. The Ca. P. australiense PYL variant strain and ViLL phytoplasma 

also occurred at fruit production farms. Neither of these phytoplasmas has been 

reported at the runner production areas. The ViLL phytoplasma has only been 

detected in symptomatic plants collected in the Katherine district (Davis et al., 
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1997b; Padovan and Gibb, 2001). The occurrence of ViLL phytoplasma associated 

SGP disease suggests that this disease originated locally and it was not present in 

material distributed by runner production farms. 

In conclusion, primers designed by Davis et al. (1998) to amplify the sdhA 

gene of PET RLO can be used to amplify the corresponding gene from Australian 

strawberry plants with SLY disease. Analysis of the sdhA gene showed that the RLO 

associated with strawberry lethal yellows in Australia is closely related to the RLO 

associated with PET from North America. It is not known if the SLY RLO could 

infect papaya in Australia where PET has not been recorded. Two new 

phytoplasmas were recorded in association with SLY or SGP diseases. Results 

showed that more than one phytoplasma was associated with SLY disease and the 

significance of these individual phytoplasmas in relation to SLY disease is unclear. 
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CHAPTER 3 

Association and distribution of a rickettsia-like-organism 

and a phytopiasma associated with diseases in Australian 

strawberries. 

This chapter is an adapted version of paper 10 (page iii) submitted to 

'Australasian Plant Pathology'. 

Streten C, Waite GK, Herrington ME, Hutton DG, Persley DM, Gibb KS (2005) 

Association and distribution of a rickettsia-like-organism and a phytoplasma 

associated with diseases in Australian strawberries. Australasian Plant Pathology in 

press. 



3.1 INTRODUCTION 

Commercial strawberry (Fraga ria x ananassa) farms are located throughout 

south-east Queensland, Australia. Plants are produced as runners that are taken from 

mother plants located on runner production farms. The mother plants originate as 

runners from foundation strawberry plants that were maintained in tissue culture, and 

then grown in fumigated soil for 12 months at Stanthorpe. Queensland runner farms 

are located in the Stanthorpe area where the climate provides necessary chilling of 

the runners. The runner material from Stanthorpe is uprooted in March or April, and 

distributed to fruit production farms in the Nambour, Caboolture, Brisbane and 

Beenleigh districts in south-east Queensland and to the Atherton Tableland in north 

Queensland. The fruit is grown throughout north Queensland and south-east 

Queensland from April to October. 

Strawberry plants grown on these runner and fruit production farms are 

affected by a range of diseases such as strawberry lethal yellows (SLY), strawberry 

green petal (SGP), yellow edge (SYE), strawberry crinkle (SC), Fusarium wilt and 

crown rot (Broadley et al., 1988; Maas, 1998). Of these diseases, SLY and SGP are 

caused by intracellular bacteria-like pathogens that can have a significant impact on 

productivity because flowering and fruit set are inhibited, and infected plants 

frequently die (Greber and Gowanlock, 1979). These diseases can be transmitted 

from mother plants to runners and so can be passed in planting material from runner 

production farms to fruit production areas (Greber, 1987). To prevent this, plants 

exhibiting symptoms are rogued from runner beds during frequent disease 

inspections. However, it can take up to 8 weeks for the plants to exhibit SL Y or SGP 
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symptoms (Greber and Gowanlock, 1979) making it possible for affected runners to 

be unintentionally sent to fruit production farms. 

Two types of lethal yellows symptoms have been reported in Australian 

strawberry plants. Bronze discolouration of older leaves, stunted petioles and 

interveinal chlorosis on younger leaves are symptoms associated with a rickettsia

like-organism (RLO) (Greber and Gowanlock, 1979). Purple discolouration of older 

leaves, and stunted younger leaves with shortened petioles and marginal chlorosis, 

are associated with Candidatus Phytoplasma australiense (Greber and Gowanlock, 

1979; Padovan et al., 2000b). The symptoms associated with both these organisms 

are collectively referred to as SL Y disease (Greber and Gowanlock, 1979). 

However, another disease syndrome, called SGP has also been associated with Ca. P. 

australiense (Padovan et ai., 2000b). This disease is characterised by severe 

phyllody where floral structures become leaf-like (Greber, 1987). In addition, a 

mixed phytoplasma association of an uncharacterised phytoplasma and Ca. P. 

australiense has also been identified in association with SLY symptoms (Padovan et 

ai., 2000b). 

The relationship between these different organisms and SLY disease is poorly 

understood because it is difficult to differentiate the symptoms associated with an 

RLO from those associated with a phytoplasma (Greber and Gowanlock, 1979). 

Although SLY diseased samples could be tested using peR primers specific for the 

phytoplasma 16S rRNA gene or the Tu elongation factor (tuj) gene (Padovan et at., 

2000b), a diagnostic for the SLY RLO has not been available. The recent 

characterisation of the flavoprotein subunit of the succinate dehydrogenase gene of 
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the RLO associated with papaya bunchy top (PBT) disease and the development of 

PCR primers to detect this RLO (Davis et al. 1998) has provided the tools to 

investigate the significance of each of the causal agents associated with SLY 

(Chapter 2). This study aimed to investigate the relationship between phytoplasmas, 

RLOs and SLY disease, and the distribution of these organisms in the runner and 

fruit production areas. 

3.2 MATERIALS AND METHODS 

3.2.1 Plant sample collection sites 

Asymptomatic and symptomatic strawberry plants were collected from 

various locations in Queensland and South Australia between March 2000 and 

October 2002 (Table 3.1). Diseased plants were sampled if they exhibited abnormal 

growth or discolouration compared with healthy plants. All observed diseased plants 

were collected. 

3.2.2 Reference phytoplasma samples 

The reference tomato big bud phytoplasma sample was extracted from a 

symptomatic periwinkle plant and the reference Candidatus Phytoplasma 

australiense Australian grapevine yellows (AGY) strain was extracted from a papaya 

plant with dieback symptoms. Both were collected in Darwin. The Candidatus 

Phytoplasma australiense Phormium yellow leaf (PYL) reference strain DNA was 

provided by Mark Andersen (HortResearch, Auckland, New Zealand). 
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Table 3.1: Collection data for strawberry plant samples collected between 

March 2000 and October 2002. 

Collection Farm Location Date Presence or Number 
Area type absence of collected 

symptoms 
(+1-) 

Runner Stanthorpe, Queensland Mar-OO + (SLY) 36 
(28°S. 151°E) Feb-Ol 34 

+ (SLY) 5 
Mar-Ol + (SLY) 64 
May-Ol + (SLY) 10 
Jun-Ol + (SLF) 20 
Feb-02 + (SLY) 25 
Mar-02 + (SLY) 20 

2 Fruit Caboolture, Queensland May-OO + (SLY) 25 
(2JOS, 152°E) Jul-OO + (SLY) 8 

May-Ol + (SLY) 52 
May-02 + (SLY) 14 
Jun-02 + (SLY) 3 
Aug-02 + (SLY) 46 

+ (SLY+SGP) 4 
Nambour, Queensland Jul-OO + (SLY) 5 
(26°S, J52°E) Aug-OO + (SLY) 23 

Apr-Ol 74 
Jul-Ol " -~ 

+ (SOP) 2 
May-02 + (SLY) 4 
Jun-02 + (SLY) I 
Aug-02 + (SLY) 9 

+ (SLY+SGP) 4 
Beenleigh, Queensland Aug-OO + (SLY) 2 
(27°S, 153°E) J ul-Ol + (SLY) J 

Jun-02 + (SLY) 5 
+ (SLY+SOP) 2 

Brisbane, Queensland Sep-OO + (SFD) 6 
(27°S; 153°E) 3 
Atherton, Queensland Jun-OJ + (SFD) I 
(17°S, 145°E) 
Adelaide, South Australia Dec-O! + (SLY) 5 
(34°S, 138°E) 

3.2.3 Screening for phytoplasmas and rickettsia-like-organisms 

Approximately 10 mm of the strawberry petioles was used as source material 

for DNA extraction. The petioles were cut into 1 mm sections and total DNA 

extracted according to the Doyle and Doyle (1990) CT AB method with the 

modification that the CTAB extraction buffer (2% CTAB, 1.4 M NaCI, 20 mM 
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EDT A, 1 % PVP) contained 1 M Tris-HCl (Padovan et aI., 1995). Extracted DNA 

was separated on a 1 % agarose gel stained with ethidium bromide and visualised by 

UV trans-illumination to provide an indication of DNA quality. 

Symptomatic samples were initially tested using the fPlIrP7 (Deng and 

Hiruki, 1991a; Schneider et al., 1995) primer pair, which amplifies the 16S rRNA 

gene and 16S-23S spacer region of most phytoplasmas. Samples that tested negative 

using these primers were tested again in a single round PCR using the primer pair 

fU5/m23sr (Lorenz et ai., 1995; Padovan et al., 1995). This primer pair amplifies a 

smaller region of the phytoplasma 16S rRNA gene and can be more suitable than 

P 11P7 for amplifying phytoplasma DNA from difficult hosts (Schneider and Gibb, 

1997). The PCR reactions were according to Schneider et al. (1997), with 35 cycles 

of 9SOC/l min; 55°CIl min and nOCIl.5 mins. One micro litre of undiluted DNA, 

1: 10 diluted DNA or 1 :50 diluted DNA was used in PCR reactions. 

Samples were also screened using the fTufAy/rTufAy primers, which amplify 

the Tu elongation factor (tuj) gene of Ca. P. australiense (Schneider et ai., 1997). 

PCR reactions were according to Schneider et al. (1997) with 35 cycles of 95°C/1 

min; 50°C/l min; 72°CIl.5 mins. 

Diseased strawberry samples were also tested using PCR primers (PBTFI 

and PBTRl), which amplify the flavoprotein subunit of the succinate dehydrogenase 

(sdhA) gene of the RLOs associated with papaya bunchy top (Davis et ai., 1998) and 

SLY diseases (Chapter 2; Streten et al., 2005b). PCR reactions were according to 
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Davis et al. (1998) with 40 cycles of 94°CIl min; 52°CI1.5 min and 72°CI1 mm. 

Healthy strawberry DNA was included as a negative control. 

3.2.4 Identification of phytoplasmas and rickettsia-like-organisms 

The PCR products amplified using primers specific for the phytoplasma 16S 

rRNA gene were digested with restriction enzymes AluI and RsaI, and the tui gene 

PCR products were digested with Hpall and HindIII (Schneider et al., 1997). PCR 

products of samples previously identified as being Ca. P. australiense or the TBB 

phytoplasma were used as references for restriction fragment length polymorphic 

(RFLP) analysis. The PCR products amplified using the primers specific for the 

RLO sdhA gene were digested with AZul, RsaI, Hpall and MseI. A SLY diseased 

sample that was identified as RLO positive by sequence analysis (Chapter 2; Streten 

et ai., 2005b) was used as the reference strain for RLO sdhA gene RFLP analysis. 

Digestion reactions were performed according to the manufacturer's specifications 

(Promega, Sydney, Australia). The digested products were separated on a 12% 

polyacrylamide gel, which was then stained with ethidium bromide and bands 

visualised under UV illumination. 

3.2.5 Relationship between the presence of phytoplasmas or rickettsia-like

organisms 

The relationship between phytoplasmas or RLOs and SLY diseased plants 

was analysed using Fisher's exact test. Statistical analysis was performed using JMP 

software version 5.0.1 (SAS Institute Incorporated, North Carolina, USA). 
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3.3 RESULTS 

Strawberry plants exhibited a range of disease symptoms, lethal yellows 

(SLY), green petal (SGP), fruit distortion (SFD) and leaves emerging on fruit (SLF) 

(Table 3.2). Of these diseases, SLY occurred most frequently. SLY diseased plants 

exhibited bronze, red and purple discolouration on older leaves, and stunted younger 

leaves with shortened petioles, marginal and interveinal chlorosis. 

Of the 363 SLY plants tested, 211 were peR positive and of these, 117 were 

RLO positive, 83 were phytoplasma positive and 11 were positive for both (Table 

3.2). All samples that tested positive for an RLO had the same RFLP pattem as the 

reference RLO when digested with RsaI, HpaII, AZul or MseI (Figure 3.1). The 83 

phytoplasmas detected by the universal peR test were subjected to the Ca. P. 

australiense specific peR test using the tuf gene primer pair. This product was 

subjected to RFLP analysis which showed that two strains were present; one was 

indistinguishable from the Ca. P. australiense Australian grapevine yellows (AGY) 

strain reference sample and the other indistinguishable from Ca. P. australiense 

Phormium yellow leaf (PYL) strain reference sample based on Hpan digestion but 

differed based on HindII banding patterns (Banding pattern shown in Figure 2.4). 

RFLP analysis of the 16S rRNA gene showed that the TBB phytoplasma was also 

associated with SLY disease (Banding pattern shown in Figure 2.3). Of the 83 

samples positive for phytoplasma, Ca. P. australiense was detected most often (Table 

3.2). Some mixed infections were detected; RLO with Ca. P. australiense AGY 

strain and TEB phytoplasma with Ca. P. australiense AGY strain (Table 3.2). The 

PYL variant strain of Ca. P. australiense was detected in 11 plants (Table 3.2). 
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Table 3.2: The relationship between symptoms expressed by strawberry 

plants collected between March 2000 and October 2002 and the associated 

agents. Abbreviations are: RLO - Rickettsia-like-organism; AGY-

Australian grapevine yellows; PYL - Phonnium yellow leaf; TEE - Tomato 

big bud; SLY - strawberry lethal yellows; SGP- strawberry green petal; SFD 

- strawberry fruit distortion; SLF - strawberry leaves on fruit; Asym -

Asymptomatic. 
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Figure 3.1: RFLP analysis of peR products of a representative sample 

amplified with the PBTFlIPBTR 1 primers specific for the sdhA gene of the 

RLO associated with strawberry lethal yellows disease. Abbreviation are: 

SLY - strawberry lethal yellows; RLO - The sdhA gene of an RLO 

associated with strawberry lethal yellows that shared 96% homology with the 

corresponding gene of the papaya bunchy top RLO. 
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There was a significant relationship between all agents and SLY disease 

(p<O.OOO 1). The relationship between SLY disease and the RLO was significant (p = 

0.002) as was the relationship between SLY disease and the phytoplasmas (p < 

0.000 1). Only 12 plants were observed with symptoms of both SLY and SGP and all 

these were positive for Ca. P. australiense AOY strain (Table 3.2). This phytoplasma 

was also detected in the two plants observed with SOP disease (Table 3.2). 

A new symptom called strawberry fruit distortion (SFD) was observed in 

seven plants and one of these plants was PCR positive, that phytoplasma being Ca. P. 

australiense AGY strain (Table 3.2). Fruits on these plants were enlarged, green and 

white, and seedless. Another new symptom called strawberry leaves on fruit (SLF) 

was observed in 20 plants (Figure 3.2). Four of these plants were PCR positive and 

in all cases the putative agent detected was the TBB phytoplasma (Table 3.2). 

In the Queensland runner and fruit production areas, SLY disease was 

observed more often than any of the other diseases and in a wide range of cultivars 

(Table 3.3). SOP was only ever observed in the fruit production areas (Table 3.3). 

The RLO associated with SLY disease was detected at Stanthorpe, N ambour and 

Caboolture (Table 3.3). Ca. P australiense AOY strain was identified in SLY 

diseased plants collected at the same locations as the RLO but also at Beenleigh and 

Adelaide (Table 3.3). The Ca. P. australiense PYL variant strain was amplified from 

SLY diseased plants collected at one location on the same day (Table 3.3). 

59 



Figure 3.2: Syndrome called 'strawberry leaves on fruit' (SLF) In 

strawberry plants collected in Queensland 

An RLO and a phytoplasma were detected together in nine SLY diseased 

plants collected from Nambour and Caboolture (Table 3.3). The TBB phytoplasma 

was associated with SLY and SLF diseases in the Stanthorpe area, and Ca. P. 

australiense AGY strain with SFO disease in Brisbane (Table 3.3). 

The RLO was the agent identified most often in SLY disease plants collected 

on the runner production farms near Stanthorpe for the years 2000, 2001 and 2002 

(Figure 3.3). In 2000 and 2001 , the RLO was the most prevalent agent on fruit 

production farms but in 2002, phytoplasmas were detected most often in plants with 

SLY disease (Figure 3.3). 
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Table 3.3: Strawberry variety, location, symptoms and pathogen for 

collection areas 1 and 2. Symptom abbreviations in Table 2. 

Number of samples positive for each organism(s) 

Stanthorpe 

2 Caboolture 

2 Nambour 

2 Beenleigh 

2 Brisbane 

Kabarla 
Kabarla 
Sweet Charlie 
Joy 
Blush 
Flame 
Adina 
Jewel 
Earlimist 
Unknown 
Cartuno 
Camarosa 
Kabarla 
Selva 
Adina 
Sweet Charlie 
Camarosa 
Joy 
Adina 
Adina 
Adina 
Camarosa 
Camarosa 
Flame 
Joy 
Kabarla 
Kabarla 
Sweet Charlie 
Unknown 
Unknown 
Jewel 
Camarosa 
Camarosa 
Sweet Charlie 
Kabarla 
Sweet Charlie 

Sweet Charlie 

SLY 
Asym 
SLY 
SLY 
SLY 
SLY 
SLY 
SLY 
SLY 
SLY 
SLF 
SLY 
SLY 
SLY 
SLY 
SLY 
SLY + SOP 
SLY 
SLY + SOP 
SLY + SOP 
SLY 
SLY 
SLY+SOP 
SLY 
SLY 
SLY 
Asym 
SLY 
SOP 
SLY 
SLY+SOP 
SLY 
SLY+SOP 
SLY 
SLY 
Asym 
SFD 

132 
34 
11 
4 
4 
3 
3 
1 
1 
1 

20 
50 
48 
22 
16 
10 
3 
2 
1 
2 
5 
1 
2 
1 
3 
16 
77 
15 
2 
2 
1 
3 
2 
I 
4 
3 
6 

2 Atherton Camarosa SFD 1 
2 Adelaide Selva SLY 5 

69 
4 
I 
2 

2 

7 
21 

5 
2 

3 
16 
3 

26 
10 
6 
5 
2 
3 

1 
2 
4 
1 
2 

3 
2 
2 
I 
2 
2 
I 
4 

2 

9 

ICollection areas I and 2 are the runner and fruit production areas respectively 
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Figure 3.3: The association of RLO and phytoplasmas with strawberry lethal yellows disease between March 2000 and October 2002. 
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3.4 DISCUSSION 

SLY and SGP diseases 

Greber and Gowanlock (1979) previously reported an association between 

SLY disease and two organisms; a phytoplasma and an RLO. Bronze discolouration 

of older leaves, stunted petioles and interveinal chlorosis on younger leaves are 

symptoms associated with a RLO (Greber and Gowanlock, 1979). Purple 

discolouration of older leaves, stunted younger leaves with shortened petioles and 

marginal chlorosis, are associated with a phytoplasma (Greber and Gowanlock, 

1979). The SLY disease plants collected during this study had a combination of 

these two SLY symptom types and therefore the samples collected during this study 

could not be classified as either RLO or phytoplasma associated symptoms. 

In this study the majority of diseased strawberry plants had lethal yellows 

symptoms, a few had green petal disease, and strawberry plants with both lethal 

yellows and green petal diseases were observed in fruit production areas for the first 

time. All strawberry plants with SGP disease alone or in combination with SLY 

disease were positive for Ca. P. australiense AGY strain, which suggests that SGP 

symptoms are always indicative of a phytoplasma association. For SLY disease 

there was a significant association between putative causal agents and disease and, as 

reported previously, Ca. P. australiense AGY strain, Ca. P. australiense PYL variant 

strain, the tomato big bud (TBB) phytoplasma and a RLO were associated with SLY 

disease (Greber and Gowanlock, 1979; Padovan et al., 200Gb; Streten et al., 2005b). 

An RLO was detected in 33% of SLY diseased samples and the same 

organism was detected in 16% of asymptomatic strawberry plants. These findings 
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suggest lethal yellows symptoms exhibited by plants inoculated with an RLO may 

not be caused by the presence of this organism, instead the L Y symptoms may be 

due to the strawberry plants being more sensitive to environmental factors such as 

soil type and nutrient deficiencies when 'infected with an RLO'. Alternatively, in 

the later stages of SLY disease there may be an accumulation of compounds in the 

plant that inhibit the PCR assay which results in the RLO not being detected in these 

symptomatic plants. New PCR primers should be designed based on the sdhA gene 

and used in a nested PCR assay to determine whether the use of a single round PCR 

assay was one of factors influencing the detection of RLOs in symptomatic samples. 

Future research focused on designing new PCR primers for the detection of the SLY 

RLO and screening of samples collected in this study using these primers would 

indicate whether the diagnostic test used in the present study is optimal. 

Phytoplasmas were also not detected in all symptomatic plants, however there was a 

significant association between SLY disease and RLO or phytoplasmas. A major 

factor affecting the detection of the organisms may have been low titre and uneven 

distribution of the phytoplasmas and RLO in the host plant (Constable et al., 2003; 

Gibb et al., 1999). Furthermore, another organism, not yet characterised, may be 

associated with SLY disease. 

The tuf gene amplified from 11 plants with SLY disease collected from 

Caboolture in 2001 had the same RFLP banding pattern as the PYL phytoplasma 

when digested with Hpall and a different banding pattern when digested with 

HindUI. This phytoplasma was designated Ca. P. australiense PYL variant strain. 

The PYL phytoplasma is associated with New Zealand strawberry lethal yellows and 

Phormium yellow leaf (PYL) diseases (Andersen et al., 1998a; 1998b). Although the 
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phytoplasma associated with PYL disease can be differentiated from the Australian 

SLY phytoplasma by tuf gene analysis (Schneider et al., 1997), these two 

phytoplasmas are considered identical based on 16S rRNA gene analysis, and 

therefore both are designated Ca. P. australiense (Liefting et aI., 1998; Padovan et 

al., 2000b). The Ca. P. australiense PYL variant strain was associated only with 

SL Y disease samples collected at Caboolture on the same day and from the same 

farm. Its absence from other farms in the Caboolture area may indicate that the 

vector was not present throughout the region to transmit the phytoplasma more 

widely or an itinerant vector carrying Ca. P. australiense PYL variant strain from 

another region and/or another host made a brief stop to feed on a limited number of 

plants in the area. Disease surveys of alternative host plants in the strawberry 

growing areas may provide insight into the movement of the vector for this 

phytoplasma and the distribution of the phytoplasma, which would indicate whether 

this farm represents an isolated ecological niche for the Ca. P. australiense PYL 

variant strain. 

Few plants with SLY disease were positive for multiple agents. One 

explanation is that the frequency of multiple 'infections' may have been greater than 

the results showed with the limitation being PCR, which preferentially amplifies the 

dominant species (Lee et al., 2000). Mixed 'infections' are more frequently revealed 

when samples are screened using nested PCR (Alma et al., 1996.; Lee et al., 1995) 

but this has other drawbacks such as risk of contamination and expense. 

It is unlikely that strawberry cultivar had an effect on symptom expression 

because plants that were the same cultivar exhibited green petal, lethal yellows, and a 
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combination of both symptoms. Green petal disease was only observed at the fruit 

production farms therefore the age of the plant at the time of inoculation or soil type 

may influence symptom expression. In addition, plants for runner production do not 

flower which limits the opportunity for SGP disease expression in the runner region. 

This study did not resolve the issue of why the same phytoplasma is associated with 

two different symptoms - green petal and lethal yellows. 

New strawberry disease symptoms 

Two previously unreported strawbelTY disease symptoms, severe fruit 

distortion (SFD) and strawberry leaves on fruit (SLF) were observed during the 

study. Unlike lethal yellows symptoms, which were observed over the 3 year study, 

the SFD and SLF diseases were recorded only once. Of the seven samples with SFD 

one was positive for Ca. P. australiense AGY strain and of the 20 SLF samples four 

were positive for the TBB phytoplasma. The sample size was too small to make 

inferences about disease and phytoplasma association but it was interesting to 

observe the range of symptoms in the field. The SFD and SLF symptoms may have 

been caused by other factors such as nutritional deficiencies, poor pollination, 

inherited characteristics, spray drift or another pathogen that wasn't detected. The 

plants that tested positive for phytoplasma may have shown symptoms of SLY or 

SOP disease if they had been sampled later. 

Causal agent and locality of diseased strawberry plants 

SLY disease is the only RLO associated disease identified in Australia. An 

RLO is also associated with papaya bunchy top disease in North America (Davis et 

al., 1998) and calTot proliferation disease in the Czech Republic (Fran ova et al., 
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2000). Very little is known about the distribution and occurrence of RLO associated 

plant diseases. In this study the RLO was detected most often in plants with SLY 

disease in the runner production area while at the fruit production farms, the 

proportion of disease associated with phytoplasmas increased from 2000 until by 

2002, phytoplasmas were much more common than RLOs. This finding suggests 

that although the RLO associated SLY disease is distributed throughout Queensland 

strawberry growing districts this organism is more frequently identified in the nmner 

production area. Based on RFLP analysis of the sdhA gene amplified from the SLY 

diseased samples collected at both runner and fruit production farms the same RLO 

strain was present in the different strawberry growing regions. However, it is not 

known whether the sdhA gene is suitable for differentiating RLOs. The 

characterisation of the SLY RLO 16S rRNA gene that has variable and non variable 

regions may facilitate the differentiation of the RLOs associated with SLY disease. 

In Australia, the vector for the SLY RLO has not yet been identified whereas 

in North America the leafhopper, Empoasca papayae, is known to transmit the RLO 

associated with papaya bunchy top disease (Davis et al., 1998). The only species of 

Empoasca sensu stricto from Australia is Empoasca smithi (Murray Fletcher, 

personal communication), this leafhopper may be a possible vector of the SLY RLO. 

However, other leafhopper genera may also transmit the SLY RLO. Identification of 

other host plants for the SLY RLO may provide insight into the nature of insect 

vector for this organism and indicate reasons why RLO associated SLY disease is 

more common in the runner production area. 
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Chapter 4 

Plant hosts of the phytoplasmas and rickettsia-like

organisms associated with strawberry lethal yellows and 

green petal diseases. 

This chapter is an adapted version of paper 8 (page iii) submitted to 

'Australasian Plant Pathology' . 

Streten C, Herrington ME, Hutton DG, Persley DM, Waite GK, Gibb KS (2005) 

Plant hosts of the phytoplasmas and rickettsia-like-organisms associated with 

strawberry lethal yellows and green petal diseases. Australasian Plant Pathology in 

press. 



4.1 INTRODUCTION 

The tomato big bud (TBB) phytoplasma is infrequently detected in 

strawberry plants with lethal yellows (SLY) disease while Candidatus Phytoplasma 

australiense (Davis et al., 1997a) is consistently associated with SLY disease 

(Padovan et al., 1998; 2000b; Streten et aI., 2005c). In Australia, Ca. P. australiense 

is also associated with the diseases strawberry green petal (SGP) (Padovan et al., 

2000b; Streten et ai., 2005c), papaya dieback (PDB) (Gibb et aI., 1996; Liu et al., 

1996), Australian grapevine yellows (AGY) (Padovan et aI., 1995; 1996) and mung 

bean witches' broom (MBWB) (Schneider et al., 1999b). More recently, Ca. P. 

australiense has been implicated as a causal agent of pumpkin yellow leaf curl 

(PYLC) (Streten et ai., 2004) and periwinkle phyllody (Davis et at., 2003). Ca. P. 

australiense is also associated with plant diseases in New Zealand including 

strawberry lethal yellows (SLY) (Andersen et aI., 1998b), Phormium yellow leaf 

(PYL) (Andersen et al., 1998a; Liefting et aI., 1998), Cordyline australis (cabbage 

tree) sudden decline (CSD) and Coprosma lethal decline (CLD) (Andersen et aI., 

2001). 

Although Ca. P. australiense is consistently associated with a range of crop 

species, only a few non-crop host species have been identified during phytoplasma 

disease surveys in Australia (Davis et al., 1997b; 2003; Schneider et al., 1999b). The 

plant host range of a phytoplasma generally reflects the number of natural vector 

species that are capable of transmitting the organism and their feeding behavior (Lee 

et al., 2000). Results to date suggest that the vector of Ca. P. australiense has a 

narrow host range or a limited number of species are susceptible to this phytoplasma. 

In Australia, no vectors have been identified for Ca. P. australiense while in New 
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Zealand, the planthopper, Oliarus atkinsoni transmits this phytoplasma (Boyce and 

Newhook, 1953; Liefting et at., 1997). 0. atkinsoni is a monophagous species that 

feeds on Phonnium sp. and is essentially limited to New Zealand (Andersen et at., 

2001; Liefting et al., 1997), which means that it is unlikely to transmit Ca. P. 

australiense in Australia. Identification of possible alternative hosts of Ca. P. 

australiense may provide insight into the identity of its vectors in Australia. 

Furthermore, the detection of phytoplasmas in plants in the vicinity of strawberry 

farms would implicate these plant species as possible reservoirs of Ca. P. 

australiense when strawberry plants are not being grown in the field. 

In contrast to Ca. P. australiense, the TBB phytoplasma has a wide host range 

including native and introduced plant species (Davis et aI., 1997b; 2003; Padovan 

and Gibb, 2001; Schneider et aI., 1999b). These TBB phytoplasma associated 

diseases occur throughout Australia (Davis et ai., 1997b; 2003; Padovan and Gibb, 

2001; Schneider et al., 1999b). The TBB phytoplasma has been assigned the 

Candidatus Phytoplasma species name, 'Candidatus Phytoplasma aurantifolia' 

(IRPCM PhytoplasmaiSpiroplasma, 2004; Zreik et al., 1995). The wide host range 

of the TBB phytoplasma possibly reflects the feeding habits of its known insect 

vector, the common brown leafhopper, Orosius argentatus (Evans) which is widely 

distributed throughout Australia (Hill, 1943). 

A rickettsia - like - organism (RLO) is also associated with SLY disease 

(Greber and Gowanlock, 1979). Little is known about this RLO, as until recently 

there was no diagnostic test. The development of a PCR diagnostic test, which 

amplifies the flavoprotein subunit of the succinate dehydrogenase (sdhA) gene of the 
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SLY RLO (Chapters 1 and 2; Streten et aI., 2005b; 2005c) and the papaya bunchy 

top (PBT) RLO, has facilitated the identification of other hosts and possible vectors 

of this organism. The only known vector of an RLO is the leafhopper, Empoasca 

papayae, which transmits the PBT RLO (Davis et ai., 1998). The identification of 

alternative hosts for the SLY RLO may indicate its host range and provide a focus 

for subsequent vector studies. 

This study aimed to identify other host plants of Ca. P. australiense by 

conducting disease surveys near strawberry farms where SLY disease has been 

recorded. To determine whether the phytoplasmas or RLO associated with SLY 

disease are limited to the strawberry growing districts, diseased plant host species 

were also collected 50 to 200 km from any strawberry farm. 

4.2 MA TERIALS AND METHODS 

4.2.1 Source and location of samples 

Diseased and asymptomatic plants were collected on or within 50 - 100 m of 

strawberry runner beds in the Nambour and Stanthorpe districts of south-east 

Queensland, between March 2001 and January 2003. Diseased plants were also 

collected in AHora, Gatton, Toowoomba and Warwick districts of south-east 

Queensland, which are located 50 - 200 km from any strawberry farms. A single 

collection was made from Adelaide in South Australia. 

4.2.2 Screening for phytoplasmas and rickettsia-like-organisms 

Total DNA was extracted from plant samples according to Doyle and Doyle 

(1990) using a modified CTAB buffer (Padovan et al., 1995). DNA quality was 
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determined by subjecting the samples to electrophoresis in a 1 % agarose gel, which 

was then stained with ethidium bromide and viewed by UV trans-illumination. 

Plant samples were screened for phytoplasmas using the primer pairs fP lIrP7 

(Deng and Hiruki, 1991 a; Schneider et al., 1995b) and fU5/m23sr (Lorenz et al., 

1995; Padovan et a!., 1995), which amplify the phytoplasma 16S rRNA gene and 

16S-23S spacer region. The PCR reactions were according to Schneider et al. (1997) 

and subjected to 35 cycles of 95°CIl min; 55°C/l min and 72°CIl.5 min. One 

micro litre of undiluted DNA or DNA diluted 1: 10 or 1 :50 in water was used as DNA 

template in PCR. 

Symptomatic and asymptomatic samples were also screened usmg the 

fTufAy and rTufAy primers according to Schneider et al. (1997). These primers 

amplify the Tu elongation factor (tuj) gene of phytoplasmas assigned to the aster 

yellows and stolbur groups, which includes Ca. P. australiense but not the TBB 

phytoplasma. 

DNA samples were also tested usmg the PCR primers that amplify the 

flavoprotein subunit of succinate dehydrogenase (sdhA) gene (PBTF1 and PBTRl) 

of the RLO associated with lethal yellows (Chapter 1 and 2) and PBT disease (Davis 

et a!., 1998). PCR reactions were prepared according to Davis et al. (1998). 

Amplification conditions used for the PBTFI and PBTRI primers were 94°CIl min, 

52°CIl.5 min and 72°C/l min for 40 cycles. 
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4.2.3 Identification of phytoplasmas and rickettsia-like-organisms 

PCR products amplified from diseased and asymptomatic plants using 

primers specific for the phytoplasma 16S rRNA gene or the RLO sdhA gene were 

digested with the restriction enzymes AluI and RsaI. Tuf genes were digested with 

Hpall and HindIII (Schneider et aI., 1997). All digestions were in buffer supplied by 

the manufacturer, 1 U enzyme (Promega, Sydney, Australia), 5 ilL of PCR product 

and sterile distilled water (SDW). Reactions were incubated overnight at the 

specified temperature and subsequently separated in a 12% polyacrylamide gel. The 

gels were then stained with ethidium bromide and visualised on a UV trans

illuminator. 

4.3 RESULTS 

4.3.1 Rickettsia-like-organism detection in plant host species 

The RLO was only detected in one diseased lacksonia scoparia sample and 

one diseased Modiola caroliniana sample; both were collected at Stanthorpe (Tables 

4.1 and 4.3). The sdhA gene amplified from these diseased plants all had the same 

restriction banding patterns as the reference RLO associated with SLY disease (data 

not shown). 

4.3.2 Phytoplasma detection in plant host species 

Eighteen out of 34 diseased plant host species tested positive using 

phytoplasma specific primers (Tables 4.1-4.4). The Ca. P. australiense Australian 

grapevine yellows (AGY) strain was detected in 25 plants collected from Nambour, 

Gatton, Stanthorpe, and AUora districts of south-east Queensland. The 25 plants 

represented six different plant species (Tables 4.1-4.4). The tuf gene amplified from 
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Hexham sp. (Table 4.1), and Gomphocarpus physocarpus samples from 

Toowoomba and Nambour (Table 4.2 and Figure 4.1) had the same RFLP banding 

pattern as the Phormium yellow leaf (PYL) phytoplasma when digested with Hpall 

and a different banding pattern when digested with HindIII (data not shown). This 

phytoplasma was designated Ca. P. australiense PYL variant strain. 

The TBB phytoplasma was detected in 33 plants from Stanthorpe, Brisbane, 

Warwick and Nambo'ur (Tables 4.1-4.4) in Queensland and in one plant from 

Adelaide in South Australia (Table 4.1). These 34 diseased samples represented 15 

plant species, some of which are also hosts for Ca. P. australiense. A Ca. P. 

australiense and the TBB phytoplasma mixed 'infection', was only detected in one 

G. physocarpus plant (Table 4.2). The SPLL-V4 phytoplasma was detected in two 

G. physocarpus plants, one from Allora and another from Nambour (Table 4.2). 

4.3.3 Association between phytoplasmas, rickettsia-like-organisms and disease 

All pumpkin (Cucurbita maxima) plants exhibiting yellow leaf curl were 

positive for Ca. P. australiense AGY strain and all asymptomatic pumpkin plants 

were phytoplasma negative (Table 4.1). All native cherry (Exocarpus 

cupressijormis) samples with small leaf symptoms were phytoplasma positive (Table 

4.1). 
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Table 4.1: Plant species in which phytoplasmas and rickettsia-like-organisms were detected. Abbreviations are: P. australiense - Calldidatus 

Phytoplasma australiense AGY strain; TBB - tomato big bud phytoplasma; RLO - rickettsia-like-organism; SPLL-V 4 - sweet potato little leaf 

strain V4. 
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Amaranthaceae Amaranllllls sp. Stanthorpe Yellowing of leaves 2 2 
Apocynaceae Araltjia seric({era Gatton Asymptomatic 3 

Gatton. Yellowing of leaves with red margins. 
2 2 

Warwick witches' broom 
Asclepiadaceae GOlllphoCal7JUS 

Cottonbush In table 4.2 Refer to table 4.2 8 3 3 33 
physocal]Jlls 

Asteraceae COI1ZYU sp. Fleabane Stanthorpe Leaf distortion 3 3 
Stanthorpe Asymptomatic I 
Stanthorpe Reduced leaves I 

Chenopodiaceae Chenopodium 
Stanthorpe Shortening and clumping of petioles 2 2 

caril1atulIl 
Cucurbitaceae Cuclirhila maxima Pumpkin Stanthorpe Asymptomatic :1 

Stan thorpe, 
Yellow leaf curl 13 13 

Gatton 
Stan thorpe Yellowing at vine lips 

Cupressaceae Callitris baileyi Stanthorpe Yellowing of branches 
Stanthorpe Asymptomatic I I 

Fabaceae Jacksonia scoparia Stanthorpe Refer to table 4.3 2 4 23 
Medicago PO/YIll017Jha Stan thorpe Refer to table 4.4 4 :1 16 

J Number of samples positive for the specified pathogen. 
2Calldidatus Phytoplasma australiense Phormiu11l yellow leaf (PYL) variant strain. 
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Table 4.1: continued 
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Fabaceae 
Trifoliul11 sp. Clover Stanthorpe 

Reddening! yellowing of leaves and 
clumping of plant 

Adelaide Rcd and yellow leaves 3 
Adelaide Green !lowers and phyllody I 

Geraniaceae Hexham sp. Toowoomba Witches' broom, stunting 22 2 
Malvaceae Hibiscus trionum Bladder ketmia Stanthorpe Yellowing of leaves I 

Modiola caroliniana Carolina mallow Stanthorpe Leaf distortion, yellowing and stunting 
Myoporaceae Erellloplzila sp. Stanthorpe Leaf distortion 
Plantaginaceae Plantago lanceolata Ribwort Stanthorpe Yellow and white leaves 

Brisbane Yellowing and smaller plant 
Stanthorpe Crimped and cupped leaves 3 
Stanthorpe Asymptomatic 2 
Stan thorpe New leathery growth I 
Stanthorpe Branched leaves and deformed new leaves 

Santalaceae Exocarpus 
Native cherry Stan thorpe Reduced yellow leaves 5 6 

cupressiformis 
Solanaceae Datura stramoniulIl Thornapple Stan thorpe Yellowing of plant 3 

Stanthorpe Asymptomatic I 
Nightshade Stanthorpe Leaf tip climping I 

Solanaceae So Ian 11m nigrwll Stanthorpe Proliferation of tips and buds I 

Total 31 3 2 3 138 
4 

I Number of samples positive for the specified pathogen. 
2Candidatus Phytoplasma australiense Phormiwn yellow leaf (PYL) variant strain. 
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Table 4.2: Phytoplasmas detected in Gomphocarpus physocarpus (balloon 

cottonbush). Abbreviations are: P. australiense Candidatus Phytoplasma 

australiense AGY strain; TBB . tomato big bud phytoplasma; SPLL· V 4 - sweet 

potato little leaf strain V 4. 

Location 

AHora 

Gatton 
Nambour 

Stanthorpe 

Toowoomba 

Symptoms 

Yellowing, little leaf, 
bunching along stem 

Asymptomatic 
Witches' broom 
Narrow red and yellow leaves 
Asymptomatic 
Reddening and yellows of 
stems and leaves 
Little leaf, proliferation of 
leaves at terminal ends of 
branches and yellowing 
Yellow mottling on leaves 
Yellowing and leaf distortion 
Clumping of leaves along 
stem and yellow reduced 
leaves 
Small mottled leaves clumped 
along stem 
Older leaves with yellow 
mottling, young leaves 
reduced and yellow, curling of 
leaves, green petals on very 
reduced flowers, leaves 
clumping at terminal ends and 
leaves protruding from 
flowers. 
Asymptomatic 
Yellow distorted leaves 
Asymptomatic 
Yellowing and reduced leaves 
Green plant with wilted and 
distorted terminals 

P. australiense l TBB I SPLL-V41 

2 

Total 
number 
of plants 
tested 

2 

I 
1 
I 
4 
2 

3 
5 
1 

2 

'"' -, 
3 
I 

Total 8 3 3 33 
I Number of samples positive for the specified pathogen. 
2 Candidatus Phytoplasma australiense Phormium yellow leaf (PYL) variant strain. 
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Figure 4.1: Symptoms of leaf proliferation, yellowing and dwarfism in 

Gomphocarpus physocarpus with Candidatus Phytoplasma australiense 

Phormium yellow leaf variant strain (left) and lacksonia scoparia with 

growth proliferation at branch terminals and positive for the tomato big bud 

(TBB) phytoplasma (right) . 

Gomphocarpus physocarpus lacksonia scoparia 

Ca. P. australiense PYL variant strain was detected in all four G. physocarpus 

plants with yellowing and little leaf or clumping of leaves along the stem. G. 

physocarpus plants with symptoms of yellowing, little leaf and bunching along the 

stem, and also without symptoms, tested positive for the SPLL-V4 phytoplasma 

(Table 4.2). The TBB phytoplasma was detected in a G. physocarpus plant with 

symptoms of reduced yellow leaves, green petal and clumping of growth at terminal 

ends, and in a plant exhibiting yellow mottling of leaves (Table 4.2) . 
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Table 4.3: Phytoplasmas and RLO detected in lacksonia scoparia 

Dogwood). Abbreviations are: P. australiense - Candidatus Phytoplasma 

australiense AGY strain; TBB - tomato big bud phytoplasma; RLO -

rickettsia-like-organism. 

Location Symptoms P. australiense I TBBI RLOI Total number of 
~lants tested 

Stanthorpe Abnormal growth at 7 
tips 
Abnormal branching 2 3 
and growth 
Asymptomatic 6 
Proliferation of growth 2 4 
at branch ends 
Wilting at branch tips I 
Witches broom 3 

Total 2 4 1 24 
j Number of samples positive for the specified pathogen. 

Table 4.4: Phytoplasmas detected in Medicago polymorpha (Burr trefoil). 

Abbreviations are: P. australiense - Candidatus Phytoplasma australiense 

AGY strain; TBB - tomato big bud phytoplasma. 

Location 

Stanthorpe 

Symptoms 

Reduced leaves with 
reddening 
Asymptomatic 
Reddening and curling of 
leaves 
Red leaf margins 
Reduced leaves with curling 
of leaf margins 
Yellow and red leaves 
Stunted growth with reduced 
leaves 

P. australiense I 

2 

Total 4 
j Number of samples positive for the specified pathogen. 
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2 
2 

5 

Total number of 
plants tested 

3 

5 
2 

3 
1 

16 



Ca. P. australiense AGY strain and the TBB phytoplasma were detected in 

one G. pIJysocarpus plant with symptoms of little leaf and proliferation of leaves at 

terminal ends (Table 4.2). Ca. P. australiense AGY strain was also detected in G. 

physocarpus plants exhibiting witches' broom or narrow red/yellow leaves (Table 

4.2). Eleven G. physocarpus plants exhibiting disease symptoms tested negative for 

phytoplasmas or RLOs (Table 4.2). 

Phytoplasmas were detected more commonly in diseased 1. scoparia 

exhibiting an abnormal branching pattern (Figure 4.1) than in plants exhibiting other 

phytoplasma-type symptoms (Tables 4.1 and 4.3). An RLO was also detected in 1. 

scoparia plants with abnormal branching symptoms (Table 4.3). Medicago 

polymorpha plants with symptoms of reddening and curling of leaves, or stunted 

growth and little leaf, tested positive for the TBB phytoplasma (Table 4.4). Ca. P. 

australiense AGY strain was amplified from diseased M. polymorpha plants with 

symptoms of reddened reduced leaves or symptoms of yellow and red leaves (Table 

4.4). 

Amaranthus sp., Araujia sericifera, Chenopodium carinatum, Eremophila sp., 

Hibiscus trionum and Plantago lanceolata were rarely observed with disease so few 

samples were collected (Table 4.1). Asymptomatic samples from each of these plant 

species tested positive for TBB phytoplasma (Table 4.1). Diseased and 

asymptomatic Acacia melanoxylon, Acacia sp., Asclepias curassavica, Echinochloa 

colona, Malva parviflora, Medicago sativa, Osothamnus diosmifolius, Plantago 

cunninghamii, and Sonchus sp. were also sampled during the study (Table 4.5). An 

RLO or a phytoplasma were not detected for these plant species (Table 4.5). 
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Table 4.5: Plant hosts that tested negative for phytoplasmas and rickettsia-

like-organisms (RLOs). 

Family name Scientific Common Location Symptoms Total 
name name number 

of 
plants 
tested 

Asclepiadaceae Asclepias Red Stanthorpe Young leaves distorted 1 
curassavica Cottonbush 

Asteraceae O::;othamllus Sago Stanthorpe Yellowing ofleaves 
diosmifolius flower 
Sonchus sp. Milk thistle Stanthorpe Yellowing and reddening of 2 

leaves 
Fabaceae Acacia Blackwood Nambour Proliferation of deformed 

me lanox)' 10 n undifferentiated tissue at buds 
Asymptomatic 
Interveinal yellowing 

Acacia sp. Stanthorpe Yellow young leaves with red 
leaf margins 

Glycine max Soybean Toowoomba Proliferation of flowers and 15 
seeds. Yellow seed pods, 
necrosis of mid vein, 
yellowing of leaves 

Glycine sp. Stanthorpe Yellowing leaves 1 
Glycine sp. Asymptomatic 1 
Glycine sp. Clumping of plant growth 1 
Medicago Lucerne Toowoomba Asymptomatic 3 
sativa 
Medicago Shortened internodes, smaller 2 
sativa leaves with clumping and 

elongation of leaves and 
yellowing 

Malvaceae Malva MarshmalI Stanthorpe Yellowing 
parviflora ow 

Myrtaceae Melaleuca sp. Ti tree Stanthorpe Chlorotic terminal 
Plantaginaceae Plantago Sago weed Stanthorpe Yellowing 

cunn ing hamii 
Plantago sp. Stanthorpe Distorted growth 

Poaceae Echinochloa Swamp Stanthorpe White striping on leaves 
colona grass 

Asymptomatic 
Solanaceae Lycopersicon Tomato Stanthorpe Asymptomatic 

esculentum 
Reduced leaves, yellowing 
along leaf veins 

Solanum Wild Stanthorpe Yellowing of branch tips 
mauritianum tobacco 
Total 40 
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4.4 DISCUSSION 

In Queensland, strawberry runner farms are located in the Stanthorpe region 

while fruit is produced in the areas surrounding Nambour, Caboolture, Beenleigh and 

Brisbane. Strawberry plants are not grown all year round, which suggests that non

crop plant species growing near strawberry fields may be reservoirs for phytoplasmas 

or RLOs associated with SLY disease. However, growers remove weeds growing 

among strawberry plants on fruit production farms, and there was a drought in south

east Queensland during the study, reducing the number of plant hosts growing on and 

near strawberry runner and fruit production farms. Therefore, during the survey, the 

only plant species with symptoms of yellows disease at fruit production farms, where 

Ca. P. australiense is often detected in SLY or SOP diseased strawberry plants 

(Padovan et at., 2000b), were Gomphocarpus physocarpus and Acacia melanoxylon. 

Diseased G. physocarpus were also observed at locations 50 - 200 km away from 

fruit production farms. 

Ca. P. australiense AGY strain, Ca. P. australiense PYL variant strain, TBB 

and SPLL-V 4 phytoplasmas were all detected in diseased G. physocarpus plants, 

which suggests that these plants are a food source for the insect vectors and this 

species is susceptible to a range of phytoplasmas. Diseases of Gomphocarpus sp. 

have also been reported in Italy and the stolbur and European aster yellows 

phytoplasmas were detected in these plants (d'Aquilio et ai., 2002). Symptomatic G. 

physocarpus plants were collected at different locations in south-east Queensland, 

which suggests these phytoplasmas are not confined to a single location and their 

insect vectors are distributed throughout south-east Queensland. Based on frequency 

of phytoplasma detection, the symptoms of green petal, little leaf, and reduced leaves 
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appear to be a phytoplasma disease in G. physocarpus plants. The other symptoms 

observed for G. physocarpus plants may have been due to nutritional deficiencies, 

lack of water or the presence of another pathogen. 

In this study, diseased G. physocarpus, M. polymorpha and 1. scoparia were 

most frequently observed, but other plant species with phytoplasma-type symptoms 

were also collected. Pumpkin (Cucurbita maxima) plants with yellow leaf curl were 

observed at Gatton and Ca. P. australiense AGY strain was detected in these 

samples, thus confirming this previously reported phytoplasma associated disease 

(Streten et al., 2004). 

Ca. P. australiense AGY strain or the TBB phytoplasma were detected in 

diseased M. polymorpha, E. cupressiformis, 1. scoparia and no mixed phytoplasma 

'infections' were detected for these samples. Although Ca. P. australiense AGY 

strain and the TBB phytoplasma had these host plants in common, they are unlikely 

to have the same vector because they only shared a limited number of host plant 

species and host range generally reflects the feeding habits of the vector (Lee et al., 

2000). Therefore M. polymorpha, E. cupressiformis and 1. scoparia are possibly 

food sources for a range of insect vectors. 

The TBB phytoplasma was detected in diseased Amaranthus sp., C. baileyi, 

C. carinatum, Conzya sp., D. stramonium, E. cupressifonnis, Eremophila sp .. , H. 

trionum, 1. scoparia, M. polymorpha, Plantago lanceolata, and S. nigrum plants that 

were located near runner production farms in the Stan thorpe district. This result 

indicates that there is an abundant supply of TBB phytoplasma inoculum in the 
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vicinity of runner production farms. Despite this, the TBB phytoplasma is 

infrequently detected in plants with SLY disease (Chapter 3; Streten et ai., 200Sc). 

The low occurrence of TBB phytoplasma associated strawberry disease in Stanthorpe 

where there is a range of sources of inoculum in the surrounding area suggests that 

the vector, O. argentatus, is either not prevalent in the region, or strawberry plants 

are not a preferred food source for this leafhopper species, or strawberry plants are 

not highly susceptible to the TBB phytoplasma. 

The SPLL-V4 phytoplasma which is closely related to the TBB phytoplasma 

(Padovan et al., 2000a), was only detected in diseased C. physocarpus plants 

collected at AHora. This is in contrast to previous disease surveys in northern 

Australia, which showed that the SPLL-V 4 phytoplasma is associated with diseases 

that occur in a wide range of plant species (Davis et ai., 1997b; 2003; Schneider et 

al., 1999b; Padovan and Gibb, 2001). The identification of a single plant species 

positive for the SPLL-V4 phytoplasma compared to the TBB phytoplasma (16 

species) suggests that in south-east Queensland, these phytoplasmas may not have a 

common vector and the vector for the SPLL-V 4 phytoplasma is not prevalent. If the 

vector for the SPLL-V 4 phytoplasma and incidence of the disease is not abundant in 

south-east Queensland, it is unlikely that strawberry plants will be inoculated with 

the SPLL-V 4 phytoplasma. 

The TBB and SPLL-V4 phytoplasmas were detected more frequently in non

crop plants growing in or near Stanthorpe than were the Ca. P. australiense AGY or 

PYL variant strains. Ca. P. australiense AGY and PYL variant strains were detected 

in different C. physocarpus plants collected at Nambour and these plants were 
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growing within 100 m of SLY diseased plants that tested positive for Ca. P. 

australiense AGY strain (Chapter 2; Streten et at., 2005b; 2005c). Ca. P. australiense 

PYL strain is associated with SLY disease at Caboolture and it was thought that this 

strain represented an isolated population within Australia (Chapter 2; Streten et aI., 

2005c). The detection of Ca. P. australiense PYL variant strain at Nambour, 

Toowoomba and Caboolture in G. plJysocarpus and Hexham sp. plants showed that 

this phytoplasma is more widespread than previously thought. These plant species 

may be reservoirs for this phytoplasma and they may also be a source of inoculum 

for SLY disease if its vector is present. 

The vector of the Australian RLOs is still unknown and this study provided 

limited insight into the nature of the insect that transmits these organisms. RLO 

associated disease was only identified in two non-crop plant hosts in the area 

surrounding runner production farms, where this organism is the most common agent 

associated with SLY disease (Chapter 2; Streten et aI., 2005c). This suggests that the 

vector has a limited host range or only a limited number of plants are susceptible to 

the RLO (Lee et a!., 1998a; 2000). G. physocarpus plants could not be screened for 

an RLO because after PCR amplification all samples, including healthy controls, 

gave a band the same size as the reference RLO strain. We therefore do not know if 

the RLO is associated with this host species. 

In conclusion, results from this study suggest that G. physocarpus is a food 

source for insect vectors of phytoplasmas and therefore a possible source of 

phytoplasma for SLY disease. Diseased pumpkin is also a possible source of Ca. P. 

australiense for strawberry plants. Ca. P. australiense AGY strain was also detected 
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in diseased M. polymorpha plants that were collected on runner production farms and 

these plants are likely to be a reservoir of phytoplasmas for strawberry plants because 

they are located in the strawberry growing region and on strawberry farms. 

Although nine plant species collected on or near runner production farms were 

positive for the TBB phytoplasma, this may not be significant because this 

phytoplasma is only occasionally detected in SLY diseased plants. The Australian 

RLO was detected in diseased M. caroliniana and J. scoparia plants which were 

growing on runner production farms in the Stanthorpe district. Thus, these plants 

may act as reservoirs of the RLO if the insects that feed on these species can acquire 

and transmit the RLO, and use strawberry as a food plant. 

This study of phytoplasma and RLO host range, while not intended as a 

systematic survey of all other host plants in the 200 km area surrounding commercial 

strawberry farms, has identified some key non-crop species that are hosts for the 

RLO and a range of phytoplasmas. Future studies should focus on these species and 

candidate insect vectors. 
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Chapter 5 

Identification of genes in the Tomato Big Bud Phytoplasma 

and comparison to those in Sweet Potato Little Leaf-V 4 

Phytoplasma. 

This chapter is an adapted version of paper 5 (page iii) published in 'Microbiology'. 

Streten C, Gibb KS (2003) Identification of genes in the tomato big bud 

phytoplasma and comparison to those in sweet potato little leaf-V 4 phytoplasma. 

Microbiology 149: 1797-1805. 



5.1 INTRODUCTION 

Phytoplasmas are plant pathogens that are associated with numerous diseases 

worldwide (McCoy et al., 1989). We have limited knowledge of the biochemical 

properties of phytoplasmas because they cannot be cultured in vitro. Phytoplasma 

genes identified to date include those for SecA (Kakizawa et al., 2001), ribosomal 

proteins (Gundersen et al., 1994; Lim & Sears, 1992), nitro-reductase, (Jarausch et 

al., 1994), elongation factor Tu (Schneider et al., 1997), elongation factor G (Berg 

and Seemiiller, 1999), immunodominant membrane proteins (Berg et al., 1999: 

Blomquist et al., 2001), RNase P RNA (Wagner et al., 2001), a major membrane 

protein (Barbaraet aI., 2002), and an antigenic protein (Yu et al., 1998). These 

genes provide some information on the possible biochemical pathways associated 

with phytoplasma metabolism, but fUlther information is still needed. 

Classification and differentiation of phytoplasmas is based on their 16S 

rRNA gene sequences (Seemuller et al., 1998). Due to the highly conserved nature of 

this gene, closely related phytoplasmas may be perceived as identical (Fox et al., 

1992). Based on previous studies, which have identified greater genetic diversity 

using non-ribosomal genes (Jarausch et al., 1994; Padovan et al., 2000b; Schneider 

et al., 1997), we postulated that the identification of new, possibly less conserved, 

genes may reveal genetic variation between phytoplasmas that are indistinguishable 

on the basis of their 16S rRNA genes. The tomato big bud (TBB) phytoplasma is 

associated with a wide range of plant diseases throughout Australia (Davis et aI., 

1997b). The sweet potato little leaf (SPLL) phytoplasma was originally detected in, 

and isolated from, Ipomoea hatatas growing in Northern Australia (Gibb et al., 

1995). Restriction fragment length polymorphism (RFLP) analysis of the 16S rRNA 
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gene of TBB and SPLL phytoplasmas, isolated from their natural host plants, showed 

no polymorphisms (Gibb et at., 1995). TBB phytoplasma causes phyllody and an 

absence of normal flower production in Catharanthus roseus (periwinkle) while 

SPLL phytoplasma when transmitted from sweet potato to periwinkle, causes 

virescence and smaller flowers (Padovan et ai., 2000a). RFLP analysis of the 16S 

rRNA gene of SPLL phytoplasma isolated from periwinkle showed slight variation 

in AZul and Rsal patterns compared to TBB phytoplasma (Schneider et ai., 1999a). 

The periwinkle isolate of SPLL phytoplasma was designated sweet potato little leaf 

strain V 4 (SPLL-V 4) phytoplasma to distinguish it from field samples of SPLL 

phytoplasma (Padovan et ai., 2000a). RFLP analysis at the chromosome level 

revealed genetic diversity between TBB and SPLL-V4 phytoplasmas (Padovan et al., 

2000a). We do not know what phytoplasma genes will be the best indicators of the 

genetic variation observed at the chromosome level. To identify phytoplasma genes 

that may reflect the heterogeneity between TBB and SPLL-V4 phytoplasmas at the 

chromosome level we characterised genomic sequences of the TBB phytoplasma. 

Oligonucleotide primers were designed based on the nucleotide sequences of the 

TBB phytoplasma genes identified and used in peR to confirm that the characterised 

genes were not host plant genes. RFLP analysis of the genes amplified from TBB 

and SPLL-V 4 phytoplasmas was then used to identify genetic diversity between 

these phytoplasmas. 

5.2 MATERIALS AND METHODS 

5.2.1 DNA sequencing and database analysis 

Symptomatic plant samples that tested positive for the tomato big bud (TBB) 

or sweet potato little leaf strain V 4 (SPLL-V 4) phytoplasmas were collected in 
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Darwin (periwinkle), Adelaide (grape), and Katherine (papaya), Australia. The DNA 

was extracted from symptomatic tissue of diseased papaya and grapevine plants 

using a phytoplasma enrichment procedure (Ahrens and Seemtiller, 1992). TBB and 

SPLL-V4 phytoplasma DNA was extracted from the mid-veins of symptomatic 

periwinkle leaves, maintained at Charles Darwin University, using a small-scale 

procedure (Doyle and Doyle, 1990). 

TBB phytoplasma random clones were obtained as described previously 

(Schneider et al., 1999a). Random clones were grown overnight in Luria - Bertani 

(Bacto-Tryptone, yeast extract and sodium chloride) broth. Plasmids were purified 

using the Mini-Prep Quick Spin Kit (Qiagen, Brisbane, Australia) according to the 

manufacturer's protocol. The quantity of purified plasmid DNA was estimated by 

comparison to a DNA mass ladder on a 1% agarose gel stained with ethidium 

bromide and visualised on a UV transilluminator. 

Plasmid DNA (300 nanograms per reaction tube) was sequenced using the 

Big Dye Terminator Reaction kit (Australian Genome Research Facility (AGRF), 

Brisbane, Australia). M13 primers (Promega, Sydney, Australia) were used to 

sequence the start of clonal inserts. All steps were performed according to the 

manufacturer's protocol. Tubes were cycled in a Corbett FTS-320 Thermocycler 

(Corbett Research, Sydney). Sequencing reactions were analysed at AGRF. The data 

were initially analysed using MACVECTOR (Eastman Kodak Co, New Haven, CT, 

USA) and ASSEMBL YLIGN (Eastman Kodak). Further sequencing primers were 

designed using the PRIMER3 program (Rozen and Skaletsky, 1998) based on 
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melting temperature and their location on the sequence. Sequencing primers were 

synthesized by Genset Pacific Oligos (Brisbane). 

The complete nucleotide sequences of the clonal inserts were analysed using 

FAST A and FASTX (Pearson and Lipman, 1988) database search engines which 

were accessed through Entigen (http://www.entigen.com). The FLIPORF program 

(Bionet software; Entigen) was used to identify the location of putative genes along 

the nucleotide sequence. The genes were translated using TRANSLATE (Genetics 

Computer Group (GCG) package, Oxford Molecular Group). 

Database programs used to analyse the TBB phytoplasma amino acid 

sequences were accessed through the Entigen web site, unless otherwise specified. 

BLOCKSEARCHER (Henikoff and Henikoff, 1994), MOTIFS (GCG) and HMM 

PFAM (Eddy, 1998) programs were used to identify conserved sequences, motifs 

and signature sequences on the putative genes. The GARNIER program (Pearson 

and Lipman, 1988) was used to predict the secondary structure of the proteins. 

Proteins with secondary structures similar to those predicted for the TBB 

phytoplasma gene products were identified using BLASTP (Altschul et al., 1997) 

searches of the PDB structural database. 

A representative TBB phytoplasma gene was selected from each class of the 

protein functional groups (with the exception of the miscellaneous group) to 

determine whether the protein class influenced the phylogenetic position of the 

phytoplasmas. The TBB phytoplasma gene with the highest similarity to other amino 

acid sequences in the SwissProH TremBL database (within each protein function 
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category) was used for phylogenetic analysis. The results from FASTA searches 

based on the amino acid sequences of the TBB phytoplasma genes were used to 

select ten species of eubacteria for phylogenetic analysis. The highest match to the 

TBB phytoplasma genes based on FAST A searches was always included in 

phylogenetic analysis. The amino acid sequences were aligned using CLUST AL W 

(accurate) (Thompson et al., 1994). A bootstrapped consensus tree was generated 

using the computer programs of Felsenstein (1989) (SEQBOOT, PROTPARS, 

NEIGHBOR and CONSENSE). 

Signal peptide sequences and their cleavage sites were identified with 

PSORT version 6.4 (http://lpsort.nibb.ac.jp/). The database does not have entries for 

the class Mollicutes, but since members of this class are thought to have originated 

from Gram-positive bacteria, the TBB phytoplasma amino acid sequences were 

nominated as originating from genes of Gram-positive bacteria for PSORT analysis. 

The topology and orientation of the membrane protein was predicted using the 

TOPPRED2 program (Gunnar Von Heijne, 1992; 

http://bioweb.pasteur.frlseqanal/interfaces/toppred.html). The amino acid sequences 

were further analysed using the TMPRED program (Hofmann and Stoffel, 1993; 

http://www.ch.embnet.org/softwareITMPRED form.html). TMPRED compares the 

query sequence to a database of transmembrane proteins and TOPPRED2 predicts 

the topology of membrane proteins based on hydrophobicity. Amino acid sequences 

of membrane proteins were aligned using PILEUP CGCG package 1998) and 

PRETTYBOX (GCG package 1998) programs. 
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5.2.2 peR primer design and testing 

PCR primers were designed based on representative genes: the peptide 

releasing factor 1, DNA polymerase beta III, FtsH and ATP-dependent RNA 

helicase. The Primer3 program (Rozen and Skaletsky, 1998) was used to design 

PCR primers based on conserved regions of the phytoplasma, mycoplasmas and 

other bacterial genes of the same function. The ability of each of the primer pairs to 

amplify the gene of interest from TBB phytoplasma isolates was determined by peR. 

Initially, reactions were cycled through 9SOCIl min, 42°C/3 mins, nOC/3 mins for 

30 cycles followed by 72°C for 10 minutes (Schneider et al., 1997). Cycling 

conditions were then optimised by increasing the annealing temperature by 1°C in 

each experiment. If PCR conditions required further optimisation the duration of 

extension and annealing phases was decreased. The total number of cycles was also 

increased to optimise amplification. PCR products were digested with AIul, Rsal, or 

Hpall and the fragments separated as described in Schneider et al. (1997). The 

restriction enzymes were selected based on previous work (Gundersen et aI., 1996) 

5.3 RESULTS 

5.3.1 DNA sequencing and database analysis 

Nineteen random TBB clones were sequenced and 23 genes identified. 

Results for motif (Table 5.1), protein family (not shown), three dimensional 

structural analyses (not shown) and FASTX searches (Table 5.1) all identified the 

same gene as the best match, indicating agreement across different analytical 

methods. All sequence analysis results (database searches, motif, protein family and 

structural) for each gene supported the assignment of specific protein function to the 

genes identified in the TBB phytoplasma clones (Table 5.1). 
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Table 5.1: Functions assigned to open reading frames identified within the TBB phytoplasma random clones (Percentages based on FASTX search results). 

Clone Size of Protein encoded by gene 
insert (kb) 

Protein and peptide secretion 
10 0.3 Preprotein translocase SecA subunit 
Cellular processes 
32 1.7 
78 0.8 
Energy metabolism 
31 0.2 
51 0.2 

Replication 
14 0.7 
15 2.7 
22 I.7 
24 1.8 
29 2.5 

16 0.5 
25 2.7 
38 0.6 
87 1.3 

Transcription 
15 2.7 
17 1.5 
23 1.2 
Translation 
22 1.7 
23 1.2 
39 3.0 
Miscellaneous 
15 2.7 
47 0.9 

Cell division protein (FIsH) 
Cell division protein (FtsH) 

NADH oxidase 
2,3-biphosphoglycerate-independent 
phosphoglycerate mutase 

DNA polymerase beta III 
Uracil DNA glycosylase 
Endonuclease IV 
DNA gyrase subunit b 
ATP-dependent RNA helicase 

Glucose inhibited division protein 
Glucose inhibited division protein 
Glucose inhibited division protein 
Primosomal protein N' replication t~lctor Y 

Ribonuclease HIll 
DEAD box helicase 
Replicative DNA helicase 

tRNA/rRNA methyl transferase 
Peptide releasing factor 1 (RF-l) 
50S Ribosomal protein Ll7 

Hit protein 
ATPase subunit 6 protein 

Similarity to 
highest match 
(%) 

62.0 

37.S 
32.3 

44.4 
64.2 

56.0 
51.S 
44.4 
52.0 
31.7 

96.0 
53.7 
44.4 
29.0 

41.8 
30.7 
55.5 

32.4 
45.3 
37.7 

45.6 
26.0 

Source 

Onion yellows phytoplasma 

SYllechocyslis sp. 
Helicobacter pylori 

Mycoplasma capricolwll 
Bacillus /wloilll/,{/IlS 

Acholeplasllla laidlaw;i (FastA) 
Buchnera ophidicola 
Bacillus sublilis 
Bacillus sublilis 
Bacillus subtifis 

Sweet potato witches broom 
Bacillus slIbtilis 
Bacillus sllbtifis 
Bacillus sllbtilis 

Ureaplasma parvul/1 
Scilizosaccharomyces flombe 
Bacillus sub/ilis 

Escherichia coli 
Borrelia blll:f?dotferi 
Baci/fus stearotherlllophillls 

Borrelia burgdOlferi 
TIY/WllOSOIIW cruzi 
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Motifs 

Thermophilic metalloprotease signature 

AAA-protein family 
AAA-protein family 

Lysophospholipase catalytic domain 
Metalloenzyme family 

DNA polymerase III bela subunit 
Uracil DNA glycosylase proteins 
AP endonucleases family 2 protein 
DNA gyrase subunit B signature 
DEAD-box subfamily ATP-dependent 
helicases proteins 
Glucose inhibited division protein A family 
Glucose inhibited division protein A family 
Glucose inhibited division protein 
Plant-CLC-chloride channel 

Ribonuclease HII 
ATP-dependent helicase, DEAD box 
Amphiphysin isoform 2 signature 

Ap_Nuclease_F2_l Hx {2} Y(I)(I)N(L)(A) 
Prokaryotic lipoprotein 
Ribosomal protein L 17 

HIT family proteins 
Extradiol ring cleavage 

Genhank 
~ccession 

number 

AF4945 I I 

AF494533 
AF494532 

AF494522 
AF494526 

AF494512 
AF494513 
AF494517 
AF49452I 
AF494520 

AF494515 
AF4945 I 9 
AF494528 
AF494527 

AF494514 
AF4945 I 6 
AF4945lS 

AF4945 I 7 
AF4945 I 8 
AF494523 

AF494514 
AF494524 



Function could not be assigned to genes in clones 26 (AF494529), 49 

(AF494530) and 28 (AF494525) because the sequence similarity was lower than the 

threshold value and no motifs were identified in the sequences. The random clone 42 

gene sequence (AF494531) was similar to that for the gene for NADH 

dehydrogenase in the chloroplast DNA of Reidia .5p. 

Of the twenty-three genes identified, nme were involved in replication 

including the DNA polymerase beta III, uracil DNA glycosylase, endonuclease IV 

and gidA genes (Table 5.1), while others had roles in transcription, ribonuclease HIlI 

and two helicase protein genes (Table 5.1). Three genes encoded proteins involved 

in translation, tRNNrRNA methyl transferase, RF-J and 50S ribosomal protein L17 

(Table 5.1). The proteins NADH oxidase (clone 31) and 2,3-biphosphoglycerate

independent phosphoglycerate mutase (clone 51) are associated with energy 

metabolism (Table 5.1) while the secA gene (clone 10) was the only protein 

identified as being involved in protein secretion (Table 5.1). The majority of the 

highest matches to the TBB phytoplasma genes were not genes of the A+ T rich 

mollicutes, but rather genes in other bacteria. For the majority of searches, 

corresponding genes in members of the Mollicutes subclade were not within the top 

ten matches to the TBB phytoplasma genes (FastA and FastX results). Bacillus 

subtilis genes were identified as the best match for seven of the twenty-three TBB 

genes, specifically the primo somal protein N' replication factor, gidA2, gidA3, 

endonuclease IV, DNA gyrase subunit b, ATP-dependent RNA helicase and 

replicative DNA helicase genes. 
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Figure 5.1: Phylogenetic grouping of the TBB phytoplasma secA gene (amino acid sequence). Bootstrapped values on the tree indicate 

the number of trees in a hundred for which the organism was located on that particular branch. 

Phylogenetic analysis showed that the TBB phytoplasma grouped with the mycoplasmas. These results are represented by the phylogenetic tree 

constructed based on the amino acid sequence of the TBB secA gene (Figure 5.1). These results contrasted with the findings from FASTX and 

FASTA searches. 
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Table 5.2: Prediction of transmembrane helices and their orientation. 

(Transmembrane helices and orientation predicted using TOPPRED2 and 

TMPRED analysis. The localisation sites of the protein in the TBB 

phytoplasma structure are shown based on PSORT analysis. The amino acid 

sequences of the TBB phytoplasma genes were used for all secondary 

structure programs. Membrane proteins are highlighted in bold type.) 

TBB phytoplasma gene TM1s 
(TopPred2) 

Replication 
Uracil DNA glycosylase 1 

Glucose inhibited division protein 1 or 2 

Primo somal protein N' replication 1 
factor Y 

Transcription 
Ribonuclease HIlI 0 

Translation 
tRNAJrRNA methyl transferase 1 

Miscellaneous 
ATPase subunit 6 protein 1 

1 TM = transmembrane helice 

TMIs and 
orientation 
(TmPred) 

1 N terminus 
outside 
2 N terminus 
outside 
1 N terminus 
outside 

1 N terminus 
outside 

1 N terminus 
inside 

1 N terminus 
outside 

Location of 
protein 

Uncertain 

Cytoplasm 

Membrane 

Membrane 

Membrane 

Membrane 

The TMPRED and TOPPRED2 programs predicted three of the 23 TBB 

phytoplasma proteins were membrane bound (Table 5.2). These were the 

primo somal protein N' replication factor Y, a tRNNrRNA methyl transferase and an 

ATPase subunit 6. TMPRED and PSORT analysis of the HIT and ribonuclease 

genes indicated that these proteins were also associated with the membrane but 

TOPPRED2 analysis found no transmembrane helices (Table 5.2). 
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TMPRED and TOPPRED2 analysis showed that the uracil DNA glycosylase 

and gidA2 proteins had membrane spanning domains (Table 5.2) but the PSORT 

program was unable to predict the location of the uracil DNA glycosylase protein in 

the phytoplasma (Table 5.2). PSORT results for the gidA2 gene predicted that this 

protein was located in the cytoplasm (Table 5.2). The remaining TBB phytoplasma 

genes encoded proteins were predicted to be located in the cytoplasm. 

PILEUP analysis showed the TBB phytoplasma ftsH gene sequence was 

probably incomplete because it was shorter than corresponding genes of Mycoplasma 

genitalium and Helicobacter pylori 26695 (data not shown). The membrane 

spanning regions of the FtsH proteins from M. genitalium. and H. pylori were located 

in the missing region of the TBB phytoplasma gene. 

5.3.2 Confirmation that the characterised genes were not from host 

peR primers were designed to amplify the DNA beta polymerase III 

(pTBB14), peptide chain release factor 1 (pTBB23), ATP dependent RNA helicase 

(pTBB29) and cell division protein genes (pTBB32) (Table 5.3). The primers based 

on TBB phytoplasma clone 14 amplified a product from all TBB phytoplasma 

samples, but only one of the two SPLL-V4 phytoplasma samples, while primers 

based on clone 23 amplified a product from both SPLL-V 4 phytoplasma samples but 

from only two of the TBB phytoplasma samples (Table 5.4). 
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Table 5.3: Nucleotide sequences of PCR primers. (Primers were designed 

based on pileup analysis of TBB phytoplasma random clones, mycoplasma 

and bacterial gene sequences.) 

Primer name Sequence 5'-3' Position Gene product 

pTBB14F TTC TTG TTC TTT AGA 143-169 DNA polymerase beta III 

AAT GAC TCT TG chain gene 

pTBB14R AAG CTT GAC CAA TTT 822-802 DNA polymerase beta III 

CATCG chain gene 

pTBB23F AAC AAA TGO CTC 1-24 Peptide chain release factor 

GTG AAT TAA AA (RF-1) 

pTBB23R GGA TAC GCT GTA 913-893 Peptide chain release factor 

CCCGATGT (RF-1) 

pTBB29F TCT ACC TOT TCT ACC 384-405 A TP dependent RNA 

ACT ACGG helicase 

pTBB29R AOG AAT GCC GAC 1763- ATP dependent RNA 

AAT AGTG 1745 helicase 

pTBB32F GOT TAA AAC CAC 182-205 ftsH gene 

TGA AAT CCC GAC 

pTBB32R GAC GTT eGG TTT TAT 840-819 ftsH gene 

TCCCTGG 
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A peR product was not amplified from TBB or SPLL-V 4 phytoplasmas 

isolated from papaya using the pTBB29 forward and reverse primers, but a product 

was obtained for all the other TBB and SPLL-V4 phytoplasma samples (Table 5.4). 

Primers based on clone 32 amplified products from SPLL-V4 and TBB phytoplasma 

samples isolated from periwinkle and from TBB phytoplasma from grape (Table 

5.4). 

Restriction length fragment polymorphism analysis of the products amplified 

from both TBB and SPLL-V 4 phytoplasmas by primers designed from TBB 

phytoplasma gene sequences using digestion with AZul, Rsal or Hpall showed no 

variation in banding patterns between the different phytoplasmas isolated from 

different hosts (data not shown). 

Table 5.4: peR results for the amplification of selected TBB phytoplasma 

genes with primers based on the random clones. (Refer to Table 5.3 for primer 

sequences and '+' Indicates a peR product was observed). 

Host Symptoms Phytoplasma 
~ ~ ~ ~ ~ u:; ---~ 
~ M 0\ C"l 

C"l C"l M 
~ ~ o:l o:l 
~ o:l o:l o:l 
~ ~ ~ ~ p.., p.., 0... p.., 

Periwinkle Virscence V4 + + + + 

Periwinkle Phyllody TBB + + + + 

Papaya Yellow crinkle V4 + 

Papaya Yellow crinkle TBB + + 

Grape Late season leaf curl TBB + + + 
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5.4 DISCUSSION 

Eighteen kbp of the TBB phytoplasma genome was sequenced from 19 

random clones. This represents about 3% of the TBB phytoplasma genome, based 

on an estimated chromosome size of 660kb (Padovan et al., 2000a). Half of the 

genes identified within the 18 kb region of the TBB phytoplasma chromosome are 

involved in DNA replication, transcription and translation while only two genes have 

metabolic roles. Although only a fraction of the TBB phytoplasma genome has been 

sequenced, it is possible that relatively few metabolic genes will be discovered, if the 

parasitic nature of phytoplasmas and their reliance on host metabolic products has 

led to a relatively low number of genes involved in metabolism, as has been reported 

for M. genitalium (Fraser et al., 1995). 

To ascribe function to genes, amino acid similarity searches were conducted 

in conjunction with searches of motif databases, protein structural databases and 

protein family databases. These searches produced similar results, which supports 

the functions currently assigned to the TBB phytoplasma genomic clones. TBB 

genes that matched proteins isolated from plant tissue (pTBB34 and pTBB42) were 

not assigned a function in case the clone was of plant DNA. However, this is 

unlikely because the random clone library was screened with healthy plant DNA by 

Southern blot hybridisation (Schneider et al., 1999a). In the current study we 

screened diseased and healthy plants by peR using primers designed from these 

newly discovered genes. Amplicons were obtained from diseased plants only and 

this was taken to indicate that these genes were of phytoplasma origin. 
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Although the majority of database searches found that Bacillus subtilis genes 

were the closest matches, phylogenetic analysis of representative genes from the 

different categories of protein function demonstrated that the TBB phytoplasma 

grouped with the mycoplasmas. Phylogeny based on the amino acid sequence of 

genes can sometimes cause species to be positioned incorrectly on a tree (Simmons, 

2000). This type of error arises when single nucleotide substitutions are missed 

because the new nucleotide arrangement still encodes for the same amino acid 

(Simmons, 2000). It is unlikely that this caused the TBB phytoplasma to group with 

the mycoplasmas in preference to Bacillus subtilis because the TBB and mycoplasma 

genes were not closely related (similarity 40-50%) (Simmons, 2000). When 

examining highly divergent sequences the amino acid sequence should be the basis 

for phylogeny in preference to the nucleotide sequence (Simmons, 2000). The 

different results obtained for phylogenetic analysis and database searches may be due 

to the different parameters used by the programs to determine the closest match 

(Simmons, 2000). F ASTX searches identify the closest match as the sequence that 

has the highest identity over the greatest number of amino acids of the query 

sequence (Pearson and Lipman, 1988). The PRO PARS program determines the most 

closely related gene as the sequence with the highest amino acid identity. It also 

determines the amino acid substitutions that are more likely to occur the query 

sequence (Felsenstein, 1989). Phylogenetic analysis is more likely to identify the 

genera closest to the phytoplasma because this analysis accounts for amino acid 

changes that possibly caused the divergent gene sequences. Therefore, when no 

corresponding phytoplasma gene has been characterised the genera closest to the 

TBB phytoplasma are Acholeplasma laidlawii or the mycoplasmas. This result 
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agrees with the current phylogenetic positioning of phytoplasmas based on their 16S 

rRNA gene 

Protein and peptide secretion 

The secA gene identified in random clone 10 was 62 % similar to a secA gene 

from the onion yellows phytoplasma (Kakizawa et al., 2001) and 52% similar to a 

secA gene from Mycoplasma capricolum. The agreement between our results and 

those of Kakizawa et al. (2001) supports the annotation of the open reading frame in 

TBB phytoplasma clone 10 as secA. Members of the Sec protein group are involved 

in protein secretion and the SecA is a membrane protein thought to form a channel to 

secrete pathogenicity factors and other proteins. The membrane association of the 

SecA protein and its biological role suggests that it is a potential drug target 

(Dandekar et al., 2000). 

Cellular processes 

An ftsH gene was identified in TBB phytoplasma clones 32 and 78. The 

nucleotide sequences were identical, which indicates that the same gene was cloned 

twice. FtsH is a membrane-associated protein thought to be essential for cell growth 

(Kihara et al., 1998). PILEUP analysis of the ftsH genes from M. genitalium, H. 

pylori and TBB phytoplasma showed that the transmembrane domains of M. 

genitalium and H. pylori were located upstream from amino acids with similarity to 

the TBB phytoplasma sequence, indicating that the fisH gene sequences from the 

TBB phytoplasma were partial sequences. This was further supported by the 

TMPRED and TOPPRED2 results which indicated an absence of transmembrane 
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domains and the absence of zinc binding sites at the C' terminus of the TBB FtsH 

protein. 

Energy metabolism 

NADH oxidase mediates electron transfer from NADH to oxygen (Pollack et 

aI., 1997). Oxidation of NADH produces NAD+, which is a crucial intermediate in 

the Embden Meyerhof Parnas (EMP) pathway (glycolysis). The presence of NADH 

oxidase is not sufficient evidence to state that phytoplasmas have the EMF pathway, 

but all mollicutes have the EMP pathway to some degree (Pollack et aI., 1997), so it 

may be reasonable to suggest that phytoplasmas do as well. The presence of the gene 

encoding biphosphoglycerate mutase (TBB phytoplasma clone 51), an enzyme 

associated with the EMP pathway, further supports the suggestion that phytoplasmas 

utilise the glycolytic pathway. 

Partial sequences for several genes encoding the glucose inhibited division A 

(gidA) protein were identified. Further analysis is required to determine whether the 

characterised TBB phytoplasma gidA genes align to form one complete gene 

sequence. The gidA protein stimulates cell division in response to glucose (Ogawa 

and Okazaki, 1994). It is not known if the gidA gene utilises the sugar or whether it 

is an environmental trigger (Ogawa and Okazaki, 1994). 

Replication, Transcription and Translation 

The TBB phytoplasma DNA polymerase beta III gene nucleic acid sequence 

was most similar to a gene in A. laidlawii. This supports the current phylogenetic 

positioning of the phytoplasma subclade based on the 16S rDNA sequences (Lim and 

Sears, 1992). The amino acid identity between the 13 subunit of DNA polymerase III 
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(DnaN) of TBB phytoplasma and the corresponding gene in A. laidlawii was 56.0%. 

This lower than expected identity is consistent with other studies which have found 

that dnaN gene sequences are not highly conserved (Madiraju et al., 1999). 

F ASTX searches identified the closest match to the TBB phytoplasma gyrB 

gene as the corresponding gene from Bacillus subtilis. However, phylogenetic 

analysis of the gyrB genes showed that the TBB phytoplasma grouped with A. 

laidlawii (grouping had a bootstrap value of 100). The contrasting F ASTX and 

phylogeny results were most likely due to the different program parameters (the 

different program parameters are outlined above). A. laidlawii is most likely the 

closest relative to the TBB gyrB gene because the phylogenetic analysis accounted 

for amino acid changes that may have occurred during the molecular divergence of 

the genera. 

The gyrB gene lies opposite the origin of replication along the mycoplasma 

chromosome while in eubacteria gyrB is located near the oriC (orie - rnpA - rpmH 

- dnaA -dnaN - reeF -gyrB) (Madiraju et al., 1999). Hybridisation of the TBB 

phytoplasma gyrB gene to the TBB phytoplasma chromosome may provide insight 

into whether its gene order reflects that of the closely related mycoplasmas. 

The DNA polymerase subunit beta III is also located near the origin of 

replication in both the mycoplasmas and eubacteria. Based on this it may be possible 

to locate the TBB phytoplasma origin of replication by hybridisation of the gene 

encoding DNA polymerase subunit beta III to the TBB phytoplasma chromosome. 
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The peptide releasing factor 1 directs the termination of translation in 

response to the peptide chain termination codons UAG and UAA. It is located in the 

cytoplasm and belongs to the family of prokaryotic and mitochondrial release 

factors. The phytoplasma translation termination proteins and the genes associated 

with autonomous replication of DNA were 45.3% similar to those in bacteria, 

suggesting that phytoplasmas have DNA and protein synthesis pathways similar to 

other prokaryotic organisms. The gene for peptide releasing factor 2 (RF-2) was 

identified in clone 28. Function was not assigned to this clone because the similarity 

was below the threshold value. However it should be noted that, unlike the 

mycoplasmas, the phytoplasmas have retained the UGA as a stop codon (Razin et ai., 

1998) and therefore require the RF-2 protein for the termination of translation. Only 

a partial gene was identified in this clone so this may account for the low similarity. 

Confirmation that the characterised genes were not host genes 

We designed PCR primers to amplify representative genes from the 

translation (peptide releasing factor-I), cellular processes (FtsH) and replication 

(DNA polymerase beta III and ATP-dependent RNA helicase) protein function 

categories. Two genes were selected from the replication group because the majority 

of the TBB genes identified were assigned to this group. No peR primers were 

designed for the energy metabolism and protein secretion categories because the 

sequences were only 200 bp. Furthermore, the grouping of the TBB phytoplasma 

secA gene with the onion yellows phytoplasma indicated that the clonal insert was 

not of plant origin. No genes were selected from the transcription and miscellaneous 

categories because the proteins encoded by these genes are involved in similar 

biological activities to the translation genes. A PCR product of the predicted size 
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was amplified from the DNA of diseased plant samples and not from DNA from 

healthy plants, indicating that the genes identified in the random clones were from 

the TBB phytoplasma. The inability to consistently amplify a product from the TBB 

and SPLL-V 4 phytoplasmas in papaya and grapevine may have been due to low titre, 

poor quality DNA, or because the phytoplasma based primers shared some similarity 

with papaya and grapevine plant genes. Products digested with AZul had identical 

RFLP patterns indicating that the same gene was amplified from the TBB and SPLL

V 4 phytoplasma isolates from different hosts. The enzymes Hpall and Rsal did not 

cut the peR products amplified by the pTBB 14, pTBB23, pTBB29 and pTBB32 

primers. Further analysis of the peR products by the inclusion of more restriction 

enzymes in RFLP analysis or sequencing of the peR products may more accurately 

assess the variability between the DNA polymerase beta III, RF-J, ATP-dependent 

helicase and FtsH genes of the TBB and SPLL-V 4 phytoplasma isolates. 
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Chapter 6 

Genetic variation in Candidatus Phytoplasma australiense. 

This chapter is an adapted version of paper 7 (page iii) published in 'Plant 
Pathology' . 

Streten C, Gibb KS (2004) Genetic variation in Candidatus Phytoplasma 

australiense. Plant Pathology 54, 8-14. 



6.1 INTRODUCTION 

Phytoplasmas affect approximately 1000 plant species worldwide (Seemiiller 

et aI., 1998). Phylogeny derived from their 16S rRNA genes shows that 

phytoplasmas represent a distinct clade within the class Mollicutes (Gundersen et al., 

1994). Members of the phytoplasma clade can be differentiated into at least 15 

phytoplasma 16Sr DNA groups (l6Sr) based on RFLP analysis of their 16S rRNA 

gene (Lee et al., 2000). These 16Sr groups are considered to represent different 

species within the phytoplasma clade (Gundersen et ai., 1994). A representative 

strain of each 16Sr DNA group is currently being assigned a Candidatus 

Phytoplasma species name according to minimal taxonomic standards for 

uncultivated bacteria (IRPCM PhytoplasmalSpiroplasma, 2004; Murray and 

Schleifer, 1994) 

Differentiation studies of phytoplasmas assigned to the same 16Sr group have 

shown that a clear relationship between phytoplasma, host plant and symptoms 

cannot be elucidated using their 16S rRNA gene (Seemiiller et aI., 1998). The highly 

conserved nature of the 16S rRNA gene means this gene may not be useful in 

identifying and defining subgroups within the phytoplasmas 16Sr groups (Gundersen 

et ai., 1996; Marcone et ai., 2000). Phytoplasmas assigned to the same 16Sr group 

have been differentiated further into subgroups through analysis of more variable 

genes or regions such as the ribosomal protein encoding operon (rpsJ9-rpI22 -rps3), 

the tui gene, and the 16S123S rRNA intergenic spacer region (Lee et ai., 2000). 

The phytoplasma associated with Australian grapevine yellows (l6SrXII-B) 

was designated Candidatus Phytoplasma australiense by Davis et aI. (1997a) based 
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on its 16S rDNA sequence. In Australia, Ca. P. australiense is also associated with 

strawberry lethal yellows (SLY), strawberry green petal (SOP) (Padovan et ai., 

2000b), papaya dieback (PDB) (Oibb et ai., 1996; Liu et al., 1996), Australian 

grapevine yellows (AOY) (Padovan et ai., 1996), mung bean witches' broom 

(MBWB) (Schneider et ai., 1999b) and periwinkle phyllody (Davis et at., 2003) 

diseases. More recently, Ca. P. australiense has been associated with pumpkin 

yellow leaf curl (PYLC) (Streten et ai., 2004), Gomphocarpus physocarpus witches' 

broom (CBWB) and yellowing of G. physocarpus (CBRYL) (Chapter 4; Streten et 

al., 2005a). Ca. P. australiense is also associated with several plant diseases in New 

Zealand that include strawberry lethal yellows (SLY) (Andersen et al., 1998b), 

Phormium yellow leaf (PYL) (Liefting et al., 1998), Cordyline australis (cabbage 

tree) sudden decline (CSD) (Andersen et al., 2001) and Coprosma lethal decline 

(CLD) (Andersen et al., 2001). Although Ca. P. australiense is associated with a 

diverse range of plant species, in which it causes a range of symptoms, and is 

geographically widespread throughout Australia and New Zealand, the strains from 

different hosts are indistinguishable based on restriction fragment length 

polymorphic (RFLP) analysis of their l6S rRNA genes (Liefting et al., 1998; 

Padovan et al., 2000b). A comparative analysis of 16S rRNA genes of the 

phytoplasmas associated with SOP, SLY, PDB, AGY and PYL diseases shows these 

genes share 99.6 - 99.8% sequence homology (Padovan et al., 2000b). 

A similar analysis of the l6S-23S spacer region of the Ca. P. australiense 

strains AOY, PDB, PYL, SLY and SOP showed the PYL and AGY phytoplasmas 

can be distinguished from SLY, PDB and SGP phytoplasmas (Padovan et al., 
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2000b). Schneider et al. (1997) examined genetic variability among members of the 

aster yellows group, using the tuI gene and included Ca. P. australiense in the study. 

The RFLP banding pattern of PYL phytoplasma luI gene was different from patterns 

attributed to AOY, SLY, SOP, and PDB phytoplasmas in a subsequent study 

(Padovan et ai., 2000b). 

It seems plausible that collective data derived from analysis of evolutionarily 

more variable genes may enable further differentiation of Ca. P. australiense strains 

and provide insights into the evolutionary divergence of strains comprising the 

16SrXII-B group, host range and phytoplasma dissemination (Padovan et al., 2000b). 

Sequence tags that differentiate closely related phytoplasmas would allow us to 

identify specific strains and precisely determine relationships between a phytoplasma 

that is associated with a specific crop disease with others associated with host plant 

species growing nearby. Furthermore, the ability to accurately identify phytoplasma 

strains should facilitate searches for candidate vector species. 

Phytoplasmas assigned to the 16SrI (aster yellows) group can be further 

differentiated into nine subgroups based on analysis of their ribosomal protein (rp) 

encoding genes (rps19-rpI22 -rps3), which indicates that these genes allow finer 

differentiation than the 16S rRNA gene sequences (Gundersen el a!., 1994). 

Similarly, members of the 16SrX (apple proliferation) group can be further 

delineated through analysis of their nitro reductase gene (Jarausch et ai., 1994; 

2000). 
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Non ribosomal encoding genes of the tomato big bud phytoplasma have 

recently been identified, and these include a peptide releasing factor 1, DNA 

polymerase beta III, A TP-dependent RNA helicase and a cell division protein FtsH 

(Streten and Gibb, 2003). These genes may be amongst a range of genes that may be 

useful indicators of genetic diversity between closely related phytoplasmas. 

The objectives of this study were to determine if phytoplasma genes that are 

less conserved than the 16S rRNA gene would enable more detailed differentiation 

of Ca. P. australiense strains. 

6.2 MATERIALS AND METHODS 

6.2.1 Candidatus Phytoplasma australiense samples and DNA extraction 

Diseased plants samples that were previously positive for Ca. P. australiense 

by 16S rRNA and tuf gene RFLP analysis, were used in this study (Table 6.1). DNA 

extraction from diseased or healthy plant material was as described by Doyle and 

Doyle (1990). 

6.2.2 peR primers and amplification conditions 

Ca. P. australiense strains were amplified by PCR using phytoplasma-specific 

tufgene primer pair ftufAY (5' - GCT AAA AGT AGA OCT TAT GA - 3') / rtufAY 

-
(5' - CGT TGT CAC CTG GCA TTA CC - 3') (Schneider et aI., 1997) and 

ribosomal protein gene operon primer pair rpFl (5' - GGA CAT AAG TTA GOT 

GAA TTT - 3') / rpRl (5' - ACG ATA TTT AGT TCT TTT TGG - 3') using 

previously reported conditions (Lim and Sears, 1991a). The ability of the primer 

pairs designed based on the TBB phytoplasma genes (Chapter 5; Streten et aI., 2003) 
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to amplify the corresponding gene from Ca. P. australiense strains was determined 

by peR. peR reactions were prepared according to Schneider et al. (1999b). A 

DNA sample of each healthy plant species was included in all amplifications. If a 

product was not amplified from the samples in the initial peR, the annealing 

temperature was lowered to 42°e (Don et aI., 1991) and then increased in l°e 

increments in the subsequent peR tests. If the amplification conditions required 

further optimisation, the duration of the extension and annealing phases were 

increased or decreased. 

6.2.3 Restriction fragment length polymorphism (RFLP) and sequence 

analysis 

peR products amplified using primers rpFl/rpRl were digested with Msel, 

Alul, or Dral (Gundersen et aI., 1996). Digestions were according to the 

manufacturer's specifications and DNA fragments were separated on a non 

denaturing 120/0 polyacrylamide gel. 

For sequencmg, peR products were purified using the QlAquick peR 

purification kit (Qiagen, Brisbane, Queensland, Australia) according to the 

manufacturer's protocol. DNA quantity was determined by comparing purified DNA 

to a low molecular weight DNA mass ladder (Invitrogen, Mount Waverley, 

Victoria). Samples were sequenced using the Big Dye terminator sequencing kit and 

sequencing reactions were separated using automated equipment (Australian 

Genome Research Facility, AGRF, Brisbane, Australia). 
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Table 6.1: Source, host, symptoms and strain designation for the field samples examined. (Longitude and latitude values are from the 

http://www.grapilicmaps.com/aatlas/imageg.htm website). 

Host (Genus species) 

Fragaria x ananassa 

Fragaria x ananassa 

Fragaria x ananassa 

Carica papaya 

Vitis Vinifera 

Catharanthus roseus 

Phaseolus aureus 

Cucurbita maxima 

Gomphocarpus physocarpus 

G0111phoca/1JUS physocarpus 

Disease description 

Strawberry lethal yellows 

Strawberry lethal yellows 

Strawberry green petal 

Papaya dieback 

Australian grapevine yellows 

Periwinkle phyllody 

Mung bean witches' broom 

Pumpkin yellow leaf curl 

Cottonbush witches' broom 

Cottonbush reduced yellow leaves 

Longitude and 

Latitude 

28°S, 151°E 

27°S, 152°E 

27°S, 153°E 

2rs, 153°E 

34°S, 1400E 

Irs, 141°E 

15°S, 128°E 

2rs, 152°E 

28°S, 151°E 

27°S, 151°E 
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Location 

South Queensland 

South Queensland 

South Queensland 

South Queensland 

South Australia 

North Queensland 

Western Australia 

South Queensland 

South Queensland 

South Queensland 

Date Number of 

samples 

2000 2 

2001 

1999 

1999 5 

1999 5 

2000 

1996 1 

2001 1 

2002 1 

2002 

Strain 

SLY 1 

SLY 2 

SOP 

PDB 

AOY 

PPA 

MBWB 

PYLC 

CBWB 

CBRYL 



PCR products amplified by lui gene primers were sequenced using the primers 

fTufAy, rTufAy, fTufil (5' - CAAGTTGGTGTTCCAAA - 3'), and rTufil (5' -

GTTGTCACCTGCTTGAGC - 3') (Schneider et al., 1997). The rp gene operon PCR 

products were initially sequenced using the rpFI and rpRI primers (Lim and Sears, 

1991a).The internal primers rpF2 (5' - GCA AAG ATG GTG AAA CTC G - 3') and 

rpR2 (5'- GAG TTT CAC CAT CTT TGC C - 3') were designed using PRIMER3 

program (Rozen and Skaletsky, 1998) to complete the rp gene operon sequence. 

Ca. P. australiense nucleotide sequences were characterised using DNA 

analysis programs. accessed through the BioManager website (Entigen Corporation, 

http://www.entigen.com). The FASTA search engine (Pearson and Lipman, 1988) 

was used to identify homologous sequences in the Genbank main and SwissPro + 

TrEMBL databases (Entigen). Similarity between the nucleotide sequences of the rp 

gene operon or lui genes of Ca. P. australiense strains was calculated using the GAP 

program (GCG). Phylogenetic trees were constructed using the sequence analysis 

programs CLUSTALW (accurate) (Thompson et aI., 1994), SEQBOOT, DNAPARS 

and CONSENSE (Felsenstein, 1989). 

6.3 RESULTS 

6.3.1 Amplification of other phytoplasma genes 

A product was not amplified from any of the Ca. P. australiense strains using 

the PCR primers specific for the TBB phytoplasma gidA, 23S rRNA, peptide 

releasing factor 1, DNA polymerase beta ill, ATP-dependent RNA helicase and FtsH 

genes (data not shown). 
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6.3.2 Amplification and sequence analysis of the tuf gene 

PCR primers specific for the tuf gene amplified a product (0.8 kb) from DNA 

of all Ca. P. australiense strains using the published PCR parameters except for the 

MBWB and PP A phytoplasmas. Phylogenetic analysis of tuf gene sequences 

indicated that Ca. P. australiense strains could be classified into at least three 

16SrXII-B subgroups (Figure 6.1). The tufgenes of PYLC, PDB, AGY, CBWB and 

SLY1 phytoplasmas grouped on branches that arose from a common lineage and 

were assigned to 16SrXII-B (tuf-Australia I) subgroup (Figure 6.1, Table 6.2). SL Y2 

and CBRYL phytoplasmas grouped on branches that arose from the midpoint 

between the PYL and SLY1 [16SrXII-B (tuf-Australia I) subgroup] phytoplasmas 

which suggests that SLY2 and CBRYL phytoplasmas are both equally related to all 

other Ca. P. australiense strains and they represent a different subgroup (Figure 6.1). 

To further explore the relationship between strains SL Y2, CBR YL, PYL and 

members of 16SrXII-B (tuf-Australia I) subgroup, tuf gene sequences of all 16SrXII

B phytoplasmas were compared. The nucleotide sequences of the tuf genes 

amplified from the phytoplasmas, SLY1, SLY2, SGP, PDB, AGY, PYLC, CBWB 

and CBRYL shared 98-100% similarity (Table 6.3). The nucleotide differences 

between the tuf genes were distributed throughout the nucleotide sequences (data not 

shown). The tuf gene nucleotide sequences of SLY2 and CBRYL phytoplasmas 

shared 98% homology with both PYL phytoplasma and members of the 16SrXII-B 

(tuf-Australia I) sub group (Table 6.3). These results, combined with the tuf gene 

phylogeny, indicated that SLY2, CBRYL and PYL phytoplasmas should be divided 

into two subgroups (Table 6.2) (http://www.treebase.org/treebase). 
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99 
-

99 

Pumpkin yellow leaf curl (AY303555) 

65 - Papaya dieback (Y 18215) 

r-----..::....99~l __ Australian grapevine yellows (A Y303557) 

99 Cottonbush witches' broom (AY303553) 

Strawberry lethal yellows 1 (A Y303556) 

1001 Strawberry lethal yellows 2 (A Y303552) L-__ -/ 

I Cottonbush reduced yellow leaves (A Y303554) 

Phormium yellow leaf (personal communication) 
L-___________________________ Stolbur (BATTUFC) 

5 

Figure 6.1: Phylogenetic relationship of the tlif gene nucleotide sequences of selected Candidatus Phytoplasma australiense strains, showing 

bootstrapped values. (Correspondence address for Mark Andersen, Hortresearch, Auckland, New Zealand, mandersen@hortresearch.co.nz) 
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Table 6.2: Subgroup designations for Candidatus P. australiense strains 

based on rp gene operon and tui gene nucleotide sequences. 

Ca. P. tu! gene subgroup rp gene tu! and rp subgroup 

australiense operon 

strain subgroup 

SLY 1 luf Australia I rpA lU! Australia I; rpA 

SLY 2 tufNew Zealand I rpB tufNew Zealand I; rpB 

SGP tuf Australia I rpA tuf Australia I; rpA 

PDB tuf Australia I 

AGY luf Australia I rpA tuf Australia I; rpA 

PPA rpA 

MBWB rpC 

PYLe luf Australia I rpA tuf Australia I; rpA 

CBWB luf Australia I rpA tuf Australia I; rpA 

CBRYL tufNew Zealand I rpB tufNew Zealand I; rpB 

PYL tufNew Zealand II 
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Table 6.3: Pairwise similarities (%) between the tuf or ribosomal protein gene nucleotide sequences of Candidatus Phytoplasma australiense strains. 

Accession numbers for rp operon sequences: SLYl - AY303561; SLY2 - AY303562; SGP - AY303570; AGY - AY376666; PPA - AY303564; 

MBWB - AY303563; PYLC - AY303560; CBWB - AY303558; ABRYL - A Y303559. 

(tuflrp gene operon) 

PYL CBRYL CBWB PYLC MBWB PPA AGY PDB SGP SLY 2 

SLY I 98.3/- 98/99 100/99.5 100/99.7 -/99.7 -/99.7 99.6/98.7 99.5/- 100/100 98/98.9 

SLY 2 98/- 100/99.4 98/98.6 98/98.9 -198.8 -/98.8 98.1/99.6 97.7/- 98/98.9 

SGP 98.3/- 98/99 100/99.5 100/99.7 -/99.7 -/99.7 99.6/99.6 99.5/-

PDB 98/- 97.7/- 99.5/- 99.5/ - - / - -/ -

AGY 98.3/- 98.1 198.9 99.5/99.4 99.6/99.6 -/99.3 -/99.3 

PPA -1- - / 98.8 - / 99.8 - / 99.5 - /99.5 

MBWB - 1- - / 98.8 - / 99.8 - 199.7 

PYLC 98.1 1 - 98/98.9 100/99.5 

CBWB 98.1 1 - 98/98.8 

CBRYL 98/-
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6.3.3 Amplification, RFLP and sequence analysis of the rp gene operon 

The ribosomal protein (rp) gene operon (1.1 kb) was amplified from DNA of 

all Ca. P. australiense strains except for the PDB phytoplasma. The RFLP patterns 

of the rp gene operon PCR products from SLYl, SGP, PYLC, CBWB, AGY and 

PPA phytoplasmas were identical when digested separately with AZul, Dral, or Msel 

endonucleases (Figure 6.2) which infers that they are all members of the same 

subgroup (Table 6.2). SL Y2 and CBRYL phytoplasmas had the same RFLP pattern 

as SLYl, PYLC, CBWB, AGY and PPA phytoplasmas when cut with Dral but not 

with Msel or AZul (Figure 6.2) which indicated that they represented another rp 

subgroup (Table 6.2). The RFLP banding pattern of the rp gene operon of the 

MBWB phytoplasma differed from all other 16SrXII-B group phytoplasmas when 

examined by digestion with Dral, Msel or AZul (Figure 6.2) suggesting that this 

phytoplasma should be assigned to a third rp subgroup (Table 6.2). 

The complete rp gene operons (1100-1152bp) of the AGY, SGP, SLY1, 

SL Y2, PYLC, CBWB and CBRYL phytoplasmas were sequenced. A nucleotide 

sequence of only 420 bp was obtained for both MBWB and PPA phytoplasmas. The 

partial rp gene operon of strawberry 2 Florida phytoplasma (PSU96617) 

(phytoplasma group 16SrI) was identified as most similar to the rp gene operon 

sequences amplified from CBWB, CBRYL, AGY, SLYl, SGP, SLY2 and PYLC 

phytoplasmas. The closest match to the rp gene operon of the PP A and MBWB 

phytoplasmas was a corresponding region from the periwinkle little leaf phytoplasma 

(AF453327), a member of phytoplasma group 16SrI. 
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Figure 6.2: RFLP banding patterns of the rp gene operon amplified from Candidatus P. australiense strains. Refer to table 1 for strain details. 
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Rp gene operon nucleotide sequence similarity comparisons ranged from 99-

100% (Table 6.3) which supported assignment of SOY, SL Yl, PPA, PYLe and 

CBWB phytoplasmas to the 16SrXII-B (rpA) subgroup while indicating that SLY2 

and CBRYL phytoplasmas represented the 16SrXII-B (rpB) subgroup (Table 6.2). 

Although the MBWB phytoplasmas represented a third distinct rp subgroup through 

RFLP analysis the rp operon gene sequence comparisons showed that this 

phytoplasma should to be assigned to the same sub group as SOY, SLYl, PPA, 

PYLC and CBWB phytoplasmas (Table 6.2) (http://www.treebase.org/treebase/). 

6.4 DISCUSSION 

None of the primers designed based on the genes of the distantly related TBB 

phytoplasma amplified a product from the Ca. P. australiense strains. This may have 

been due to the primers being designed at locations along the genes that are not 

conserved which meant there were mismatches between the primers and the 

phytoplasma DNA template. 

A PCR assay employing tuf gene primer pair ftufA Y/rtufAY amplified a 

product from all phytoplasma DNA tested except for MBWB and PP A 

phytoplasmas. The tuf gene may not have been amplified from the MBWB and PP A 

phytoplasmas because of DNA degradation, presence of inhibitors in DNA samples 

or low titre of the pathogen in host plant tissues. These factors possibly also affected 

the amplification of the rp operon gene from the papaya dieback phytoplasma. 

Marcone et al. (2000) reported that among members of the aster yellows 

phytoplasma group the tuf gene was more conserved than the 16Sr RNA gene. This 
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finding was not observed among the Ca. P. australiense strains examined in this 

study, these strains were delineated into three 16SrIIX-B subgroups based on tuf 

gene comparisons while 16S rRNA gene analysis shows they are identical. 

However, Ca. P. australiense strains assigned to the same 16SrXII-B subgroup 

exhibited the same similarity between their tuf genes as reported for their 16Sr RNA 

genes (Padovan et al., 2000b). This absence of variation between the tuf genes of 

members assigned to the same subgroup is consistent with genetic studies of the aster 

yellows phytoplasma subgroups (Marcone et aI., 2000). 

The SLY2, CBRYL and PYL phytoplasmas had an identical tuf gene RFLP 

banding pattern based on Hpall but differed based on HindIll digestion patterns and 

combined phylogenetic analysis and sequence comparison of their tuf genes revealed 

that these phytoplasmas should be designated to a different 16SrXII-B tuf subgroup 

(Table 6.3). This is the first example of a phytoplasma identified as Ca. P. 

australiense according to 16S rRNA gene RFLP analysis differing from PYL, AGY, 

PDB, SLY and SGP phytoplasmas based on combined tuf gene comparisons and 

phylogeny. These results demonstrate the importance of comparing several gene 

sequences of closely related phytoplasmas. As sequencing genes from hundreds of 

closely related phytoplasmas during epidemiology studies is time consuming and 

expensive, identification of variable genes that facilitate the differentiation of closely 

related phytoplasmas based on RFLP analysis could be useful for more infonnative 

epidemiology studies. 

Delineation of Ca. P. australiense strains into subgroups based on rp gene 

operon analysis was consistent with groupings based on tuf gene sequences except 
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for the MBWB, PPA and PYL phytoplasmas (Table 6.3). The rp gene operon of the 

MBWB phytoplasma produced banding patterns that were distinct from other 

members of the 16SrXII-B group which suggested this phytoplasma represented a 

third 16SrIIX-B rp subgroup (Table 6.3). Comparative analysis of the MBWB 

phytoplasma rp gene operon nucleotide sequence to the corresponding operon of 

other members assigned the 16SrIIX -B group did not confirm that this phytoplasma 

represented a third rp subgroup. Therefore, the subgroup designation for this Ca. P. 

australiense strain was inconclusive. Analysis of the completed rp gene operon for 

the MBWB phytoplasma may facilitate the designation of this phytoplasma to a third 

16SrXII-B rp subgroup. 

The 16SrXU-B subgroup names were modified to reflect both rp gene operon 

and tuf gene analysis (Table 6.3). This is consistent with previously published 

subgroup designations (Gundersen et al., 1994; Lee et af., 2000). The rp gene operon 

subgroup designations did not indicate strain origin because the PYL phytoplasma rp 

gene operon product has not been sequenced. Combined tuf gene and rp gene operon 

analysis revealed that Ca. P. australiense strains could be differentiated into four 

subgroups which are not identified using the 16SrRNA gene. These findings agreed 

with previous reports that the 16S rRNA gene is insufficiently variable to distinguish 

closely related phytoplasmas and that the inclusion of more genetically variable 

regions of the genome facilitates finer differentiation of closely related phytoplasmas 

(Gundersen et al., 1996; Jarausch et al., 1994; Marcone et al., 2000; Schneider et al., 

1997). It is important to consider this issue when examining phytoplasma-host 

relationships over a number of localities because studies based entirely on the 16S 

rRNA gene do not possess sufficient strain resolving power. 
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There was no relationship between Ca. P. australiense subgroups and 

collection date, location or host plant. However, the identification of subgroups did 

reveal which hosts are possibly affected by Ca. P. australiense strains that may be 

considered identical. The Ca. P. australiense strains SL Y2 and CBWB were 

assigned to the same 16SrXII-B subgroup which suggests that the same phytoplasma 

is associated with these diseases. Therefore, Gomphocarpus physocarpus plants 

exhibiting witches' broom may be a source of inoculum for SLY disease while SLY 

diseased plants may be the source of phytoplasma for CBWB disease. This concept 

may also be relevant for the other 16SrXII-B subgroups identified. Furthermore, the 

study showed the majority of Ca. P. australiense strains are designated to the 

16SrXII-B CtuJ Australia I; rpA) subgroup and members of this subgroup are 

widespread in Australia while members of the 16SrXII-B (tufNew Zealand I; rpB) 

subgroup were only identified in south-east Queensland and the only member of the 

16SrXII-B (rpC) subgroup was collected in Western Australia. This suggests that 

members of the 16SrXII-B (tufNew Zealand I; rpB) and 16SrXII-B (rpC) subgroups 

may represent isolated niches in Australia (Gundersen et al. 1996; Lee et al., 2000). 

Overall, the combined results from rp gene operon and tui gene analysis 

allowed greater discrimination of Ca. P. australiense strains except for phytoplasmas 

associated with strawberry green petal and strawberry lethal yellows whose tui genes 

and rp gene operon nucleotide sequences were identical. The absence of variation 

between phytoplasmas associated with SLY and SOP means that based on current 

sequence data the different disease symptoms exhibited by the strawberry plants are 

associated with the same phytoplasma. That different symptoms are induced on 
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strawberry in response to 'infection' seemingly by the same phytoplasma may be due 

to the presence of another pathogen (mixed infection) that we have been unable to 

detect. An inability to detect mixed infections in diseased plant samples by molecular 

techniques has previously been reported (Lee et al., 1998a). While others were able 

to identify mixed infection phytoplasmas by nested PCR (Lee et al., 2000), nested 

amplifications with phytoplasma-specific PCR primers fPl/rP7 and fU5/m23sr and 

DNA from SLY and SGP diseased samples failed to provide any evidence of a 

mixed infection (Chapter 2 and 3). Loi et al. (1995) showed that mixed infections 

could be detected through dodder transmission of phytoplasmas from field samples 

to the experimental host periwinkle. Dodder transmission experiments on SLY and 

SGP diseased plants may provide evidence that another pathogen is associated with 

these diseases. 
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Chapter 7 

Putative transport systems of the Tomato Big Bud 

phytoplasma. 

This chapter is an adapted version of paper 4 (page iii) that will be submitted to 
'Molecular Plant Microbe Interactions'. 

Streten C, Gibb KS (2005) Characterisation of TBB phytoplasma membrane 
associated transport systems. Molecular Plant Microbe Interactions in 

preparation. 



7.1 INTRODUCTION 

The intracellular, plant pathogenic phytoplasmas have a small AT rich 

genome (Kollar and Seemuller, 1989) which ranges in size from 640 to 1185 kb 

(Marcone et aI., 1999; Neimark and Kirkpatrick, 1993). We know little about the 

biochemistry of phytoplasmas because these fastidious organisms have not been 

cultured in vitro. Recently, Oshima et ai. (2004) constructed a random clone library 

that contained the complete onion yellows (OY) phytoplasma genome. Twenty 

seven genes encoding putative membrane transport proteins were identified. This 

information, combined with the absence of metabolic genes in the OY phytoplasma 

genome, present in other organisms, indicates that phytoplasmas import metabolites 

from their host in preference to synthesising their own (Oshima et al., 2002; 2004). 

Bacteria have several transport systems associated with the movement of 

molecules in and out of the cell (Higgins, 1992). The ATP binding cassette (ABC) 

supelfamily is the largest and most diverse group of transporter proteins (Higgins, 

1992; Holland and Blight, 1999). Members of this family are also known as traffic 

ATPases (Mimura et aI., 1990). ABC transporter protein genes have highly 

conserved sequence motifs (Higgins, 1992; Higgins et aI., 1986; Walker et aI., 

1982). ABC transport systems can be importers or exporters and they move a variety 

of substrates across the membrane such as amino acids, proteins, polysaccharides 

and ions (Higgins, 1992). The diverse range of substrates that are transported by this 

family of proteins means that ABC transporters are associated with numerous 

cellular activities including multi drug resistance (Fernandez-Morena et al., 1998), 

attachment of pathogens to host (Matthysse et aI., 1996) and antigen presentation 

(Higgins, 1992). 
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Prokaryotic transport systems require multiple proteins and in gram-positive 

or gram-negative bacteria they usually consist of two hydrophobic membrane 

spanning proteins which act as channels through the membrane and one or two ATP

binding proteins (Higgins, 1992; Tam and Saier, 1993). The individual proteins of 

an ABC transport system are generally expressed independently, however in certain 

cases the domains are joined to form a single polypeptide (Higgins, 1992). 

In gram-positive and gram-negative bacteria, the hydrophilic regions of the 

membrane spanning protein subunits of the ABC transport system can be localised 

on the outside or inside of the membrane. The externally exposed hydrophilic 

regions in these bacteria interact with the cell wall while in the phytoplasmas these 

regions of the proteins presumably interact directly with the host because they lack a 

cell wall. It is for this reason that phytoplasma membrane proteins are described as 

being under greater evolutionary pressure (Barbara et al., 2002; Blomquist et al., 

2001; Davis and Sinclair, 1998), and therefore more variable than housekeeping 

genes (Davis and Sinclair, 1998). This suggests that phytoplasma membrane 

proteins, while biologically interesting in their own right, may also be useful tools 

for differentiating closely related phytoplasmas such as the tomato big bud (TBB) 

and sweet potato little leaf strain V 4 (SPLL-V 4) phytoplasmas. 

The sweet potato little leaf (SPLL) phytoplasma 16S rRNA gene amplified 

from diseased Ipomoea hatatas plants growing near Darwin, Northern Territory, 

Australia, was indistinguishable from the TBB phytoplasma isolated from tomato 

growing in Adelaide, South Australia (Gibb et al., 1995). This TBB phytoplasma 
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isolate was transmitted by grafting to periwinkle (Catharanthus roseus) and 

symptoms were phyllody and an absence of normal flower production. In contrast, 

when the SPLL phytoplasma was graft transmitted to periwinkle, symptoms were 

virescence and reduced flowers (Padovan et al., 2000a). RFLP analysis of the 16S 

rRNA gene of the SPLL phytoplasma isolated from periwinkle showed a slight 

variation in the AluI and RsaI RFLP pattern compared to the TBB phytoplasma 

(Padovan et al., 2000a). The SPLL strain isolated from periwinkle plants was 

designated SPLL-V 4 to distinguish it from field samples. RFLP analysis of the 

chromosome revealed genetic diversity between the TBB and SPLL-V 4 

phytoplasmas (Padovan et al., 2000a). 

Recently 3% of the TBB genome was sequenced and the majority of genes 

identified were involved in DNA replication, transcription and translation (Streten 

and Gibb, 2003). The DNA polymerase beta III chain, peptide releasing factor 1, 

ATP dependent RNA helicase and FtsH cell division protein genes· of the TBB 

phytoplasma were used to study genetic diversity between this phytoplasma and the 

SPLL-V4 phytoplasma. None of these genes from each phytoplasma showed 

differences in their RFLP patterns (Streten and Gibb, 2003). In the search for tools 

to differentiate closely related phytoplasmas, membrane protein genes have been 

identified as suitable for distinguishing phytoplasmas assigned to the same 16Sr 

group (Barbara et aI., 2002; Morton et al., 2003). To investigate this and to learn 

more about phytoplasma membrane proteins, genomic sequences of the TBB 

phytoplasma were analysed to identify membrane protein genes and the relatedness 

between the TBB and SPLL-V 4 phytoplasmas membrane protein genes examined. 
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7.2 METHODS AND MATERIALS 

7.2.1 Source of random clones and sequence analysis 

Symptomatic plants that tested positive for the TBB or SPLL-V 4 

phytoplasmas were obtained from Darwin (periwinkle), Adelaide (grapevine), 

Katherine (papaya), and Queensland (strawberry), Australia. DNA was isolated 

from infected plants using a small scale extraction method (Doyle and Doyle, 1990). 

The TBB phytoplasma random clones 12 and 39 were identified as encoding 

possible membrane associated proteins based on preliminary sequence data from 

Chapter 5. Due to the complex nature of membrane proteins these sequences were 

analysed separately. TBB clones were grown overnight in LB broth (Bacto-

Tryptone, yeast extract and sodium chloride). The recombinant plasmids were 

purified using the Mini Prep Quick Spin Kit and all steps were performed according 

to the manufacturer's protocol (Qiagen, Brisbane, Australia). Purified DNA was 

quantified by comparison to a DNA mass ladder (Invitrogen, Brisbane Australia) on 

a 1 % agarose gel containing ethidium bromide and visualised by UV trans-

illumination. 

Plasmid DNA was sequenced using the Big Dye terminator reaction kit 

(Australian Genomic Research Facility, AGRF, Brisbane). The M13 forward and 

reverse primers (Promega, Sydney, Australia) were used for initial sequencing 

reactions to obtain the nucleotide sequence of the 3' and 5' ends of the TBB 

phytoplasma clones. Sequencing reactions were prepared according to the 

manufacturer's protocol and cycled through the specified conditions. Sequencing 

reactions were gel separated at AGRF (Brisbane, Australia) and nucleotide 

sequences retrieved using the FETCH program (Trustees of Dartmouth College, 
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England). The sequence data was initially analysed using MACVECTOR and 

ASSEMBLYLIGN (Eastman Kodak, New Haven, CT, USA). PCR primers were 

designed using the PRIMER3 program (Rozen and Skaletsky, 1998) accessed 

through the BioManager website (Entigen Corporation, http://www.entigen.com). 

Primers were selected based on melting temperature (T m) and their sequence 

location. Sequencing and PCR primers were synthesised by Genset Pacific Oligos 

(Brisbane). 

The complete nucleotide sequences were analysed using BLASTN and 

BLASTX search engines of the NCBI nucleotide and protein databases 

(www.ncbi.gov). Putative coding regions were identified using the FLIPORF 

program (Bionet Software, Entigen) and genes translated using the TRANSLATE 

program (Genetic Computer Oroup (OCO) package, Oxford Molecular Oroup). 

The database programs used to analyse amino acid sequences were accessed 

through Entigen (http://www.entigen.com) unless stated otherwise. The FASTA 

(Pearson and Lipman, 1988) search engine was used to compare the TBB protein 

sequences to entries in the SwissProt + TremBL database while the BLASTP search 

engine was used for comparative searches of the NCBI database (www.ncbLgov). 

The BLOCK SEARCHER (Henikoff and Henikoff, 1994), MOTIFS (OCO), and 

HMM PFAM (http://hmmer.wustl.edu/) programs were used to identify conserved 

sequences, motifs and signature sequences in putative genes. The TBB genes 

encoding an ABC transporter protein were compared to known ABC transporter 

genes (http://www.pasteur.fr/recherche/unites/pmtg/abclblast.html). 
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7.2.2 Structural analysis of predicted amino acid sequences 

Signal peptide sequences and their cleavage sites were identified with 

PSORT version 6.4 (http://psoli.nibb.ac.jp). The database does not have entries for 

the class Mollicutes, but since members of this class are thought to have originated 

from gram-positive bacteria, the TBB phytoplasma amino acid sequences were 

nominated as originating from genes of gram positive bacteria for PSORT analysis. 

The topology and orientation of the membrane protein was predicted using the 

TOPPRED 2 program (http://bioweb.pasteurJrlseganal/imerfaces/toppred.html). 

The amino acid sequences were further analysed for transmembrane regio.ns using 

the TMPRED program (Hoffman and Stoffel, 1993; 

http://www.ch.embnet.org/softwareITMPRED form.html). TMPRED compares the 

query sequence to a database of transmembrane proteins and TOPPRED 2 predicts 

the topology of membrane proteins based on hydrophobicity. 

7.2.3 Phylogenetic analysis of ABC transporter proteins 

The results from FASTA searches based on the amino acid sequences of the 

TBB genes and BLASTX searches were used to select ABC transporter genes from 

Eubacteria species for phylogenetic analysis. The amino acid sequences were 

aligned using CLUSTALW (accurate) (Thompson et ai., 1994). The TBB12.1 and 

TBB39 genes were partial sequences so multiple sequence alignments were edited so 

analysis was confined to regions of alignment and regions for which there was no 

phytoplasma sequence were excluded. A bootstrapped consensus tree was generated 

from the edited sequence alignment using the computer programs SEQBOOT, 

PROTPARS, NEIGHBOR and CONSENSE (Felsenstein, 1989). 
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7.2.4 Amplification and RFLP analysis of ABC transporter genes from 

phytoplasma field samples 

PCR primers were designed from the nucleotide sequence of the TBB 

phytoplasma putative zinc/manganese ABC transporter permease protein genes. The 

PCR primers were based on nucleotide sequences that were conserved between 

genes of the same function from the TBB phytoplasma, mycoplasmas and bacterial 

genera. The primer names and sequences were TBB12F 5' - TGA CAG TAG GAT 

GCT ATT AGC - 3' and TBB12R 5' - AAT CCC GAC CAC AAA GTG G - 3'. 

TBB and SPLL-V4 phytoplasma samples were tested by PCR (Streten and Gibb, 

2003). PCR conditions were, 30 cycles of 9SOC for 1 min, 42°C for 1 min and noc 

for 3 min followed by one cycle at 72°C for 10 min (Schneider et al., 1997). Cycling 

conditions were subsequently optimised by increasing the annealing temperature by 

1°C increments in each experiment. If PCR conditions required further optimisation, 

the duration of extension and annealing phases was increased. The total number of 

cycles was also increased to optimise amplification. PCR products amplified from 

the TBB or SPLL-V 4 phytoplasma were prepared for RFLP analysis by digestion 

with the restriction enzymes AZul, RsaI, HindUI or HpaII. Digestion reactions 

contained buffer supplied by the manufacturer, 1 U enzyme (Promega), 5 ilL of PCR 

product and SDW. Digestions were incubated overnight at the specified temperature 

and then separated on a 12% polyacrylamide gel. RFLP gels were stained with 

ethidium bromide and bands visualised by UV trans-illumination. 
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7.3 RESULTS 

7.3.1 Database analysis of sequences 

The nucleotide sequences ofTBB clone 12 (TBB12) and 39 (TBB39) did not 

share significant similarity with entries in the NCBI database based on BLASTN 

search results. However, BLASTX database searches showed that the nucleotide 

sequence of TBB 12 shared 39% identity with the integral membrane permease 

subunit of the ZnJMg ABC transport system from the OY phytoplasma. Results of 

BLASTX searches for the TBB39 sequence showed highest identity (52%) with the 

ATPase subunit of the OY phytoplasma ABC-type cobalt transport system. 

In an analysis of open reading frames, two genes were identified on clone 

TBB 12 (Figure 7.1). BLASTP search results of the NCBI database with TBB 12 

open reading frame (ORF) one (TBB12.1) showed that this gene shared 31 % identity 

with the amino acids 228-351 of the integral membrane permease subunit gene of the 

OY phytoplasma ZnlMg ABC transporter. In contrast the FASTA searches of the 

Genbank main database (Entigen) showed that the integral membrane protein of the 

iron ABC transport system from Haemophilus injluenzae was the closest match to 

the TBB12.1 gene (33%). 

For TBB12 ORF two (TBB12.2), the NCBI database search showed that the 

closest match to this gene was the region between the amino acids 355-652 of the 

integral membrane permease subunit gene of the OY phytoplasma ZnlMg ABC 

transport system (44%). FASTA searches showed that the TBBI2.2 gene encoded a 

protein that shared 32% identity with the integral membrane protein of the zinc 

transport system from Treponema pallidum. 
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One open reading frame was identified along TBB39 (Figure 7.2) and 

FAST A search results for this gene identified the A TP binding protein of an ABC 

transporter from Mycoplasma pneumoniae as the closest match (50%). Results from 

BLASTP searches of the NCBI database with the amino acid sequence of the TBB39 

ORF showed that this gene shared 68% identity with the ATPase component of the 

OY phytoplasma ABC-type cobalt transport system. 

Results from protein family, blocks and signature sequences showed that the 

three TBB genes contained sequences that are conserved between ABC transporter 

proteins (Figures 7.1, 7.2 and Table 7.1) but that the ABC transporter family 

signature sequence was not present in the TBB12.1 gene (Figure 7.1). 

Searches of the ABC transporter database showed that the TBBI2.1 and 

TBB 12.2 genes shared similarity with proteins that are members of the metal uptake 

family and TBB39 is similar to members of the cobalt uptake family (Table 7.1). 
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Figure 7.1: The location of open reading frames and ABC transporter family 

signature sequences along the nucleotide sequence of TB B clone 12. 

1 CATATTAACGCCATCTTATCAGCTATAATCACTGCTATCGTTAGCTTAATAGGTATTTTT 

H I N A I L S A I I T A I 

61 GTTAGTTACCAAATACCAAATATACCTACAGGACCTATTATTATAATAATTACCGATGTT 

121 TTAATCATAGCTACATTTTTATTATCACCAAAAAAAAGTTTAATAACTAAATACCTCCGA 

~~~~{l~~~~~ L L S P K K S LIT K Y L R 

181 CACAAAAAATATCTAAAAAATCTACAAAAATTCAAATCATTAATTAATATTTATTTAAAA 

H K K Y L K N L Q K F K S LIN I Y L K 

241 AATACATGTAATAAAAAAATTAATTTAGAAAAATTTTTATTTCAACAAAAATATCTTATT 

N T C N K KIN L E K F L F Q Q K Y L I 

301 TGTATAAATAAAAAAATTATGATTACTTCTAAAGGCGAAAAAATAATTCAAAAATTAATT 

C INK KIM ITS K G E K I I Q K L I 

361 AATAAGGAAATTTAAAATATGATGATAAAATATTTAAATCAAATCGCCAACAAATTTGAA 

N K E I N M M I K Y L N Q I A N K F E 

421 TGGGATGTATTTTTAATTTTAACTATAACTTCATTAGCTTTAGCTAGTTTAGGTATTTTT 

W D V F L I L T I 

481 TTAGTATTAAAAAAAATGACTATGACAGTAGATGCTATTAGCCATACTGTATTATTAGGT 

541 ATAGTAATAGCTTTTTTAATAACTGGCAATTTAGATTCACCCTGGTTAATGGTAGGAGCT 

M V G A 

601 ATTTTAATTGGATTAATTACTGTTATTTTAATAGAAATACTAAAAAAACATGCTCAAATT 

I L I 

661 TCATCAGACGGAGCTATTAGCATAATTTTAACATTTTTATTTTCAATAGCTATTATTATA 

721 ATTAGCAACTACACACGTAATGTACACATAGATACAGACGCAGTATTTTTAGGTAATGTA 

N Y T R N V HID T D A V F L G N V 

781 GAATTAATTAACTTAAAACAAATATATAAAATCCTGCCAATTTTAATTATTAACCTAATA 

ELI N L K Q I Y K I L P I L I I N L I 

841 TTTATTTTTTTATTTTTTAAAGAAATTAAAATTTTCATTTTTGATCCATGCTTATGTTCA 

F I F L F F K ElK I F I F D P C L C S 

901 TTACTAGGTTTTTCGACAATAATTATTAATTACTTATTAATGACTTTAGTTTCTTTAACA 

L L G F S T I I I N Y L L M T L V 

961 GTAGTTGTTTGCTTCGATATCGTCGGTTCTATTATGGTAATAGCTTGTATGATAGGACCA 

1141 GCTAGTTTAATAGCCGTTATTACTATAATACATTTTTTATTAGTTTTAATTTTTGAACAA 

L I F E 

1201 AGAAAAGGTATAATAACACCAATTATAAAAAATCATCACACAGAAAAAAAATTTTTTAAT 

R K G I I T P I I K N H H T E K K F F N 

1261 GTTGAATTTATTAATTCATTTGGAAAATCATCACAATCACCCATTTAAACACCAATTAAT 

V E FIN S F G K S S Q S P I 

1321 AATTATCCAAAAAGATTTAGAATGGAATAATAAAATTTTCACAACAATGTATAAAGA 

TBBI 2. 1 
protein 

TBBI2.2 
protein 

ABC 3 transport family blocks (BLOCKSEARCHER program) 
ABC 3 transport family signature sequence (PFAM search) 
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Figure 7.2: The location of open reading frames and ABC transporter family 

signature sequences along the nucleotide sequence of TBB clone 39. 

304 TTTATTTGAATTAAATATTTTTGATATTTTTTTATTATATTTTATGTTTTAATAATTTTT 

364 AATTTTATTAAANATTTTCAAATATAATAGAGATTAAAAATATTCGAGTTATTAAGGTAG 

424 ATTATGATTATTGTTGAAAATTTGTATTTTAGTTATAAAGATGATGAAATTTTACAAAAT 

I M I I V E N L Y F S Y K DOE I 

484 TTAAATTTTCGTGTTAATTCTGGAAAATGGATTTCGATTATAGGCGGTAATGGTTCGGGT 

.. ' ~ ," :.' :". .. ~- ,\ r. . ~ - : : . .... ;~. "I 

544 AAATCTACTTTAGCTAGAATTTTAGTNGGNTTATTGCCCATTCAAAAAGGTCGAGTGATT 

I .~- _ . __ :_:'_' - __ ' __ '_' - __ '_ - _' __ ' '_ : _ ' _' _._"_' _,~~, 

604 ATTGATAATATTGCATTAACAGAAGAAAATTTATTTTTATTACGTTCTCGTATTGGCATT 

A L TEE N L F L L R SRI G I 

664 ATTTTTCAAAATCCTGATTATCAATTTATTGGTTGCGATGTAAAACATGATATCGCCTTT 

I F Q N P 0 Y Q FIG C 0 V K HOI A F 

724 GGATTAGAAAATCAAAATTTATCTCGCGAAGAAATGCAAAAAAAGATTTTTAATATTGCT 

G LEN Q N L S R E E M Q K KIF N I A 

784 AAAAAATTAAATATTTTACATTTATTAGATTGNAATCCTCAAGAATTGTCTGGAGGTCAA 

K K L NIL H L LOX N , .!.. - ,,' 
------------------~ 

844 AAACAGTTAGTAGCTATTGCATCTGTTTTAGTTATGGATCCGCAAATTATAATTTTGATG 
. ' ,. - " 

. , f', ,-' . • '.' 
--~ ---------~- '( 

904 ACCTCATCTTTT 

ABC transporter motif 
ABC 3 transport family blocks (BLOCKSEARCHER program) 
ABC 3 transport family signature sequence (PFAM search) 

Table 7.1 : Summary of database anaJysis for the TBB clones 12 and 39. 

Gene Name 
Characteristic ABC TBB transporter 12-1 ABC TBB transporter 12-2 ABC TBB transporter 39-2 
analysed 
(Program) 
Structural relationship No matches No matches ATPase subunit of maltose ABC 
(PDB) transporter 

Multidrug resistance AT? binding 
site 

ABC transport family l. Metal uptake family Metal uptake family substrate Cobalt uptake family 
(BlastP) 2, Oligosaccharides and zinc 

polyols import 
Signal peptide and Has an uncleaved N' terminal No signal peptide No signal sequence 
location (PSORT) signal sequence membrane Membrane protein Membrane protein 

protein 
Protein topology N' terminus inside N' terminus outside N' terminus in 
(TmPred) 2 transmembrane helices 8 transmembrane helices I transmembrane helices 
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Figure 7.3: Topology and orientation of the tomato big bud phytoplasma 
membrane associated proteins TBBI2.l (a), TBB12.2 (b) and TBB39 (c). 

Phytoplasma cytoplasm 

a) TBB 12.1 

Host 
c 

TBB membrane 

Phytoplasma cytoplasm 

b) TBB 12.2 

Host c 

____________ ~T~B~B~m_e_m_b_r_an_e ________________ ~ 
N _._---

Phytoplasma cytoplasm 

c) TBB39 
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7.3.2 Structural analysis of predicted amino acid sequences 

Results from TMPRED, TOPPRED 2 and PSORT analysis showed that the 

three genes in clones TBB 12 and TBB39 encode membrane associated proteins. 

TOPPRED and TMPRED analysis showed that the TBB 12.1 protein has two 

transmembrane helices with N' and C' termini positioned on the inside of the cell 

(Table 7.1, Figure 7.3a). TMPRED analysis identified eight transmembrane helices 

for the TBB protein 12.2 (Table 7.1) while the TOPPRED 2 program predicted seven 

transmembrane helices, an N' tenninus inside the cell and a C' terminus outside the 

cell for this protein (Figure 7.3b). A single transmembrane domain with its N' 

terminus located on the inside of the cell was predicted for the TBB39 protein using 

the structural analysis programs (Table 7.1, Figure 7.3c). 

7.3.3 Phylogenetic analysis of ABC transporter proteins 

Phylogenetic analysis based on the amino acid sequence of the TBB 12.1 gene 

showed that the TBB phytoplasma was positioned on a out group branch of the tree 

(Figure 7.4). Trees constructed using the TBB12.2 gene revealed that the TBB 

phytoplasma shared a common mid point with the OY phytoplasma (Figure 7.5). 

Phylogenetic trees constructed based on the TBB39 genes showed that the TBB 

phytoplasma was placed between the OY phytoplasma and Haemophilus inJluenzae 

(Figure 7.6). 
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Figure 7.4: Phylogenetic relationship between the TBB 12.1 gene amino acid sequence and Eubacteria genes that encode protein subunits of 
ABC metal uptake transport systems, showing bootstrapped values. Gene accession numbers are in brackets. Gene abbreviations are: Yfec and 
TROC - Integral membrane protein of a zinc ABC transporter subunit C; Mtsc - Integral membrane protein of a manganese ABC transporter 
subunit C; TROD - Integral membrane protein of a zinc ABC transporter subunit D; ZnuB and MtsB - Integral membrane protein of a 
manganeselzinc ABC transport system subunit B. 
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Figure 7.5: Phylogenetic relationship between the TBB12.2 gene amino acid sequence and Eubacteria genes that encode protein subunits of 
ABC metal uptake transport systems, showing bootstrapped values. Gene accession numbers are in brackets. Gene abbreviations are: Yfec and 
TROC - Integral membrane protein of a zinc ABC transport system subunit C; Mtsc - Integral membrane protein of a manganese ABC transport 
system subunit C; TROD - Integral membrane protein of a zinc ABC transport system subunit D; ZnuB and MtsB - Integral membrane protein 
of a manganese/zinc ABC transport system subunit B; TROA - Zinc binding protein of a zinc ABC transport system; TROB - ATPase subunit 
of a zinc ABC transport system 
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0.1 
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.--_______________ Streptococcus pyogelles (ATP binding subunit of ABC transport system) 
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I Bacillus subtilis (ATP binding subunit of cobalt ABC transport system) (YBXA_BACSU) 
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suhunit of cohalt ABC transport system) (Q5080J) 

Mycoplasma pneulIlolliae (ATP binding subunit of ABC transport system) 
(YI79_MYCPN) 

Mvcoplasl1la genitalium (ATP binding subunit of ABC transport system) 
(Y J 79_MYCGE) 

100 I Onion yellows phytoplasma (ATPase of cobalt transport system) (BAD04264) 

I~ ___________________ Tomato big bud TBB39 gene (AF494523) 
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ABC transport system) (YG 18_HAEIN) 

Figure 7.6: Phylogenetic relationship between the TBB39 gene amino acid sequence and Eubacteria genes that encode ATPase subunits 
of ABC metal uptake transport systems, showing bootstrapped values. Gene accession numbers are in brackets. 
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7.3.4 Amplification and RFLP analysis of ABC transporter genes from 

phytoplasma field samples 

peR primers were designed to amplify segments of genes that encode the 

integral membrane protein subunits of the TBB phytoplasma zinc/manganese ABC 

transport system (TBB clone 12). These primers amplified a 650 bp product from all 

TBB phytoplasma samples tested (grapevine, papaya, strawberry and periwinkle) but 

the SPLL-V4 phytoplasma samples tested were negative (data not shown). PCR 

products amplified from TBB 12 clone and TBB phytoplasma field samples were 

digested with AZul or Rsal and the banding patterns of the different isolates were 

indistinguishable (Figure 7.7, the RFLP pattern is shown for 1 representati ve 

sample). 

Figure 7.7: RFLP banding patterns of the integral membrane protein 

subunits of the TBB zinc/manganese ABC transport system. Lanes 1 and 3 

are TBB clone 12; lanes 2 and 4 are TBB phytoplasma isolated from papaya. 
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7.4 DISCUSSION 

ATP binding cassette (ABC) transport systems of gram positive bacteria 

usually consist of two hydrophobic membrane spanning proteins and one or two 

ATP-binding proteins (Higgins, 1992; Tam and Saier, 1993). The hydrophobic 

membrane spanning subunits of ABC transport systems are also known as permease 

proteins. The TBB phytoplasma genes 12.1 and 12.2 share high identity with the 

genes that encode the two permease subunits of a metal ion uptake transport system. 

These TBB phytoplasma proteins possibly form the two hydrophobic membrane 

spanning subunits of the a single ABC transport system which moves metal ions 

across the membrane. The gene identified in TBB clone 39 shared highest identity 

with genes that encode ABC transport system A TP binding proteins. It is unlikely 

that the protein encoded by the TBB phytoplasma gene in clone 39 is the ATP 

binding subunit of the same ABC transport system as TBB phytoplasma proteins 

12.1 and 12.2. TBB phytoplasma clone 39 encodes a protein that is closely related to 

genes that encode ATP binding proteins of cobalt ABC transport systems, so it is 

more likely to encode the ATP binding protein of a cobalt ABC transport system. 

Metal uptake transport system 

The integral membrane protein (ZnuB) gene of the onion yellows (OY) 

phytoplasma manganese/zinc transport system is encoded by one gene (719 amino 

acids) and the TBB phytoplasma integral membrane protein domains of the 

corresponding transport system were encoded by two genes, TBB12.1 and TBB12.2. 

The transmembrane (TM) proteins of an ABC transport system can be encoded in 

single or multiple genes (Higgins, 1992) so the difference between the TBB and OY 

phytoplasma ABC transporter TM protein genes may reflect genetic variation 
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between these two phytoplasmas. In vitro expression studies of the genes encoded in 

clone TBB12 would provide evidence of whether the two TBB phytoplasma ABC 

transport domains are encoded separately. 

The TBB phytoplasma 12.1 and 12.2 protein structure did not resemble ABC 

transporter TM proteins from bacteria. This is not unexpected because the structure 

of transport proteins generally resembles the membrane (Wieslander et al., 1992) and 

the difference probably reflects the unique organization of the phytoplasma 

membrane. Structural analysis showed that the TBB 12 .1 and TBB 12.2 proteins had 

transmembrane helices that are characteristic of integral membrane protein domains 

of an ABC transport system, usually between 4 and 12 helices (Paulsen et al., 2000). 

The structure of these transmembrane helices is important for the movement of 

molecules across the membrane because the integrity of these segments must be 

maintained so that the protein can transport a particular substrate. Genes from 

different genera that encode integral membrane protein domains of ABC transport 

systems generally share homology if they import or export the same molecules or 

ions. This characteristic means that it is possible to predict substrate specificity 

based on primary sequence data, but only if the transmembrane domains are closely 

related to those of a transport protein from another species (Higgins, 1992). 

However, even close similarities can be misleading as demonstrated by studies of 

Escherichia coli which have two transport systems that share high identity but move 

different substrates across the membrane (Higgins, 1992). The problem of predicting 

substrate based on sequence similarity is further complicated for phytoplasmas 

because they have a minimal sized genome so their transport systems may move 

multiple substrates across the membrane, a characteristic that has been suggested for 
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the mycoplasmas which also have a minimal genome (Razin et aI., 1998; Saurin and 

Dassa, 1996). 

Substrate specificity can be correlated with phylogeny (Saier, 2000) so 

phylogenetic trees were constructed using the TBB 12.1 and 12.2 genes to determine 

what substrate may be moved by this phytoplasma ABC transport system. The TBB 

12.1 and TBB 12.2 proteins were predicted to be the two transmembrane subunits of 

the same ABC transport system therefore they should be specific for the same 

substrate. Phylogenetic analysis showed that TBB 12.1 gene did not group with the 

ZnuB gene of OY phytoplasma, which plays a role in the transport of zinc and 

manganese. However, the TBB phytoplasma gene TBB12.2 did group with the 

ZnuB gene of the OY phytoplasma and was positioned between this gene and the 

TROD gene of Treponema pallidum which is associated with the transport of iron 

and manganese into the cell (Hardham et al., 1997). The TBB 12.1 gene sequence 

may have been incomplete which resulted in different phylogenetic grouping 

compared to the TBB 12.2 gene. 

Phylogeny, structural analysis and database search results for the TBB 12.1 

and TBB 12.2 genes indicated that these genes encode membrane associated proteins 

that are subunits of an ABC transport system which is involved in the importation of 

metal ions into the cell. The transport system probably imports zinc and manganese 

but may also move iron into the cell. Metal ions are essential for an organism's 

survival because they play an important role in catalytic activity (Dintilhac et aI., 

1997; Hacker and Kaper, 2000; Ratledge and Dover, 2000). Iron is considered to be 

a key determinant for the survival of a pathogenic organism in the host (Ratledge and 
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Dover, 2000). Furthermore, genes that encode protein domains of iron uptake 

systems can be located on pathogenic islands and therefore may play a role in 

virulence (Hacker and Kaper, 2000). Manganese and zinc ions are also considered to 

be important for virulence and survival of organisms (Dintilhac et al., 1997). One 

could speculate from this that the TBB 12.1 and 12.2 proteins may have an important 

role in the maintenance and pathogenesis of the phytoplasma. Further analysis of the 

TBB 12.1 and TBB 12.2 proteins is needed to identify the substrates this ABC 

transport system imports into the phytoplasma cell. 

Cobalt uptake transport system 

Results from phylogenetic analysis and database searches showed that the 

clone TBB39 gene encoded an A TP binding protein of an ABC transport system that 

may move cobalt across the membrane. There are usually two ATP-binding proteins 

in an ABC transport system and they are the most characteristic feature of these 

transport systems (Higgins, 1992). The ATP binding domains provide the energy 

required for movement of molecules across the membrane and disruption of these 

genes significantly reduces transport (Higgins, 1992). The amino acid sequences of 

these genes need to be conserved to maintain protein functionality (Higgins, 1992). 

The pressure towards conservation of these genes may account for the higher identity 

between the TBB39 gene and the OY phytoplasma ATPase subunit of cobalt 

transport system gene than between the TBB 12 genes and their corresponding OY 

phytoplasma genes. Although the OY phytoplasma ATPase cobalt ABC transport 

system gene was identified as the closest match to the TBB39 gene by database 

searches, these genes were not positioned on the same branch in the phylogenetic 

analysis. This may be because the TBB39 gene sequence was incomplete. Proteins 
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assigned to the cobalt uptake subfamily are not well characterised so the precise 

function of this ABC transport subfamily is unknown. It should be noted that A TP 

binding proteins are not a primary determinant for the nature of the substrate that is 

transported (Higgins, 1992) so the TBB39 ATP binding protein may have a role in 

the movement of a substrate other than cobalt. 

ATP binding proteins of ABC transport systems are highly hydrophilic and 

generally do not contain membrane spanning domains because they are usually 

associated with the integral membrane domains of an ABC transport system which 

anchor them to the membrane (Higgins, 1992). However, the ATP binding protein 

identified in the TBB phytoplasma clone TBB39 was predicted to have a 

transmembrane segment, which suggests that this protein anchors itself to the 

membrane. The significance of this structural difference between the ATP binding 

proteins of the TBB phytoplasma and other prokaryotes is unknown. 

Genetic diversity 

The TBB and SPLL-V 4 phytoplasmas can be distinguished using RFLP 

analysis of their 16S rRNA genes however only a slight band shifts differentiates 

these two phytoplasmas (Padovan et ai., 2000a). Primers designed from sequences 

that encode the integral membrane protein of an ABC metal uptake transport system 

of the TBB phytoplasma, amplified a product of expected size from the TBB 

phytoplasma isolates but not from the SPLL-V 4 phytoplasma samples. This 

suggested that the metal uptake transporters genes of these phytoplasmas are more 

genetically variable than their 16S rRNA genes and therefore may facilitate 

differentiation of closely related phytoplasmas. Genetic variation in the hydrophilic 
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regions of the major membrane protein genes of closely related clover phyllody and 

chlorante aster yellows phytoplasmas has been reported (Barbara et al., 2002). Only 

preliminary genetic variation experiments were performed during this study because 

our main focus was the identification and characterisation of the membrane 

associated genes. In future studies that focus on the genetic diversity between these 

isolates, new primers will have to be designed so that they amplify the genes from 

both TBB and SPLL-V 4 phytoplasma samples. 

The TBB phytoplasma is associated with a range of plant diseases in 

Australia that are geographically widespread (Davis et a!., 1997b; 2003; Padovan 

and Gibb 2001; Schneider et aI., 1999b). These TBB phytoplasma isolates cannot be 

differentiated using RFLP analysis of their 16S rRNA gene. RFLP analysis of the 

metal uptake ABC transport system permease genes amplified from a range of TBB 

phytoplasma isolates showed no polymorphisms. However, this was only a 

preliminary diversity study therefore only a limited number of restriction enzymes 

were tested. Future differentiation studies may identify variability between the TBB 

phytoplasma isolates if a wider range of enzymes are used. 
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Chapter 8 

GENERAL DISCUSSION 



GENERAL DICUSSION 

The aims of this study were to explore the relationship between phloem 

limited organisms and Australian strawberry diseases, to learn more about the 

disease cycle, and to suggest strategies for limiting disease spread. In Australia, 

strawberry lethal yellows and green petal diseases are associated with Candidatus 

Phytoplasma australiense (Ca. P. australiense) (Padovan et al., 2000b). In addition, a 

rickettsia-like-organism (RLO) is associated with Australian strawberry lethal 

yellows (SLY) disease (Greber and Gowanlock, 1979; Padovan et ai., 2000b). Very 

little is known about the association between the RLO, Ca. P. australiense and SLY 

disease because symptoms are the same for both organisms. Ca. P. australiense has 

been detected in only a limited number of plant host species, which are generally not 

located near strawberry growing areas. The RLO has only been identified in 

association with SLY disease. There has never been a systematic study of alternative 

plant hosts for these organisms so we know very little about potential sources of 

inoculum for SGP and SLY diseases. This compromises our capacity to develop 

management strategies for SLY disease. Having identified such alternative hosts, 

however, it will be important to ensure that the organisms detected in these plants are 

indistinguishable from those detected in strawberry. Previous diversity studies of 

-
phytoplasmas have shown that the conserved 16S rRNA gene may not distinguish 

closely related phytoplasmas within the Ca. P. australiense group (Padovan et at., 

2000b). Identification of more variable genes may facilitate the differentiation of 

these closely related phytoplasmas. 
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Identification of the phloem limited rickettsia-like-organisms (RLOs) still 

largely depends on microscopy (Behncken, 1983; Davis, 2001; Davis et at., 1998; 

Franova et ai., 2000; Niehaus and Sikora, 1979). The lack of a molecular based test 

for RLOs has impeded research on RLO-disease associations because diagnosis has 

been ambiguous and time consuming. A molecular based diagnostic test for the 

RLO was developed using related gene sequences from the papaya bunchy top RLO 

(Davis et aI., 1998). The primers designed from the flavoprotein subunit of the 

succinate dehydrogenase (sdhA) gene of PET RLO amplified the corresponding gene 

from the RLO associated with Australian strawberry lethal yellows (SLY) disease. 

The sdhA gene of the SLY RLO shared 96% similarity with the corresponding gene 

from the PBT RLO. Evidence from microscopy studies (Greber and Gowanlock, 

1979) and analysis of the sdhA gene suggests that the bacterium associated with SLY 

disease is of Rickettsial origin. Further analysis using other genes would be needed 

before the diagnosis could be confirmed because there is a high level of homoplasty 

between the 16S rRNA genes of the Rickettsia genera (Roux and Raoult, 1995). 

Furthermore, chromosome isolation and genomic analysis would indicate whether 

the phloem limited RLOs, which have also not been cultured in vitro (Davis, 2001; 

Davis et at., 1998), have characteristics in common with the phloem limited 

phytoplasmas. 

Application of the RLO peR test to investigate RLO- and phytoplasma

associated SL Y and SGP diseases showed that all plants with green petal symptoms 

or green petal in combination with lethal yellows symptoms tested positive for a 
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phytoplasma. As previously reported (Padovan et al., 2000b), the phytoplasma 

associated with this disease was Ca. P. australiense Australian grapevine yellows 

CAGY) strain. These findings suggest that SGP symptoms are always indicative of a 

phytoplasma-associated disease and Ca. P. australiense is most likely the putative 

causal agent. In contrast to SOP disease test results, only 60% of SLY disease plants 

tested positive for a phytoplasma or RLO. As previously reported, Ca. P. 

australiense AGY strain and a RLO were associated with SLY disease (Greber and 

Gowanlock, 1979; Padovan et ai., 1998; 2000b). In addition, in this study the tomato 

big bud phytoplasma and Ca. P. australiense Phormium yellow leaf (PYL) variant 

strain were detected in plants with SLY disease. These findings indicate that SLY 

symptoms are associated with more than one organism so it is not possible to identify 

the putative causal agent based on symptom expression alone. Screening hundreds 

of samples for phytoplasmas and/or RLOs using peR tests is time consuming and 

expensive. An alternative would be to examine phytoplasma proteins, such as those 

discussed in chapters five and seven, and RLO proteins, to identify suitable targets 

for antibodies which could be used to develop high throughput enzyme-linked 

immunosorbent assays. 

Although phytoplasmas or RLOs were only detected in 60% of plants with 

SLY disease, there was a significant association between the putative causal agents 

and SL Y disease. The RLOs and phytoplasmas were detected at similar rates in SL Y 

diseased plants, so future studies to identify insect vectors and other plant host 

species will need to focus on both the RLOs and phytoplasmas. In 2000 and 2002, 

the RLO was detected more often at runner farms in Stanthorpe than was the 

phytoplasma. The RLO was therefore more likely to be unintentionally distributed in 
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planting material to fruit production farms on the Queensland Sunshine Coast, 

Atherton Tableland, Brisbane and Beenleigh, than was the phytoplasma. The low 

occurrence of RLO associated SLY disease at fruit production farms in 2002, 

however, suggested that the removal of strawberry plants with SLY symptoms from 

runner farms, which is conducted in accordance with the Queensland (QLD) certified 

runner scheme, may be limiting the movement of RLO SLY disease. 

In contrast to the nmner production areas, the dominant agent associated with 

SLY and SGP diseases at fruit production farms on the QLD sunshine coast was the 

phytoplasma Ca. P: australiense. In Katherine in the Northern Territory, plants with 

SGP disease were positive for the Vigna little leaf (ViLL) phytoplasma. The ViLL 

phytoplasma has only ever been reported from Katherine (De La Rue et aI., 2001; 

Padovan and Gibb, 2001; Schneider et al., 1999b) and never from runner production 

areas in QLD. This phytoplasma, at least, was unlikely to have come from the 

runner production areas and was more likely to have been the result of a local 

inoculation event. Phytoplasmas were not detected in the 114 asymptomatic plants 

collected at runner and fruit production farms, which suggests that asymptomatic 

'infection' may occur infrequently and the asymptomatic runner material sent to fruit 

production areas was unlikely to be phytoplasma positive. These results indicate that 

outbreaks of phytoplasma associated SLY disease at fruit production farms were the 

result of local inoculation events. These findings are significant for future studies on 

the vectors of the phytoplasmas and RLOs associated with Australian strawberry 

diseases. Future studies on the SL Y RLO vector should be conducted in the 

Stanthorpe district while areas on the QLD sunshine coast would be suitable study 

sites for Ca. P. australiense vector studies. The distribution of phytoplasma- and 
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RLO-associated diseases indicates that these organisms are probably not transmitted 

by the same vector. Leafhoppers (Cicadellidae) are vectors of phytoplasmas 

(Fletcher et al., 1998; Kirkpatrick, 1989; Lee et al., 2000) and the PBT RLO (Davis 

et al., 1998), however RLOs have also been identified in the gut of the pea aphid 

(Chen et al., 1996) and an aphid is the vector for the phloem limited citrus BLO 

(Hung et al., 2004). This suggests that both leafhoppers and aphids are potential 

targets for RLO vector studies. 

Strawberry plants are not grown all year round which raises the issue of 

which plant species are possible alternative sources of phytoplasma and RLO 

inoculum for SLY disease. Oliarus atkinsoni transmits Ca. P. australiense in New 

Zealand (Boyce and Newhook, 1953; Liefting et al., 1997) while the Australian 

insect vectors for this phytoplasma and the SLY RLO are unknown. This means that 

the feeding behaviour of the insect vector could not be used to determine which plant 

species might be suitable targets for sampling other host plant species. As a result, 

any diseased plant species growing near or within 50 - 200 krns of strawberry farms 

were collected for alternative host studies. 

The SLY RLO was detected in diseased lacksonia scoparia and Modiola 

caroliniana growing in the Stanthorpe district of south-east QLD. The RLO was 

most commonly associated with SLY disease of strawberry in this region so it is 

possible that these plant species are reservoirs for this RLO. These plant species also 

represent ideal targets for insect vector studies. The limited number of RLO host 

plant species may indicate that the insect vector has a limited host range or the 

presence of the RLO in the vector may limit the feeding behaviour of the insect 
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(Chen et al., 2000; Ferrari et al., 2004). If the presence of the SLY RLO in the insect 

limits the number of plant species that the vector can feed on, then this may decrease 

the risk of the SLY RLO being transmitted to other host plants in south-east 

Queensland. Sequence analysis of the sdhA gene of SLY RLO showed that it was 

closely related to the RLO associated with papaya bunchy top disease, so papaya 

plants may be suitable alternative hosts for the SLY RLO. Future studies should 

examine the relationship between the SLY RLO and its insect vector, and whether 

this RLO is a potential threat to the Queensland papaya industry. 

The TBB phytoplasma was detected in Amaranthus sp., Araujia sericifera, 

Callitris baileyi, Chenopodium carinatum, Conzya sp., Datura stramonium, 

Eremophila sp., Exocarpus cupressijormis, Gomphocarpus physocarpus, Hibiscus 

trionum, J. scoparia, Medicago polymorpha, Plantago lanceolata, Solanum nigrum, 

and Trifolium sp. diseased plants growing near runner production farms. The 

presence of these plant species indicates that there is an abundant supply of TBB 

phytoplasma inoculum in the vicinity of strawberry farms. Despite this there was a 

low incidence of TBE phytoplasma-associated SLY disease. The implications of 

these findings are that these reservoirs for the TBB phytoplasma have a minor role in 

the SLY disease cycle and future SLY disease control strategies aimed at Orosius 

argentatus (Evans), the vector for the TBE phytoplasma (Greber, 1966; Hill, 1943; 

Hutton and Grylls, 1956), may only have a limited effect on the occurrence of SLY 

disease unless it is a vector for Australian Ca. P. australiense strains. 

Ca. P. australiense AGY strain was detected in Cucurbita maxima, E. 

cupressiformis, G. physocarpus, 1. scoparia, M. polymorpha, P. lanceolata, S. 
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nigrum and Trifolium sp. diseased plants. Until recently, in Australia Ca. P. 

australiense was most commonly associated with diseases of crop plant species while 

in New Zealand this phytoplasma was known to have a wider host range including 

Phormium sp. (Andersen et al., 1998a; Liefting et ai., 1996), Cordyline australis 

(Andersen et al., 2001), strawberry (Andersen et al., 1998b), Coprosma (Andersen et 

al., 2001) and Boysenberry (Wood et ai., 1999). Although a range of new host plant 

species were identified in Australia for this phytoplasma, strawberry is the only 

common plant species for the Ca. P. australiense Australian and New Zealand 

strains. Furthermore, the Ca. P. australiense PYL variant strain isolated in Australia 

was detected in the plant species, Hexham sp. and G. physocarpus, and these species 

have not been identified as hosts in New Zealand. The findings from this study 

indicate that the New Zealand and Australian Ca. P. australiense strains are probably 

not transmitted by the same insect because they are associated with different host 

plant species. 

As mentioned, the TBB phytoplasma was detected in 15 plant species, which 

probably reflects the wide host feeding range of O. argentatus (Lee et ai., 2000). Ca. 

P. australiense was detected in six plant species, which suggests that the vector for 

this phytoplasma has a narrower host range. Furthermore, in this study the TBB 

phytoplasma and Ca. P. australiense only had four plant species in common, E. 

cupressijormis, G. physocarpus, 1. scoparia and M. polymorpha. These findings 

suggest that it is unlikely that Ca. P. australiense and the TBB phytoplasma are 

transmitted by the same insect vector which supports previous reports that O. 

argentatus is probably not the vector for the phytoplasma most commonly associated 

with SLY disease (Greber and Gowanlock, 1979). 
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In this study, Ca. P. australiense PYL variant strain, Ca. P. australiense AGY 

strain, TBB and sweet potato little leaf strain V 4 phytoplasmas were detected in G. 

physocarpus plants. The stolbur phytoplasma, which is assigned to the same 

phytoplasma 16SrI group as Ca. P. australiense, and the European aster yellows 

phytoplasma are associated with diseases of Gomphocarpus sp. in Italy (d' Aquilio et 

al., 2002). The association of four phytoplasmas with diseases in Australian G. 

physocarpus indicates that this plant species is a food source for insects that transmit 

these phytoplasmas. This plant species represents an ideal plant for sampling insects 

to identify phytoplasma vectors in south-east Queensland. Furthermore, G. 

physocarpus plants grow throughout south-east Queensland so these diseased plants 

may be sources of inoculum for a range of phytoplasma related plant diseases, 

including SLY. 

The implications of the alternative host study are that the removal of SLY and 

SOP diseased plants may not be sufficient to stop the disease outbreaks when other 

plant species in the vicinity of strawberry farms are harbouring RLOs and 

phytoplasmas. Furthermore, control strategies for potential insect vectors may be 

ineffective if confined to strawberry farms when there is a plentiful supply of 

inoculum in the surrounding area. The significance of these reservoirs in the 

phytoplasma disease cycle should not be undervalued (Angelini et ai., 2004) because 

knowledge of these inoculum sources will aid in the development of SLY and SGP 

disease management practices. Future disease management strategies should include 

removal of symptomatic strawberry plants, and diseased plant species growing in the 

vicinity of strawberry farms should also be removed. 
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It is important to know whether the phytoplasmas associated with alternative 

plant species are truly identical to the SLY disease strains. The conserved nature of 

the 16S rRNA gene means that slight genetic variation may not be detected and these 

genetic variants may in fact not have a role in the disease cycle. More variable genes 

may be better candidates for identifying genetic variation among different strains of 

the same phytoplasma (Gundersen et al., 1996). The ribosomal protein (rp) gene 

operon and tu elongation factor (tuj) gene facilitate finer differentiation of closely 

related phytoplasmas (Gundersen et al., 1994; Schneider et aI., 1997). The Ca. P. 

australiense strains examined in this study could be differentiated into four subgroups 

based on sequence analysis of the rp gene operon and tuf gene, which were named 

16SrXII-B(tuf-Australia I)(rp-A), 16SrXII-B(tuf-New Zealand I; rp-B), 16SrXII

BUuf-New Zealand II) and 16SrXII-B erp-C). There was no relationship between 

these subgroups and collection date, location or host plant species, however the 

identification of subgroups indicated which strains are possibly involved in the SLY 

and SGP disease cycle. The tul genes of the Ca. P. australiense cottonbush witches' 

broom (CBWB), pumpkin yellow leaf curl (PYLC), SGP and SLYI strains shared 

100% similarity which indicates that cottonbush (Gomphocarpus physocarpus) and 

pumpkin (Cucurbita maxima) are reservoirs for one of the Ca. P. australiense SLY 

strains. However, there was 0.3% genetic variation between the PYLC phytoplasma 

rp gene operon and the corresponding operon from the SL Y and SGP phytoplasmas. 

There was also 0.5% variation between the rp gene operons of the CBWB, SLY and 

SGP phytoplasmas. The significance of this minor genetic variation is unclear and 

future studies will need to investigate whether these nucleotide differences are the 

result of a single transmission event or whether they are indicative of a new host or 
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vector being introduced into the SLY disease cycle. This information would confirm 

whether G. physocarpus and C. maxima are sources of inoculum for SLY disease. 

Furthermore, a number of Ca. P. australiense strains from the same host need to be 

sequenced to determine whether the genetic variability among the rp gene operon 

nucleotide sequences are consistent between diseased plants of the same species. Ca. 

P. australiense strains detected in the other plant species, Exocarpus cupressijormis, 

lacksonia scoparia, Medicago polymorpha and Trifolium sp., may also be associated 

with SLY disease but this relationship was not confirmed by sequence analysis of the 

tuf gene and rp gene operon for these samples. Therefore, we can only speculate on 

the role of the plant species in the SLY disease cycle. 

RFLP and sequence analysis of tuf genes revealed a new Ca. P. australiense 

variant in diseased G. physocarpus (CBRYL strain) and strawberry (SLY 2 strain) 

plants. These two strains had the same Hpall tuf gene RFLP banding pattern as the 

Phormium yellow leaf (PYL) phytoplasma from New Zealand (Ca. P. australiense 

PYL strain). It has been postulated that the Ca. P. australiense PYL strain is endemic 

to New Zealand and Ca. P. australiense may have originated from New Zealand 

(Liefting et al., 1998). The argument was based on the fact that in New Zealand, Ca. 

P. australiense is associated with a native plant disease (Phormium sp.) and its 

monophagous vector, Oliarus atkinsoni, both of which are endemic to New Zealand 

(Andersen et al., 1998a; Boyce and Newhook, 1953; Liefting et al., 1997). In 

Australia, Ca. P. australiense is commonly associated with diseases of exotic plant 

species (Gibb et al., 1996; Padovan et al., 1996; 2000b). While the identification of 

a Ca. P. australiense PYL variant in Australia does not provide evidence that 

supports or disproves this theory, it does indicate that the Ca. P. australiense PYL 
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strain may have been more widely distributed than previously thought, and Australia 

may be the centre of genetic diversity for this phytoplasma. The genetic variation 

between Ca. P. australiense PYL and the Ca. P. australiense PYL variant strains may 

have arisen because a new vector was introduced into the disease cycle or the 

introduction of a new host plant (Lee et al., 1998a; 2000). 

In a search to find additional genes that would facilitate the differentiation of 

closely related Australian phytoplasmas, small insert clones containing TBB 

phytoplasma genomic DNA were analysed and 26 genes from the TBB phytoplasma 

were characterised. A TBB phytoplasma clonal library was used because Ca. P. 

australiense has not been transmitted to the experimental host Catharanthus roseus 

(periwinkle) so it is difficult to obtain sufficient DNA to construct a genomic DNA 

clonal library for this phytoplasma. Half of the genes identified in the study were 

associated with DNA replication, transcription and translation. Although only 3% of 

the TBB phytoplasma genome was characterised, it is possible that relatively few 

metabolic genes will be discovered and this would be consistent with the onion 

yellows (OY) phytoplasma genome which (Oshima et al., 2002; 2004). In Chapter 5, 

we put forth the concept that phytoplasmas have the Embden Meyerhof Pamas 

(EMP) pathway to some degree. Sequencing of the OY phytoplasma genome 

revealed nine genes that encode enzymes associated with this pathway which 

indicates phytoplasmas do possess a functional EMF pathway (Oshima et al., 2002; 

2004). Sequencing of the OY genome showed that 33.6% of open reading frames 

could not be assigned a function (Oshima et al., 2002; 2004), this was also observed 

for genes in TBB phytoplasma random clones 26 (AF494529), 49 (AF494530) and 

28 (AF494525). Assignment of function to these genes was based on database 
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analysis, so the results can only be as comprehensive as the sequence data available 

at the time. Initial sequence analysis of the M. pneul110niae genome assigned two 

genes as glucose inhibited division cell proteins (gid) (Himmelreich et af., 1996). 

Re-annotation of the genome showed these genes to be NADH oxidoreductase and 

methyltransferase (Dandekar et uf., 2000). Further analysis of phytoplasma genomes 

may reveal incorrectly annotated TEE phytoplasma genes. 

Two copies of the FtsH gene were identified in TEB phytoplasma clones 32 

and 78 and their nucleotide sequences were identical. We proposed in Chapter 5 that 

the same gene was cloned twice into the two different clones. However, Oshima et 

af. (2002; 2004) reported that the OY phytoplasma genome contains seven copies of 

the FtsH gene therefore the sequences in clones 32 and 78 may represent two 

different genes from the TEB phytoplasma. The presence of seven copies of FtsH 

gene in the genome is a characteristic unique to phytoplasmas (Oshima et af., 2004). 

Phylogenetic analysis based on the TEB phytoplasma genes showed this 

phytoplasma grouped with the mycoplasmas. The OY phytoplasma genome 

sequence was not available when the phylogeny was performed. Eased on the results 

from phylogenetic analysis of the TEE phytoplasma secA gene, if the study was 

repeated and the corresponding genes from OY phytoplasma included the TBB and 

OY phytoplasmas would group together. The inclusion of the OY phytoplasma 

genes may indicate whether Bacillus subtilis or mycoplasmas are more closely 

related to phytoplasmas, an issue that arose in the present study because database 

searches indicated B. subilitis was closer while phylogeny showed the mycoplasmas 

were more closely related. 
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Primers were designed based on these newly identified TBB phytoplasma 

genes to examine genetic variability between the TBB and sweet potato little strain 

V4 (SPLL-V4) phytoplasmas but no variation was observed between the genes of 

these isolates. This may indicate that these phytoplasma housekeeping genes are as 

conserved as the 16S rRNA gene. This may be because these proteins need to 

maintain their structural integrity to remain functional (Creighton, 1993). 

Alternatively, genetic variation between these isolates may have been overlooked 

because only a limited number of restriction enzymes were included in RFLP 

analysis. The primers designed based on the TBB phytoplasma clones did not 

amplify the corresponding genes from the Ca. P. australiense strains identified in 

chapters 3 and 5. 

Although these genes were not useful for examining genetic variation 

between SPLL-V4 and TBB phytoplasmas, they provided insight into the biology of 

the TBB phytoplasma. Until recently, the only characterised phytoplasma membrane 

proteins genes were antigenic or immunodominant proteins and the role of these 

proteins in phytoplasma metabolism is uncertain (Barbara et ai., 2002; Blomquist et 

al., 2001; Morton et al., 2003; Yu et al., 1998). Due to our poor understanding of 

phytoplasma membrane proteins, the role of TBB phytoplasma putative membrane 

proteins had to be inferred based on comparisons to bacterial genes. Comparative 

analysis revealed that three TBB phytoplasma genes encode ABC transporter 

proteins. The putative substrates moved by these TBB phytoplasma ABC transporter 

proteins were predicted using phylogeny in preference to amino acid similarity, 

because phylogeny has a proven relationship to substrate specificity (Saier, 2000). 

159 



Phylogenetic analysis indicated that two of the TBB phytoplasma proteins encode C 

and D subunits of an ABC transport system that may transport zinc and manganese. 

The third protein encodes a putative ATPase subunit of a possible cobalt transporter. 

It has been suggested that the ABC transport systems of the mycoplasmas, which like 

the phytoplasmas, have a minimal genome and no cell wall, may be specific for more 

than one substrate (Razin et aI., 1998; Saurin and Dassa, 1996). Further analysis of 

the TBB phytoplasma membrane proteins will be required to confirm whether the 

phytoplasma transport systems move multiple substrates across the membrane. 

Structural analysis was performed on the TBB phytoplasma putative transport 

proteins to determine whether they had hydrophobicity profiles typical of membrane

associated proteins. All three TBB phytoplasma membrane proteins were predicted 

to form transmembrane spanning domains. These structural predictions were based 

on comparisons to walled gram-positive bacteria because there is limited information 

regarding the structure of phytoplasma and mycoplasma membrane proteins. These 

structural predictions may be inaccurate because phytoplasmas lack a cell wall. 

Further analysis of the TBB phytoplasma membrane proteins such as 3D protein 

homology modelling may provide insight into whether TMPRED or TOPPRED2 

programs are suitable for identifying transmembrane domains for phytoplasma 

proteins. 

RFLP analysis of the C and D subunits of the zinc/manganese ABC 

transporter genes from a range of TBB phytoplasma isolates revealed no genetic 

variability between the different samples. These findings suggest that the TBB 

phytoplasma associated with SLY disease is also detected in diseased papaya, 
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grapevine and periwinkle. Sequence analysis of the ABC transporter genes from a 

range of TBB phytoplasma isolates may reveal genetic variability between the 

different strains. 

Although the membrane protein genes identified in this study did not 

facilitate differentiation of the TBB phytoplasma strains they provided insight into 

which ions may be required for phytoplasma metabolism. Furthermore, these ABC 

transport system proteins may be targets for antibody development because they are 

externally exposed and therefore easily accessible for antibodies that are expressed in 

pianta. In addition, ABC transporter proteins can be essential for cell survival 

(Dintilhac et al., 1997) and play a role in vector transmission (Boutareaud et ai., 

2004) so disruption of these cellular processes may reduce the viability of the 

phytoplasma in the host. Plantibody technology has been used to develop tobacco 

plants that express antibodies that are specific for the stolbur phytoplasma (Le Gall et 

ai., 1998). The tobacco plants expressing the stolbur phytoplasma showed resistance 

to this phytoplasma when grafted with diseased tobacco material (Le Gall et ai., 

1998). 

In conclusion, this study showed that both phytoplasmas and RLOs contribute 

to SLY disease in south-east Queensland, and a range of host plants are possible 

sources of inoculum for phytoplasma related diseases in this region. Analysis of the 

tui genes and rp gene operons amplified from the Ca. P. australiense strains isolated 

from these hosts showed that G. physocarpus and C. maxima are possible reservoirs 

of the SLY disease phytoplasmas. This study has increased our understanding of the 

SLY disease cycle but the insect vectors of the phytoplasmas and RLOs associated 
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with these diseases need to be identified to gain a better understanding of the role the 

alternative plant host species play in the disease cycle. The newly identified TBE 

phytoplasma genes did not facilitate finer differentiation of the Australian 

phytoplasmas but they provided a basis for the future development of disease 

resistant plants and the development of an antibody based diagnostic test for the TBE 

phytoplasma. 
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