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Introduction

1. Introduction

1.1. Plant diseases

“Plants make up the majority of the earth’s liviagvironment as trees, grass, flowers, etc.
Directly or indirectly, plants also make up all theod on which humans and all animals
depend. Plants are the only higher organisms thatoconvert the energy of sunlight into

stored, usable chemical energy in carbohydratesgips, and fats” (Agrios, 2004).

“Plant diseases are very important part of plamtemtion within the system of plant/crop
production. Diseases can significantly lessen tloevth and yield or reduce the utility of a
plant or plant product. Healthy plants grow andction to the maximum of their genetic
potential. However, plants are considered to beatied when they are negatively affected by
a disease-causing agent that lead to interferinth wieir normal development and
physiological functions” (Agrios, 2004).

“Correct diagnosis of the cause of a disease iessential step in order to construct a
convenient strategy to manage the plant diseaseallys the first step includes the

determination of the probable cause of the disea$ether the disease is caused by an
infectious agent (pathogen) or environmental facBince diseases in plants are caused by
either non-living (abiotic, non-parasitic, non-iaf®us, ‘non-pathogenic’) environmental

factors or living (biotic, parasitic, pathogeniafactious) agents. On the other hand, plant
diseases are grouped based on the causal ageiveihdeficiency diseases, fungal diseases,
bacterial diseases, viral diseases, mollicutesadese etc.), the plant part affected or the type

of symptoms” (Agrios, 2004).

In general, plant disease is any growth or devatgal condition that is not “normal” to that
plant and can usually diminish its economic or laetst value. In many cases, the plant
pathologists depend on symptoms and signs of teeade for hypothetical diagnosis of
diseases in plants. The characteristic internaxpernal alterations showed by the plant in

reaction to the disease-causing agent are callagteyns.

Plant pathology is the study of the pathogens anth@ environmental factors that cause
disease in plants, and the methods of preventingoatrolling disease and reducing the
damage it causes. Uncontrolled plant diseases esaytrin less food and higher food prices,
or in low-quality food (Agrios, 2004). Over the fadecades scientists in molecular plant

pathology have also established a new set of d&gnitwols and techniques that are used to
1
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detect and identify pathogens even when they agept in diminishing small numbers or in
mixtures with closely related pathogens. Such tdotdude detection with monoclonal
antibodies, calculation of percentages of hybrigira of their nucleic acids, and
determination of nucleotide sequences of the nti@eids of the pathogens. Since the mid-
1980s, decisive DNA fragments, so called DNA proleesnplementary to specific segments
of the nucleic acid of the microorganisms, havenbkelled with radioactive isotopes or
fluorophores and are used extensively for the dete@and identification of plant pathogens
(Agrios, 1997).

1.2. Phytoplasmas as plant pathogens

For nearly 70 years after viruses were discovenehy plant diseases were described that
showed symptoms of general yellowing or reddenihthe plant, or of shoots proliferating
and forming structures that resembled witches beooespectively. These diseases were
thought to be caused by viruses, but no virusekldmifound in such plants (Agrios, 2004).

In 1967, Japanese scientists found out those pathbgens known recently as phytoplasmas
were the potential causes of plant yellows diséBse et al., 1967). After detection of these
pathogens which lacking cell wall in the phloenstis of infected plants and the evidence
presented that these microorganisms, rather thpathetical, undetectable viruses were the
causal agents, plant pathologists and entomologtsited to re-investigate of many plant
diseases that previously expected as virus disesises these causal agents could not be
cultured in artificial media like the viruses. Imetfollowing years, many studies indicated the
association of these microorganisms that previonalyed mycoplasma-like organisms with
many different plant diseases. The methods follofeeghytoplasms detection were electron
microscopy of thin sections of the phloem, andatstcline treatment of diseased plants as

described by the Japanese plant pathologists.

1.3. Definition of phytoplasmas

Bacteria and mollicutes are prokaryotes. These sangle-celled microorganisms whose
genetic material (DNA) is not bound by membrane #metefore is not organized into a
nucleus. Their cells consist of cytoplasm contgjnPNA and small ribosomes (70S). The
cytoplasm in mollicutes is surrounded by cell meanieronly, but in bacteria it is surrounded

by a cell membrane and a cell wall (Agrios, 200RBlant mollicutes also grow in the
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alimentary canal, hemolymph, salivary glands, amcacellularly in various body organs of

their insect vectors.

Phytoplasmas (previously termed mycoplasma likamiggns) belong to the clastollicutes
They are single-celled plant pathogenic sub-mi@pgc microorganisms and similar to
bacteria but much smaller than others (with a diamkess than 1 um) (Figure.1.1). Since
they lack cell wall, they can change shape (ple@mororganisms). Phytoplasmas exist in
phloem sieve elements in infected plants (Doi et H967; Whitcomb and Tully, 1989)
(Figure.1.2).

(¢ Staphylococcus

& Rickettsia

e 2 Mycoplasmas

« Phytoplasma

- -
5 pm

Figure.1.1. Comparison of sizes of some eubacteri&hytoplasmas (previously termed mycoplasma like
organisms) belong to the claddollicutes They are single-celled plant pathogenic sub-nsicopic

microorganisms and similar to bacteria but much lemahan others (with a diameter less than 1 um).
Phytoplasmas have the same size as mycoplasmasre Figken from Saskias phytoplasma website,

http://www.jic.ac.uk/staff/saskia-hogenhout/inderh
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Figure.1.2. Pleomorphic phytoplasmas in sieve tubeRBhytoplasmas multiply in the sieve tubes of phlcerd
circulate through the sieve pordsigure taken fromINRA website http://www.international.inra.fr/research/

some_examples/a_national_collection_of phloem_hacte

Phytoplasmas grow and reproduce only in living hestue. Therefore, unlike most human
and animal mycoplasmas, phytoplasma cannot beredlton artificial nutrient media (cell-
free media), involving the media on which all tygienycoplasmas grow (Lee armhvis,
1992). This inability has made it difficult to det@ne the taxonomic status of phytoplasmas
by the traditional methods applied to cultured pmybtes. Currently, because the
development of molecular tools has made it possibldentify the phytoplasma based on the
nucleotide sequence of the 16S rRNA gene (Gundesseh, 1994; Limand Sears, 1989;
Namba et al., 1993; Sawayanagi et al., 1999; Sdemit al., 1994), since these
phytopathogenic mollicutes are uncultivable andeeixpentally inaccessible in their hosts,
knowledge of their biological properties is alsostrieted (Christensen et al., 2005).
Therefore, the mechanisms by which phytoplasmasecanlant diseases are not well
understood and make it difficult to develop meamsdntrol them. Phytoplasmas, however,
have been extracted from their host plants and fitogir vectors in more or less pure form,
and for most of them antisera, including monoclardlbodies, have been prepared.

Specific antibodies, DNA probes, RFLP profiles, amhlysis of 16S rRNA genes have
become extremely useful in the detection and ifleation of the pathogen in suspected
hosts, in grouping and classifying the pathogens, ia controlling these diseases through
production of pathogen-free propagating stock (8gjri2004). Recently, moreover, the full
genomes of some phytoplasmas have been sequenaeét @., 2006; Oshima et al., 2004)

allowing new insights into their requiremefi@hristensen et al., 2005).
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Molecular-based tools, and sensitive detection guores developed in the past decade have
permitted great advances in the diagnostics ofadee caused by phytoplasmas and have
facilitated the characterization of phytoplasmaavi@s and Clark, 1992; Firrao et al., 1996).

Plants infected with phytoplasmas show many differeymptoms involve unseasonal
yellowing, reddening or discolorations of the lesv&hortening of the internodes with stunted
growth, smaller leaves, and excessive proliferabbrshoots resulting in witch’s broom (a
dense mass of shoots grows from a single point) Wié resulting structure resembling a
broom or a bird's nest), phyllody (the developmehtfloral parts into leafy structures),
sterility of flowers, necrosis of the phloem tisswand the general decline and the death of the
plant (Agrios, 1997; Kirkpatrick, 1992; McCoy et,al989).

It seems that certain effects are on individu#iscevhile others are on cell interactions. The
striking morphological and metabolic changes sugties toxins might be produced by the
microorganisms that influence the hormonal balarakinterfere with photosynthesis.

To date, these unique plant pathogens have beeniaesl with diseases in several hundred
plant species covering a geographic range from ¢eat@ to tropical areas and including
many important food, vegetable and fruit crops;aomental plants; timber and shade trees
(McCoy et al., 1989; Sinclair et al., 1994; Leeakt 2000) (Figure.1.3). Furthermore the list
of diseases caused by phytoplasmas continues to. gtbytoplasma, especially sugarcane
white leaf phytoplasma, are responsible for los$es/er 100 million baht (about Australian
$4.5 million) each year to the sugarcane industryhailand (Wongkaew et al. 1997) and in
India phytoplasma is also emerging as a major probfor sugarcane. Important plant
diseases caused by phytoplasmas are aster yellpyde proliferation, coconut lethal
yellowing, elm yellows, peach X-disease, big busedses of solanaceous plants, and many

maore.
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Phytoplasmas and Dis That They Cause — Are Worldwide

SOME EXAMPLES

Clover
phyllody

Clover

dwrf Apple proliferation

Mulberry
dwarf
X-disease
Grapevine
Hibiscus NN vellows
witches’ ’ Brinjal

Coconut

broom ’ i y RE Dayl
lethal decline little leaf =R

Figure.1.3. Phytoplasmas and their diseases are wdwide. Phytoplasmas have been associated with diseases
in several hundred plant species covering a gebgrapnge from temperate to tropical areas andudinb
many important food, vegetable and fruit crops;aomental plants; timber and shade trees. Figurentéioen

http://plantpathology.ba.ars.usda.gov/pclass/pclasgoplasma_spread.html.

1.4. Transmission and spread of phytoplasmal disees

Phytoplasmas are phloem-limited plant pathogens @@ invading primarily sieve tube

elements. Phytoplasmal diseases are spread pynimrilsap-sucking insect vectors, most
commonly leafhoppers but also some psyllids andthb@ppers (Weintraub and Beanland,
2006; Ploaie, 1981) and all these vectors are geigno the Hemiptera (Rhynchota), which
are a large and diverse order of exopterygote tasetich occur throughout the world and
there are more than 60.000 species in around I0ilida. The Hemiptera is now divided into

3 sub-orders: Heteroptera (true bugs), Sternorfyn(scaleinsects, aphids, whiteflies,
psyllids) and Auchenorrhyncha (leafhoppers, plappeos, cicadas, treehoppers, and
spittlebugs).

1.4.1. Host cycle of phytoplasmas

An insect vector acquires the phytoplasma aftedifggon an infected plant for several hours
or days (acquisition feeding). For 10 - 45 days, thytoplasma moves through the insect and

multiplies within specific organs (Ammar and Hogent) 2006). After this incubation period
6
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the insect is able to transmit the phytoplasmaniafacted plants when it feeds (Murral et al.,
1996). Next, multiplication and spread of phytoplas in the host plant is accompanied by
the appearance of disease symptoms (Figure.1l.4)nfénted insect will be able to spread

disease for the rest of its life.

viruliferous leafhopper

L
o
"E},h,. gy
th v latent period
palhogeny ‘
A multiplication
multiplication systemic infection

inoculation feeding phloem cells

Figure.1.4. Host cycle of phytoplasmagAgrios, 1997).

Phytoplasma diseases tend to occur more oftentdoouplanting than in greenhouse, where
it is easier to detect and control leafhoppers.téfilgsmas can be spread by vegetative
propagation through cutting, storage tubers, rhizgnor bulbs (Lee and Davis, 1992). In
commercial plantations, infections can be obtaiaksd by grafting. However, phytoplasma
cannot be transmitted mechanically by inoculatioithwphytoplasma-containing sap.
Furthermore, phytoplasmas are not known to be mnéted through seed or pollen.
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1.4.2. Host Specificity of Phytoplasmas

Plant host range for a phytoplasma is dependent upotors specificity and feeding habits
(behaviours) (monophagous, oligophagous, and palypls) of these vectors. For example,
North American aster yellows phytoplasmas (16SrBAwere transmitted experimentally by
the polyphagous leafhopper Macrosteles fasciframé @her vectors to 191 plant species
belonging to 42 families (McCoy et al., 1989). Nat vectoring insects can transmit all
phytoplasmas and there are specific interactiona pérticular phytoplasma with its insect
vector. Some phytoplasmas, such as peach X-diggageplasma, may be transmitted by
several species of leafhoppers; others, such asyeltows phytoplasma, appear to be

transmitted by one or only a few species (Lee aadg$) 1992).

1.5. Phylogenetic position of phytoplasmas

Phytoplasmas have diverged from gram-positive deba¢c and belong to the Genus
phytoplasma within the Class Mollicutes and ordeh@&eplasmatales (Figure.1.5.). Currently

the phytoplasma is at candidatus status whichdd t@ bacteria that cannot be cultured.

Ertomoplasma ellychniae

Gram + GL | Mes aplasma flovum

Phytoplssrma  Spiroplasma Mycoplasma mycoides

M. pmeumomiae

L Ureaplasma urealyticum
Clavibacter UCGA

Mycoplasma pneunvmiae

Mycoplasma honanis }
WL, CL Mycoplasma sualvi
Ackoleplasma laidlawii

Archeae
Sulfblobus

Agrobactermam

GL
Rhuzch mm Phytoplas ma 4

Anaeroplasma obactoclasticum
%o, Clostridium imocuum

Asteroleplasma anaerobium } S5

A B Bacillus subnlis

Figure.1.5. Phytoplasmas are firmicutesA. Phylogenetic relationships of several bacteriaties containing
bacterial pathogen®. The 5 phylogenetic groups within the Clagsllicutes Plant pathogenic/symbiotic
bacteria are indicated in green. GL, gene loss; Wss of cell wall. Figure taken from Saskias pipjasma

website, http://www.jic.ac.uk/staff/saskia-hogentimgex.htm.
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Recently, phylogenetic analyses based on 16S rRiNArdosomal protein gene sequences
have revealed that the uncultured phytoplasmas fartarge discrete monophyletic clade
within the class mollicute&Sundersen et al., 1994). Phytoplasma taxonomigpgare based
on differences in the fragment sizes produced byréstriction digest of the 16SrRNA gene
sequence (RFLP) or by comparison of DNA sequences f16S/23S spacer regions
(Hodgetts et al2007).

1.6. Management and control of phytoplasma diseases

Methods of control vary considerably from one d&seto another, depending on the kind of

pathogen, the host, the interaction of the two, mady other variables (Agrios, 2004).

Most serious diseases of crop plants appear ow @l@nts in an area year after year, spread
rapidly, and are difficult to cure after they halvegun to develop. Therefore, almost all
control methods are aimed at protecting plants fommoming diseased rather than at curing
them after they have become diseased (Agrios, 2004)

In controlling phytoplasmal diseases, the primaoypaern is often prevention rather than
treatment due there is no known cure for phytop&sniections. However, infected plants or

dormant propagative tissue can be freed of physopdaby heat treatment.

1.6.1. Prevention strategy

Propagate from seed or from phytoplasma-free plémé$ means select propagating material
from sources known to be free of disease or indéses=lof disease.

Eliminate perennial and biennial weed hosts andieste known diseased trees as soon as
they occur. Therefore, removal of phytoplasma itgeglants eliminates sources of infection.
Therefore, early, fast, specific and sensitive ciéia and diagnosis of phytoplasmas are very
important for effective prevention strategies, esgfy because phytoplasmas may have a
very long latency period. However, the most prongsstrategy for avoiding phytoplasma
disease is the identification or development ofstast plant varieties (Welliver, 1999). In
order to advance this field of research basic kedg¢ about the epidemiology, the
pathogenicity mechanisms of the phytoplasmas, ffecte of environmental factors on
disease and symptom development, and the natureswtance/tolerance in host plants is

required
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1.6.2. Control of insect vectors

“When the pathogen is introduced or spread by aadnvector, control of the vector is as
important as and sometimes easier than, the coaotrthhe pathogen itself. In the case of
viruses, phytoplasmas, and fastidious bacteria, elew of which insects are the most
important spreading agents, insect control has bedgful in controlling the spread of their
diseases only when it has been carried out in ris@ @nd on the plants on which the insects
overwinter or feed before they enter the crop. @ulivig such diseases by Kkilling the insect
vectors with insecticides after they have arrivedttee crop has rare proved sufficient.
Therefore, in cases where the insect vector is kn@and the time of its occurrence
established, insecticide programs may be of vallenwdirected at the vector before it
becomes established on the plants. Typically, titgsde sprays are of limited value since
migrating vectors may transmit the phytoplasma teetbe insecticide Kills those” (Agrios,
2004).

1.6.3. Management strategy

Because phytoplasmas lack a cell wall , they asistant against antibiotics that interact with
cell wall synthesis like penicillin but other antibcs with an alternative modes of action like
tetracyclines can inhibit their growth (bacteraigt to phytoplasmas). Therefore, remission
of the disease symptoms can be achieved experiltyeriig injecting the antibiotic
tetracycline but without continuous use of thisilaintic, disease symptoms will reappear
again(Davies et al., 1968). In addition, antibiotic traant is expensive and time-consuming.
Therefore, the best strategy is to apply an efiic@imination program.

As a conclusion, the only dynamic way to controytpplasma infection has been to prevent
the emergence by guaranty that clean planting mater used, or by quest to find and/or
breed varieties of crop plants that are resistatalerant to the phytoplasma/insect vector.

1.7. Anatomy of phloem cells

Phloem cells condusbluble organic material made during photosynthiesisaves to rest of
the plant. They are alive at maturity and tendtémnsgreen (with the stain fast green). Phloem
cells are usually located inside the xylem. The tamst common cells in the phloem are the

companion cells and sieve tube cells.
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The sieve-tube cells lack a nucleus, have veryaguoles, but contain other organelles. The
sieve tube is an elongated rank of individual ¢celtdled sieve-tube members, arranged end to
end. The endoplasmic reticulum is concentratethetdteral walls. Sieve-tube members are
joined end to end to form a tube that conductskdelarganic food (photosynthates) materials
throughout the plant. The end walls of these delge many small pores and are called sieve
plates and have enlarged plasmodesmata (Esau,. X®@®panion cells retain their nucleus
and control the adjacent sieve céfggure.1.6).

Pores of Sieve Sieve tube
sieve plate plate element

\ / / Companion cell

Figure.1.6. Diagram of the longitudinal view of phbem cells.This image is from Purves et al., (1992). Life:

The Science of Biology, 4th Edition.

1.8. Some phytoplasma diseases of sugarcane

1.8.1. Sugarcane yellow leaf syndrome

Yellows diseases have been known since the eafl9sl90ne such disease, aster yellows,
was first reported in 1902. Before 1967, its caaggnt was thought by plant pathologists to
be of viral origin because it could not be cultuneartificial media.

Sugarcane yellow leaf syndrome (YLS), characteribgda yellowing of the midrib and
lamina, (Figure.1.7), was first reported in the A®&om East Africa (Rogers, 1969) and later
from Hawaii (Schenck, 1990), South Africa (Cronjeak, 1998) and Cuba (Arochet al.,
1999). It is now widely distributed in most sugareagrowing countries from all continents.
Losses from 30% to over 60% of susceptible vasehiave been reported (Schenck et al.,

1997; Comstock et al., 1994; Arocha et al., 208@mptoms of YLS have been attributed to
11
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many causes, both biotic and a biotic, but theibichuses are associated with infection by
luteovirus or by phytoplasmas in Hawaii, Brazil, salia, South Africa, Cuba, the USA and
Mauritius.

Phytoplasmas have been consistently associated ¥ii#) but latent infections also occur
(Bailey et al., 1996; Cronje et al., 1998; Arock@Q0; Aljanabi et al., 2001).

07 4

w
, \y‘ 1

44

vy u
| /

Figure.1.7. Sugarcane yellow leaf syndrome (YLSBugarcane yellow leaf syndrome is characterizec by
yellowing of the midrib and lamina. Symptoms conhsikyellowing leaves with a bright yellow midribften

when the rest of the lamina is still green. Thistyie was taken from Komor et al., 2010.

1.8.2. Sugarcane white leaf and sugarcane grassyosh

Sugarcane white leaf (SCWL) and sugarcane grassgt §8CGS) occur only in the south-
east Asian region and not in the other sugarcapwigg areas of the world. Both are caused
by a single phytoplasma type that is a member@®fBWL group and appears to infect only
sugarcane. The most characteristic symptoms of S@wlthe presence of leaves with total
chlorosis, proliferating tillers and pronouncednging. The leaves are narrower and smaller
than those of healthy plants (Figure.1.8). SCWinasurally transmitted by the leafhopper
Matsumuratettix hiroglyphicusrganism Matsumura (Matsumoto et al., 1968). Rixamn
mechanically transmission as well as on transmisbip aphids have not been confirmed
(Rishi and Chen, 1989).

12
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Sugarcane grassy shoot (SCGS) is one of the mpsiriant diseases of sugarcane in India. It
was first observed in 1949 (Chona, 1958). SCGS deen recorded in most sugarcane-
growing areas of India and is known to occur alsorhailand (Wongkaew et al., 1997;
Sdoodee et al., 1999). SCGS disease is charaddnzéhe production of a large number of
thin, slender, adventitious tillers from the basehe affected stools. This profuse growth
gives rise to a dense or crowded bunch of tillearing pale yellow or chlorotic leaves which
remain thin, narrow, reduced in size and have aterfure. The vector(s) responsible for the
natural spread of SCGS have not been identifieérdlare reports on transmission of SCGS
by three different species of aphids as well aghgy fulgorid Proutista moesta Westwoo
(Chona et al., 1960; Edison et al., 1976). Howetlegse reports have not been confirmed
(Rishi and Chen, 1989).

Figure.1.8. Sugarcane white leaf (SCWL)SCW.L disease is caused by phytoplasma in Thail@thé most
characteristic symptoms of SCWL are the presencée@fes with total chlorosis, proliferating tilleesnd
pronounced stunting. The leaves are narrower aradlenthan those of healthy plants. This pictures wsken

from Komor et al., 2010.

1.9. Detection of sugarcane phytoplasma infections

Sugarcane phytoplasma infections can be detectechibypscopic examination of phloem
tissue sections stained with the DNA fluorochrongediiamidino-2-phenylindole (DAPI)
(Seemdiller, 1976; Sarindu and Clark, 1993). Thscedure is simple, rapid and not much

13
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expensive. However it is limited when the phytopilaspopulation is very low and unevenly

distributed among the plant host organs, as indftee for sugarcane.

For detection and identification of sugarcane pplgemas, the powerful PCR technology has
widely been employed in several laboratories. fiérsf several advantages over other methods
including versatility, relative simplicity, speafty and high sensitivity. Primers amplifying
rRNA gene sequences proved most suitable for PORay be performed as one-round PCR
or by reamplifying the DNA fragments obtained ire thrst amplification using internal
primers (nested-PCR). Very often in affected sugiaes the phytoplasma numbers are so low
that infections could be identified only througte thighly sensitive nested PCR assay (Tran-
Nguyen et al., 2000; Aljanabi et al., 2001).

1.10. Sugarcane yellow leaf syndrome in Hawaii

A novel sugarcane disease was observed in Hawaligarcane plantations in the 1990s,
characterized by a yellowing of the leaf midrib,igthwas followed by stunted leaf tops and
yield decline (Schenck, 1990, Lehrer et al., 20@nilar symptoms were reported shortly
later from plantations in Brazil, mainland USA a&buth Africa (Vega et al., 1997;
Comstock et al., 1994; Bailey et al., 1996).

The disease was called Yellow leaf syndrome (YL®) elassified in 2000 as a “disease of
unknown origin” (Lockhart and Cronje, 2000). Resbaon the nature of the causal agent was
controversial among plant pathologists. A RNA-vimas isolated from symptomatic plants
and namedSugarcane yellow leaf virulSCYLV). It was proposed as the causal agent for
YLS (Borth et al., 1994; Vega et al., 1997). A synof YLS-diseased sugarcane plants in
Africa failed to reveal a close correlation betw&RYLV and symptoms, a better correlation
was seen between the presence of a phytoplasnwianf@nd symptom expression (Cronje et
al., 1998). The phytoplasma-caused disease wasdclaflaf yellows (LY) in contrast to the

virus-caused disease, which is now called Yelloa¥ (&L).

The phytoplasma was nam&dgarcane yellow leaf phytoplasri(faCYLP). It was found in
sugarcane from Australia, South Africa, Cuba, Indired Mauritius (Arocha et al., 1999,
2005a; Cronje et al., 1998; Aljanabi et al., 20G&ur et al., 2008), sometimes together with
SCYLV. Severe sugarcane diseases in South-Eastafdidfrica are known to be caused by
phytoplasma (Marcone, 2002), for example White (€fen and Kusalwong, 2000), Grassy
shoot (Viswanathan, 2000), Green grassy shootngthahai and Prammanee, 2000) and

14
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Ramu stunt (Suma and Jones, 2000). Twenty-fiveewifit phytoplasma isolates were
obtained from North Australian sugarcane plants aade of them was closely related to
White leaf and Grassy shoot, although also nortkerh could be related to sugarcane disease

symptoms (Tran-Nguyen et al., 2000).

Many publications deal with thBugarcane yellow leaf virusnd the associated disease, for
example its worldwide distribution (Abu Ahmad et,a2006; Komor et al., 2010), its
nucleotide sequence (Moonan et al., 2000; Smithl.e®000), the transmission to the plant
(Schenck and Lehrer, 2000; Lehrer et al., 2007)thadhysiological effects on the infected
plant (Yan et al., 2009). The virus-caused leafoyehg syndrome is now accepted as an
important, worldwide threat for sugar yield (Grighat al., 2002; Lehrer et al., 2009). Also
the South African sugar industry, for which oridlpahe phytoplasmas were thought to be
the main reason for YLS, appears to be predomipantected by SCYLV and not by
phytoplasma (Rutherford et al., 2004). However,Xh&-problem is not fully solved yet.

The Hawaiian sugarcane cultivars were differentiat@to so-called susceptible cultivars
which contain relatively high titres of SCYLV, amesistant cultivars with 100 time’s lower
virus titres (Zhu et al., 2010). Experiments witliected and virus-free plants of the same
cultivar indicated that the viral infection ledi@her symptom expression and to yield losses
(Lehrer and Komor, 2008). The picture became ldésarcwhen susceptible cultivars (i. e.
with high virus-titre) and resistant cultivars @. with low virus titre) were compared. The
correlation between symptom expression and SCYLlas@nce was not strict, some strongly
infected cultivars exhibited relatively little symgons and some resistant cultivars showed
symptoms, although at low intensity (Lehrer and Kon2008). Therefore the question arose,
whether some of the Hawaiian sugarcane cultivane vaso infected byugarcane yellow
leaf phytoplasm#@SCYLP), thus causing leaf yellowing symptoms peledent of or together
with SCYLV. The simultaneous presence of SCYLV &@YLP was reported to aggravate
the leaf yellowing symptom expression in sugarq&t@nabi et al., 2001).

So far sugarcane white leaf or sugarcane grassyt Symptoms had not been reported in
Hawaiian plantations; however the presence of adpmptom pathogen such as SCYLP may
have escaped attention of breeders and growerse Hre two reports about phytoplasma
diseases in Hawaii, one about water cress yelloagsar by an Aster yellows type
phytoplasma and transmitted by an accidentallyothiced leaf hopper (Borth et al., 2002;
2006), the other about a yellows disease of a edtee,Dodonaea viscosacaused by a

Western X-disease phytoplasma (Borth et al., 1995).
15
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We tested Hawaiian cultivars (and for comparisofewa cultivars from Cuba, Egypt and
Syria) for phytoplasma to reveal whether sugargamgoplasma is around in Hawaii and in

Hawaiian sugarcane plantations.
The main objectives of this project were to deternme the following:

1. Possible association of phytoplasma(s) infectith YLS symptoms in sugarcane plants,

using of molecular techniques, namely PCR, for aenagcurate determination.

2. Which type(s) of phytoplasma(s) are associatgd WLS symptoms in sugarcane plants
from Hawaii breeding station, Hawaii plantationsib@, Middle East and areas in Thailand?

3. How does this type(s) compare to other knowntgqgigsma types by phylogenetic

analysis?
4. Could it be that Hawaiian plantations have pplgsma after hot water treatment?

5. Can sugarcane aphidMélanaphis sacchayi transmit the detected phytoplasma to

sugarcane plants?

6. Ultrastructural changes of the leave anatomy @tdlogy by phytoplasma infection and

cytological location of phytoplasma.

16
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2. Material and Methods

2.1. Material

Balance (Mettler P1210)

Centrifuges, Type centrifuge 5403 (Eppendorf)

Centrifuge, Type Mikro 20 (Hettich)

Centrifuge, Type UNIVERSAL 32R (Hettich)

Diamond knife (type 35°, Diatome, Biel, Switzerland

Electron microscope, Type ZEISS 902 (Zeiss, Obdr&ng

Gel Electrophoresis, Type GNA 100 (Pharmacia LKB)

Gene power supply, type GPS 200/400 (Pharmacia)

Mini-Vertical Gel Electrophoresis, Type SE 250 &t 260 (Mighty small II)
Thermomixer comfort (Eppendorf)

Thermal cycler, Type PTC- 100 (MJ Research)

Thermal cycler, Type Mastercycler personal, widated lid and 1 personal card, 115 V/60
Hz (Eppendorf)

Thermal cycler, type MyiQ gPCR detection systemdimgle-colour experimentation (Bio-
rad)

Spectrophotometer, Type 650 (Beckman)

Ultra cut microtome (Leica Microsystems, Wetzlagr@any)

Vortexer, Type REAX-1R (Heidolph)

Heated magnetic stirrer, Type MR 82 (Heidolph)

Microwave oven, Type KOR- 6115 (Alaska)

Nanophotometer, Type UV/Vis spectrophotometer (Bnpl

pH-mV-meter , Type 531 (Knick)

UV-SYSTEME (NTAS)

2.1.2. Chemicals and Enzymes

2.1.2.1. Chemicals

Agarose NEOO (Carl Roth GmbH)
30% Acrylamide

10% Ammonium Persulfate
17
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BSA (Sigma-Aldrich Chemie Gmbh)
Chloroform-isaomyl alcohol

dNTP Set, molecular biology grade ( MBI Fermentas )
Ethanol

Phenol

Polyvinyl pyrrolidone (PVP) (Sigma-Aldrich Chemiar®h)

2.1.2.2. Enzymes

Proteinase K (Roch Diagnostics GmbH)
RNase A (Promega GmbH)

Rasl ( MBI Fermentas )

Hpall ( MBI Fermentas )

Hinfl ( MBI Fermentas )

Kpnl ( MBI Fermentas )

Mesl ( MBI Fermentas )

Taqg DAN Polymerase (MBI Fermentas)

2.1.3. Buffers, Solutions

2.1.3.1. Buffer and solutions for DNA extraction

Table.2.1. Ingredients of CTAB extraction buffer.

Final concentration Reagents For 100 mL Stock
2% CTAB 29
2% PVP(MW 40000) 2g
14 M NaCl 28 ml 5M
20 mM EDTA pH 8.0 4 ml 0.5M, pH 8.0
100 mM Tris HCI pH 8.0 10 ml 1M, pH8.0
2% 2-mercaptoethanol 2 mi

The solution was prepared without CTAB, PVP andd$aaptoethanol and autoclaved for 20
min. When needed add 2% CTAB (w/v) , 2% PVP (w/ai 2% [3-mercaptoethanol and
heated at 65°C in order to dissolve CTAB and PVP.

Phenol: chloroform: isoamyl alcohol (25:24:1)
Chloroform: Isoamyl alcohol (24:1 v/v)
Isopropanol 100%
18
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5M NaCl 292.2 g/L

RNase A (Promega GmbH)

Ethanol 100%

Ethanol 70%

TE 1X (10 mM Tris, 1 mM EDTA, pH 8.0)

2.1.3.2. Buffer for gel electrophoresis

TBE 10X (108 g Tris base, 55 g Boric acid, 40 ndl BDTA, pH 8.0, HO was added to final

volume 1lLiter.)

2.1.3.3. Buffer for PCR

10X Taq Buffer with KCl and 15 mM Mgg(100 mM Tris-HCI, pH 8.8, 500 mM KCI, 0.8%
(v/v) Nonidet P40 and 15 mM Mggl

10X Taq Buffer with (NH4)2So04 and 20 mM MgQ[750 mM Tris-HCI, pH 8.8, 200 mM
(NH4)2S04 and 0.1% (v/v) Tween 20 and 20 mM MgCI

MgCl, 1M (203 g MgC}.6H,0, add HO to 1L)

2.1.3.4. Buffer for restriction enzymes

10X Buffer Tango (33 mM Tris-acetate, pH 7.9 at@710 mM Mg-acetate,

66 mM K-acetate and 0.1 mg/ml BSA)

10X Buffer Kpnl (10 mM Tris-HCI, pH 7.5 at 25 ¢Q InM MgCh, 0.02% Triton X-100 and
0.1 mg/ml BSA)

2.1.3.5. Buffer for polyacrylamide gel electrophorsis

Acrylamide: bisacrylamide (29:1) (% w/v) (29g aenylide, 1g N,N-methylenebisacrylamide,
H,0 to 100 ml)

1X TBE electrophoresis buffer (89 mM Tris-borateyM EDTA, pH 8.0)

TBE is usually made and stored as a 5% stock soluifhe pH of the Buffer should be
approximately (8.3). Polyacrylamide gels are powred run in 0.5x or 1XTBE at low voltage
(1-8 V/cm) to prevent denaturation of small fragtsenf DNA by Joulic heating. Other
electrophoresis buffers such as 1x TBE can be umedhey are not as good as TBE.
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10 %( w/v) Ammonium persulfate (ammonium persulfage HO to 10 ml). This solution is
used as a catalyst for the copolymerization oflaonyde and bisacrylamide gels.

This solution may be stored &tClfor several weeks.

TEMED: electrophoresis grade TEMED is availablenfrBio-Rad, Sigma, and other

suppliers. This solution is stored &4

2.1.4. Kits

2.1.4.1. Isolation of Nucleic Acids for PCR

High Pure PCR Template Preparation Kit (Roche Daatjns GmbH)
Genomic DNA purification Kit (MBI Fermentas)

2.1.4.2. Nucleic acids purification

Agarose Gel DNA Extraction Kit (Roche DiagnosticsikH)
High Pure PCR product purification Kit (Roch Diagtios GmbH)

2.1.4.3. Q-PCR

SensiMix Il probe (2X) kit (BIOLINE)
SsoFast Probes Supermix kit (BIO-RAD)
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2.1.5. Oligonucleotides

Table.2.2. Sequences of universal primers used ihg amplification of phytoplasma 16S rRNA operon.

Primer Sequence Reference
P1 (Forward) 5-AAGAGTTTGATCCTGGCTCAGGATT-'3 Denga
Hiruki (1991)
P7 (Reverse) 5-CGTCCTTCATCGGCTCTT-'3 Smart et al|.
(1996)
P4 (Forward) 5'-GAAGTCTGCAACTCGACTTC-'3 Smart et al
(1996)
R16F2n (Forward) 5'- GAAACGACTGCTAAGACTGG-'3 Leedadt (1993)
R16R2 (Reverse) 5'- TGACGGGCGGTGTGTACAAACCCCG+'3 elat al. (1993
U-1 (Forward) 5'-GTTTGGATCCTGGCTCAGGATT-'3 (Namba et al.
SN910601(Forward) 1993;
Wongkaew
et al. 1997)
MLO-7 (Reverse) 5-CGTCCTTCATCGGCTCTT-'3
MLO-X (Forward) 5'-GTTAGGTTAAGTCCTAAAACGAGC-'3
MLO-Y (Reverse) 5'-GTGCCAAGGCATCCACTGTATGCC-'3
P1 (Forward) 5'-GTCGTAACAAGGTATCCCTACCGG-'3
P2 (Reverse) 5'- GGTGGGCCTAAATGGACTTGAACC-'3
SN910601(Forward) 5'-GTTTGATCCTGGCTCAGGATT-'3 !
P6 (Reverse) 5'-CGGTAGGGATACCTTGTTACGACTTA-3  (De&gHiruki,
1991)

2.1.6. Software for Gene analysis

The obtained nucleotide sequences were compardd seuences of phytoplasmas and

acholeplasmas from GenBank using the Blastn proghdim://blast.ncbi.nlm.nih.gov).

BioEdit (http://www.mbio.ncsu.edu/BioEdit/bioeditrhl) and MUSCLE software version 3.8
(Edgar, 2004) were used for sequence comparisoalagranent (http://ebi.ac.uk/tools/mas).

The phylogenetic trees were constructed by maximikiihood analysis with geneious
program (http://www.geneious.com) through the PhyMbftware (http://atqc.lirmm.fr
/phyml/) (Guindon and Gascuel, 2003).
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2.2. Methods

2.2.1. Plant material

Sugarcane is a member of the family Gramineae armmetlongs to the genuSaccharum
(S.)Saccharum Officinarumvas used throughout the present investigation#iv@rs were
obtained as stem cuttings from different sourcekva@re grown in pots in the greenhouse at
temperatures between 22 during night and up to 27°C in the sunny dayseurgteenhouse
conditions. The dry plants were watered with tapewavery day. Sugarcane was propagated
by planting the single-bud (cutting) pieces in iitsd vermiculite and were placed in the
climate chamber at 28 with very high humidity conditions for about 1&yd .Next,
produced plants (seedling plants) were transfeo@dide the climate chamber into small
plastic pots each holding soil composed of bark iminplant humus, peat, pumice stone,
expanded clay, one plant per pot. When the plaete w0-day old, they were transferred to
bigger pots, each holding clay soil/vermiculite 1)1:In order to assess the relationship
between expression of YLS symptoms and the presemncghytoplasmas, leaves were

collected from all sugarcane varieties grown irspotgreenhouse.

2.2.2. DNA extraction strategies

The extraction of DNA from the samples is neces$aryhe molecular analyses that follow.

Total nucleic acid, for use as templates in PCR5 sxdracted from fresh tissue or from frozen
tissue according to the methods described by Harms al., (1994) and also Doyle and Doyle
(1990) with some modifications. Like many otherrplapecies, sugarcane tissues contain
high levels of polysaccharides and polyphenolic goumds, which present a major

contamination problem in the purification of plabNA. When cells are disrupted these

cytoplasmic compounds can come into contact witbleiuand other organelles (Loomis,

1974).

(1-2) grams of frozen tissues or fresh tissuesewet into small pieces and ground to a fine
powder in liquid nitrogen using a pre-chilled morad pestle.

The powdered tissues (up 200-300 mg) were tramsfeo 1.5 or 2 ml eppendorf microfuge
tubes then 500 pl CTAB extraction buffer pre-warmae@85°C to each sample was added .

The tissues were suspended (wetted) by gentlersiaki
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The samples were incubated af@Sor 60 min or more in a water bath or in an iretolo
with occasional gentle mixing with inversion 3-4n@s during incubation to dissolve all
nucleic acids, then allowed cooling for a few min.

The extracts were then mixed with an equal volurhenpl, chloroform, isoamyl alcohol
(25:24:1) and centrifuged at 10.000 rpm for 10 min.

The supernatants were transferred to new tubesiaredjual volume (500 pl) of chloroform-
isoamyl alcohol was added to each sample and gemtigd for 5 min to form emulation.

The samples were centrifuged at 14000 rpm for 10 (ling enough to produce a clear
supernatant).

The upper aqueous layers (containing the DNA) warefully transferred to new tubes (with
avoiding taking up any of the interface material).

(Optional) RNase step: RNase was added to the agquamtents of each tube and incubates
at 37C for 30 min.

The samples were re-extracted for second time byguslightly less chloroform-isaomyl
alcohol (250 pul) (half as much as first time).

The volumes of extracts were estimated then 2 velom100% cold ethanol and one tenth
volume of 3M sodium acetate (pH = 5.2) or 5M Na@rgvadded to each sample and mixed
gently by inverting.

Total nucleic acids were precipitated after inciudraat -20C for 1hr to overnight.

The samples were centrifuged at 10000 rpm for I®then the alcohol supernatant carefully
discarded.

The pellets were washed twice with 70% ethanoldaéd and resuspended in sterile distilled
water or TE buffer.

DNA solutions were then stored at 2P0until use.

After DNA samples are dissolved, 2 ul of each sanwpére checked on 1% agarose gel in
order to evaluate template integrity. Next the DNfdncentrations were measured
spectrophotometrically.

The total nucleic acid was also extracted by usiigh Pure PCR Template preparation Kit
(Roche) or by using Genomic DNA purification Kit BFermentas).
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2.2.3. Polymerase Chain Reaction (PCR) for the detton of phytoplasmas

Symptomatology had been one the major criteriadiagnosing the phytoplasma disease
before molecular-based methods become availablenmgins the important clue used for

preliminary identification of putative phytoplasntiteases.

The polymerase chain reaction (PCR) is a rapidg@iore for in vitro enzymatic amplification
of a specific segment of DNA (Donaéd al., 2006) PCR has been used during the last years
for the detection of large number of microorganisalso including phytoplasmas. Several
universal primer pairs designed for the amplificatof the 16SrRNA gene of phytoplasmas
were tested. The method found to give consistentltewas the nested PCR (Heinrich et al.,
2001; Srivastava et al., 2005).

2.2.3.1. Definition of Nested PCR

Nested PCR is a variation of the polymerase cheaiction (PCR), in that two pairs (instead
of one pair) of PCR primers are used to amplifyagient. The first pair of PCR primers
amplifies a fragment similar to a standard PCR. E\mv, a second pair of primers called
nested primers (as they lie) are nested withinfils¢ fragment) bind inside the first PCR
product fragment to allow amplification of a secd@R product which is shorter than the
first one (Pérez de Rozas et al., 2008), (Figute.2.
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First PCR run.

Ungvanted primer annealing Cycle 1 DNA melting and primer binding.

Fitst run majority PCR products

nwanted product '
and ¢

Second PCR run.

No second run primer Cycle 1 DNA melting and primer binding.
§ annealing '
and

Second run majority products

Uncontaminated final product

Figure.2.1. A diagram illustrating of the method ofnested PCR.Figure taken From Wikipedia, the free
encyclopaedia.

The advantage of nested PCR is that if the wrondR Aagment was amplified, the
probability is quite low that the region would hagalified a second time by the second set of
primers. Thus, nested PCR is a very specific PCRIifioation. Furthermore, the double
amplification in the nested-PCR increases the seitgiof PCR reaction in 2-3 logarithmic
units when compared with conventional PCR (Lindg\i999; Marsilio et al., 2005).

2.2.3.2. Nested PCR Reaction

Nested PCR requires two sets of primers which aeel tio amplify a specific DNA fragment
using two separate runs of PCR. A standard reactiotiure of 25 ul consisted of the

following:

25



Material and Methods

10X Taq buffer

dNTP mix (200 uM each dNTP)
Forward and reverse primers (0.4 pM)
Taqg DNA polymerase (5 U/ul)
Template DNA (100 ng)

dd HO to final volume 25 pl

2.2.3.3. First round of PCR

Nucleic acid samples were diluted in sterile destilwater to give a final concentration of 100
ng/ul and in some cases DNA concentrations wereadpisted after extraction, but used as

isolated, 1 pl of DNA solution was used per reactigoe.

2.2.3.4. Nested round of PCR

One micro litre of diluted (1:30 or 1:20) PCR protiufrom the first round was used as the
template in the second amplification. In most cdsss PCR products were used with any
dilution. The PCRs (30 cycles) were done with atomatic thermal cycler in 25ul reaction
tubes. Several universal primer pairs, which werevipusly designed, based on the
phytoplasma rRNA operon, for the amplification ohymplasmal DNA were tested
(Figure.2.2 andrigure.2.3). The method found to give consistestilts was the nested PCR.
However, it was amazing when some primer pairs'tidark continually and we had to test
in this case other primer pairs to check if theatieg results were false due the primer pairs
or due the phytoplasmas disappeared from our goeesehsugarcane plants. Since this
phenomenon may occur especially in our greenhousnthere are no insect vectors for
phytoplasmas and the plants reproduce by vegetatigpagation therefore, the titre of

phytoplasma would be lower generation by generation

2.2.3.5. Nested-PCR assay ()

The primer pair combination used in the first rownals P1/P7 while the nested primer pair
was R16F2n/ R16R2 (Table.2.3).

Parameters of the PCR assays using external ppaieP1/P7) were: denaturation step at
94°C for 30 s (4 min for the first cycle), annealirgg fL.5 min at 55C and primer extension

for 1.5 min (10 min in final cycle) at 7€.
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Parameters of the PCR assays using internal (nepteder pair (R16F2n/R16R2) were:
denaturation step at 92 for 30 S (4 min for the first cycle), annealing f..5 min at 56°C

and primer extension for 1.5 min (10 min in fingtke) at 72C.

Table.2.3. Oligonucleotide primers used for nesteBCR assay .

Primer Location Type of PCR
P1 (Forward) 16S First
P7 (Reverse) 23S First
R16F2n (Forward) 16S Nested
R16R2 (Reverse) 16S Nested

2.2.3.6. Nested-PCR assay (Il)

The primer pairs combinations used in the first aested rounds of nested-PCR assay (ll) are
indicated in (Table.2.4).

Parameters of the PCR assays using external ppaierSN910601/P6 were: denaturation
step at 94C for 30 s (4 min for the first cycle), annealingr fL min at 54C and primer
extension for 1.5 min (10 min in final cycle) at@

Parameters for PCR using internal primer pair RbR26R2 ,which amplifies 1250bp DNA
fragment, were: denaturation step at®@4or 30 s (4 min for the first cycle), annealiray fL

min at 56C, and primer extension for 1.5 min (10 min in fiogcle) at 72°C.

Table.2.4. Oligonucleotide primers used for nesteBCR assay |l.

Primer Location Type of PCR
SN910601 (Forward) 16S First
P6 (Reverse) 16S First
R16F2n (Forward) 16S Nested
R16R2 (Reverse) 16S Nested

2.2.3.7. Nested-PCR assay (lll)

The primer pairs combinations used in the first aedted rounds of nested-PCR assay (llI)
are indicated in (Table.2.5).
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The parameters of the PCR assays using externaleprpair MLO-X/MLO-Y were:

denaturation step at 94 for 30 s (4 min for the first cycle), annealiray fL min at 58C and

primer extension for 1.5 min (10 min in final cycht 72C.

The parameters for PCR using internal primer pdiPR, which amplifies 210 bp DNA

fragment, were: denaturation step at®4or 30 s (4 min for the first cycle), annealiray #5

s at 62C, and primer extension for 1 min (10 min in fiegtle) at 72C.

Table.2.5. Oligonucleotide primers used for PCR aay lll.

Primer Location Type of PCR
MLO-X (Forward) 16S First
MLO-Y (Reverse) spacer region (near 23S) First

P1 (Forward) 16S (near the spacer region) Nested
P2 (Reverse) "tRNA-Ile" (near the spacer Nested
region)

2.2.3.8. Nested-PCR assay (1V)

The primer pairs combinations used in the first apsted rounds of nested-PCR assay (V)
are indicated in (Table.2.6).

Parameters of the PCR assays using external ppanelt)-1/ MLO-7 were: denaturation step

at 94C for 30 s (4 min for the first cycle), annealiray fL min at 56C and primer extension

for 1.5 min (10 min in final cycle) at 7€.

Parameters for PCR using internal primer pair MLOAKO-Y, which amplifies 700bp DNA

fragment, were: denaturation step at®@4or 30 s (4 min for the first cycle), annealiray fL

min at 60C, and primer extension for 1.5 min (10 min in fiogcle) at 72C.

Table.2.6. Oligonucleotide primers used for PCR asay IV.

Primer Location Type of PCR
U-1 (Forward) 16S First
MLO-7 (Reverse) 23S First
MLO-X (Forward) 16S Nested
MLO-Y (Reverse) spacer region (near 23S) Nested
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Spacer region
. 16S ) > 238
5 tRNA 3’
4 P1/P7, 1800 bp
/ SN910601/P6 , 1500 bp
f PCR Il
PCR1
R16F2n/R16R2, 1200 bp

U-1/MLO-7, 1800 bp
PCR IV
>
PCRII P1/P2,210 bp

Figure.2.2. Diagrammatic representation of locationof used primer pairs and expected size of their
amplified products based on phytoplasma rRNA operon

Spacer region
5’ 16S tRNA 23S 3’
E_I_
05 x £ 2 8 > n
gy Er oty
o 2 F — s _2
£ 5

Note: U-1=SN91060

Figure.2.3. Diagrammatic representation of a phytofasma rRNA operon and genomic location of primers
used for phytoplasma detection.

2.2.4. Agarose Gel Electrophoresis

PCR products were electrophoresed on 1% agarosetgeied with ethidium bromide and
DNA bands visualized using a UV transilluminator

Agarose gel electrophoresis was used to visuahdesolate DNA molecules following PCR
amplification. Agarose (1%) was dissolved in TBEfbuby heating in a microwave.

After cooling, 1 p of a 1 mg/ml ethidium bromidelgion was added per 50 ml gel and the
gel was poured. Gels were run at 80-100 V for Irhou
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2.2.5. Digestion of nested-PCR products

By RFLP analysis of PCR-amplified 16S rRNA genes fphytoplasmas detected can be
differentiated and classified (Lee et al., 1993heTbasic technique for detecting RFLPs
involves fragmenting the samples of DNA or (PCRduas) by the restriction enzymes.
Restriction enzymes recognize specific nucleotetguences and cleave DNA molecules at a
position either within or outside their recognitisite (Roberts and Kenneth, 1976). These
enzymes are important tools for numerous applinatisncluding restriction fragment length
polymorphism (RFLP) analysis of PCR products .Thsulting DNA fragments are then
separated by their length through gel electroph®res

RFLP analysis of PCR-amplified 16S rRNA gene saqas with a number of restriction
enzymes was used by Lee et al., (1993) and Schneidsd., (1993) to differentiate various
phytoplasmas by their distinct RFLP patterns. Tgnscedure proved to be simple, reliable,
and practical.

Our nested PCR products were analyzed by singlgnemzligestion with different restriction

endonucleases Hpalll, Hinfl, Kpnl, Mesl and RsaBIMFermentas).

The reaction mixture (30 ul) consisted of the fwilog:
Reagents:

10 pl PCR products

2 pl 10X recommended buffer for restriction enzyme
1-2 ul (10-20 u) restriction enzymes

17 pl water nuclease free

The reaction mixtures were incubated in the inonbat 37C for 3-16 h.

2.2.5.1. Inactivation of restriction enzymes

Inactivation of restriction enzymes following a €ggion reaction is often required for
downstream applications. Thermal inactivation i€amvenient method used to terminate
enzyme activity. The majority of restriction enzyrean be heat-inactivated at’65or 8GC

in 20 min. Digested products were separated bytrelgtoresis on 5% polyacrylamide gels.
Next RFLP patterns were compared with those prelyopublished.
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2.2.6. Polyacrylamide Gel Electrophoresis

Nondenaturing polyacrylamide gels are used forsd@aration and purification of fragments
of double-stranded DNA.

2.2.6.1. Steps of operation

Assembling the apparatus and preparing the getisolu
Casting the gel

Loading the samples and running the gel

2.2.6.2. Special equipment

The SE 250 Mighty small 1l is a miniature vertical slajel unit intended for rapid

electrophoresis of nucleic acid samples of smdlime.

2.2.6.3. Detection of DNA in polyacrylamide gels bstaining

Unlike agarose gels, polyacrylamide gels cannot be cabeipresence of ethidium bromide
because the dye inhibits polymerization of the lacnyde. However, ethidium bromide can be
used to stain the polyacrylamide gel after eledtospsis. In order to detect of DNA the gels
were gently submerged in the appropriate stainoigtisn. We used just enough staining
solution to cover the gel completely and the gelsrewstained for 30 min at room
temperature.Then the gels were removed from thairsgasolution and placed on the UV

transilluminator and photographed.

2.2.7. Sequencing and phylogenetic analysis of rikamal DNA

By direct sequence analysis or RFLP analysis of a@Rlified products, the phytoplasmas
detected can be differentiated and classified. Bévelassification systems have been
proposed either directly based on sequence anaysmlirectly, by RFLP analysis of PCR-

amplified 16S rRNA gene.

In order to amplify the 16S/23S spacer region weduB1/P7 for first PCR and P4/P7 for
second PCR (Smart et al., 1996). P4/P7 PCR proaastpurified from agarose gels using
Agarose Gel DNA Extraction Kit (Roche DiagnosticsnkiH). The DNA sample was
sequenced in one direction using P4 primer. Unfately, this primer pair didn’t work well
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for some cultivars. Therefore, we used MLO-X/MLOf first PCR and P1/P2 for nested-
PCR to amplify partially the 16S/23S spacer regionorder to amplify the 16SrRNA we

used R16F2n/R16R2 for nested PCR. Nested-PCR podice cleaned up using High pure
PCR products purification Kit (Roche). DNA samplesre sequenced in both directions

using nested primer pairs.

2.2.7.1. Sample Preparation for Value Read Servide Tubes

The value read is the service of choice for fastr@tiable standard sequencing reactions.

It is highly automated to allow rapid processingtaEsmids or PCR products. We used 1.5 ml
tubes (no additional sealing with Parafilm) for gd@s and primers and we used one tube per
sequencing reaction. The DNA samples (purified R@Rlucts) were dissolved in the elution
buffer (10 mM Tris-HCI, pH 8.5) and the concenwas of these purified PCR products were
adjusted to get the final concentration 10 ng/p2 oig/pl in a minimum volume of 15 pl and
the required primer concentrations were 2 pmol/jth wninimum total volume 15 pl. The
DNA samples (purified PCR products) were directesggged in an ABI 3730XL automated
sequencer using the sequencing service of EurdflWéG Operon Ebersberg, Germany
(http://www.eurofinsdna.com/ Next, sequences were compared with others in GekB

database using BLAST program.The sequence datadepiesited in GenBank.

2.2.8. Hot water treatment

“When a pathogen is excluded from the propagatirgenal (seed, tubers, bulbs, nursery
stock, grafts, and cuttings) of host, it is oftessgible to grow the host free of that pathogen
for the rest of its life” (Agrios, 2004).Vegetatiygopagating material free of pathogens that
are systemically distributed throughout the plafvisuses, viroids, and phytoplasmas) is
obtained from mother plants that had been tested swown to be free of the particular

pathogen or pathogens. Furthermore, the new phaast be grown in pathogen- and vector-

free soil and then be protected from airborne wscto

Phytoplasma may be transmitted by the propagatiagtions and or cutting collected from
diseased plant. Therefore, in vegetatively propahatops like sugarcane; phytoplasma can
be readily spread to new locations through infestedh cutting if suitable precautions are not
taken. These precautions include cold- and hotregatment and tissue culture (Parmessur
et al., 2002).
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A hot water treatment is an effective method far ttontrol of number of plants pests and
diseases (plant pathogens) including phytoplasmas.

Hot water treatment (HWT) has been proposed si®é® by Caudwell at 30°C for 72 h in
order to cure dormant woody plant material from tpplasmas. Afterward other works
showed the effectiveness of the treatment agalestet pathogens (Lherminier et al., 1990;
Tassart-Subirats et al., 2003). However, (HWT) mioist carefully applied because may
interfere with the vitality of plant material. ThugHWT) of dormant canes or plants aims at
phytoplasma elimination without any alteration lnreit vegetative development capacity. In
addition the treatment demonstrates a positiveceffé sanitation against several bacterial

diseases, pests and insects (including eggs) whaghbe present on plant material.

2.2.8.1. Preparation of the plant material prior tothe hot water treatment

Infected plants or dormant propagative organs catotally freed of phytoplasmas by heat
treatment. Infected plants are kept in growth chemmtat 30°C to 37°C for several days,

weeks, or months; but dormant organs are immershdtiwater (Agrios, 2004).

Soaking induces a thermal shock susceptible of fyiadithe physiological state of the plant
material (breaking of bud dormancy, inducing sterbggses). Therefore, in order to prevent a
poor vegetative development, the plant materiallshbe thermally prepared to the treatment
by storage for 12 to 48 hours at room temperatareaihumid and aerated chamber.
Furthermore, the temperature after immersion aedrémmtment duration should be respected
and after treatment, the plant material shoulddbietd set back to room temperature (avoid
direct contact with cold water).

2.2.9. Sugarcane aphid transmission test

2.2.9.1. Insect rearing

Melanaphis SacchafiSugarcane aphid) insects were provided from Hasland.

Colonies ofMelanaphis Sacchamvere established on phytoplasma-infected suganuianés.

2.2.9.2. Plant material

All test plants raised from single-eye setts thed heceived cold- and hot-water treatment or

hot-water treatment were negative (phytoplasma) fvdeen tested by nPCR prior to being

33



Material and Methods

used in transmission studies and all plants wighicel symptoms of YLS that were used as

source plants for the acquisition-access feeds prengously tested positive for phytoplasma.

2.2.9.3. Transmission tests

Phytoplasma-infected sugarcane plants were traedféo cage and the insects were given
acquisition-access feeding on this fresh sugarteenges. After 45 days, (acquisition period
and latency period), phytoplasma-free plant weamsferred into the cage for inoculation
feeding and these plants were kept for about 3 Insoatter inoculation and then tested for

phytoplasma infection. The transmission tests wepeated twice.

2.2.10. Q-PCR (real-time PCR) assay

Most universal as well as specific phytoplasma wiesgic protocols rely on nested PCR,
which, although extremely sensitive, is also tinoesuming and poses risks in terms of carry-
over contamination between the two rounds of ameglifon (Weintraub and Jones, 2010).

Despite the development of protocols which overconust the difficulties of phytoplasma
diagnosis, the detection of these pathogens i$ tiite laborious. Q-PCR offers the
opportunity to detect these pathogens in a seesand specific manner, bypassing all post-
PCR manipulations. Therefore, direct gPCR has tbceaplaced the traditional PCR in
efforts to increase the speed and sensitivity ¢éaton and to improve techniques for mass
screening (Weintraub and Jones, 2010). During aRgR@, accumulation of newly generated
amplicons is monitored at each cycle by fluoresaggtiection methods. The amount of
fluorescence, monitored at each amplification cycie proportional to the log of
concentration of the PCR target, and for this reageCR is also a powerful technique for the

guantification of specific DNA.

2.2.10.1. Methods of monitoring DNA amplificationn gPCR

The first method is fluorescent dygsg. SYBR Green 1).This double-stranded DNA binding
dye emits a strong fluorescent signal when bindindouble-stranded DNA. Therfore, during
each subsequent PCR cycle more fluorescence sigihdle detectedFigure.2.4). The main
disadvantage of using a dye such as this is thk tHc specificity. Therefore, wide
optimization is required in this method. SYBR® Grdedye chemistry is not supported for

plus/minus assays such as diagnosis of phytoplasmas
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8 8 g 8 8 £3 Unbound SYBR Green |
8 J 8 1 Bound SYBR Green|

Figure.2.4. Diagram illustrating of SYBR Green during PCR amplification. Figure taken from BIO-RAD

gene expression getaway.

The second method is fluorescent probes includyaydiysis (TagMan) probes.

In this method, the hydrolysis probe is labellethvé quencher fluorochrome, which absorbs
the fluorescence of the reporter fluorochrome ag las the probe is intact. However, upon
amplification of the target sequence, the hydralysiobe is displaced and subsequently
hydrolyzed by the Taq polymerase. This resulthendeparation of the reporter and quencher
fluorochrome and consequently the fluorescence hef rieporter fluorochrome becomes

detectableg(Figure.2.5). During each consecutive PCR cycle thiorescence will increase

due of the progressive and exponential accumulatidree reporter fluorochromes.
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During annaaing, the Taghlan probe binds to the

farget sequencea
' Extension
@ During extension, the proba 1S partialy displaced

and the reportar 5 cleaved, The fres reportsr

', flucrasces

- = e FReportar
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Figure.2.5.Diagram illustrating of TagMan probe chemistry mechanism. Figure taken from BIO-RAD gene

expression getaway.

The main advantages of using TagMan probes indhigle specificity, a high signal-to-noise
ratio, and the ability to perform multiplex reacts Specific amplification of target sequences
is directed by custom designed primers and probas first degree of specificity is achieved
by the combination of amplification primer sequesicAn additional degree of specificity
results from a probe that hybridizes to a regiomaéleic acid sequence that identifies the
microbe of interest. Therefore, TagMan probes hee rhost commonly used ones for the

diagnosis of phytoplasmas.

2.2.10.2. Detection of phytoplasma based on TagMa&®CR assays

Q-PCR assays were performed in optical 96-welleglatith optical adhesive covers using a
Bio-Rad iCycler thermal cycler (My iQ Optical Modylin a total volume of 50 ul or 20 pl,
including 5 ul or 2 pl respectively of DNA extradisoncentrations were 100 to 200 ng/ul)
and TagMan core reagents consisting of SensiMprabe (2X) kit (BIOLINE) or SsoFast
Probes Supermix kit (BIO-RAD). All primers wereeglsat a final concentration of 400 nM
and all probes at a final concentration of 100 @W.primers and probes, which previously
designed (Christensen et al., 2004) (Table 2.7Fagdre.2.6), were synthesized by Eurofins
MWG /operon (Ebersberg, Germany), and all probeseviablelled at the ®Bnd with the
fluorescent dye 6-carboxyfluorescein (FAM) as régorand at 3 end with 6-
tetramethylrhodamine (TAMRA) as fluorescent quemcheEach sample was tested in
triplicate and negative controls containing nucteiee water in the place of DNA were

included in all runs in order to test possible eomination. In additions, phytoplasma-infected
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periwinkle and phytoplasma-infected sugarcane Kit@4e used as positive controls for both
phytoplasma assay and plant assay. The thermahgyobnditions were 10 min at 95 for
one cycle as initial activation ; followed by 40ctgs each one consisting of two-step; 15 s

for denaturation at 3& and 1 min at 6@ for annealing and extension.

Table.2.7. Sequence of primers and probes used fdetection of phytoplasma and plant DNA (Christensen
et al., 2004).

Primer Phytoplasma 16S rRNA gene Plant 18S rRNA gene
or probe
Forward | 5'-CGTACGCAAGTATGAAACTTAAAGGA- | 5-GACTACGTCCCTGCCCTTTG-'3
primer '3
Probe 5-TGACGGGACTCCGCACAAGCG-'3 5'-ACACACCGCCCGGECTCC-'3
Reverse| 5-TCTTCGAATTAAACAACATGATCCA-'3 | 5-AACACTTCACCGGACQATTCA-
primer '3
Spacer region
>
5 16S _tRNA 23S 3’
- = ==
— > <«
£3 6
& a 2
T8 o
S50 bp
F-primer = forward primer for real time-PCR ; R-primer = reverse primer for
real time-PCR

Figure.2.6. Diagrammatic representation of genomic location ofgPCR primers and probe used for

phytoplasma detection.

2.2.11. Transmission Electron Microscopy (TEM)

To demonstrate phytoplasmas directly the magniboatand resolution of an electron
microscope is required, due phytoplasmas are manddacking a defined shape. Preparation
of thin sectioned resin-embedded samples and cdusmmg them by TEM enable both the
revealing of the phytoplasma in the vascular tissared studying the histological changes of

the affected plants.
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2.2.11.1. Preparation of thin sections

The resin used for embedding was similar to thedwseribed by Spurr (1969).

Small pieces of leaf midribs of infected and heafitants were fixed in 2% glutaraldehyde in
0.05 M phosphate buffer at@ overnight and then washed three times for 20imm05 M
phosphate buffer. Tissues were then post-fixed%n ddmium tetroxide (OsO4) in 0.05 M
phosphate buffer at°@ for overnight and then washed three times fom#0 in ddH,0.
Tissues were then dehydrated in a graded acetares €25, 50, 70, 96, and 100%) and
infiltrated in Spurr's low viscosity embedding medi (Spurr/ETOH 100%) as following:

1 part spurr to 3 parts ETOH for overnight
1 part spurr to 1 part ETOH for overnight
3 parts spurr to 1 part ETOH for overnight
100% spurr for overnight

Next polymerization as following:

40°C for 4 hours
50°C for 3 days

Ultrathin 60 nm sections were then cut with a diathdknife (type 38, Diatome, Biel,
Switzerland) on a Leica UCT ultra cut microtomeiflaeMicrosystems, Wetzlar, Germany).
Sections were post-stained for 10-15 min with 2 ¢arilylacetate in KD and for 8 min in
lead citrate (Reynolds, 1963). Samples were exaimime ZEISS 902 (Zeiss, Oberkochem)
electron microscope operated at 80 kV. Micrograplese taken using an Erlangshen
ES500W CCD camera 1350 x 1050 pixel (Gatan, Peasa@A) and Gatan Digital
Micrograph software (Version 1.70.16).
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3. Results

3.1. Establishment of the test for phytoplasma

“The polymerase chain reaction (PCR) incorporatmgllicute-specific oligonucleotide
primers derived from rRNA sequences made seleciwgplification of near full-length
phytoplasma 16S rRNA genes from mixtures with Ipbght DNA possible. By its simplicity
of application and superior sensitivity, PCR gujcklecame established as the method of
choice for detection and diagnosis of phytoplasnseases” (Mishra, 2004). Moreover,
serology and DNA tests have been developed forndisig of phytoplasma diseases in
sugarcane (Ratana, 2001; Srivastava et al., 2@@3hese techniques, PCR testing was found
to be the most sensitive and reliable.

3.1.1. PCR for detection of phytoplasma

Because a single round of PCR was not able to d&iectiter phytoplasma infection, a
second round of PCR was necessary. A nested PQRaappis often needed for detection of
phytoplasmas (Schneider and Gibb, 1997) when tloeyroat low levels or are distributed
unevenly in their plant hosts (Goodwin et al., 1;98ddersen et al., 1998). Poor amplification
of target DNA by direct PCR is sometimes attribuieihhibitors present in host plant tissues
(Cheung et al., 1993; Schneider and Gibb, 199Neréfore the technique of nested PCR had
been developed (Snounou et al., 1993; Kirkpatricd.¢ 1994; Heinrich et al., 2001) in which
a phytoplasma-specific stretch of 16S rRNA genenmplified with primers in a first round,
and then an internal part of this amplicon is afrgaifurther in a second round with primers
binding specifically to internal sequences of tivstdround amplicon. Thus only the true
positives which were generated by the first rouredfarther multiplied, not however possible
false positives.

In our lab, samples of DNA from phytoplasma-infectperiwinkle (obtained from Dr.
Seemililler, Dossenheim, Germany, and from Dr. BeirigcBologna, Italy) were used as
positive controls, whereas first round amplicon aedond round amplicon of water control
samples (instead of extracted DNA) were used astivegcontrols. The separation of the
second round amplicons on agarose gels showedrabdad at the expected size of 1.2 kbp
for the positive controlising the primer pairs combination (P1/P7 and Rb@R26R?2), and

no bands for the water controls (Figure.3.1).
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In another experiment, DNA of the positive contwas diluted by increasing quantities of
DNA which had been extracted from sugarcane leafgsdants which were known to be
phytoplasma-free. The purpose was to test, whettpounds from sugarcane leaves may
possibly inhibit the amplification of phytoplasm&3 rRNA gene. The sugarcane extract by
itself did not give an amplicon. The positive cahBample always yielded a positive signal,
even when diluted up to 40-fold by sugarcane DNw&, 50-fold dilution with sugarcane DNA
did not give an amplicon anymore (Figure.3.1).

-—
-—
-
-
-
-

Figure.3.1. Nested PCR-products of positive and natijve controls and of a positive control, which was
mixed with increasing amounts of sugarcane DNAThe positive control (pos. c.) was a sample of Acam
aster yellows phytoplasma grown in periwinkle (at¢a from Dr. Bertaccini, Bologna). The water cohtt+2
was with water instead of DNA in the first PCR rduand further amplified in the second PCR roundteia

control 2 contained water instead of first roundpticon. The sugarcane DNA was from Egyptian cufti{@h-

8013) which had been shown to be phytoplasma-free (sagarc.) using the primer pairs combination (P1/P7
and R16F2n/R16R2). The marker (M) was DNA GeneRLUBEr bp plus (MBI Fermentas). The arrows point to
the phytoplasma-specific band of 1.2 kbp.

Though PCR analysis is routine technique for phigspa detection, it's still meeting some
difficulties, at least with some primers: severalmer pairs and their combination are
recommended (Heinrich et al., 2001). In our labRP&3say was carried out with different
primer pairs combination. To amplify region thatludes the 16S rRNA gene, the spacer

region and the start of 23S rRNA gene of the phgiapa genom& herefore, each sugarcane
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sample was investigated for phytoplasma by using feested-PCR assays which were
numbering as following: (1), (1), (lll) and (IV)The primer pairs and their sequences which
used in each assay were mentioned at material atitbas chapter.

3.1.2. Sources of sugarcane samples

Sugarcane samples, which were investigated in alyrwere obtained from different areas
and different dates. Some of them were obtainedstam cuttings and grown in the
greenhouse while others were harvested and comkas/air-dried leaves. Most of them are
showing sugarcane yellow leaf syndrome symptomsredse others were symptomless
(Table.3.1).

Table.3.1. Original sources of sugarcane samplellost of sugarcane samples were obtained from Hawai
Islands while others from Thailand. In additionreosugarcane samples were taken from Cuba and e/itht
area including Egypt and Syria. Some of them wdrained as stem cuttings and grown in the greemhous

whereas others were collected and conserved asiad{eaves.

Original source Location Date of getting Type of sugarcane
sugarcane samples sample
Hawaii Breeding station of 2003 Stem cuttings
HARC in Maunawili
Hawaii Plantations 2009 Sun-dried leaves
(Maui and Kauai)
Hawaii Former plantation 2009 Sun-dried leaves
fields (Maui, Kauai
and Hawaii)
Hawaii Breeding station of 2010 Sun-dried leaves
HARC in Maunawili
Hawaii Close to former 2011 Sun-dried leaves
plantation fields in
Hawaii
Hawaii Breeding station of 2011 Sun-dried leaves
HARC in Maunawili
Hawaii plantation 2011 Sun-dried leaves
(Maui)
Thailand Farmer fields 2010 Sun-dried leaves
(Bang Phra)
Thailand Breeding station 2010 Sun-dried leaves
(Khon Kean)
Thailand Farmer fields 2011 Sun-dried leaves
(Suphan Buri)
Cuba Breeding station 2005 Stem cuttings
Egypt Breeding station 2008 Stem cuttings
Syria Farmer fields 2008 Stem cuttings
(Baniyas)
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3.2. Phytoplasma in sugarcane in Hawaii, Cuba, Egy@nd Syria

Six sugarcane cultivars from Hawaii were obtained2D03 as stem cuttings from the
breeding station of HARC in Maunawili, Oahu , thi8€YLV-susceptible cultivars (H87-
4094, H73-6110, H65-7052) and three SCYLV-resistamtivars (H78-7750, H78-4153,
H87-4319).

These stem cuttings were grown in greenhouse ofetsity of Bayreuth. In addition,
cultivars from Cuba were obtained from Dr. Ortegapana, in 2005 also as stem cuttings
and grown beside Hawaiian samples. Cultivars fraggpE were obtained as stem cuttings
from the University of Gizah in 2008. The cultidabom Syria was obtained as stem cuttings
in 2008 from a farmer’s field near Baniyas. Thesfjo@ was as the followingAre these

obtained sugarcane samples infected with phyto@&sm

3.2.1. Phytoplasma detection by nested-PCR assay éhd identification by RFLP

DNA was extracted from source leaves and testeghtigtoplasma by nested-PCR assay (1)
with primer pairs (P1/P7 and R16F2n/R16R2) in 20808 cultivars contained phytoplasma
showing an amplicon at 1.2 kbp, although appareatldifferent titres, for example H73-
6110, a strongly SCYLV-infected cultivar, had ordylow SCYLP-titre (Figure.3.2). The
Cuban cultivars (C10-5173, CP43-62, JA60-5) and aulgvar from Egypt (G84-47) was
also infected by phytoplasma, although apparertty law titre, not however the cultivar Gt-
954 and Ph-8013 from Egypt and the plant from Sffigure.3.3). The results with cv. Gt-
954, Ph-8013 and the Syrian cultivar thus werengportant negative control, showing that
there is no DNA sequence in the sugarcane genonehwives a false positive signal with

this primer pair.
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Figure.3.2. Phytoplasma in Hawaiian and Cuban sugaane cultivars.DNA prepared from leaves of the
indicated cultivars was tested with primers P1/R¥ R16F2n/R16R2. The positive control (pos. c1) was
phytoplasma aster yellows from periwinkle obtaifredn Dr. Seemuller, Dossenheim, pos.c2 was physopéa
aster yellows from periwinkle obtained from Dr. Bercini, Bologna. The water control 1+2 was withtera
instead of DNA in the first PCR round and furtherpdified in the second PCR round. The marker MDA
ladder FastRuler Middle range (MBI Fermentas, fragtsizes: 4, 2, 1, 0.5 kbp).The arrows point & th
phytoplasma-specific band of 1.2 kbp.

M2 G84-47 Gt-954 Ph-8013 W  Syriancv.

Figure.3.3. Phytoplasma in Egyptian and Syrian sugaane cultivars. DNA prepared from leaves of the
indicated cultivars was tested with primers P1/R¥ R16F2n/R16R2. Re-amplification of aliquot o6fiPCR
water control with nested primer combination isane W. The marker M2 DNA GeneRuler 1kb (MBI
Fermentas). The arrows point to the phytoplasmaipéand of 1.2 kbp.
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Restriction fragment analysis had been successapiglied to differentiate between the
phytoplasma strains (Kirkpatrick et al., 1994; letal., 1998; Valiunas et al., 2007).

The amplicons of the second round of PCR (I) wengested to three restriction enzymes
which were diagnostic for the phytoplasma straibe obtained RFLP patterns were
compared with those previously published by Leealet 1998. The restriction patterns

identified the phytoplasma from Hawaiian cultivargl from one Cuban cultivar as belonging
to the Aster yellows phytoplasm&a. Phytoplasma astefiswhereas the phytoplasma from
the Cuban cultivar CP4362, which originally hadrbéeed in Canal Point, Florida and from
JAGB05, belonged to the Western X-disease phyto@d€a. Phytoplasma pruhi However,

a second profile was clearly visible in the gelsmme Hawaiian sugarcane cultivars that
indicate to the possible presence of phytoplaselased to rice yellow dwarf group (16SrXI),

“ Ca. Phytoplasma oryzae(Figure.3.4 and Table.3.2).
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Figure.3.4. Restriction fragment analysis of PCR psducts from Hawaiian and Cuban sugarcane cultivars
containing phytoplasma. The nested-PCR products were amplified with pramBi6F2n/R16R2 following
digestion with Rsal (a), Hpall (b) or Kpnl (c) asdparated on 5% polyacrylamide. The positive cts(ster
yellows and Western X-disease) were used as refeseThe black arrows indicate to second profilécivh
reveals possible presence of rice yellow dwarf (X6Sphytoplasmas as mixed infection .The marker) (i1
Mass Ruler DNA Ladder, low range (MBI Fermentaggfment sizes 1031, 900, 800, 700, 600, 500, 400, 3
200, 100, and 80 bp.
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Table.3.2. Results of nested-PCR assay (I) and idditation of phytoplasmas based on RFLP analyses.
Two phytoplasmas were identified in mixed infectiarsome Hawaiian sugarcane cultivars: one relatesbter
yellows group (16Srl) while the other tentativebtated to rice yellow dwarf group (16SrXl). +, pbptasma

detected.

Sugarcane varieties| Original source Detection of Phytoplasma group
phytoplasma in 2008 based on RFLP
based on PCR assayanalyses of 16S rRNA

() gene
H87- 40 94 Hawaii + Aster yellows
C10-5173 Cuba + Aster yellows
H78- 77 50 Hawalii + Aster yellows and rice
yellow dwarf
Cp- 4362 Florida + X-disease
H78- 41 53 Hawaii + Aster yellows and ricg
yellow dwarf
H73-61 10 Hawaii + Aster yellows and ricg
yellow dwarf
H65- 70 52 Hawalii + Aster yellows and rice
yellow dwarf
JA-605 Cuba + X-disease
H87- 43 19 Hawaii + Aster yellows and ricg
yellow dwarf
H87- 40 94 VF Hawaii + Aster yellows

3.2.2. Phytoplasma detection by nested-PCR assal) @nd identification by RFLP

Oligonucleotide primers used for nested-PCR asBaywére (SN910601/P6) for first-PCR
and (R16F2n/R16R2) for nested-PCR. Hawaiian, Eggpand Syrian sugarcane samples
grown in greenhouse were tested by this PCR agsaprding to this analyse four Hawaiian
cultivars, two Egyptian cultivars and Syrian cudivwere negative for phytoplasma
(Figure.3.5Table.3.3 and 3.4).
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4153 4319 7052 6110 7750 4094 M

1,2kb

G8447 |\ GT549 >h8013 Syria

1,2kb

Figure.3.5. Nested-PCR assay (ll) products (1.2kb)amplified with primers (SN910601/P6,
R16F2n/R16R2).(a): Hawaiian sugarcane samples grown in greenhqb¥eEgyptian and Syrian sugarcane
samplesThe marker M was GeneRuler 100 bp plus (MBI Fera®ntThe arrows point to the phytoplasma-
specific band of 1.2 kb. According to this analysi® Hawaiian sugarcane cultivars H78-4153 and K8¥9

and one Egyptian cultivas8447 were positive for phytoplasmas.

Products of nested-PCR assay (ll) were analyzedRBYP analysis using single enzyme
digestion with restriction endonucleases (Hpall Ms®l). The obtained RFLP patterns were
compared with those previously published by Leal.et1998. According to this digestion the
Hawaiian cultivars H78-4153 and H87-4319 contaigtpplasmas fall in aster yellows group
(Figure.3.6; a andable.3.3) whereas Egyptian cultiv@B447 infected with phytoplasma
belongs to rice yellow dwarf group (Figure.3.6; tdarable.3.4). However, further RFLP
analysis is required to differentiate if this phgimssma belongs to sugarcane white leaf strain

(SCWL) or sugarcane grassy shoot one (SCGS).
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H87-4319 M H87-4319 M H78-4153 M H78-4153

Hpall Msel Hpal Msel

G8447 M G8447 M
Figure.3.6. RFLP profiles of nested-PCR assay (ll)

products. These products amplified with primer pair
(SN910601/P6, R16F2n/R16R2) of Hawaiian sugarcane
samples(a) and Egyptian sugarcane samp{b¥ grown in
greenhouse following single enzyme digestion widpdll

and Msel) and separation on 2% agarose gel. Thikembt
wasGeneRuler 100 bp plus (MBI Fermenta&¢cording to
this digestion the Hawaiian cultivars H78-4153 ai@l7-

4319 contain phytoplasmas fall in aster yellowsugnahile

in Egyptian cultivaiG8447 falls in rice yellow dwarf group.

Hpal Msel

3.2.3. Phytoplasma detection by nested-PCR assailX|

Oligonucleotide primers used for nested-PCR asdayere (MLO-X/MLO-Y) for first-PCR
and (P1/P2) for nested-PCR. According to this as®algll Hawaiian cultivars, one Egyptian
(G8447) and Syrian cultivar were positive for thhegence of phytoplasma but not the other
two Egyptian cultivars (Figure.3.7, Table.23d 3.4).
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Figure.3.7. Nested-PCR assay (lll) products (0.2kkamplified with primer pair (MLO-X/MLO-Y, P1/P2).
(a): Hawaiian sugarcane sampldgb): Egyptian sugarcane samplds): Syrian sugarcane sample grown in
greenhouse. Re-amplification of aliquots of fir&@RPwater controls with nested primer combinatiomiarlanes

W. The marker M was GeneRuler 100 bp plus (MBI Fetas).The arrows point to the phytoplasma-specific
band of 0. 2 kb.

3.2.4.Phytoplasma detection by nested-PCR assay (IV) andentification by RFLP

Oligonucleotide primers used for nested-PCR asgaydre (U-1/MLO-7) for first-PCR and
(MLO-X/MLO-Y) for nested-PCR. According to thesetdahe primers used in this assay
could not detect phytoplasmal DNA present in aliMdaan cultivars which were positive for
phytoplasma as mentioned above (Table.3.3). Pladaml DNA in Syrian and one Egyptian
cultivar (G8447) was detected with this primer g&igure.3.8 and able.3.4)
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M Gt549  G8447 Ph8013 wW W Syr M

0.7kb

0.7kb

Figure.3.8. Nested-PCR assay (IV) productsProducts (0.7kb) were amplified with primers (U-1L/G}7,
MLO-X/MLO-Y) obtained from Egyptian (Gt549, Ph80Ehd G8447) and Syrian (Syr) sugarcane samples
grown in greenhouse. Re-amplification of aliquoficdt PCR water control with nested primer combimis in

lane W. The marker M was GeneRuler 100 bp plus (M&mentas).

Products of nested-PCR asqdy) were analyzed by RFLP using single enzyme digestio
with restriction endonucleas (Hinfl). Rely on thiLP analysis, phytoplasma strain of
sugarcane white leaf (SCWL) can be differentiatesnf phytoplasma strain of sugarcane
grassy shoot (SCGS) within the rice yellow dwaidug. The obtained RFLP patterns were
compared with those previously published by Hankoag et al., 2002. According to this
digestion the Egyptian cultivg58447) infected with phytoplasma strain of sugagcgrassy
shoot (SCGS) but Syrian cultivar contains non-idiexat phytoplasma strain within the rice

yellow dwarf group as indicated by DNA sequencinglgsis (Figure.3.9 antiable.3.4).

Figure.3.9. RFLP profiles of nested-PCR assay
(IV) products. Products (0.7kb) amplified with
primers (U-1/MLO-7, MLO-X/MLO-Y) of
Egyptian (G8447) and Syrian (Syr) sugarcane

G8447 M

samples following single enzyme digestion with
(Hinfl). The marker M was GeneRuler 100 bp

plus (MBI Fermentas). Arrowheads indicate to

0.5 kb

0.4 kb
non-specific bands. According to this digestion

0.3 kb the Egyptian cultivar (G8447) infected with
phytoplasma strain of sugarcane grassy shoot
0.2 kb (SCGS) whereas Syrian one contentaon-

identified phytoplasma strain.
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Figure.3.10. DNA amplified by nested-

1.5 kb PCR with primers U-1/MLO-7 then
1.0 Kb primers MLO-X/MLO-Y and digested
with Hinfl. 1, phytoplasma from insect
vector; 2, sugarcane white leaf;, 3,
= sugarcane grassy shoot; 4, bermuda grass
white leaf; 5, brachiaria grass white leaf; 6,
0.3 kb crowfoot grass white leaf; M, 100 bp

ladder. (Figure taken and adapted from
Hanboonsong et al., 2002).

Table.3.3.Phytoplasma in Hawaiian sugarcane samplesesults of phytoplasma detection based on nested-
PCR assays (Il), (Ill) and (IV) of Hawaiian sugareasamples grown in greenhouse and identificatiemt
based on RFLP analyses of nested-PCR assay (i ushgle enzyme digestion with (Hpall and Msel).
+,phytoplasma detected; -, phytoplasma not detected

Sugarcane| phytoplasma| Phytoplasma| phytoplasma| phytoplasma
cultivar detection group based detection detection
based on on RFLP of based on based on
PCR assay | PCR assay PCR assay PCR assay
({0)) (n (1 (V)
H65-7052 - - + -
H73-6110 - - + -
H78-4153 + Aster yellows + -
H78-7750 - - + -
H87-4094 - - + -
H87-4319 + Aster yellows + -
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Table.3.4. Phytoplasma in Egyptian and Syriarsugarcane samplesResults of phytoplasma detection based
on nested-PCR assays (ll), (IIl) and (IV) of Eggptiand Syrian sugarcane samples grown in greentantse
identification them based on RFLP analysis of te&t€R assay (Il) using single enzyme digestion \@tpall
and Msel). And RFLP analysis of nested-PCR ass®y (ising single enzyme digestion with (Hinfl) to

differentiate rice yellow dwarf group to strains.phytoplasma detected; -, phytoplasma not detected

Sugarcane | phytoplasma| Phytoplasma| phytoplasma| phytoplasma| Phytoplasmal
cultivar detection group based| detection detection strain based
based on on RFLP of based on based on | on RFLP of
PCR assay| PCRassay| PCRassay| PCRassay| PCR assay
() (I1) using (1 (V) (IV)using
(Hpall and (Hinfl)
Msel)
Gt549 (Egypt) - - - - -
G8447(Egypt) + Rice yellow, + + Grassy shoo
dwarf
Ph8013(Egypt) - - - - -
Unknown - - + + unknown
cultivar (Syria)

3.3. Phytoplasma in sugarcane in Hawaiian plantatios (2009)

As shown above, plants which were obtained from Hasvaiian breeding station were
infected by phytoplasma of the Aster yellows andeRyellow dwarf types. The plantations
obtained the cultivars from the breeding statiamiloftved by several cycles of field testing
and multiplication. The question was whether thedfiplants also contained phytoplasma.
Ratooning is not practiced in Hawaiian sugar industherefore the cultivars had been
subjected to successive hot water treatments atganting in the seed cane field and at each
planting in the crop fields. However, different {@enature regimes and durations are used for
the hot water treatment, for example the HC&S p@iaoh uses 50°C for 2 h for the seedcane
field setts, and 52°C for 20 min for the crop fisklts. According to our data, the latter may
be too short to eliminate possible phytoplasmactide. Furthermore, it is unknown how
muchde novoinfection occurred by phytoplasma vectors, e.d & plant hoppers, which
are plenty in plantation fields. More than hundpdaint hopper species have been described
from the Hawaiian Islands (Asche, 1997), most eimihendemic. Their potential to serve as
phytoplasma vectors is unknown, however at leastieaf hopper species in Hawaii is known
to transmit phytoplasma to water cress (Borth e28l06). Source leaves were collected from
plantations from two islands (G&R in Kauai and HC&BMaui). All samples were from
cultivar H65-7052, a cultivar which is infected BCYLV and expresses highly variable
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grades of YLS-symptoms. Symptomatic plants witHoyelmidribs may be found next to
perfectly green plants without any obvious differes in soil and climate conditions.
Therefore the possibility was envisaged that thepgmatic plants may contain phytoplasma
in addition to SCYLYV, either by insufficient thertt@rapy or byde novoinfection. Leaves
from young plants and from adult plants of up ton2onths of age were tested. According to

our investigation most of them contained phytoplagirable.3.5).

Plant material from the plantations had been sigddand later oven-dried to remove
possible residual humidity. The intactness of thldADwas tested with the cytochrome
oxidase (COX) gene as positive control. The prinferscCOX were COX-1 (5- CCG GCG
ATG ATA GGT GGA -'3) as forward primer and COX-2 {%5CC AGT ACC GGA AGT
GA -'3) as reverse primer (the sequences were imdbvided by Dr. J. Hodgetts,
Nottingham, UK). The PCR program was 95°C 4 mip°(® 45 sec, 55°C 45 sec, 72°C 80
sec) x 30 cycles, 72°C 10 min. This generates gpliaom of approximately 400bp.
Figure.3.11shows that the control gene was clearly amplifiesinf the DNA preparation of
the dried leavesThere was plenty amplicon of the correct size,dftge the absence of the
phytoplasma amplicon in some samples from the almms cannot be accounted to

destruction of DNA during the drying process.

Figure.3.11. Amplification of the cytochrome oxidas
(COX) sequence of DNA from dried leavesTo test
whether the drying had destroyed too much DNA, the
extracted DNA was also tested for cytochrome oxdas
(COX) as control gene. DNA was extracted from
sugarcane leaves and amplified by PCR to yieldCab40
400bp amplicon, which was separated on 1% agarose. The
samples K1-1 to K1-3 from Kauai plantation, both ai
dried and then oven-dried. The positive controls(p9

was from air-dried sugarcane leaves. The marker (M)
was DNA GeneRuler 100 bp plus (MBI Fermentas). The

pn' @’0’ Qo‘:' M w.c  arrow points to the COX-specific band of 400 bp.

o>
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3.3.1. Phytoplasma detection and identification

Four nested-PCR assays (I), (), (lll) and (IV)reraised to investigate the phytoplasma in
sugarcane samples from Hawaiian plantation. Howew@iproducts were obtained except in
PCR assay (lll). The sequencing of some products/eti the presence of rice yellow dwarf
phytoplasma (Figure.3.1#hd Table.3.5).

M1 M2 M3 M4 m7 M8 K1-1 K1-2 K1-3 K1-4 K1-5 M

210b
0.2kb

Figure.3.12. Phytoplasma inKaui and Maui plantations sugarcane samplesNested-PCR assay (lIIl)
products (0,2 kb) amplified with primers (MLO-X/ML®, P1/P2). The samples M1 to M8 were from Maui and
K1-1 to K1-5 from Kaui.
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Table.3.5 Phytoplasma in Hawaiian plantations sugarcane sames (2009)Results of phytoplasma
detection based on nested-PCR assays (l), (II),afid (IV) of sugarcane samples obtained from Hiana
plantations as sun-dried leaves and identificati@m based on DNA sequencing analysis of nested-d3S&y
(111 using the nested primer pair (P1/P2). Accaglto the DNA sequencing analysis these sugaraneles
contain rice yellow dwarf phytoplasmas. +, phytepha detected; -, phytoplasma not detected. Thesglas
were collected from plants of cultivar H65-7052. Haanples (K1-1 to K1-5) from Kauai were collecteaht
G&R plantation (4-5 km west of Olokele) while thengples (M1 to M8) from Maui were from HC&S plantati
(fields 702, 500, 608 and 809, all south-east afrfeme). In each case 3 leaf samples from 3 diffqriamts
were tested.

Location, Leaf condition phytoplasma | phytoplasma Phytoplasma
age of plant detection based detection based group based on
on PCR assay on DNA
(0, (I and (1V) PCR assay sequencing of
(1) PCR assay (llI)
(P1/P2)
Kauai
(H65-7052)
3 months Green leaves - -
K1-1
13 months Green leaves - -
K1-2
“ YLS - -
K1-3 symptomatic
23 months Green leaves - + Rice yellow
K1-4 dwarf
“ YLS - + Rice yellow
K1-5 symptomatic dwarf
Maui
(H65-7052)
4 weeks Green leaves - + Rice yellow
M1 dwarf
3 months Green leaves - + Rice yellow
M2 dwarf
9 months Green leaves - + Rice yellow
M3 dwarf
“ YLS - + Rice yellow
M4 symptomatic dwarf
20 months Green leaves - + Rice yellow
M7 dwarf
“ YLS - + Rice yellow
M8 symptomatic dwarf

3.4. Phytoplasma in sugarcane in Hawaiian former pintation fields (2009)

Many Hawaiian sugarcane plantations went out oin@ss in the past decades, but some
sugarcane plants survived in the former sugardatdsfup to now due to the tropical climate
and the perennial growth mode of sugarcane. ThHasgspvere standing on their places in the

wild, in some cases since more than 30 years witteplanting and thermotherapy (Komor et
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al. 2010) and they may have become infected bygpggma in case that the appropriate
insect vectors were present. Samples of the uptrimidy unfolded leaves of plants found in

former plantation fields were collected, sun-dréedi tested for phytoplasma.

3.4.1. Phytoplasma detection and identification

The extracted DNA from these samples gave amplifinaonly with primer pairs of PCR
assay (lll). The obtained amplicons were sequengedrder to identify the phytoplasma
(Figure.3.13 and Table.3.6).

M10 M11 M12 M13 H1 H2 H3 H4 M W w K2 K3 K4 K5 M W ow

Figure.3.13. phytoplasma in formerHawaiian plantations sugarcane sample$2009). Nested-PCR assay
() products (0,2kb) amplified with primers (ML&MLO-Y, P1/P2). The samples M10 to M13 were from
Maui plantation, H1 to H4 were from Hawaii plantetj K2 to K5 from Kauai, all as air-dried and theven-
dried. Re-amplification of aliquots of first PCR t@acontrols with nested primer combinations artaires W.
The marker (M) was DNA GeneRuler 100 bp plus (MBtentas).
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Table.3.6. Phytoplasma in sugarcane samplesrom former Hawaiian plantations (2009). Results of
phytoplasma detection based on nested-PCR assdydamiification based on DNA sequencing of nefR&@R
assay (Ill) using P1/P2. +, phytoplasma detecteghytoplasma not detected. The samples (H1 towte

from Hawaii while the samples (M10 to M13) werenfrdMaui and the samples (K2 to K5) were from Kauai.

Island and phytoplasma detection phytoplasma detection Phytoplasma group
collection site based on PCR assay based on PCR assay based on DNA
(0, (IH and (1V) (1 sequencing of PCR
assay (Il
(P1/P2)
Hawaii
H1 - + Aster yellows
H2 - + Aster yellows
H3 - + Aster yellows
H4 - + Aster yellows
Maui (H65-7052)
M10 - +
M11 - + Rice yellow dwarf
M12 - + Rice yellow dwarf
M13 - + Rice yellow dwarf
Kauai (H65-7052)
K2 - + Aster yellows
K3 - + Aster yellows
K4 - +
K5 - +

3.5. Phytoplasma in sugarcane in Hawaiian breedingtation (2010)

Six sugarcane cultivars from Hawaiian breedingiatabf HARC in Maunawili, Oahu were

sent from Dr. Zhu in 2010 as sun-dried leaves depto test for phytoplasmas.

3.5.1. Phytoplasma detection and identification

Only the primers of PCR assay (lll) amplified DNA these sugarcane cultivars. However,
the obtained bands were very weak, therefore; timbyof them were sequenced (Figure.3.14
and Table.3.7).

Figure.3.14. phytoplasma in Hawaiian

breeding station sugarcane samples(2010).
7052 6110 7750 4153 4094 4319 M w  Nested-PCR assay (lll) products (0.2kb)
amplified with primers (MLO-X/MLO-Y,
P1/P2) obtained from Hawaiian sugarcane
breeding station (2010) as air-dried samples. Re-
amplification of aliquot of first PCR water
control with nested primer combination is in
lane W. The marker (M) was DNA GeneRuler
100 bp plus (MBI Fermenta
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Table.3.7. Phytoplasma in sugarcane plants from Haaiian (Maunawili, HARC) breeding station (2010).
Results of phytoplasma detection based on nesté&ld¥Says and identification by DNA sequencing e
PCR assay (lIl) using P1/P2. +, phytoplasma deteefghytoplasma not detected.

Sample name phytoplasma phytoplasma Phytoplasma
detection based on| detection based on| group based on
n-PCR assay n-PCR assay DNA sequencing
(& (IN& (IV) (1) (P1/P2)
H65-7052 - + Rice yellow dwar
H73-6110 - + Aster yellows
H78-7750 - +
H78-4153 - +
H87-4094 - +
H87-4319 - +

3.6. Phytoplasma in sugarcane in Hawaiian breedingtation and plantations (2011)

In February 2011, sugarcane leaf samples were stad/drom different areas in Hawaiian
Islands including plantation HC&S, Maui and Maunlawireeding station. Then, these
sugarcane samples were sun-dried in order tohtegiresence of phytoplasm in our lab. Most
of these samples were taken from sugarcane plaetssteowing sugarcane yellow leaf

syndrome symptoms (Figure.3.15).

3.6.1. Phytoplasma in sugarcane in Hawaiian plantain

These plantations obtained the cultivars from theeding station of HARC in Maunawili,
Oahu, followed by several cycles of field testingd amultiplication. The question was if
phytoplasmas can be responsible for YLS in thiswak#on field and if there is significant
correlation between the presence of phytoplasma stmmlving sugarcane yellow leaf
syndrome since some samples were strongly or Bligaymptomatic while others
asymptomaticSamples from uppermost fully unfolded source ledr@®s plants of different
cultivars were collected in the plantation fieldsdlasun-dried. The samples from Maui were
from HC&S plantation (fields 702, 500, 608 and 888 south-east of Puunene). In each case
3 leaf samples from 3 different plants were tested.
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Figure.3.15. Sugarcane leaves
showing symptoms of infection
with yellow leaf syndrome (A) and
(B), compared with an uninfected
green leaf (C). Sugarcane yellow
leaf syndrome symptoms are caused

by several agents including

phytoplasma.

3.6.1.1. Phytoplasma detection and identification

DNA was extracted from source leaves and each sagarsample was investigated for the
presence of phytoplasma by using four nested-PCGRyas(l), (I), (Ill) and (V) with
different primer pair combinations as was clarifleefore. Only nested-PCR assay (lIl) gave
positive reactions. Our results showed that symptarand non- symptomatic plants contain
phytoplasma ((Figure.3.16 and Table.3.8)
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Table.3.8. Phytoplasma in sugarcane plants from Hawaiian HC&Splantation of Maui island, close to
Puunene (2011).Results of phytoplasma detection based on nest#l-&&ssays and identification based on
DNA sequencing of products of nested-PCR assayy$iing P1/P2. According to the DNA sequencing ysial
the sugarcane samples contain rice yellow dwarfqgigsma. +, phytoplasma detected; -, phytoplasota n

detected.

Order of Sugarcane phytoplasma phytoplasma Phytoplasma
Sugarcane | cultivar and Leaf| detection based| detection based| group based on
varieties condition on on DNA
PCR assay PCR assay sequencing
0, (1, (IV) (1)) (P1/P2)

- +

1 H65-7052,
6 months
Non-
symptomatic
2 H65-7052, - - -
6 months
symptomatic
3 H73-3567, - - -
4 months
Non-
symptomatic
4 H87-4319, - + Rice yellow
9 months dwarf
Non-
symptomatic
5 H87-4319, - +
9 months
slightly-
symptomatic
6 H86-3792, - + Rice yellow
6 months dwarf
Non-
symptomatic
7 H87-5794, - + Rice yellow
9 months dwarf
Non-
symptomatic

Figure.3.16. Phytoplasma in Hawaiian
HC&S plantation of Maui island, close to
Puunene (2011).Nested-PCR assay (lll)
products (0.2kb) amplified with primers
(MLO-X/MLO-Y, P1/P2) of sugarcane
samples obtained from Hawaiian plantation
HC&S, Maui, close to Puunene; (2011) as
sun-dried leaves. The marker (M) was DNA

GeneRuler 100 bp plus (MBI Fermentas).
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3.6.2.Phytoplasma in sugarcane in Hawaiian breeding station (2011)

Samples from uppermost fully unfolded source ledves 10 cultivars of sugarcane plants
were collected from HARC breeding station in Mauiia@ields A, B and P which are
widely distant from each other) and sun-dried foytpplasma investgation. Names of these
sugarcane cultivars are indicated in (Table.3M®ese cultivars were previously tested for
sugarcane yellow leaf virus (SCYLV) by Lehrer et, &001.The results of this test are
indicated in (Table.3.11).

3.6.2.1. Phytoplasma detection by nested-PCR asg#ly and identification

DNA was extracted and tested for phytoplasma byedeBCR assay (II). Most of these
sugarcane cultivars produced an amplicon at 1.2 &ltpough apparently at different titres
(Figure.3.17). Products of nested-PCR assay (Itewlégested with restriction endonucleases
(Hpall and Msel). The obtained RFLP patterns werenpared with those previously
published by Lee et al., 1998. According to thigedtion these Hawaiian sugarcane samples
contain phytoplasmas fall in rice yellow dwarf gpogFigure.3.18 and able.3.9).However,
further RFLP analysis is required to differentidtehis phytoplasma belongs to sugarcane

white leaf strain (SCWL) or sugarcane grassy sboet(SCGS) as mentioned before.
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Table.3.9. Phytoplasma in Hawaiian (Maunawili, HARC) breeding station sugarcane sampleg2011).
Results of phytoplasma detection based on nest&l-#®Say (lI) and identification based on RFLP asialy
usingsingle enzyme digestion with Hpall aiMkel. Sample numbers indicate to the order of sample®ki
figures (3.17) and (3.18). +, phytoplasma detectgohytoplasma not detected.

Samples number Samples name| phytoplasma detection Phytoplasma group
based on based on RFLP
PCR assay with Hpall andMsel
(In
1 H87-4094 field A11 +
2 H78-3567 “ + Rice yellow dwarf
3 H87-4319 “ +
4 H65-7052 “ +
5 H50-7209 “ + Rice yellow dwarf
6 H78-4153 “ + Rice yellow dwarf
7 H77-4643 “ + Rice yellow dwarf
8 H73-6110, field A22 +
9 H32-8560, field B31
10 H78-7750, field B62 +
11 H87-4319 “ + Rice yellow dwarf
12 H78-3606 “ - -
13 H77-4643, field +
Plla
14 H78-3606, field P11 - -
15 H50-7209, field P12 - -
16 H87-4319 “ +
17 H65-7052 “ - R
18 H78-7750 “ +
19 H73-6110, field P13 +
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1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17 18 19 W W W W

Figure.3.17. Phytoplasma detection in sugarcane sahes from Hawaiian (Maunawili, HARC) breeding
station (2011).Nested-PCR assay (I) products (1.2kb) amplifiethyirimers (SN910601/P6, R16F2n/R16R2).
Samples numbers and names are indicated in talflggBove. Re-amplification of aliquots of first RQvater
controls with nested primer combinations are ireklalV. The marker (M) was DNA GeneRuler 100 bp plus
(MBI Fermentas).

3567 7209 4153 4643 4319 6110 M 3567 M 7209 4153 4643

Figure.3.18. Phytoplasma identification in sugarca@ samples from Hawaiian (Maunawili, HARC)
breeding station (2011). RFLP profiles of nested-PCR assay (ll) product2kli) amplified with primers
(SN910601/P6, R16F2n/R16R2) following single enzydigestion with Hpal(a) and Msel (b). The marker M
was GeneRuler 100 bp plus (MBI Fermentas).

3.6.2.2. Phytoplasma detection by nested-PCR asg#ly) and (IV) and identification

According to PCR assay (lll) results most of thesgarcane cultivars were positive for
phytoplasma (Figure.3.19). This is also true folRP&ssay (IV) (Figure.3.20). Products of
PCR assay (IV) were digested with restriction endtease (Hinfl). According to this
digestion these Hawaiian sugarcane samples cophgitoplasma strain of sugarcane white
leaf (SCWL) (Figure.3.2andTable.3.10).
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Table.3.10. Phytoplasma in sugarcane samples fromakaiian (Maunawili, HARC) breeding station

(2011).Results of phytoplasma detection based on nest#tldssays (Ill) and (V) and identification based o

RFLP analysis of (IV) products using single enzydigestion with (Hinfl). Sample numbers indicateth®

order of samples in next figures (3.19 and 3.2Q)phytoplasma detected; -, phytoplasma not dedecte

Sample Sample Phytoplasma Phytoplasma Phytoplasma
name detection based o]  detection based on | strain based on
number PCR assay PCR assay RFLP with
(1) (V) (Hinfl )
1 H87-4094 + + Sugarcane whiteg
field A1l leaf
2 H78-3567 + + “
3 H87-4319 + + “
4 H65-7052 + + “
5 H50-7209 + + “
6 H78-4153 + + “
7 H77-4643 - + “
8 H73-6110 + + “
field A22
9 H32-8560 - - -
field B31
10 H78-7750 + + “
field B62
11 H87-4319 - - -
12 H78-3606 + + “
13 H77-4643 + + “
field P1la
14 H78-3606 + + “
field P11
15 H50-7209 - + -
field P12
16 H87-4319 + - “
17 H65-7052 - + -
18 H78-7750 + + “
19 H73-6110 + + “
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 w w ™

210bp
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Figure.3.19. Phytoplasma detection in sugarcane sahes from Hawaiian (Maunawili, HARC) breeding
station sugarcane sampleg2011). Nested-PCR assay (Ill) products (0.2kb) amplifiethwprimers (MLO-
X/IMLO-Y, P1/P2). Samples numbers and names areateld in(Table.3.10). Re-amplification of aliquots of

first PCR water controls with nested primer comborais in lanes W. The marker (M) was DNA GeneRule

100 bp plus (MBI Fermentas).

1 2 34 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 M W W

Figure.3.20. Phytoplasma detection in sugarcane sahes from Hawaiian (Maunawili, HARC) breeding
station (2011).Nested-PCR assay (IV) products (0.7kb) amplifiethygrimers (U-1/MLO-7, MLO-X/MLO-Y).
Samples numbers and names are indicate(lable.3.10). Re-amplification of aliquots of firBICR water
controls with nested primer combination is in lakésThe marker (M) was DNA GeneRuler 100 bp plu(M

Fermentas).
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4094 3567 4319 7052 7209 4153 4643 6110 7750 3606 4643 7209 7052 7750 6110 M Kb

Figure.3.21. Phytoplasma identification in sugarca@ samples from Hawaiian (Maunawili, HARC)
breeding station(2011). RFLP profiles of nested-PCR assay (V) productgke) amplified with primers (U-
1/MLO-7, MLO-X/MLO-Y) following single enzyme dig¢i®n with (Hinfl). The marker M was GeneRuler 100
bp plus (MBI FermentasRFLP patterns were compared with those previoushlliphed by Hanboonsong et
al., 2002.

Table.3.11.Presence of SCYLV in sugarcane cultivars in the HAR breeding station in 2001 and presence
of phytoplasma in these cultivars which collectechi(2011).SCYLV was assayed by tissue blot immunoassay

but the presence of phytoplasma was tested by&€®.

sugarcane cultivars SCYLYV detection based on| phytoplasma detection based

Tissue blot immunoassay on nested-PCR assay
H87-4094 + +
H78-3567 + +
H87-4319 + +
H65-7052 + +
H50-7209 + +
H78-4153 - +
H77-4643 + +
H73-6110 + +
H78-7750 - +
H78-3606 + +
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3.6.3. Phytoplasma in sugarcane in different areadose to former plantations

Original sources of these sugarcane samples ai@tad in (Table.3.12All these collected
sugarcane samples should show whether sugarcams piahe neighborhood of water cress
farming have phytoplasma. Except the sample frordegaof Dr.Lehrer andsamplesrom
Akaka Falls (300 m and 200 m elevation) should shekether phytoplasma may be

responsible for YLS, since the virus titre was aibse low.

3.6.3.1. Phytoplasma detection and identification

The extracted DNA from these samples gave amplifinawith primer pairs of PCR assay
(I and (IV). The obtained amplicons were sequehcand digested with restriction
endonuclease (Hinfl). According to this digestiarecsugarcane cultivar contains sugarcane
white leaf phytoplasma strain whereas other cultinfected with un-identified strain within
rice yellow dwarf group (Figure.3.23;dmdTable.3.12)
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Table.3.12. Phytoplasma in Hawaiiansugarcane samplesfrom different sources close to former
plantations (2011).Results of phytoplasma detection based on nesi®Rid3says and identification them based
DNA sequencing and RFLP analysis of (IV) producting single enzyme digestion with (Hinfl). Sample

numbers indicate to the order of samples in negtréis (3.22 and 3.23). +, phytoplasma detected; -,

phytoplasma not detected.

Sample | Sample phytoplasma (L phytoplasma (L phytoplasma | Phytoplasma
detection based detection based detection based| strain based
number name on on on on RFLP with
PCR assay PCR assay PCR assay (Hinfl)
(1n (11 (V)
1 Virus-free - + + Unknown
from. Rice yellow
Lehrer dwarf
2 Honomu, - + + Sugarcane
Stable Rice yellow white leaf
Camp Rd dwarf
3 Honomu, - + - -
Akaka Rice yellow
Falls Rd dwarf
4 Honomu, - + +
Akaka Rice yellow
Falls Rd dwarf
5 Akaka - + - -
Falls, Rice yellow
300m dwarf
elevation
6 “ ] - - - -
200m
elevation
7 Kukui - + -
Camp Rice yellow
dwarf
8 Keanae, - + -
Hana Rd., Rice yellow
close to dwarf
Taro
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1 2 3 4 5 6 7 8 W W M

0.2kb

Figure.3.22. Phytoplasma detection in Hawaiiasugarcane samplefrom different sources close to former
plantations (2011). Nested-PCR assay (Ill) products (0.2kb) of sugscaamples obtained from different
sources close to former plantations as sun-drietbele Samples numbers and names are indicated in
(Table.3.12). Re-amplification of aliquots of fiBCR water controls with nested primer combinatiares in
lanes W. The marker (M) was DNA GeneRuler 100 lys gMBI Fermentas).

1 23 4 5 6 7 8 M W WW 1 2 M

Figure.3.23. Phytoplasma in Hawaiiansugarcane samplesfrom different sources close to former
plantations (2011). (a): Nested-PCR assay (IV) products (0.7kb) sugarcamples obtained from different
sources close to former plantations in (2011) asdsied leaves. Samples numbers and names aratedim
table 11. Re-amplification of aliquots of first P@Rter controls with nested primer combinatiomidaines W.
The marker (M) was DNA GeneRuler 100 bp plus (MBFmentas)(b): RFLP profiles of nested-PCR assay
(IV) products following single enzyme digestion kwitHinfl). RFLP patterns were compared with those

previously published by Hanboonsong et al., 2002.

3.6.4. Phytoplasma in grass weeds in Sumida wateress farm

Further surveys should be done in order to checaktlvédr sugarcane plants which are growing
close to water cress fields contain the water ergsisal phytoplasma. However, Sumida
watercress field in Pearlridge had phytoplasmaetef® water cress 10 years ago and these
plants had been eliminated. Furthermore, currghidye are no sugarcane plants nearby this
field. However, some of perennial grasses (sontberh are wild relatives of sugarcane such
as Miscanthus Sp.are still present nearby this field which mayreservoir of phytoplasma.

Therefore, perennial grasses were collected fromi&a water cress field and were brought
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to our lab in order to test whether these perengiatses are infected with phytoplasma.
According to our investigation, however, these geasare not infected with phytoplasma
(Table.3.13).

Table.3.13. Outline the detection of phytoplasmasin samples were obtained from grass weeds from

Sumida water cress farm in pearlidge; based on nesi-PCR assays.

Grasses sample PCR assay(l|) PCR assay (lll) PER 4B/)
Paspalum - - -
coniugatum
Cyperus -
rotundus
Panicum -
maximum
Miscanthus Sp. -

3.7. Phytoplasma in sugarcane in Thailand (2010 -021)

Sugarcane white leaf (SCWL) is one of the mostrdestve sugarcane diseases in Thailand. It
was first observed in 1954 in the Lumpang provimeethe northern part of Thailand
(Mangelsdorf, 1962). Only four years later, SCWLswdiscovered in Taiwan (Ling, 1962).
Sugarcane white leaf (SCWL) and sugarcane grassyt $8§CGS) have been associated with
distinct phytoplasma strains within the rice yellodwarf taxonomic group (16SrXl),
“Candidatus Phytoplasma oryZaethat causes rice yellow dwarf disease (Marconhalge
2004, Ariyarathna et al., 2007). SCWL phytoplasmppears to be more closely related to
SCGS phytoplasma than to phytoplasmas causing Jdste symptoms in some grasses.
Furthermore, SCWL and SCGS phytoplasmas could thereitiated by RFLP analysis of
rRNA gene using suitable restriction endonucleéskscone, 2002).

3.7.1. Phytoplasma in sugarcane in Bang Phra and Kim Kean provinces (2010)

In October 2010, sugarcane leaf samples were ha/dsom Bang Phra and Khon Kean
(KK) provinces in Thailand including farmer field8) and breeding stations (S). Then, these
sugarcane samples were sun-dried and were broaghairt lab in order to investigate for
phytoplasma. These samples were taken from sugaptants are showing different diseases
symptoms including sugarcane white leaf syndromnmepsgms (Figure.3.24). Names of these

sugarcane samples and their diseases symptomsdarated in (Table.3.14).
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Figure.3.24. Sugarcane leaves samples from Thailanthese leaves were collectedm farmer fields (F) and
breeding station (S) in province of Bang Phra iraildnd and used for phytoplasma investigation. &ieay
leaves at the right side show sugarcane whitedgaifptoms whereas the red one in the middle shogvsutst
disease symptoms beside it at the left hand leafvstyellow spots. Two stunted leaves are at theslde of

bleaching leaves while the last two leaves atéfieside are infected with curly spindle disease.

3.7.1.1. Phytoplasma detection and identification

The extracted DNA from these samples gave ampiifinawith primer pairs of PCR assay
(il and (V) (Figure.3.25 and.3.26). Products asfsay (IV) were digested with restriction
endonuclease (Hinfl). According to this digestidmyiwplasma infected-sugarcane samples

contain sugarcane white leaf phytoplasma straigufe.3.27 andable.3.14).
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Table.3.14. Phytoplasmas in sugarcane samplésem provinces of Bang Phra and Khon Kean in Thailad
in 2010; based on nested-PCR assay&mples (F1 to F8) were from farmer fields in pnoe of Bang Phra

while the samples (S1 to S13) were from breediaticst also in province of Bang Phra. Samples (K&1 t

KK38) were from province okhon Kean.

e

Sugarcane Desiease PCR assay PCR assay Phytoplasma
sample Symptoms (1) (Iv) strains based on
RFLP with Hinfl )
F1 White fly + + Sugarcane white
leaf
F2 Leaf spot + + “
F3 rust + + “
F4 Yellow spot + + “
F5 Mosaic virus + + “
F6 Curly spindle + + “
F7 Stunted leaf + + “
F8 White leaf + + “
S1 Spotted mosaic - -
S2 Spotted mosaic + + Unknown
S3 - -
S4 rust - + Unknown
S5 rust - + Unknown
S6 - -
S7 - -
S8 - -
S9 + -
S10 Streak mosaic + + Sugarcane whi
leaf
S11 Streak mosaic + + Unknown
S12 Streak mosaic - -
S13 Streak mosaic - -
KK1 + + Sugarcane white
leaf
KK2 Mosaic + + “
KK3 Grassy shoot + + “
KK4 Yellow midrib + + !
KK11 Yellow midrib + -
KK12 Leaf scalel + + !
KK13 Erianthus cross + -
yellow midrib
KK14 mosaic + + !
KK17 mosaic + + !
KK18 Erianthus + -
KK20 mosaic + + !
KK21 Spot - -
KK32 white leaf + + !
KK33 white leaf + + !
KK34 white leaf + + !
KK35 Stripe + + “
KK36 Stripe + + “
KK37 Yellow midrib + + !
KK38 Yellow midrib + + !
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F1 F2 F3 F4 F5 F6 F7 F8 M W W

210 bp

Kk1 2 3 4 11 12 13 14 17 M w

Kk18 20 32 35 36 37 38 s9 s10  S11 M W

LRI

Figure.3.25; a, b and c.Phytoplasma detection in Thiasugarcane samplegrom Bang Phra and Khon
Kean. Nested-PCR assay (lll) products (0.2kb) of sugsecsamples obtained from farmer fields (F1 to F&) a
breeding station (S9 to S11) in Bang Phra and Kfwan (KK1 to KK38) as sun-dried leaves. Samplesbens
and names are indicated in (Table 3.14). Re-aroptifin of aliquots of first PCR water controls witksted

primer combinations are in lanes W. The marker {4 DNA GeneRuler 100 bp plus (MBI Fermentas).
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FL F2 F3 F4 F5 F6 F7 F8 W M W1 2 3 4 11 12 13 14 17 18 20 32 35 M W W

36 38 M M 510 s11 w

Figure.3.26; a, b, c and dPhytoplasma detection in Thiasugarcane sampledrom Bang Phra and Khon
Kean. Nested-PCR assay (IV) products (0.7kb) of sugacamples obtained from farmer fields (F1 to F&) an
breeding station (S10 to S11) in Bang Phra and KkKean (KK1 to KK38) as sun-dried leaves. Samples
numbers and names are indicated in (Table 3.14arRaification of aliquots of first PCR water coois with
nested primer combination is in lanes W. The matkBrwas DNA GeneRuler 100 bp plus (MBI Fermentas).
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F3 F4 F5 F6 F7 F8 M

Kkl Kk3 Kki4 ~ Kk32 Kk35

M
b
Lo
-

Kk2 Kk20 S10 s11 M

Figure.3.27; a, b, ¢ and dPhytoplasma identification in Thia sugarcane samplesrom Bang Phra and
Khon Kean. RFLP profiles of nested-PCR assay (IV) product§KB) of sugarcane samples obtained from
farmer fields (F3 to F8) and breeding station (8511) in Bang Phra and Khon Kean (KK1 to KK35kas-
dried leaves following single enzyme digestion withinfl). The marker M was GeneRuler 100 bp plusB(M

Fermentas).

3.7.2. Phytoplasma in sugarcane in Suphan Buri prance (2011)

Sugarcane samples were sent from farmer fieldsronipce of Suphan Buri as sun-dried
leaves. Four samples were taken from sugarcandspkowing yellow leaf syndrome

symptoms and one sample was taken from plant shogarcane grassy shoot symptoms.

3.7.2.1. Phytoplasma detection and identification

The extracted DNA from these samples gave ampiifinaonly with primer pairs of PCR
assay (Il). Some products of this assay were sempgefor the identification (Figure.3.28 and
Table.3.15).
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Table.3.15. Outlines of phytoplasmas in Thai sugaame samples from Suphan Buri.

Sugarcane sample phytoplasma phytoplasma Phytoplasma groug
detection based or detection based or} based on DNA
PCR assay PCR assay sequencing
(1 (V) (P1/P2)
1 + - Rice yellow dwarf
2 + - ”
3 + - "
4 + - "
Graasy shoot + - "
Grassy M w ) ) .
1 2 3 4 M shoot Figure.3.28; a and b. Phytoplasma in Thia

sugarcane samplesfrom Suphan Buri.
Nested-PCR assay (lll) products (0.2kb)) of
sugarcane samples obtained from farmer
fields in Suphan Buri as sun-dried leaves.
Samples numbers and names are indicated in
(Table.3.15). Re-amplification of aliquot of
first PCR water control with nested primer
combination is in lane W. The marker (M)
was DNA GeneRuler 100 bp plus (MBI

Fermentas).

3.8. Establishment of TagMan gPCR assay as anoth&est for phytoplasma

Most universal as well as specific phytoplasma miegjc protocols rely on nested PCR,

which, although extremely sensitive, is also tinsesuming and possess risks in terms of
carry-over contamination between the two roundsmplification (Weintraub and Jones,

2010). Recently, direct gPCR has replaced thetiomdil PCR in efforts to increase the speed
and sensitivity of detection and to improve teches| for mass screening (Weintraub and
Jones, 2010).

3.8.1. Performance characteristics of qPCR

Performance characteristics which include efficienanit of detection and sensitivity of
amplicons were determined by amplifying three safgdy prepared sets of dilution series of

three standard samples in water which include 1lytgghasma-infected periwinkle
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(phytoplasmal DNA) 2- phytoplasma-infected sugaecaifphytoplasmal DNA) 3-
phytoplasma-free sugarcane (plant DNA). Since tbpycnumber of target genes in the
standard samples is unknown, the standard cuneselpful for the evaluation of PCR

efficiency and sensitivity, but not for absoluteaqtification.

3.8.1.1. Efficiency Measurement

In this study, efficiency (E) values were measunsthg the Ct slope method. This method
involves generating a dilution series of the tatgetplate and determining the Ct value for
each dilution. A plot of Ct versus log DNA concetiton is constructe¢Figures.3.29, 30 and

31). Amplification efficiency was calculated fromet slope of this graph using the equation:
Ex = 10" (-1/slope) — 1. The effect of efficiensyaxponentially dependent on cycle number.
If E=1, amplicon quantity is duplicated every cyclé E=0.8 amplicon quantity is only

duplicated every 1. 2 cycle. The squared regressiefficient after the linear regression (R?)

was also determined (Table.3.16 and 17).
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Standard curve of gPCR

Threshold Cycle

Log starting quantity

A

Amplification chart

AR —— T

10° Threshold

407 46 ﬂ

Ct

10!

PCR Base Line Subtracted RFU
3
|
|
]l
e "‘ \

10°

15 20 25 30 35 40

Figure.3.29. A: Standard curve. Standard curve determined at six concentratioal$efranging from 1070 to
10”-5) using 10-fold dilution series of the refezersample (phytoplasma-infected periwinkle). Theghold
numbers of PCR cycles [Gralue; means of triplicates) are plotted againstditution (log scaleR: Log- view

of standard curve chart. Threshold;is an arbitrary level of fluorescence chosen antthsis of the baseline
variability. Ct; is defined as the fractional PCR cycle numberkitkvthe reporter fluorescence is greater than
the threshold\Rn; is an increment of fluorescent signal at eauk point. TheARN values are plotted versus
the cycle number.
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Standard curve of gPCR
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Figure.3.30. A: Standard curve. Standard curve determined at six concentrationldefranging from 1070 to
107-5) using 10-fold dilution series of the refexersample (phytoplasma-infected sugarcane). Theshbid
numbers of PCR cycles [Gralue; means of triplicates) are plotted againstditution (log scale)B: Log- view
of standard curve chart. ARn; is an increment of fluorescent signal at eaete tpoint. TheARn values are

plotted versus the cycle number
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Standard curve of gPCR

Thresholed Cycle
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Figure.3.31. A: Standard curve. Standard curve determined at six concentratioal$efranging from 1070 to
107-5) using 10-fold dilution series of the phytagina-free sugarcane plant sample. The thresholthersnof
PCR cycles (T value; means of triplicates) are plotted agathst dilution (log scale)B: Log- view of
standard curve chart. ARn; is an increment of fluorescent signal at ea&ole point. TheARnN values are plotted

versus the cycle number
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3.8.1.2. Artificial samples to test sensitivity offPCR assay

Performance characteristics were also evaluatedtHer serial dilution of phytoplasma-
infected sugarcane (phytoplasmal DNA) mixed wittgawgane DNA, instead of water,
isolated from phytoplasma-free sugarcane leavesiitate real infected sugarcane samples.
Thus, PCR sensitivity was evaluated for potentitdots of host-material inhibition. This un-
infected sugarcane material had already been testddconfirmed to be phytoplasma-free
sugarcane. Artificial samples imitating infectedyarcane samples were prepared by serial
dilutions of phytoplasma-infected sugarcane DNA edixvith phytoplasma-free sugarcane

DNA. A plot of Ct versus log DNA concentration is@ constructed as abogegure.3.32).

81



Results

Standard curve of gPCR
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Figure.3.32. A: Standard curve.Standard curve determined at six concentratiorl$e¢ranging from 10to
107°) using 10-fold dilution series of the phytoplasintected sugarcane (phytoplasmal DNA) mixed with
sugarcane DNA to imitate real sugarcane samplesthiieshold cycle numbersT@alue; means of triplicates)
are plotted against the dilution (log scalB). Log-view of standard curve chart. ARn; is an increment of

fluorescent signal at each time point. TAfen values are plotted versus the cycle number.
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Results

Table.3.16. Performance characteristics of gqPCR aag. Performance characteristics measured for three
standard samples used in this study in water dihgtiwhich include phytoplasma-infected periwinkle
(phytoplasmal DNA), phytoplasma-infected sugarcguieytoplasmal DNA) and phytoplasma-free sugarcane
(sugarcane plant DNA) and measured also for onadatd sample which is phytoplasma-infected sugarcan
(phytoplasmal DNA) but in sugarcane plant DNA dduas (approximately 200 ng of genomic DNA per react

in undiluted samples).

target amplicon slope R range of | dynamic PCR limit of
template squared | detection| range efficiency | detection
(%)
phytoplasmal 16S -3.5008 0.9994 | 1-10° 1-10°° 90.5% 32.90

infected rRNA
periwinkle (watei
phytoplasma| 16S -3.4483 0.9996 | 1-10° 1-10° 94.9% 30.31
infected rRNA
sugarcane | (wate)
phytoplasma| 16S -3.7381 0.9905 | 1-10° 1-10* 86 % 26.54
infected rRNA
sugarcane | plant)

DNA)
phytoplasma 18S -3.647 0.9971 1-10°° 1-10°° 87% 26.41
free rRNA

sugarcane | (watel

Table.3.17. Q-PCR results from 10-fold dilution sees of the reference samples which diluted in watesr
in healthy host plant DNA.CT is a threshold cycle number of gPCR assay.

reference type of CT CTmean| CT mean| CTmean| CTmean| CT mean
sample dilution mean value value value value value
value 101 102 103 10 1075
10° dilution | dilution | dilution | dilution | dilution
dilution

phytoplasma| water 15.49 19.22 22.75 26.27 29.79 32.90
infected
periwinkle
phytoplasma| water 13.14 16.40 19.78 23.11 26.80 30.31
infected
sugarcane
phytoplasma| host 12.72 15.86 18.95 22.39 26.54 33.96
infected plant
sugarcane DNA
phytoplasma| water 08.35 11.92 14.82 19.59 22.68 26.41
free
sugarcane

3.8.2. Q-PCR results of the sugarcane samples frodifferent sources

The legend for all next tables is as the followin@T is a threshold cycle number of gPCR
assay. ND, phytoplasma not detected, i.e. abovethemumCT value of 40 cycles.
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Table.3.18. Q-PCR results of the Hawaiian sugarcareamplesgrown in greenhouse.

Sample CT mean value CT mean value
(phytoplasma 16S assay) (plant 18S assay)

H65-7052 34.93 11.95

H78-7750 35.30 12.82

H87-4094 ND 11.01

H87-4319 ND 11.75
Positive control 14.93 10.04
Water control ND ND

Table.3.19. Q-PCR results of the Egyptian and Syriasugarcane samples.

Sample CT mean value CT mean value
(phytoplasma 16S assay (plant 18S assay)
Gt549 ND 10.42
G8447 ND 09.96
Syrian cultivar ND 11.55
Positive control 14.65 11.47
Water control ND ND

Results

Table.3.20. Q-PCR results of the Hawaiiamplantations sugarcane samples (2009Yhe samples (K1-2 to
K1-5) were collected from G&R plantation in Kaudi% km west of Olokele) while the samples (H1 arg) H

were from former plantations in Hawaii and the sbnf11) was from former plantation in Maui.

Sample CT mean value CT mean value
(phytoplasma 16S assay) (plant 18S assay)
K1-2 32.25 09.37
K1-3 ND 08.95
K1-4 ND 09.93
K1-5 29.77 10.98
H1 ND 10.26
H3 ND 09.17
M11 ND 13.34
Positive control 14.93 10.04
Water control ND ND
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Table.3.21. Q-PCR results of the Hawaiiabreeding station sugarcane samples (2010).

Sample CT mean value CT mean value
(phytoplasma 16S assay) (plant 18S assay)
7052 ND 08.28
6110 ND 08.64
4094 ND 08.98
Positive control 14.93 10.04
Water control ND ND

Table.3.22. Q-PCR results of the Hawaiiargrass weeds from Sumida watercress farm (2011).

Sample CT mean value CT mean value
(phytoplasma 16S assay) (plant 18S assay)

Paspalum coniugatum ND 08.54

Cyperus rotundus ND 10.68

Panicum maximum ND 08.26

Miscanthus Sp. ND 10.42

Positive control 13.34 08.88
Water control ND ND

close to Puunene (2011).

Sample

CT mean value
(phytoplasma 16S assa

)

CT mean value
(plant 18S assay)

H65-7052, 6 months ND 09.04
Non-symptomatic

H65-7052, 6 months ND 10.53

symptomatic

H73-3567, 4 months 33.19 08.15
Non-symptomatic

H87-4319, 9 months 34.51 07.86
Non-symptomatic

H87-4319, 9 months ND 11.24

slightly-symptomatic

H86-3792, 6 months 33.10 10.74
Non-symptomatic

H87-5794, 9 months 32.83 08.14
Non-symptomatic

Positive control 11.95 08.21
Water control ND ND

Results

Table.3.23. Q-PCR results of the Hawaiian sugarcareamples from HC&S plantation in Maui island,
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Results

Table.3.24. Q-PCR results of the Hawaiian sugarcareamples from HARC in Maunawili (2011).

Sample CT mean value CT mean value
(phytoplasma 16S assay) (plant 18S assay)
H87-4094 field A11 ND 10.05
H78-3567 ! ND 10.20
H87-4319 ! 36.75 08.96
H65-7052 ! ND 08.60
H50-7209 ! ND 08.80
H78-4153 ! 37.47 09.13
H77-4643 ! 37.29 08.60
H73-6110, field A22 ND 09.67
H32-8560, field B31
H78-7750, field B62 ND 09.90
H87-4319 ! ND 09.31
H78-3606 ! ND 10.34
H77-4643, field P11a ND 08.92
H78-3606, field P11 ND 10.84
H50-7209, field P12 ND 09.38
H87-4319 ! ND 10.75
H65-7052 ! ND 09.12
H78-7750 ! 36.42 07.96
H73-6110, field P13 33.98 11.59
Positive control 11.43 08.21
Water control ND ND

Table.3.25. Q-PCR results of the Hawaiian plantatios sugarcane samples from different sources close t
former plantations (2011).

Sample CT mean value CT mean value
(phytoplasma 16S assay) (plant 18S assay)
Virus-free from Dr. ND 08.55
Lehrer
Honomu, Stable Camp ND 09.31
Rd
Honomu, Akaka Falls Ra ND 09.06
Honomu, Akaka Falls Ra ND 08.89
Akaka Falls, 300m ND 09.00
elevation
“ , 200m elevation ND 08.82
Kukui Camp ND 09.58
Keanae, Hana Rd., closg ND 08.59
to Taro
Paositive control 12.87 08.66
Water control ND ND
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Table.3.26. Q-PCR results of the Thai sugarcane santes from Bang Phra and Khon Kean provinces

(2010).Samples (F1 to F8) were from farmer fields in pnoe@ of Bang Phra while the samples (S1 to S13) were

from breeding station also in province of Bang PBamples (KK1 to KK38) were from province §fion

Kean.

Sample CT mean value CT mean value
(phytoplasma 16S assay) (plant 18S assay)
F1 23.86 10.50
F2 29.10 10.02
F3 24.11 13.66
F4 17.36 11.12
F5 17.98 12.30
F6 ND 10.97
F7 ND 12.07
F8 17.34 13.28
S1 ND 10.46
S2 ND 10.84
S3 ND 11.55
S4 ND 10.70
S5 ND 11.96
S10 ND 11.79
KK1 17.70 10.05
KK2 ND 12.42
KK3 18.78 10.50
KK4 21.04 12.20
KK11 31.98 12.87
KK12 ND 08.75
KK13 ND 08.09
KK14 25.58 11.27
KK17 ND 11.05
KK18 ND 11.41
KK20 ND 12.37
KK32 26.87 11.70
KK34 17.74 11.17
KK35 ND 11.08
KK36 ND 10.82
KK37 ND 10.63
KK38 34.83 12.18
AAY (positive control) 17.34 14.05
Water control ND ND

Table.3.27. Q-PCR results of the Thai sugarcane sanes from Suphan Buri province.

Sample CT mean value CT mean value
(phytoplasma 16S assay) (plant 18S assay)
1 ND 10.33
2 ND 10.36
3 ND 14.27
4 ND 10.89
Grassy shoot 16.98 07.82
positive control 14.65 12.24
Water control ND ND
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Results

The Ct values differed considerably among samplelse phytoplasma assay, while Ct values
obtained in the plant assay were different slighflyis result indicated that phytoplasma titer

was variable.

3.8.3. Distribution of phytoplasma in sugarcane

Q-PCR assay of phytoplasma 16S DNA was used torrdete the distribution of the
phytoplasma within infected sugarcane plant. fiddative distribution of sugarcane white leaf
phytoplasma in different parts of the plant wasmi@d using the comparative Ct method.
Three leaf samples of phytoplasma infected sugargaiuding white, variegated and green;
and root samples were analysg&igure.3.33) The phytoplasma was detected in all tested
organs including leaves and roots. It seems tleoirelation between titer of phytoplasma
and symptoms expression where the titer of physopéain white leaf was higher than
variegated and green leaves. Lower Ct values qmres to higher initial quantities of
phytoplasma DNA templaidable.3.28).

Table.3.28. Q-PCR results of the distribution of tle phytoplasma in sugarcane plantCT is a threshold

cycle number of gPCR assay. +,phytoplasma detected.

Sugarcane samplg  CT mean value CT mean value Phytoplasma
(16S) (18S) detection
Phytoplasma Sugarcane
White leaf 11.56 08.31 +
Variegated leaf 12.97 08.76 +
Green leaf 14.02 08.79 +
Root 12.28 08. 82 +
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Figure.3.33. A: Thai sugarcane plant infected with sugarcane whié phytoplasma where some leaves are
totally bleaching whereas others are variegatedsante green leaves also exists. This picture wantthree

months post germination comparison with non-infécegarcane plants (B).

3.9. Phylogenetic analysis of the phytoplasma stras in sugarcane

Restriction fragment analysis had been successhlylied to differentiate between the
phytoplasma strains (Kirkpatrick et al., 1994; leteal., 1998; Valiunas et al., 2007). The
products of the second round PCR were subjectedestriction enzymes which were
diagnostic for the phytoplasma strains. The restricpatterns identified the phytoplasma
from Hawaiian cultivars and from one Cuban cultieer belonging to the Aster yellows
phytoplasma, whereas the phytoplasma from the Caoblimar CP4362, which originally had
been bred in Canal Point, Florida and from JA60&lpomged to the Western X-disease
phytoplasma (Figure.3.4 and Table. 3.2). This diaason was supported by sequence

comparison.

The complete sequence of R16F2n/R16R2-amplifiegnients was determined for three

different sugarcane cultivars which are infectedthrge different phytoplasma isolates, two

cultivars are from Cuba and one from Egypt (Figgi3l). The complete sequence of

16S/23S intergenic spacer region was determinedrferHawaiian sugarcane cultivar using

the primer pair P4/P7 (Figure.3.34). The partiglussmce of 16S/23S intergenic spacer region
was also determined for other two Hawaiian sugarcauitivar and for one cultivar from

Thailand using the primer pair P1/P2 (Figure.3.34).
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Figure.3.34. Diagrammatic representation of genomitocation of primers used for DNA sequencing.

The obtained nucleotide sequences were compardd seijuences of phytoplasmas and
acholeplasmas from GenBank using the BLASTN progiduitiple alignments of near-full-
length 16S rRNA gene sequences from 22 phytoplaamlaone Acholeplasma species and
multiple alignments of 16S/23S intergenic spaceagioe from 13 phytoplasma and two
Acholeplasma species were examined using MUSCLEvaot. Phylogenetic trees of both
sequence parts were constructed to reveal theigosif the isolated phytoplasma strains
from Hawaiian, Cuban, Egyptian and Thai sugarcagl@five to phytoplasma strains which
had been isolated from sugarcane and other plamgste.3.35 presents the two phylogenetic
trees that were constructed by maximum likelihostihgation with geneious program through
the PhyML software (Guindon and Gascuel, 2003).t&oap analysis was performed 1.000

times to evaluate branch supports in a sound statiframework.

The phytoplasma isolate (HM80428&)om Cuban sugarcane cultivar Ja605 clustered
together with other strains of X-disease group, mgnthem already reported sugarcane
yellows phytoplasma strain found in South AfricaF(0%6095) with a bootstrap value of 48.7
and shared 99% sequence identity (Figure.3.35 Talde.3.29). Other Cuban sugarcane
cultivar C10-5173 was infected with phytoplasmaistr(HQ116553) clustered to the aster
yellows group, closely together with sugarcaneoyedl phytoplasma from Brazil (EU423900)
and maize bushy stunt phytoplasma from Colombia580252) with a bootstrap value of
49.6 and shared 99% sequence identity (Figureghd@5sTable.3.29).

Egyptian sugarcane cultivar G8447 contains phgph strain (JN223446)ustered to the
rice yellow dwarf group, closely together with dougn grassy shoot phytoplasma from
Australia (AF509324) with a bootstrap value of 8hidAd shared 99% sequence identity
(Figure.3.35and Table.3.29).
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The phylogenetic tree of the 16S/23S spacer regmnained less phytoplasma entries in
GenBank. The Hawaiian sugarcane phytoplasma is(h#pd 16554) from cultivar H84-4094
and another Hawaiian sugarcane phytoplasma is¢iN@23447) from unknown cultivar
obtained from Hawaiian former plantations as aedéht original source clustered to the aster
yellows group, closely together with water cresfloyes from Hawaii (AY665676) and
Russian potato purple top phytoplasma (EU333396) avbootstrap value of 69atd shared
99% sequence identity (Figure.3.35 and Table.3.29).

Hawaiian sugarcane phytoplasma isol@é223448)rom cultivar H78-775@vhich obtained
from Hawaiian breeding station of HARC in Maunawilahu clustered to the rice yellow
dwarf group, closely together with sugarcane whigaf phytoplasma from Taiwan
(AY139874) with a bootstrap value of 86aid shared 98% sequence identity (Figure.3.35
andTable.3.29).

Thai sugarcane phytoplasma isol@t##)917068) from unknown sugarcane cultivar obtained
from province of Khon kaen clustered to the ricdoye dwarf group, closely together with
sugarcane white leaf phytoplasma from Myanmar (A264) with a bootstrap value of 64.2
and shared 100% sequence identity (Figure.3.39ahtk.3.29).

91



Results

Table.3.29. Phytoplasma strains and their GenBank aession numbers used in this study for the
phylogenetic trees (Figure.3.35).16S rRNA gene and 16S/23S intergenic spacer regmmuences of
phytoplasmas determined in this study are in bBli/toplasma strains of monocotyledonous plantssatains
which showed close sequence similarity to the HmmaiCuban, Egyptian and Thai sugarcane phytoplasma
were selected for construction of the trees. Thguseces fromAcholeplasma axanthurand Acholeplasma

palmaewere used as out groups.

Phylogenetic tree of 16S rRNA (a)
Accession number Phytoplasma strain Group
AF056095 Sugarcane yellows phytoplasma type X-disease
(South Africa)
AF411592 Erigeron witches'-broom phytoplasm Ash yellows
AF509324 Sorghum grassy shoot phytoplasma Rice Yellow Dwarf
variant | (Australia)
AF498307 Coconut lethal yellowing phytoplasma Catdethal
yellowing
AJ550984 Bermuda grass white leaf phytoplasma Bermuda white leaf
(Southern Italy)
AM261831 Sugarcane grassy shoot phytoplasma Rice Yellow Dwarf
(India)
AY197652 Spartium witches'-broom phytoplasma Appigiferation
AY736374 Napier grass stunt phytoplasma Rice Yellow Dwarf
(Kenya)
EF413055 Sorghum verticilliflorum phytoplasma X-disease
(Mauritius)
EF413056 Sugarcane yellows phytoplasma clone X-disease
SC245 (Mauritius)
EU294011 Malaysia Bermuda grass white leaf Bermuda white leaf
phytoplasma
EU423900 Sugarcane yellows phytoplasma type |  Aster yellows
(Brasil)
FM208260 Sugarcane white leaf (Thailand) Rice Yellwarf
GQ336993 Kidney bean little leaf phytoplasma Peanut WB
clone 716 16S
GQ850122 Coconut root wilt phytoplasma isolate Rice Yellow Dwarf
RD3 (India)
GU565959 Candidatus Phytoplasma pyri isolate Apple proliferation
932801
HM804282 Sugarcane Ja60-5 yellow leaf (Cuba X-diase
HQ116553 Sugarcane C1051-73 yellow leaf Aster yellows
(Cuba)
HQ530152 Maize bushy stunt phytoplasma strain  Aster yellows
MBSColombia (Colombia)
HQ589200 Milkweed yellows phytoplasma strajn X-disease
MWI(USA)
JF508514 Sesame phyllody phytoplasma strai Peanut WB
Seph2
JN223446 Sugarcane grassy shoot phytoplasma Rice Yellow Dwarf
(Egypt)
NR_029152 Acholeplasma palmae strain J23 Out group
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Phylogenetic tree of 16S/23S intergenic spacer regi(b)

Accession number

Phytoplasma strain

Group

AB243298 Sugarcane grassy shoot phytoplagmaRice Yellow Dwarf
(India)

AB646271 Sugarcane white leaf phytoplasma Rice Yellow Dwarf
(Myanmar)

AF434989 Texas Phoenix palm phytoplasma Coconhiallet

yellowing
AY139874 Sugarcane white leaf phytoplasma Rice Yellow Dwarf
(Taiwan)
AY665676 Aster yellows phytoplasma Aster yellows
“Watercress” (Hawaii)

DQ004923 Acholeplasma palmae Out group

DQ400425 Acholeplasma axanthum Out group

EU294011 Malaysia Bermuda grass white leaf Bermuda white leaf
phytoplasma

EU333399 Russian potato purple top Aster yellows

phytoplasma (Russia)
FN562932 Candidatus Phytoplasma vitis Elm yellows
HQ116554 Hawaiian sugarcane H87-4094 Aster yellows
yellow leaf phytoplasma
HQ589192 'Psammotettix cephalotes’ flower Rice Yellow Dwarf
stunt phytoplasma

HQ917068 Sugarcane white leaf phytoplasma Rice Yellow Dwarf
(Thailand)

JN223447 Hawaiian sugarcane Phytoplasma Aster yells

JN223448 Sugarcane white leaf phytoplasma Rice Yellow Dwarf

(Hawaii)
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Figure.3.35. Position of the phytoplasma strains from Hawaiian, Cuban, Egptian and Thai sugarcane in
a phylogenetic tree together with other phytoplasmasolates(Table.3.29).a: Phylogenetic tree constructed
using 16S rRNA sequences from 22 phytoplasma arel Acholeplasma specied: Phylogenetic tree
constructed using 16S/23S spacer sequences fromphg®plasma and two Acholeplasma species. Bar

represents phylogenetic distance of 2%. Numberbranches are confidence percentage obtained fro601.

bootstrap replicates.
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3.10. Hot water treatment in order to get phytoplama free sugarcane plant

Hot water treatment had been proposed as a cunghfgoplasma in dormant woody plant
material (Edison and Ramakrishnan, 1972; Caudwaell. €1997), because phytoplasmas have
only limited heat tolerance.

Treatment of infected sugarcane stalks with modbrdttigh temperatures such as 50°C for 2
h were reported to successfully eliminate grassyosklisease and white leaf phytoplasma
from stem material. Hot water treatment of stemticg$ together with immersion in a

fungicide solution is a routine practice in Hawaigugarcane plantations to prevent fungal rot
of planted seed pieces. The question was which éestyre regimes and which incubation
durations are needed to eliminate SCYLP from sugercstems and whether the routine hot

water-treatment against fungi had unintentionakyp &@ured from phytoplasma.

One-eye stem cuttings were immersed in hot watatefihed temperature and for defined
period, then planted in sterile soil in pots angtke insect-tight mesh cages for germination
and growth. Indeed, incubation of seed pieces & 56r 30 min or longer was sufficient to
eliminate phytoplasma (Table.3.30), irrespectiveetubr it was from Aster yellows or from
Western X-disease type. The incubation in hot wileB h had a detrimental effect on seed
piece viability unless the hot water treatment \wesceded by 10°C incubation for 48h, a

procedure routinely used in the Australian and @uhagar industry.

3.10.1. Hot water treatment according to Australiarrecipe

Two sugarcane cultivars (H65-70 52 and H78-77 5&ewsed as material in the hot water
treatments. Stalks were cut into single-eye setktegated by immersion for 48 h in cold

water (10°C) followed by 3h in hot water (50°C).Mtlesetts were planted in sterile soil and
placed in mesh cage to protect them against ins8caissequently, these plants which rose
from these cuttings were tested for the presengdhgioplasma after 2 and 6 months and one

year post germination (Figure.3.36).
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Figure.3.36. Nested PCR results of the test plantshich received cold and hot-water treatment after2
months post germination.Lane (1) contains PCR product obtained from utgeaugarcane (without hot water
treatment) (H65- 70 52). Lane (2) contains PCR pcbdbtained from untreated sugarcane (H78- 77 l5)e
(3) test plant (H65- 70 52) after cold- and hotevdteatment (Australian recipd)ane (4) test plant (H78- 77
50) after cold- and hot-water treatment (Australiecipe). Re-amplification of aliquot of first PG#ater control

with nested primer combination is in lane (5). DiWder is FastRuler Middle Range (MBI Fermentas).

Figure.3.37. Nested-PCR results of test plants, wth received cold and hot-water treatmentafter 6

months (a) and 1 year (b) post germinationLane (1) treated plant (H65-70 52); lane (2) tedgplant (H78-
77 50); lane (3) is positive control; re-amplifiicat of aliquots of first PCR water control with ted primer
combination are in lanes (4-5); lane (M) GeneRDINA ladder (MBI Fermentans).

3.10.2. Hot water treatment with various duration

These tests were carried out in order to invesigdtat is the minimum immersion time at
50°C can eliminate the phytoplasma in infected stagee plants. Furthermore, in these tests
we didn’t soak the cuttings in cold water at 10%Edoe hot water treatment in order to check

the influence of lacking of cold water treatment the vegetative development. Thus, the
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cuttings from cultivar (H78-77 50) were treateditynersion directly in hot water at 50° C

for 30 min, 1h, 2h and 3h. For eatbatment, three replicates were tested (Figur@.aril
Figure.3.39).

30min 1h 2h 3h W-con W-con P-con M

_1,2kb

Figure.3.38. Nested-PCR results of test plants; wth received hot water treatment at 50C with various
duration after 2 months post germination Lanes (1-4) treated plants (H78-77 50) with vasi@uration; re-
amplification of aliquots of first PCR water corigavith nested primer combinations are in lane§)3ane (7)
positive control. Lane 8, GeneRuler 100pb plus Didder (MBI Fermentans).

Note: tested plants which were treated &Csfbr 3h had a very poor vegetative development
and later died.

I0min 1h Zh P-con

Figure.3.39. Nested-PCR results of test plants; wth received hot water treatment at 58C with various
duration after 6 months post germination lanes (1-3) test plants (H78-77 50) with varialgation (30
min,1h, 2h); lane (4) positive control; re-ampli#ion of aliquots of first PCR water controls witested primer
combination are in lanes (5-6-7); lane (8) GeneRLI®pb plus DNA ladder (MBI Fermentans).
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Table.3.30. Effect of hot water treatment on phytofasma elimination of cultivars H65-7052 and H78-77

50 according to the indicated temperature regimeThe data are from 3 replicates of each treatment.

Treatment Time of testing after treatment Presefice
phytoplasma
50°C, 30 min 2 months and 6 months +
50°C,1h 2 months and 6 months -
50°C, 2 h 2 months and 6 months -
50°C, 3 h 2 months, no viable plants after 6 months -
48 h 10°C, then 3 h 50°C 2 months, 6 months anebt y -

3.11. Insecticide treatment of phytoplasma-infectedugarcane plant

We wanted to test if the insecticide treatment lojtpplasma-infected sugarcane plant may
reduce the titer of phytoplasma or not. Therefahege white leaf phytoplasma-infected
sugarcane plants were treated with Confidor asstesyatic insecticide. One untreated plant
was used as control. Q-PCR assay of phytoplasmaRE& gene was used to determine the
phytoplasma infection level within infected sugareglants. Theelative concentration of
sugarcane white leaf phytoplasma in three diffeterdted plants and one non-treated plant
was quantified three months post treatment usiegcttmparative Ct method. Based on Ct
mean values of gPCR, the insecticide treatmentbasffects on the phytoplasma infection
level(Table.3.31).

Table.3.31. Q-PCR results of the insecticide treatemt of phytoplasma-infected sugarcane plantsThree
sugarcane white leaf phytoplasma-infected plantsevweated with Confidor as a systematic inseaticidne
untreated plant was used as control. The relatiatification was carried out three months posttreent and

Ct mean values of qPCR revealed that the inseetic@htment can not reduce the titer of phytoplasma

Sugarcane Ct mean Ctmeanvalug Ctmean Ct mean value
sample value (16S) (16S) value (18S) (18S)
Pre-treatment Post- Pre- post-treatment
treatment treatment
Insecticide 12.98 12.84 07.83 07.71
treated plant 1
Insecticide 12.13 12.09 07.70 07.91
treated plant 2
Insecticide 11.32 12.23 07.97 07.52
treated plant 3
Untreated 12.06 12.27 08.38 08.31
plant (control)
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3.12. Transmission test with sugarcane aphidMelanaphis sacchari)

Phytoplasmas are phloem-limited; therefore, onlyo@m-feeding insects can potentially
acquire and transmit the pathogen.Thus far, howdivere has been no report of phytoplasma
or spiroplasma transmission by a phloem-feedingdaghe reasons for lack of transmission
by aphids are not known (Mishra, 2004).

Aphids Melanaphis saccharijvere collected in Hawaii and were brought to @lr &s alive
insects and then were established in a mesh cagegarcane plants in a climate chamber.
Phytoplasma-infected sugarcane plants were traedgféo a cage together with the aphids.
After 45 days of acquisition and latency periodytpplasma—free plants were transferred into
the same cage for inoculation feeding and thesatplavere kept there for 3 months
(Figure.3.40). Our tests showed that these aphiglsalale to acquire the phytoplasmas but

they do not serve as phytoplasma vectors.

o %)

M1 @& o —) M 2; M2 H_/ g M2
Phytoplasma- targetplants © targetplants e
source plants fterinfestation

Figure.3.40. Phytoplasma in sugarcane source plan{gontaining phytoplasma), in aphids Melanaphis
sacchari) and in sugarcane target plants (infested by phyfdasma-infectedM. sacchari).The phytoplasma-
infected plants (cv. H65-7052) were infested wiihids for 45 days (acquisition-feeding). The aphidgse
tested for phytoplasma and then transferred t@tarignts (cvs. H65-7052 and H78-7750). The tgotgeits had
previously been made phytoplasma-free by cold atdviater treatment. The target plants were testeu3ths
after inoculation with phytoplasma-infected aphifihe negative control is the phytoplasma-free dw8P13.
The marker M1 was GeneRuler 100 bp plus (MBI Feta®nthe marker M2 was GeneRuler DNA ladder Mix
(MBI Fermentas) on right gel. The arrows pointhie phytoplasma-specific band of 1.2 kbp.
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3.13. Transmission electron microscopy for cytologal location of phytoplasma

For many phytoplasma species it is known that tifection is mainly located in sieve
elements of phloem cells, to which phytoplasmas mteoduced by phloem-feeding
homopteran insects, mainly leafhoppers and plamtigp(Weintraub and Beanland, 2006).
Using transmission electron microscopy we wanthows if also for sugarcane white leaf
phytoplasma Ca .Phytoplasma oryzae” the infection is mainly resgétcto phloem sieve
elements or if other cell types are infected ad.v&ihce, a few phloem parenchyma cells
adjacent to sieve tubes are occasionally also edo/day phytoplasma (Christensen et al.,
2005). For sugarcane known for the high cytoplassnicrose contents this could be also the

case. Secondly we wanted to study the ultrastrakéiffects of the infection of phytoplasma.

3.13.1. Anatomy of leaf phloem tissue

The vascular tissue including xylem and phloemfawad within the veins of the leaf.
Phloem cells are usually located next to the xyemich made mainly fronvessel elements
and parenchyma cells. The two most common celisarphloem are the companion cells and

sieve tube cellg(Figure.3.41).

Phloem is made from columns of parenchyma cellshEp@renchyma cell is adapted to form

a sieve element .Columns of sieve elements joiatteg to form sieve tubes. The cross walls
between successive cells (sieve elements) becomiergged forming sieve plates. As the

sieve elements mature they loose several plantocgtinelles — the nucleus, ribosomes and
Golgi body degenerate. This allows materials tosp#@sough them more easily. Sieve

elements have a thin cell wall, cell membrane, axay be plastids and the lumen is filled

with sap.

Each sieve element has at least one companiomegtl to it. Companion cells have the
normal plant cell structure with extra ribosomes anitochondria. Companion cells are
linked to the sieve elements by numerous plasmodiesnAs might be expected, it is

companion cells that enable the sieve elementipaive.

The outer layer of the vein is made of cells cabeddle sheath cells, and they create a circle
around the xylem and the phloem. They form a ptatecovering on leaf veins, and consist
of one or more cell layers, usually parenchyma.debparranged mesophyll cells lay between
the bundle sheath and the leaf surfqd€égure.3.41). Bundle sheath and mesophyll cekls ar
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packed with chloroplasts, and this is where thé daactions of photosynthesis are actually

occurring. The air spaces between the cells altovgés exchange.

Figure.3.41. Ultrathin section of green leaf of umfected sugarcane (control)[his ultrathin section shows
structure of phloem, xylenbundle sheath, amdesophylicells. Phloem is made from sieve cells (S), comgani
cells (CC), and parenchyma cells (PC), while vessainents (VE) are the main components of xylesugs
The outer layer of the vein is made of cells cabeddle sheath cells (BCand they create a circle around the
xylem and the phloem. Loosely arranged mesophyls ¢&C) lay between the bundle sheath and the leaf
surface. Bundle sheath and mesophyll cells areguhwekth plastids (P). Bar =5 um.

3.13.2. Localization of phytoplasma infection

Our transmission electron microscopic studies rexkethe presence of sugarcane white leaf
phytoplasmd’Ca. Phytoplasma oryzae” of regular shape and sizenlogm sieve tubes of
diseased sugarcane leaves including white; (Figu2.A), variegated; (Figure.3.4B), and
green leaves; (Figure.3.4R2). Phytoplasmas were observed in mature and innmatuoem
sieve tubes. However, no sugarcane white leaf pkggmas are present in green leaf of
uninfected sugarcane; (Figure.3.4y), where the vacuoles and cytoplasm are fuseddo a
called mictoplasm (Esau et al., 1965). Most of dnganelles are absent, only typical round
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shaped sieve elements plastids are present. Smwer plastids show the typical phenotype
with christae inclusions which are common for p@aec(arrow Figure.3.4D). Surrounding
companion cells are phytoplasma-free in both ief@c{Figure.3.42A, B and C) and
uninfected plants (Figure.3.4R).

No phytoplasma could be found in cells adjacerth@sieve elements including companion
cells and phloem parenchyma in both infected (@43 A, B and C) and uninfected plants
(Figure.3.43.D). However, different organelles apeesent especially mitochondria.
Mitochondria have a similar size to phytoplasmadmild be clearly distinguished due to the
presence of christae of the inner mitochondrial im@me ((Figure.3.4Zand 43. A-D),

arrows). Ultrathin sections show that bundle sheatidt mesophyll tissues are also

phytoplasma-free; (Figure.3.44).

In all cases, further electron microscopic studsésuld be carried out using immune-
labelling on both light and electron microscopigdefor phytoplasma specific proteins to
exclude the presence of phytoplasma in companidis. d@ue to the cytoplasma density a

clear answer of the pathogen presence is not pesshn (Figure.3.4B).
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Figure.3.42. Comparison between phloem sieve elentgrof white, variegated and green leaves of white
leaf phytoplasma-infected sugarcaneA: white leaf phenotype of sugarcane white leaf phgisipa infection,
where phytoplasmas are clearly visible in sievenelets (arrow)B: variegated leaf phenotype of sugarcane
white leaf phytoplasma infection. Phytoplasmasaireious present in sieve elements in increased atsrib
comparison with white leaf (arrowlC: green leaf phenotype of sugarcane white leaf jtgsma infection.
Phytoplasmas are more abundant in some sieve efentegsm others (arrow)D: green leaf of uninfected
sugarcane plant where it is used as control pantdmparison. It is obvious that no phytoplasmpresent in
sieve elements. Infected and uninfected leaves ghewtypical sieve anatomy. Vacuoles and cytoplasen
fused to a so called mictoplasm (Esau et al., 1996yt of the organelles are absent, only typioahd shaped
sieve elements plastids are present. Sieve eleptastids show the typical phenotype with crystallusions
which are common for poaeceae (arrow Fig. 53 Dvé&iube (S), companion cell (CC), parenchyma(&xd)).

Bar =2 pm.
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Figure.3.43. Comparison between phloem companion lte of phytoplasma infected and uninfected
sugarcane. A:white leaf phenotype of phytoplasma-infected sca@e where surrounding companion cell of
sieve elements contains different organelles inomd/acuoles and mitochondria but they don’t shaw a
phytoplasmaB: variegated leaf phenotype of phytoplasma-infecteghecane show typical companion cells
connected to each other by plasmodesmata. Despiteese companion cells surround sieve element twhic
contain phytoplasmas but these cells are phyto@dsee.C: green leaf phenotype of phytoplasma infection
where companion cell is also lack phytoplasBiagreen leaf of uninfected sugarcane which used asaand
show partially one companion cell surrounds phigema-free sieve elememitochondria have a similar size
to phytoplasma but could be clearly distinguishes ¢io the presence of Crystal of the inner mitochiah
membrane. Sieve tube (S), Companion cell (CC), dasuV), plastid (P). Bar =1 um.
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Figure.3.44. Ultrathin sections of bundle sheath ahmesophyll tissues of phytoplasma-infected sugance.

A and B: variegated leaf phenotype of phytoplasma-infestaghrcane show that phytoplasmas are absent in the
bundle sheath tissugS.and D: mesophyll tissues of variegated leaf phenotypehgfgplasma-infected

sugarcane are also phytoplasma-free. Parenchyisgle€l), (A), (C) bar =5 um. (B), (D) bar = 2 um.

3.13.3. Phytoplasma size and shape

Size of the phytoplasma bodies varied from 200 on8@0 nm (0.2 um to 0.8 um) in
diameter. Our transmission electron microscopiclisgiof white leaf phytoplasma-infected
sugarcane leaf showed spherical bodies which waeweded by a poorly defined membrane;
(Figure.3.45).Sieve tubes filled with numerous phytoplasmas wseen particularly in

variegated leaves of diseased sugarc@rgure.3.46).
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Figure.3.45. Transmission electron micrograph of tgical membrane-bound phytoplasma bodies which
present in sieve tube and contain resembling DNA irsieve tube of white leaf phytoplasma-infected

sugarcane leafSieve tube (S), phytoplasma (P). Bar = 0.2 pm.

Figure.3.46. Ultrathin sections of phloem tissue gihytoplasma-infected sugarcane. AUltrathin section in
variegated leaf phenotymhows that phytoplasmas (arrows) fill a phloem sielement with a large number
which is approximately more than 100 phytoplasmnits ¢e one sieve tube. Phytoplasmas block the doavdw
translocation photosynthates and passing througjevee-plate pore lined with callodB: higher magnification
of the same last ultrathin section. Sieve cell (8mpanion cell (CC), parenchyma cell (PC), sielaep(sp),
plastid (P), callose (CA). (A): bar = 2um. (B): balpum.
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3.13.4. Ultrastructural changes of the phytoplasmafection on leave anatomy

Several ultrastructurathanges were observed on ultrathin sections of&lseular tissues of

affected sugarcane plants under transmission eteatricroscope(TEM). Paranchymatic

cells of bundle sheath and mesophyll tissue ofctdfk leaves showed some alterations
comparing to uninfected leaves. In these cells mctations of starch granules and
plastoglobuli were observed in white leaf phytoplasnfected sugarcane comparing to
control uninfected one; (Figure.3.47). Our electnaicroscopic studies are in agreement with
literature where phytoplasma infections led togmigicant increase of starch in source leaves
(Lepka et al. 1999). These data are consistent ulittastructural observations reporting
starch accumulation in chloroplasts associated avgbvere disorganization of thylakoids and

a reduction in chlorophyll content (Musetti, 2006).

Figure.3.47. Ultrastructural comparison between paanchymatic bundle sheath cells ofinfected and
uninfected sugarcane. A:variegated leaf phenotype of phytoplasma-infecegarcane, where ultrastructural
observations indicate accumulation of starch geshrrows) and plastoglobuli (head arrow) in abybdaists of
bundle sheatbells of infected sugarcanB: green leaf of uninfected sugarcane where it is asecbntrol plant
for comparison. It is clearly that accumulationstdrch granules (arrows) in chloroplasts of burstiieathcells

is less than infected sugarcane. In addition, ptgsbuli are not accumulated in uninfected sugagcan
Parenchyma cell (PC), plastid (P), nucleus (N)ueées (V). Bar = 2um.

108



Results

Figure.3.48. Comparison between chloroplasts struste of mesophyll cells in infected and uninfected
sugarcane A: variegated leaf of phytoplasma-infected sugareemere an increase of plastoglobuli number and
size in disorganized chloroplasts was found in mbgth paranchymatic cellsB: green leaf of uninfected
sugarcane which used as control, where mesophsdinphymatic cells contain normal chloroplast wibkvér

formation of plastoglobuli in comparison with infed sugarcane. Plastid (P), plastoglobuli (arro®ay.= 1um.
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4. Discussion

4.1. Establishment of the test for phytoplasma

Yellow leaf syndrome (YLS) of sugarcane has beso@ated with several biotic and abiotic
causes during the past four decades. Lute virusésphytoplasmas are two types of plant
pathogens that are typified as causing symptomgsltdwing in their hosts (Jones, 2002). It is
hardly surprising that in sugarcane the pathogematabe distinguished by symptoms alone
(Cronje et al., 1998; Arocha et al., 1999).

In the present study we have employed moleculaeessols for detection and identification
of the putative causal agent of yellow leaf syndecand report for the first time the presence
of phytoplasma in Hawaiian sugarcane cultivars. &keeptional sensitivity of PCR offers
many advantages for detection of plant pathogemss@h and French, 1993). Application of
this technique for detection and investigation bytpplasmas seems particularly appropriate

due to the small size of these plant pathogensraatility to culture them in vitro.

4.1.1. Efficiency of PCR amplification

Phytoplasma diagnostics and phylogenetics haverliatly been based on the 16S rRNA
gene and the 16-23S rRNA spacer region becaudeedvailability of universal primers for
this region (Hodgetts and Dickinson, 2010). NumerB€R primer combinations have been
designed for diagnostics and phylogenetics. Howeliagnostics based on these primers can
be problematic, with occasional false positivesitipalarly through amplification of any
bacillus spp that might be present in a plant sample (Harrisoal., 2002). However, based
on our investigation we never fourzhcillus spp in sugarcane plant samples which was

confirmed by RFLP analysis and DNA sequencing ctedPCR products.

Though PCR is a routine technique for phytoplasnetedation, there still meet some
difficulties, at least with some primers which onse cases can induce dimmers, bands of non
specific sizes. In these cases, false positivdteesan be expected. Two types of control were
therefore routinely applied in each PCR run to f@ss$sible generation of false positive
amplicons. One was the implementation of water rcbrtb test the generation of primer
dimmers. However, in our hands, nested-PCR withpaliner combinations used didn’t
amplify products from water used as template. Thigerocontrol experiment was with

sugarcane DNA from sugarcane plants which were gptgsma-free, namely plants from
110



Discussion

Egypt (Gt549, Ph8013) and plants which had undexgbot water treatment. These
preparations did not give a phytoplasma-specifiplaoon which indicated that the sugarcane
DNA does not contain nucleotide sequences whicl tarthe phytoplasma-specific primers.
In contrast, in many cases the same phytoplasneated sugarcane samples amplified with
some primer pairs never reacted with other prinaérspdespite the fact that the used primers
were universal. In the case of no visible prodwetse obtained from phytoplasma positive
samples, a higher dilution of DNA is used to diltbe plant inhibitors which may exist.
However, these phytoplasma positive samples hawersifalse negative results after dilution
too. It seems that in the case of phytoplasma igesgamples, the primers preferentially
amplified phytoplasma sequence of expected sizeekxample, (P1/P7, R16F2n/R16R2) and
(R16mF2/R16mR1, R16F2n/R16R2) have been widely tmetthe detection of phytoplasma
and are probably the most thoroughly investigalidtey detect all strains of phytoplasmas
whereas the DNA of non-infected plants does nattrédany phytoplasma positive samples
were false negatives with these assays. Theredaod, sugarcane sample was investigated for
phytoplasma by different nested-PCR assays (), ((Il) and(IV) with different primer pair
combinations. Our tests have showen significarfeihces in the results of the PCR assays
due of some weak or no amplification using partcyrimer combinations. According to our
tests the primer pairs used for nested-PCR as§afMLO-X/MLO-Y) and (P1/P2), which
amplified 16S-23S rRNA spacer region, was demotestrado be the most reliable one to
detect the phytoplasma in sugarcane plants duleettigh efficiency of PCR amplification,
high annealing temperature and low or no non-spetifinds; in addition to the high
sensitivity of these primer pairs where yieldedndtad products visualized in bands of a
strong intensity. Our analysis demonstrated diffies with the detection ability of
phytoplasma in sugarcane plants. In order to explee different result patterns obtained with
particular primer combinations, a subliminal amoahtemplate DNA, a presence of PCR-
inhibiting substances in DNA preparations and satjakvariability of primer target sites can
be taken into account (Skrzeczkowski et al., 2Bdinrich et al., 2001). For example, use of
the 16S-23S rRNA spacer region in our investigatias more reliable than 16S rRNA gene
region. It was more powerful than the 16S rRNA gbreause it yielded standard products

visualized in bands of a strong intensity as mewiibabove.

As a consequence, in the case of critical samgl&éerent primer pair combinations and also

sequencing should be used for elucidation of pHg®pa presence (Franova, 2011).
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4.1.2. Carry-over contamination problems

The ability of the PCR to amplify minute amountd@hplate has the disadvantage that small
guantities of contaminating DNA may be a problem $ome applications like pathogens
detection. In general, the titre of phytoplasmaugarcane plants is very low and the standard
method is nested PCR, which enhances the sengitivithe test by two successive rounds of
amplification. It is a very sensitive method and tisk of false positive signals is high. Two
types of water control were therefore routinely lagapto test for possible generation of false
positive amplicons. One was the implementation afewcontrol, where water was included
in the first PCR-round instead of DNA from sugaredeaves and then the hypothetical
amplicon was transferred to the second PCR-roumgharallel the second PCR-round was
also performed with water instead of the first-rd@mplicon and several water controls were
used in each PCR round. On the other hand, itp®rtant to have a designated clean area for
setting up PCR reactions from which other DNA samplespecially PCR products, are

excluded.

4.1.3. Q-PCR (real-time PCR)

Performance characteristics of used qPCR assay wdetermined by amplifying three
separately prepared sets of dilution series oktktandard samples in water. All systems gave
good values as far as R?, Ct, efficiency, limidetection and sensitivity of amplicons which

showed a broad dynamic range (five log orders ajmitade).

These parameters were also evaluated for thecatifamples that imitate infected sugarcane
samples. The calibration curve of these artifidamples was very important to check
sensitivity of real- time PCR assay and to expthefalse negative results of g°PCR for most
our sugarcane samples. The irregular signals asiittk dilution of artificial samples look
similar to the signals of experimental sugarcamepas(Figure 4.1). It is most likely that at
sixth concentration level (16), using a 10-fold dilution series of the phytophasinfected
sugarcane (phytoplasmal DNA) mixed with sugarcaneADto imitate real sugarcane
samples, the titer of phytoplasmal DNA is very lov.could be that sugarcane samples,
which contain low titer of phytoplasmas cannot le¢edted sensitively by this direct gPCR
assay due to the influence of host-material and mhay be true for the sugarcane plants

which show yellow leaf syndrome and contain lowrtf phytoplasma.
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Figure.4.1. A: Log- view of standard curve chart.Standard curve determined at six concentratioelsev
(ranging from 16 to 107) using 10-fold dilution series of the phytoplasintected sugarcane (phytoplasmal
DNA) mixed with sugarcane DNA to imitate real sugare samplesThreshold; is an arbitrary level of
fluorescence chosen on the basis of the baselim&bilay. Ct; is defined as the fractional PCR cycle number at
which the reporter fluorescence is greater tharthihesholdARn; is an increment of fluorescent signal at each
time point. TheARnN values are plotted versus the cycle numiBer.og- view of amplification chart of gPCR

results.

On the other hand, it is essential that the nudeid is sufficiently pure for gPCR analysis.

Template contamination (i.e., protein, carbohydrate organic solvents) can have a huge
impact on assay reliability and reproducibility. Wged high pure PCR template preparation
kit. Then the template DNA quality was determingdNmnophotometer. Since, diagnosis of
pathogen in the plants including sugarcane is oftampered by the presence of PCR
inhibitors such as polyphenolics, polysaccharides @her molecules that may produce false-
negative results even sometimes from heavily ieftctamples (Weintraub and Jones, 2010).
To prove that the absence of a signal is not dusuich causes, protocols for control

amplification and detection of the host plant DNava been developed such as 18S rRNA
gene (Christensen et al., 2004).

According to our plant 18S rRNA gene analysis, have sugarcane samples were
sufficiently pure for gPCR analysis. It appearst tARER inhibitors can hamper diagnosis of
phytoplasma only when phytoplasmas exist in veny kiter as most of our sugarcane

samples.
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Our analysis of field-collected sugarcane sampleswved significantly higher diagnostic

sensitivity of conventional nested-PCR in comparigmdirect g°PCR assay by revealing most
false negative PCR results. Most samples that wetected as phytoplasma-negative by
gPCR were shown to be positive by nested-PCR. ritast likely that this gPCR assay can
detect the phytoplasma only in heavily infectedasogne samples which are showing strong
symptoms like sugarcane white leaf and sugarcamssgrshoot. On the other hand, the
primer pair and probe which were used in this gP&Ray can theoretically anneal to
nucleotide sequences of the phytoplasma strainshmnifect our experimental sugarcane
samplegqFigure.4.2). It is more likely that the false negatesults are attributed to the level

of phytoplasma infection than to the phytoplasmaistdifferences.

TAAAGACCTTTTTCGGAAGGTATGCTTAAAGAGGGGCTTGCGGCACATTAGTAGTTGGTAGGGTAAAGGCCT
ACCAAGACTATGATGTGTAGCTGGACTGAGAGGTTGAACAGCCACATTGGGACTBGACACGGCCCAAACTCC
TACGGGAGGCAGCAGTAGGGAATTTTCGGCAATGGAGGAAACTCTGACCGAGBACGCCGCGTGAACGATGA
AGTATTTCGGTATGTAAAGTTCTTTTATTGAAGAAGAAAAAATAGTGGAAA AACTATCTTGACGCTATTCAATG
AATAAGCCCCGGCAAACTATGTGCCAGCAGCCGCGGTAATACATAGGGGGCAAGCGIATCCGGAATTATTGG
GCGTAAAGGGTGCGTAGGCGGTTTAATAAGTCTATAGTTTAATTTCAGTGA TAACACTGTTCTGCTATAGAAA
CTATTAAACTGGAGTGAGATAGAGGCAAGTGGAATTCCATGTGTAGCGGTAAMTGCGTAAATATATGGAGGA
ACACCAGAGGCGTAGGCGGCTTGCTGGGTCTTTACTGACGCTGAGGCACGAAAIGTGGGGAGCAAACAGGA
TTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTACTAAGTGTCGGGGTTACTGGTACTGAAGTTAACA
CATTAAGTACTCCGCCTGAGTAGTACGTACGCAAGTATGAAACTTAAAGGAA T
BGTGCATCATGTTGTTTAATTICGAAGA TACACGAAAAACCTTACCAGGTCTTGACATACTCTGCAAAGCTATAG
CAATATAGTGGAGGTTATCAGGGATACAGGTGGTGGCATGGTTGTCGTCAGUCGTGTCGTGAGATGTTAGGTT
AAGTCCTAAAACGAGCGCAACCCTTGTCACTAGTTGCCAGCATGTTATGATGGGBCTTTAGTGAGACTGCCA
ATGAAAAATTGGAGGAAGGTGAGGATCACGTCAAATCATCATGCCCCTTATGATCTGGGCTACAAACGTGATA
CAATGGCTGTTACAAAGAGTAGCTGAAACGCAAGTTAATAGCCAATCTCATAAAAACAGTCTCAGTTCGGATT
GAAGTCTGCAACTCGACTTCATGAAGTTGGAATCGCTAGTAATCGCGAAT

Figure.4.2.Binding sites of gPCR primers and probe on the nuelotide of partial 16S rRNA gene sequence
of SCGS phytoplasma infects Egyptian sugarcane cular (G8447). This sample was detected as
phytoplasma-negative by gPCR but shown to be pesiiy nested-PCR. Binding site fafrward primer is
marked with yellow colour; binding site of revers@mer is marked with green colour, whereas bindiitg of

probe is marked with blue colour.

In all cases, other qPCR assays may be carriedsiog primers and probes designed based
on the other regions like 23S rRNA gene or desighased on the different gene (non-
ribosomal) like tuf gene in order to test if other direct qPCR assegs detect the
phytoplasma in sugarcane plants better and therefioore reliable. As mentioned above our
results based on nested-PCR assays demonstratedlifilsulties with the detection of

114



Discussion

phytoplasma in sugarcane plants where significdfgrdnces in results of nested-PCR assays

occurred using particular primer combinations.

4.2. Phytoplasma detection and identification by REP analysis

Restriction fragment length polymorphism (RFLP) Igsia of PCR-amplified rRNA gene is
the preferred method to identify and differentipte/toplasmas within primary phylogenetic
groups that were established by 16S rRNA gene seguanalysis. This straightforward
method was introduced into phytoplasmology by Ltes.e (1998); Schneider et al., (1993).
The comprehensive classification scheme, combineth wiustrative RFLP patterns
characteristic of each distinct group and subgreooptinues to provide a simple, reliable and
practical means to identify unknown phytoplasmathait the need to sequence the 16S

rRNA gene.

4.2.1. Phytoplasma types in Hawaiian and Cuban sugzane

DNA from sugarcane cultivars, which had been oletdifrom the Hawaiian breeding station
(2003) and a Cuban station (2005), gave an ampligbich was similar in size and in
restriction fragment pattern to positive contraisnii phytoplasma-infected periwinkle. Two
types of phytoplasma were identified in these weats; two Cuban cultivars contained X-
disease phytoplasmé&Ca. Phytoplasma pruni’, whereas the 6 Hawaiian cukivand one
Cuban cultivar contained the Aster yellows phytepia "Ca.Phytoplasma asteris"
(Figure.3.4 and Table.3.2). In addition, faint bawdere also identified in some Hawaiian
cultivars and suggested a mixed population of ghlggma in sugarcane white leaf disease
(Figure.3.4). The most likely explanation for thenlding pattern of PCR amplified DNA from
sugarcane white leaf (SCWL) is dual infections Bfedent phytoplasma groups.

Multiple phytoplasma infection based on an analys the banding pattern of restriction
enzyme-digested PCR products has been reportegssame plants (Nakashima et al., 1996)
and grapevines (Bianco et al., 1993).

Further surveys were carried out in order to shaw kvidespread phytoplasma may be in
plants from previous sugarcane fields and whetheretare fluctuations of the phytoplasma
infection in the breeding station due to pestididatments. Therefore, sugarcane samples
were collected from Hawaiian plantations in 2006 2011 and from breeding station in 2010
and 2011 and conserved as dried leaves samplesnastigations revealed that there are
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two types of phytoplasmas: Sugarcane white leafqgtgsma as predominant group and aster

yellows group.

It is not immediately obvious why this diversity g@hytoplasmas exists in Hawaiian
sugarcane, despite the case of diversity of phgswpas in northern Australian sugarcane was
previously reported (Tran-Nguyen et al.,, 2000). @ other hand, closely related
phytoplasmas have been reported to induce diffgrieamotypic symptoms and different types
of phytoplasmas to induce similar symptoms (Daviale 1998; Firrao et al., 2005). It could
be the later is the case of Hawaiian phytoplasreciad-sugarcane.

Aster yellows (16Srl) phytoplasmas are an examplene of the most diverse phytoplasmas
known to date. Aster yellow phytoplasma: originallgscribed in astgAsteraceae family),
this phytoplasma infects herbaceous plants in dedy families, including vegetables,
ornamentals and weeds. Aster yellows phytoplasmpe in sugarcane had already been

reported in Cuban sugarcane as well as X-diseageglasma (Arocha et al., 1999).

The only phytoplasma infection found in Hawaii o Was the infection of water cress by an
Aster yellows type phytoplasma (Borth et al., 20889l ofDodoneaby a Western-X-disease
phytoplasma (Borth et al., 1995). No phytoplasmBl@waiian sugarcane was reported so far.
The close relationship between the phytoplasmandivand by us in Hawaiian sugarcane and
the one reported in water cress from Hawaii pokesquestion, whether there had been a
transfection from water cress to sugarcane, alth@eggording to literature the specificity of
phytoplasmas and of their vectors excludes tratisfeérom dicots to grasses. The specificity
even differentiates between different grass spdao@sading sugarcane (Tran Nguyen et al.,
2000; Wongkaew et al., 1997). The Hawaiian sugadareeding station (from where the
plants in the Bayreuth green house had been olamever had water cress fields in their
proximity. Furthermore many phytoplasma strainsmfreery different hosts show close
similarity to the Hawaiian SCYLP, so that the semily to water cress phytoplasma may not

imply that the strains are transmissible betweesdtdifferent hosts.

We wanted to do more surveys in order to check kdretugarcane plants, which grow close
to water cress fields, contain the water cresselpgphytoplasma, but phytoplasma-infected
water cress plants were not available; due to ¢élasan that all phytoplasma-infected water
cress plants had already been eliminated. For ebeartipe Sumida water cress field had
phytoplasma-infected water cress 10 years ago hedet plants had been eliminated.

Furthermore, currently there are no sugarcane $laaarby this field. Some of perennial
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grasses (some of them are wild relatives of sugarcch asviiscanthus Sp still exist
nearby this field which may be a reservoir of pipjésma. According to our investigation,
these plants are not infected with phytoplasma.

It is also not immediately obvious how sugarcanéevieaf (SCWL) phytoplasma exists in
Hawaiian sugarcane, but it suggests that theretigeainsect transmission occurring either
within the Hawaiian Islands or from outside the H#an Islands. Since, phytoplasma
diseases of sugarcane including sugarcane white($2\WL) and sugarcane grassy shoot
(SCGS) have been reported to cause substantiaslossthe sugarcane crop all over Asia
(Chona et al., 1960; Chen, 1974; Rishi and Che@9)L&nd the chance of their transmission
to other geographical regions seems to be higlengikie large phytoplasma reservoir already
revealed, the propensity of new phytoplasma str&onsvolve (Lee et al., 2000) and the
ability of leafhoppers, the most common insect eectof phytoplasma, to migrate long
distances (Wongkaew, 1999; Viswanathan, 2000) avittls to new host plants (Purcell,
1985).

Another possibility is that sugarcane white leaytpplasma already existed in mother plant
cuttings which were obtained from Asia before thegre propagated for use on Hawaiian
Islands. Since, Hawaiian sugarcane phytoplasmates@N223448)rom cultivar H78-7750
,which was obtained from Hawaiian breeding statiolistered to (SCWL) phytoplasma
closely together with (SCWL) phytoplasma from Tam{&Y139874) with a bootstrap value
of 86.6 and shared 98% sequence identity (Table.3.29 agaré-B.35.b). This is the first
report indicating an association of sugarcane wilagég (SCWL) phytoplasma strain with

sugarcane plants showing yellow leaf syndrome sgmpt

4.2.2. Phytoplasma types in Thai sugarcane

SugarcaneSaccharunsp. and hybrids) is affected by two lethal phytspial diseases, i.e.,
sugarcane grassy shoot (SCGS) and sugarcane wait¢€SCWL) (Rao et al., 2005). SCGS
disease has been reported to occur in India, Bdagha Malaysia, Nepal and Pakistan
whereas SCWL is predominant in Taiwan, Sri Lankd @hailand (Rao et al., 2005). They
are caused by SCGS and SCWL phytoplasmas, resplgctihese two phytoplasmas belong
to rice yellow dwarf groug'Ca.Phytoplasma oryzaedlso named sugarcane white leaf
(SCWL) group (Jung et al., 2003; Marcone et alQ40

117



Discussion

Our analysis showed that Thai sugarcane (unknovtivar) from province of Khon kaen
contains phytoplasma isolafelQ917068) clustered to the rice yellow dwarf groajmsely
together with sugarcane white leaf phytoplasma fkdyanmar (AB646271) with a bootstrap
value of 64.2and shared 100% sequence identity (Table.3.29 muile=3.35.b).

Our results showed that other Thai sugarcane gamples from province of Suphan Buri
contain also SCWL phytoplasma. However, these glafiowed yellow leaf syndrome
symptoms but not white leaf symptoms (Figure.1nf) that is also true for many Hawaiian
sugarcane plants where yellow leaf syndrome sympta@re associated with SCWL

phytoplasma type as mentioned before.

Based on these results, SCWL phytoplasma may leeiatsd with sugarcane plants showing
yellow leaf syndrome symptoms. In fact, it is w&thown that SCWL phytoplasma is
responsible for sugarcane white leaf disease symgptut association of SCWL phytoplasma
type with sugarcane yellow leaf syndrome symptoras mot previously documented. It could
be that these phytoplasmas cause yellow leaf symelgymptoms when they exist in low titer
as in the case of Hawaiian sugarcane and Thai cugaifrom province of Suphan Buri. On
the other hand, SCWL phytolasma belongs to ricéoweldwarf group and this type of
phytoplasma causes the yellowing of the infectee.ri

4.2.3. Phytoplasma types in Egyptian and Syrian sagcane

According to RFLP profiles of Hinfl restriction eytme, Egyptian sugarcane cultivag447
contains phytoplasma, which belongs to the ricéowetlwarf group and strain of sugarcane

grassy shoot.

Nucleotide sequence analysis of 16S rRNA genesalegethat sugarcane grassy shoot
(SCGS) phytoplasma is very closely related to tigascane white leaf (SCWL) agent and
sharing a sequence similarity more than 98%. Howesteains of SCGS phytoplasma for
which the full-length 16S rRNA gene sequences aedlable from GenBanks, lack the Hinfl
restriction site, which is present in the 16S rRiéne sequences of strains SCWL agent
(Govindet al., 2007). Therefore, the SCGS phytoplasméabeagistinguished from the SCWL
agent using RFLP analysis with Hinfl restrictiondenuclease (Hanboonsong et al., 2002;
Marcone et al., 2004). In contrast, at the 16S—HIEISA gene spacer sequence level, SCWL
and SCGS phytoplasma isolates are identical odynaentical. Therefore, 16S—23S rRNA
gene spacer sequence is a less significant taxartoolithan 16S rRNA gene sequence.
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To our knowledge, this is the first report aboué tpresence of SCGS phytoplasma in
Egyptian sugarcane cultivar. The geographical iBigtion of grassy shoot (GS) includes

countries such as Bangladesh, India, Iran, Malaydianmar, Nepal, Pakistan, Sri Lanka,

Sudan and Thailand (Viswanathan, 2000).

Association of phytoplasma with streak yellows @tedpalm in Egypt was documented for
the first time in 2005 (Ammar et al., 2005). In aah, occurrence of phytoplasma diseases in
Egypt was reported in periwinkle and was identifiesdmembers of aster yellow phytoplasma

group (Omar et al., 2008). No phytoplasma in Egypsugarcane was documented so far.

According to DNA sequence analyses of nested-P@Ruyats of Syrian sugarcane cultivar
using P1/P2 primer pair, this plant contains phigema, which falls into the rice yellow
dwarf (SCWL) group. However, rely on RFLP profikegth restriction endonucleas (Hinfl)
this Syrian sugarcane cultivaontains non-identified phytoplasma strain (Figsu®.and
3.10).Therefore, other DNA sequence analyses usimgr primer pairs are required in order
to identify this phytoplasma isolate. This is atage for some Thai sugarcane cultivars from
province of Bang Phra which contains the same dentified phytoplasma strain too.

Apple proliferation phytoplasmavhich infects apple trees, was reported in soytiaSAlso
two types of phytoplasmas were identified in mixatection in grapevine in Syria: one
related to stolbur (16SrXIl) and the other tentalivrelated to clover proliferation group
(16SrVI) (Contaldo et al., 2011) but no phytoplagm&yrian sugarcane was reported before.

As a consequence, our results are in agreement tivitbe described in Australia, South
Africa, Cuba and Mauritius (Vega et al., 1997; Geoet al., 1998; Arocha et al.1999;
Aljanabi et al., 2001) where phytoplasmas have bessociated with YLS of sugarcane
plants. Moreover, sugarcane yellow leaf syndron@Y(SS) disease, which has been reported
from several African countries, Cuba and Austral@s associated with distinctly different
phytoplasmas which are not specific pathogens. Tidyde members of the X-disease, faba
bean phyllody, aster yellows and SCWL groups wtaoh known to infect a wide range of

wild and cultivated plants and have low insect @especificity (Marcone, 2002).
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4.3. Identification of the phytoplasma strains in ggarcane by phylogentic analysis

Due to the inability to cultivate phytolasmas inll-¢ee media, molecular analyses of
conserved gene sequences have become rational nmaphytoplasma taxonomy and
classification. Use of DNA sequences to build upylphenetic trees is widespread and
recognized as a valid approach for identifying teomic relationships between organisms
(Hodgetts and Dickinson, 2010).

Following decisions for phytoplasma taxonomy takgnthe Phytoplasma Working Team
during the 13th International Organization of Mytagmology held in Fukuoka, Japan (14 to
19 July 2000) in general, a strain can be descriged new CandidatusPhytoplasma

species” if its 16S rRNA gene sequence has less #7a5% identity to any previously

described CandidatusPhytoplasma species.”

A BLAST search for the 16S rRNA gene sequencesrtegon this study showed that they
shared 99 to 100% sequence identity with thosel@rghytoplasmas in the aster yellows, X-
disease and rice yellow dwarf groups. This confartieat the detected phytoplasmas belong
to these groups ofCandidatusphytoplasma For example, Egyptian sugarcane cultivar
G8447 contains phytoplasma strain (JN2234d6¥stered to the rice yellow dwarf group,
closely together with sorghum grassy shoot physpkafrom Australia (AF509324) with a
bootstrap value of 81.1 and shared 99% sequenceitidéTable.3.29 and Figure.3.35.a).
Furthermore, it was previously reported that theendistantly related to SCGS agent, is the
sorghum grassy shoot (SGS) (Rao et al., 2007).€fowe, the Egyptian sugarcane cultivar
G8447 contains phytoplasma strain (JN22344élongs to the rice yellow dwarf group
‘Candidatusphytoplasma oryzaeand this strain cannot be described as a néantlidatus
Phytoplasma species” due of its 16S rRNA gene semubas more than 97.5% identity to
any previously described Candidatus Phytoplasma species.”. That is also true for
phytoplasma isolate (HM804282)om Cuban sugarcane cultivar Ja605 clustered heget
with other strains of X-disease group, among thdready reported sugarcane yellows
phytoplasma strain found in South Africa (AF05609%)h a bootstrap value of 48and
shared 99% sequence identity (Table.3.29 and F§)@&a). Therefore, the Cuban sugarcane
cultivar Ja605 contains phytoplasma strain (HM8@}28elongs to the X-disease group
‘Candidatusphytoplasmgpruni’ and can’t be described as a ne@ahdidatusPhytoplasma
species”.
Other Cuban sugarcane cultivar C10-5173 was indewith phytoplasma strain (HQ116553)
clustered to the aster yellows group, closely togetvith sugarcane yellows phytoplasma
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from Brazil (EU423900) and maize bushy stunt phigsma from Colombia (HQ530152)
with a bootstrap value of 49.6 and shared 99% semueddentity (Table.3.29 and
Figure.3.35.a). Therefore, the Cuban sugarcanavaultC10-5173 contains phytoplasma
strain (HQ116553) belongs to the Aster yellows gré@andidatusphytoplasmaasteris’ and

this strain can’t be also described as a n€arididatusPhytoplasma species”.

4.4. Hot water treatment in order to get phytoplasm free plant

When a pathogen is excluded from the propagatingmah of a host, it is often possible to
grow the host free of that pathogen for the restsdife (Aslam, 2001).

Hot water treatment has been proposed to cure dwrm@ody plant material from
phytoplasmas. While tissue culture techniques anginely used for virus eradication; few
reports have been published on their potentiatitghytoplasma elimination (Dai et,al997;
Parmessur et al2002; Chalak et al2005). The effectiveness of the method is basethe
fact that dormant plant organs can withstand higeeperatures than those their respective

pathogens can survive for a given time (Agrios, 800

The first aim of our hot water treatment was to mggative control (phytoplasma-free plant)
Therefore, we used an Australian recipe (Aroch@5B), as long duration treatment (48 h in
cold water (10°C), followed by 3h in hot water (&)).The cuttings (approx. 30 mm average
diameter) were kept in cold water before the haewaeatment was applied.

It seems that, immersion at 50°C for 30 min waseitective to eliminate the phytoplasma
totally from the cuttings but it could be effectiiresmaller diameters. Furthermore, it could

be that also depends on the titer of phytoplasmésea plant material.

Our tests showed that the appropriate hot wateatrtrent, which recommended for
phytoplasma elimination, is immersion at 50°C forlemast 60 min. Furthermore, our tests
showed that the plant material (cuttings) shouldthe¥mally prepared to the treatment by
storage for 48 hours at 10°C in order to prevepbar vegetative development especially for
long duration treatment at 50°C for 3 hours. Dueoitld be that this treatment could lead to
high mortality rates.

The hot water treatment which is practiced by tlaveiian plantations for their seed cane
fields (3 h at 50°C) is sufficient to eliminate pbylasma, whereas the duration of the hot
water treatment for seed pieces which are plamteke fields (20 min at 52°C) may be at the

margin of successful bacteria elimination.
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Therefore field plants were tested for phytoplasmta emphasis on the comparison of green
plants with YLS-symptomatic plants, standing sigesitle. Our results showed that these
field plants were in the case of a mostly phytoplasnfected and it seems that there is no
clear association between phytoplasma and sympthrasto some green sugarcane plants
were also positive for phytoplasma. Asymptomatigasuoane was frequently phytoplasma-

positive; this has also been reported by other @msrkCronje et al., 1998a).

One explanation for the poor correlation betweegtggflasma and symptoms is that some
phytoplasmas can exist in plants without ever cagidisease or having only a minor impact,
as is the case for ash yellows in velvet ash (8inet al., 1994) and phytoplasmas in alders
(Lederer and Seemuller, 1991), apricots (Kirkpatet al., 1990) and almonds (Uyemoto et
al.,, 1992). Such associations suggest that the plast is either tolerant or resistant to
phytoplasma infection.

4.5. Transmission test with sugarcane aphid

Our tests showed that the sugarcane aphidahaphis sacchayiare able to acquire the
phytoplasmas because DNA extracted from thesetspeaduced an expected size of nested-
PCR product. In addition, DNA sequencing of the€RRproducts confirmed that. Our tests
showed that these sugarcane aphids are able toadae phytoplasmas but they are unable
to transmit the phytoplasmas into the sugarcangplaecause all target plants (phytoplasma-

free plants) were negative for phytoplasma infecaéier three months post inoculation.

In fact, many aphids, whiteflies and mealy bugsprne®em-feeders on plant species infected
with phytoplasmas, but so far none of them has lheend to be a vector of phytoplasmas.
Recently, apple aphids were found to be positiveP@R assays for apple proliferation
phytoplasmas and were suspected to be vectorghbuesults of transmission experiments
seem to exclude this possibility (Cainelli et &007). A phloem-feeding habit is thus

necessary but insufficient for phytoplasma transiors

It was an expected result that sugarcane aphidsureible to transmit the phytoplasmas
(SCYP) because thus far, there has been no regdonphgtoplasma or spiroplasma
transmission by a phloem-feeding aphid. The reasamkack of transmission by aphids are
not known. Sites of mollicute attachment to inséissues and other pathogen-insect
interactions can be cited in a general sense ttaexpransmission specificities. But what

molecular mechanisms, that are present in leafhrepped presumably absent in aphids,
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account for the differences in mollicute transnuasbetween these major insect groups?
(Mishra, 2004). As a conseqguence, interestinglyhidgp apparently do not serve as
phytoplasma vectors.

4.6. Transmission electron microscopy for cytologal location of phytoplasma

Phytoplasmas are transferred with saliva of infiédtesect vectors into the pierced sieve
element, from which they spread systemically in pfent using the continuous sieve tube

system due they are pleiomorfic and sufficientyaliito pass freely through sieve pores.

Our transmission electron microscopic studies redethe presence of sugarcane white leaf
phytoplasma only in phloem sieve tubes of diseasgdrcane leaves but not in cells adjacent
to the sieve elements including companion cells @imdem parenchyma, although in many
cases the phytoplasmas have been reliably docuchenteompanion cells and phloem

parenchyma cells by electron microscopy, as wellh @geve elements (Siller et al., 1987).

Several ultrastructural changes were observed um@@smission electron microscope
(TEM). Parenchymatic cells of bundle sheath and predbtissue of infected leaves showed
some alterations compared to uninfected leavesthése cells accumulations of starch
granules and plastoglobuli were observed in whéaf Iphytoplasma-infected sugarcane
compared to uninfected contrgFigure.3.47). Our electron microscopic studies are
agreement with literature, where phytoplasma imbestled to a significant increase of starch
in source leaves (Lepka et al., 1999). These data cansistent with ultrastructural
observations reporting starch accumulation in dptasts associated with a severe
disorganization of thylakoids and a reduction itoobphyll content (Musetti, 2006) due to
the decrease of both Chl a and Chl b in leavesdégrease in photosynthetic pigments has
been observed in maize plants infected with maish stunt (Junqueira et al., 2004), apples
infected with apple proliferation and grapevineected with the bois noir phytoplasma. This
is probably the result of enhanced chlorophyllagevidy in infected leaves (Bertamini et al.,
2002b) and it has been suggested that phytoplasraes a role in the inhibition of
chlorophyll biosynthesis in plant host leaves (Bertini et al., 20024).

“The descent of photosynthesis is the result of ggigsma infection on photosynthetic
electron transport and enzymatic activities, dught loss of several thylakoid membrane
proteins and to the reduction of leaf soluble pnste These changes are similar to those
induced by leaf ageing, so an interference of ghlggmas with plant hormones that regulate

senescence processes in leaf tissues could behlegomd. In all kinds of diseases in which
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there is destruction of leaf tissue like sugarceunite leaf phytoplasma, photosynthesis is
reduced because the photosynthetic surface ofldm |3 lessened. Most viruses, mollicute
diseases induce varying degrees of chlorosis amdiisg. In the majority of such diseases, the
photosynthesis of infected plants is reduced gredtl diseases caused by phytoplasmas,
bacteria exist and reproduce in the phloem sielvestuthereby interfering with the downward

translocation of nutrients” (Musetti, 2006).

An increase plastoglobuli number and size in diagoized chloroplasts was found in
mesophyll paranchymatic cells of variegated leaf wdfite leaf phytoplasma-infected
sugarcane compared to green leaf of uninfectedreaiga which was used as control
(Figure.3.48) It is known that characteristics of plastids imescent cells include reduced
size, rounded shape and larger plastoglobuli (Tloomend Platt-Aloia, 1987; Biswal and
Biswal, 1988; Noode n, 1988).

As a consequence, the phytoplasma diseases ardesoaml their progress is also highly
variable and depends on many factors includingsthte of the host plants, the pathogen and
its different biotypes, the tendency for mutatithre presence and dynamics of the vectors, the
titer of the phytoplasma, the environmental coodsi as well as the agronomical practices
being used (Cianciand Mukerji, 2008).
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5. Summary

The Yellow leaf syndrome (YLS) had been first detddcand described in Hawaiian
sugarcane plantations. The poleroviBigarcane yellow leaf virusas identified as a causal
agent of the syndrome; however there was no stactelation between the degree of
symptom expression and the virus titre. Therefaggersal surveys on breeding station
sugarcane plants in Hawaiian Islands were doneSiayarcane yellow leaf phytoplasma
(SCYLP), a bacterium which had been hypothesizdzktalso a causal agent of YLS.

Two types of phytoplasmas were found in Hawaiiagascane cultivars mainly sugarcane
white leaf phytoplasma (SCWL) which is a memberidge yellow dwarf group, in addition to
aster yellows group. This was also true for sugagaants from Hawaiian plantations, which
routinely use hot water-treatment for the seed cangs.

Sugarcane samples were obtained also from othetreesi including Cuba, Egypt, Syria and
Thailand where sugarcane plants are also showimpteyns of yellowing or whiting. Aster
yellows and X-disease phytoplasmas were found iba@lcultivars whereas one sugarcane
cultivar from Egypt contains grassy shoot phytomlaghat is a member in rice yellow dwarf
group, but the other two Egyptian ones were phgsph-free. Syrian sugarcane was infected
by phytoplasma that identified preliminary in rigellow dwarf group. To our knowledge, this
is the first report for the detection and idengfion of phytoplasma in sugarcane plants from
Hawaii, Egypt and Syria. Our investigation on Thagarcane plants was in agreement with
previous literature where sugarcane white leaf (RCytoplasma is associated with white
leaf disease (Nakashima et al., 1994; WongkaeW,et397).

Q-PCR (real-time PCR) offers the opportunity toedetthe phytoplasma in a sensitive,
specific and quick manner, but that is not truedogarcane plants with a very low titer of
phytoplasma. Therefore, nested-PCR is better tirgPRyfor low titer phytoplasma detection
and that is true for sugarcane yellow leaf phyteypla disease. A BLAST search for the 16S
rRNA gene sequences reported in this study showadtihey shared 99 to 100% sequence
identity with those of other phytoplasmas in theehsyellows, X-disease and Rice yellow
dwarf groups. However, no one of these identifidéchiss can be described as a new
“CandidatusPhytoplasma species”. On the other hand, Hawaiiagarcane cultivar H78-
7750 as a representativef Hawaiian breeding station sugarcane contghgtoplasma
clustered to strain sugarcane white leaf (SCWL)@blasma, closely together with sugarcane
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white leaf phytoplasma from Taiwan (AY139874).dtpossible to explain the occurrence of
(SCWL) phytoplasma in Hawaiian Islands, by inseettors or by infected stem cuttings
which were obtained from other countries. Thai scgae contains phytoplasma isolate

closely together with sugarcane white leaf phytepla from Myanmar.

The transmission electron microscopic (TEM) studiegealed the presence of sugarcane
white leaf phytoplasma only in phloem sieve tub&sliseased sugarcane leaves but not in
adjacent cells to the sieve elements including @mgn cells and phloem parenchyma as
well. According to ultrastructurabbservations under TEM, parenchymatic cells of beind
sheath and mesophyll tissue of affected leaves atiowome alterations including
accumulations of starch granules, increase plasbogl number and size in disorganized

chloroplasts.

Insect vectors of phytoplasmas are phloem feedénss far, none of aphid species has been
found to be a vector of phytoplasmas. Our testsveloalso that black sugarcane aphids
(Melanaphis Saccharwere unable to transmit the phytoplasmas froradt#fd sugarcane into
the phytoplasma-free one. Hot water treatment leas Iproposed to cure plant material from
phytoplasmas. Our tests showed that the appropraterater treatment, which recommended

for phytoplasma elimination, is immersion of thgarcane stem cuttings at°&Dfor 60 min.
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6. Zusammenfassung

Das Yellow Leaf Syndrom (YLS) bei Zuckerrohr wurdgerst in Plantagen Hawaiis entdeckt
und von dort beschrieben. Das PolerovirBagarcane Yellow Leaf Virukonnte als

verursachendes Agens des Syndroms identifizierdever jedoch gab es keinen strikten
Zusammenhang zwischen der Intensitat der Symptardedem Virustiter. Deshalb wurden
Analysen an Zuckerrohrpflanzen aus der hawaiiaeischuchtstation durchgefihrt, um die
Pflanzen aufSugarcane yellow leaf phytoplasf&CYLP) zu testen, einem Bakterium, das

ebenfalls als moglicher Ausléser von YLS vermutatde.

Zwei Typen von Phytoplasma wurden in den hawaicr@s Zuckerrohrkultivaren entdeckt,
namlich Sugarcane White Leaf Phytoplasr{aCWL), ein Stamm deRice Yellow Dwarf
Gruppe, und ein Stamm daster YellowsGruppe. Dies galt auch fur Zuckerrohrpflanzen aus
hawaiianischen Plantagen, obwohl bei diesen romidfiidg eine HeilBwasser-Behandlung

ihrer Setzlinge, welche Phytoplasma eliminierenrikéndurchgefuhrt wird.

Proben von Zuckerrohrpflanzen anderer Lander (Kélmpypten, Syrien und Thailand), in
denen Pflanzen mit Vergilbungs- oder Bleichungsdpmen festgestellt werden, konnten
ebenfalls getestetAster Yellowsund X-DiseasePhytoplasmen fand man in kubanischen
Kultivaren, wéahrend ein &agyptisches Kultiv@irassy Shoot Phytoplasm@benfalls ein
Stamm derRice Yellow DwariGruppe) enthielt. Zwei andere Kultivare aus Agyptearen
phytoplasmafrei. Auch das syrische Zuckerrohr war ginem Phytoplasma dRice Yellow
Dwarf Gruppe infiziert. Unseres Wissens sind das dieerslachweise von Phytoplasma in
Zuckerrohr aus Hawaii, Agypten und Syrien. Die Asah an thailandischen Pflanzen
bestétigten publizierte Ergebnisse, dass &ugarcane White Leaf (SCWL) Phytoplasma
infizierte Pflanzen mit White Leaf Disease in Zusaemhang stehen (Nakashima et al., 1994;
Wongkaew et al., 1997).

Q-PCR (real-time PCR) gilt als empfindliche, spisziie und rasche Methode um
Phytoplasma in Pflanzenmaterial zu messen, diegegrsich aber offensichtlich nicht fur
Zuckerrohr mit niedrigem Phytoplasma-Titer. Deshalirde nested-PCR als die sensitivere
Methode, um Phytoplasma-Infektion niedrigen Titeb®i Zuckerrohr festzustellen,
angewandt. Ein BLAST-search zeigte, dass die 18SArRler gefundenen Phytoplasma-
Stamme 99-100% Sequenzidentitat mit Phytoplasmerster YellowsX-Diseaseund Rice
Yellow DwarfGruppen aufweisen, sodass keiner davon als n€aedidatusphytoplasma
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Art” beschrieben werden kann. Das Phytoplasma ams Kommerziellen hawaiianischen
Kultivar H78-7750 gruppierte sich iSugarcane White Leaf PhytoplasriaCWLP) ein,

zusammen mit einem Stamm aus Taiwan. Es erschiemt@glich, dass Uber Insekten als
Vektoren oder infizierte Setzlinge Phytoplasma almwan nach Hawaii kam oder
umgekehrt. Das thaildndische Phytoplasma steht &hsten denwWhite Leaf Phytoplasma

aus Myanmar.

Gewebeschnitte im Transmissions-ElektronenmikrosKdpM) zeigten, dass Phytoplasma
ausschlie8lich in den Siebrohren der Leitblindel finden ist, nicht in Geleitzellen,
Phloemparenchym oder anderen Blattzellen. Die nlemvaise grinen Gewebe der
infizierten Blatter (Bundelscheide und Mesophy#)gten starke zytologische Veranderungen
wie Akkumulation von Starkekérnern, eine grol3e Anizasron Plastoglobuli und

desorganisierte Strukturen in Chloroplasten.

Vektoren fur Phytoplasma sind Phloemsauger, jedagide bisher keine Blattlaus als Vektor
nachgewiesen. Es konnte gezeigt werden, dass Hiwasre Zuckerrohrlaud/lelanaphis
saccharj die der wichtigste Vektor fisugarcane Yellow Leaf Virust, Phytoplasma nicht
Ubertragen kann. Heildwasser-Behandlung war alsddetaum Abtéten von Phytoplasma in
Pflanzenteilen beschrieben worden. Dies konnte&bgstwerden und eine 60-mindtige
Behandlung in 50° heilem Wasser kann fur die Eienimg von Phytoplasma in

Zuckerrohrsetzlingen empfohlen werden.
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