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ABSTRACT

Most plants formsymbiotic associations with mycorrhizal fungi, which provide
water andinorganicnutrients to the host and in exchange obtain pientved
carbohydrates for theiown growth. Fungi in the Serendipitaceae form
mycorrhizal associations with a wide varietiyplant species including grasses,
orchids, ericoidsand bryophytes.Serendipita indicais the most extensively
studied species in the Serendipitaceae, due to its ease of culture on artificial media
and its ability to colonise the roots of various plgeaes. Previous studies have
shown thatolonisation withS. indicaenhances the growth of the shoots and roots
of many plants and protects plants against biotic and abiotic stressedgsTaim

of this projectwasto isolate and identiffserendipitaspp. from native Australian
orchids including Caladenia spp. and Bulbophyllum spp. in south east
Queensland. Five know8erendipitaspp.were isolated from seveGaladenia
speciesand identifiedusing morphological and molecularethods Two likely
new spes of Serendipitawerealsoisolated fromBulbophyllum schillerianum
andB. bracteatumThe fungal isolates froB. minutissimunandB. shepherdii
alsoincludedendophytidPreussiaandTulasnellarespectivelylnoculaing plants
with arecently describe®erendipitaspecies,S. whamiaejncreasedhe fresh
weight of tomato and improved immunity against the powdery mildew pathogen,
Golovinomyces lycopersiciSemiquantitative RTPCR analysis showedio
difference in the expression of nutrient transportdsstween Serendipita
colonised tomatoand norcolonised plants In Serendipitacolonised plardg
challenged wittpowdery mildew there was inconsisteepressiorpatternof a
b-1,3-glucanase genand no expression in chitinasesallose 11 synthase,
phenylalanine ammonia lyase andUifpoxygenase geneSerendipitanoculants
may represent an alternative efteendly and norchemical approach for

enhancing plant growth and pag@mcontrol in agriculture and horticulture.
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CHAPTER 1: LITERATURE REVIEW

1.1 Interactions between nycorrhizal fungi and plants

Most plants form symbiotic associations with mycorrhizal fungi, which provide water
andinorganicnutrients to the host and in exchamipain plartderived carbohydrates

for theirown growth (Nehls et al., 2010; Habib et al., 20I3)ere are various types

of mycorrhiza, such as arbuscular mycorrhizas, ectomycorrhizas, orchid mycorrhizas,
ericoid mycorrhizas and ectermdgcorrhizas(Selesse and Le Tacon, 199@igure

1.1).
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Figure 1. 1: Mycorrhizal fung al interactions with plant roots (modified from
Selosse and Le Tacon, 1998)

Briefly, ectomycorrhizas involvethe formation of a mantle and Hartig net of
intercellular hyphae on root cells. Arbuscular mycorrhizas, ericoid mycorrhizas,

orchid mycorrhizas and ectendomycorrhizas are classified as endomycorrhizas. Each



type of endomycorrhiza involves colonisation of root cells intracellularly by fungal
hyphae, ad each has a distinctive morpholodeferson et al., 2004).

1.1.10rchid mycorrhizas and Serendipitafungi

Previouslythe interaction betweenrchids and mycorrhizal fungi was considerad
anomalous associatidrecauset was believedhat fungus reeived no benefits from
the hostorchid (Alexander & Hadley, 1985). Howeveecentstudies of orchid
mycorrhiza have suggested that the flow of nutrients is bidirectional betthe@hant
and its fungal partner, whethe plant depenslon coiled hyphadpelotons) of the
fungus to receive essential elemesush as phospius and nitngen (Cameron et al.,
2006 andthe fungus receisnitrogen in the form of ammonium (NH (Fochi et al.
2017) and carbom the photosynthate from the orchid (Cameron.e2806; Latalova
& B g 20a0§Greenphotosynthetiorchids arenixotrophic mosbf their life cycle
andalsoreceivecabon at adult and embryonstageqSelosse & Roy 2009; Selosse
& Martos 2014).

The Basidiomycete gener@ulasnella Serendipitaand Ceratobasidiumare typical
partners ofgreen orchidgGarcia et al., 2006; Whitehead et al., 201Sgrendipita
belong to he Sebacinales ordevhich was developed \bthe French mycological
brothers Charles and Lodi®ene Tulasne. They erected thebacia genus in 1871,
based orthe unusuallongitudinally septate basid@esent in these fungiulasne &
Tulasne, 1871). The family Sebacinaceae was established by Wells and Oberwinkler
based on morphological characteristics, such as longitusipahte badia, absence
of clamp connections ancklatively thickwalled hyphae (Wells & Oberwinkler,
1982). The Sebacinales currently includes two families; the Sebacinaceae and the
Serendipitaceae (as amended by Oberwinkler et al., 2014).

Oberwinkler describedhe first Serendipitaceae species in 1964. He classified the
isolate in theSebacinagenus due to the presence of longitudinally septate basidia
(Warcup & Talbot 1967; Figure 3nd named itvermiferabased on wornrtike
basidiospores (Oberwinklgt964. Oberwinkler described the teleomorph stage of the
fungus, where the probasidia were glibbose to ovate and-B) pum in diameter
(Figure 4A), metabasidia with cruciate septa and basidia with forked, branched and
septate sterigmata (Figure 4.B). The basidiosp were usually filiform, cylindrical,
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aseptate or formed-3-septa and were straight or bent (Figure 4C). In addition,

Oberwinkler described anamorphic monilioid blastospondsch were present in

clusters, spherical in shape, thimlled, hyaline (clar) in appearance and19 pm

diameter (Figure 4D). Hyphae were characterised by Oberwinkler, as being thin

walled, hyaline, without clamp connections and with small dolipores in the septa

(Figure 4E).
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Figure 1.2: Serendipta vermifera(formerly Sebacina vermiferg anamorphic
and teleomorphic stages (Warcup & Talbot 1967).

In 1967 Warcup & Talbot described fungal strains isolated from Australiandscts
having similar featurest®© b e r wi Bdbdciearvérmifer@Varcup & Talbot 1967)
Serendipitavermiferawas later identifiecbn rotting timber inthe United Kingdom

(Roberts, 1993)Molecularanalyseshave shown that War cupobs

combination of diverse species®rendipita Weiss et al., 20042011 Deshmukh et
al., 2006) Recently,some ofthese species have been namedaaustralianaS.

secundasS. warcupij S. talbotii S. occidentalisS. rarihospitumand S. communis
(Oktalira et al, 2021).



The most extensively studied Serendipitaceae spiscierendipita indicadue to its

ease of culture on artificial media and its ability to colonise the roots of various plant
species (Waller et al., 2005; Sherameti et al., 2008; Fakhro et al., 2010; Jogawat et al.,
2013). Serendipitaindica was named dut its pearshaped asexual sporasd was
originally isolated and described from tlabuscular mycorrhizal fung (AMF)
Funneliformismosseadrom the Thar desert in India (Verma et al., 1998). Other
Serendipitaceae species inclufewilliamsii which was identifedfrom the roots of
Trifolium repengMilligan & Williams 1987, S. herbamangom the herbaceous plant
Bistorta vivipara(Riess et al., 2014§. restingadérom the orchidEpidendrum fulgens
(Fritsche et al., 2021and S. whamiagwhich wasisoated fromthe collar region
(immediately above the tuber) in the stefithe orchidEriochilus cucullatus(Crous

et al., 2020).

1.2Mycorrhizal/ Serendipitafungi asplant growth promoters

Several premus studies have shown the postimpacts of myarrhizal fungion
tomatounder abiotic and biotic stre@fdzanza et al., 2012seel et al., 2019;eventis

et al., 2021; Wang et al., 20Detrey et al., 202Zallasgo et al., 2022 For example
Rhizophagus irregularizzasshown to increasthe plantiength and he fresh weight

of root in colonised tomatdy 41% and 4% respectivelyunder salinity stress
compared to control plant&nother study demonestrated that mycorrhizal fungi could
support tomato growth unde drought stress where Septoglomus comgttum-
colonised tomatplantshave showed highe@oot and shoot dry weiglit4% and 18%
respectively)than noamycorrhizal plants under drought stress (Duc et al., 2018)
When tomato plants were infected with the bacterial pathoBatbstonia
solanacearumGlomus versiformaeducedaround 80% of theR. solanacearum
populationontheroot surface by inducing soluble phenols contents in root tissue (Zhu
& Yao, 2004).

One year after discovering. indica,Varma and colleagues (1999) investigated the
function d S. indicaas aplantgrowth promoter. They noted the positive impacgof
indica on the growth of the shoots and roots of mgizeamay9, poplar(Populus

tremulg and parsleyPetroselinum crispui{Varma et al.,1999). An improvement of



plant biomassvas also observed BiindicacolonisedArabidopsisvhich involved an

increase irthe number and size of rosette leayieeskarBerghofer et al., 20045.

indica enhanced the shoot biomak$5 times compared wittine controk in black

gram(Vigna mungd(Kumar et al., 2012%5. indicaalsoenhanced both shoot and root

biomass of whedl riticum aestivun(Serfling et al., 2007)Chlorophytunsp. (Gosal

et al., 2010), Chinese cabbage (Sun et al., 2010) and fennel seedlings (Dolatabadi et

al., 2011).Reseech also showed an increases in nutrient absorption and biomass in

Chinese fir (Wu et al., 2019)n the medicinal planAdhatoda vasicaS. indica

increased the growth rate of colonised plants compai@shtrol plants (Rak Varma,

2005). In additionS. indicainduced early floweringnd increased the chlorophyll and

phosphorus contentf the medicinal plantColeus forskohlii(Das et al., 2012).

Moreover,S. indicaincreased plant biomass, the number of leaves and roots and the

length of shoat and roos of Centella asiatica(Satheesan et al., 201Additional

studieswhereSerendipitaspp. improved plant growthre summarisetielow (Table

1.1)

Table 1.1: Impacts of Serendipitaon plant growth parameters.Serendipitancreased fioot and
root length, grain yield and fruit and overall fresh weightultiple studies

Plant Serendipita
sp.

Switchgrass S. vermifera

(Panicum virgatum

L.)

Spilanthes calva  S. indica

Withania somnifera S. indica

Barley S. indica

Tomato S. indica

Anthurium S. indica

andraeanum

Arabidopsis S. indica

Arabidopsis S. indica

Plant part

Overall

biomass

Shoot leng
Shoot leng
Grain yield
Fruit
weight

plant

th
th

fresh

Root length

Freshweight

Shoot
weight

fresh

Increase rate

from
113%

Increased
77% to
increase compare:
to the control
Increasedy 8%
Increasedy 63%
Increased by 1%
Increased betwee
50% and 100%
Increased by 58%

Increased by 30%
Increased by 6.€
fold compared to

the control

Reference

Ghimire et
2009

al.,

Rai et al., 2001
Rai et al., 2001
Waller et al., 2005
Fakhro et al., 201(

Lin et al., 2019

Sun et al.2014

Venneman et al.
2020




The effects of inoculating botlS. indica and the nitrogeifixing bacterium,
Azotobacter chroococcuon Artemisia annud.. (sweet wormwod plant) have been
studied. The impacts of this dual interaction improved plant growth, increased
phosphorus and nitrogen levels and enhanced photosynthetic pigment concentration
(Arora et al., 2016). Furthermore, anotBerendipitaspeciesS. vermiferdhas shown

a positive impacon growth parameters of many plants (Weiss et al., 2016), \#here
vermiferaenhanced th stalk length oNicotiana attenuatgBarazani et al., 2005),
shoot growth and fresh weight in barldyeshmukhet al., 2006) and improveawot

and shoot length and dry mass in switchgrass (Ghimire et al., 2009).

1.3 Serendipitainduced protection against plant stress

Colonisation withSerendipiteenhances protection against both biotic and abiotic plant
stresses (reviewed in Weiss et 2016) Barley plants colonised witB. indicashowed
higher resistance t&usariumculmorumthan norcolonised plants (Waller et al.,
2005; Harrach et al., 2013)he fresh weight of rostand shoat decreasedwo fold

in Serendipitacolonised barley undd-usariumstress, whilehelosses were 12 fold

in the absence dberendipita(Waller et al., 2005)In wheat, Serfling et ak2007)
showed that S. indica protects plants from the stem base pathogen
Pseudocercosporella herpotrichoidds Tapesia yallunde), F. culmorum and
Blumeria graminisf.sp. tritici (Serfling et al 2007) and Serendipitaincreased
germination rate under pathogen stress to 90.7% compared with controMgtaits
was 71.4% (Serfling et al., 2007)n arother studyS. indicaprotectel wheat from
crown rot disease caused Bysarium culmorunandF. graminearum(Rabiey et al.,
2015). Serendipitaindica enhanced the growth of infected plants and increased seed
emergence and root biomass more than infected wheat whowtica(Rabieyet al.,
2015).S. indicashowed an ability to attenuate the development of the vascular wilt
fungusVerticillium dahliaein tomato (Fakhro et al., 2010) aAdabidopsis(Sun et

al., 2014).S. indicaconferred protection dhrabidopsisagainstAlternaria brassicae,

the pathogen responsible for leaf blight disease (Johnson et al., BOD&ize,S.
indica protected plants from the ropathogerFusarium verticillioidesand improved

the biomass and root length and number as compared witltat@mised plants

(Kumar et al., 2009). Moreoves, indicacontrolled black root rot disease caused by



Thielaviopsis basicolandFusariumwilt disease in tomato and controllBthizoctonia
root rot disease in barley (Baltruschat & Kogel, unpublished data).

S. indica co-inoculated with other beneficial microorganisms caso confer
biological control against pathogens. For examge indica and fluorescent
Pseudomonasstrains showed an ability to contrélusarium oxysporunt. sp

lycopersiciin tomato (Sarma et al., 2011 addition, the interaction @&. indicawith

other beneficial fungi such asebacina vermifera Trichoderma viride and

Trichoderma harzianunmgduced the severity &usarium oxysporurh sp.lentis the
causal agent of lentil wilt (Dolatabadi et &012).

Besides its potential to control plant pathogehsindicahas been shown taduce
plantresistance tberbivorous insects. study demonstrated the role of the fungus
improving tolerance of rice plant® rice water weevilLissorhoptrusoryzophilus
infestation(Cosme et al., 2016). Th#ant colonisedwith S. indicaproduced more
shoot and root biomass, tillers, and total root length was higher compared with plants
infested with larvae withous. indica(Cosme et al., 2016). This result casted with

an older study, where the researchers foundSkatndipita vermiferbad negative
impacts onNicotiana attenuatgplants, where the expression of trypsin proteinase
inhibitors which reduce the feeding of the herbivbtenduca sextayas reduce in

the presence dhesymbiont(Barazani et al., 2005).

1.4 Cellular and molecular aspects ofSerendipitaplant interactions

1.4.1.1Serendipitaplant colonisation

Previous studies showed that indicacolonises roots of barleypéshmukh et al.,

2006, Schafer et al., 2009) anérabidopsis(Jacobs et al., 2011) mainly in the
maturation zone and infrequently in the meristematic zone. After inoculation, hyphal
growth occurred on the root surface and intercellularly, which led to cell wall digestion
of the host plant (Jacobs et al., 2011). Hyphae become intracellular after three to seven
days post inoculation. This is followed by death of colonised host ahsugh cell

death did not cause root necrosis ardid not negatively impact root growth
(Deshmukhet al., 2006). Chlamydospores form in the rhizodermis withitid 8ays

post inoculation in barley plasDeshmukh et al., 2006).



Plant genes play a role in root colonisatiorSeyendipitespecies. In barley, the HvBI

1 gene encodes the BAX inlititr-1 protein that inhibits cell deatlhilst S. indica
repressd the BAX inhibitor1 protein to activate cell death and successfully colonise
barley rootgDeshmukh et al., 2006However, werexpression of the HvEIL gene
suppressed. indicacolonisaton in barley rootyDeshmukh et al., 2006). Another
studydemonstratethat the level of gibberellic acid can control the degree of barley
root colonisation bys. indica where gibberellic acid mutant barley lines showed

reduction ofS. indicacolonisation compared with control plangSchafer et al., 2009).

1.4.1.2Gene expression changes fBerendipitaplant interactions

Serendipitafungi affect the gene expression of host plants during different stages of
colonisation (Schafer et al., 2009). 3&rendipita-colonised barley plants sevdays

after inoculation, expression analysis showedegulation of genes for gibberellin,
auxin and abscisic acid synthesis. In contrast, the levels of genes for salicylic acid,
jasmonic acid, and ethylene produatiowere reduced (Schafer et al., 2009). In the
Dendrobiumofficinale orchid interaction with a Serendipitaceae strain, high levels of
signal transduction pathway associated genes such as calependent protein
kinases were recorded (Zhao et al., 2013)s0AS. indica reprogrammed the
physiological pathways ofhe dancinglady orchid Oncidium by inducing genes
involved in phytohormone signalling, cell wall metabolism and transcription factor
regulation (Ye et al., 2014).

At the beginning of thenteracton, plantsidentify Serendipitafungi as pathogens
(Schafer et al., 2009Y herefore the microbeassociateanolecular patternMAMP)
mechanism is triggere@ndgenes of pathogenesislated proteingre upregulated
suchas PR1 in barley (Schafer et &Q09) andArabidopsis(Pedrotti et al., 2013).
The Serendipitafungusinhibits further upregulationof resistanceenes irplantsby
decreasing the production of hydrogen peroxide (Camehl et al., ZBdrBndipita
fungi have been shown to overcome detetarriers via regulation of the jasmonic
acid pathway inArabidopsisroots. This regulation repressed early rabAMP-
triggered immunity MTI) such as the oxidative burst and IM&l such as salicylic

acid and glucosinolate production (Jacobs et al. 12(Furthermore, gene expression



analysis ofSerendipitacolonised barley roots showed induction of genes for proteins
that may have immune suppressive function (Zuccaro et al., 2011).

Serendipitaindica-colonised plants activate systemic resistancenagéaf and root
pathogens (reviewed in Weiss et al., 2016). The presenge ioflicain powdery
mildew-inoculated barley plantaduced genes encoding pathogenesiated proteins

and heat shock proteins (Waller et al., 2008; Molitor et al., 2011 )edx¥er,S. indica
induced systemic resistance to barley roots by increasing the levels of ascorbate and
glutathione and minimising the activity of lipid peroxide and other antioxidant
enzymes(Harrach et al., 2013)During Arabidopsisinfection with the powery
mildew pathogenGolovinomycesorontii, the symbiotic fungusS. indicainduces
systemic resistance through the activation of jasmonic acid signalling (Stein et al.,
2008). FurthermoreS. indicaincreased the content dfydrogen peroxidegainst
Vertidllium longisporumandRhizoctonia solann Arabidopsis and cellular analysis
showed noticable limiting of pathogen mycelium growthSierendipitacolonised
plants (Knecht et al., 2010%. indicainhibited the spread od¥erticillium dahliae
fungus to tle aerial parts aArabidopsisand blocked the formation of microsclerotia
(Sun et al., 2014).

This researclis focused oraddressinga number of key knowledge gaps regarding
Australian Serendipita As nost previous Australian studiesave focused on
idenification of newSerendipitaspp. from Victoria, NSW and Western Austrgm.
Davis et al. 201pthis studyfocusses on a little studied region in this esttsouth
east Queenslandlso, most previous studies of Australi&erendipitehave targetted
terrestrial orchid (eg. Huynh et al. 2009his project willseek to islate and identify
Serendipitdrom nativeepiphytic orchid. Seedand seedlingolonisation experiments
are conmon in studies of Australia oretls (eg. Warcup IA) but thethe impats of
AustralianSerendipitasppon non orchid plantsave not beerbeen testedxtensiwly

and there is nmmformationonthe changes in gene expressiarthese ingractions
2. Study objectives

This project aims tesolate and identifghe Serendipia spp. from native Australian

orchids including Caladenia and Bulbophyllum spp. in south east Queensland,



Australia This project will also monitorthe growth impacts of tomato under
Serendipitacolonisation and investigate the effectsSefrendipiteon tomato defense

againsthe powdery mildew pathoge@olovinomyces lycopersici

The specific objectives of this study doe

1) Isolate and identify vianorphology andDNA sequencingspecies of
Serendipitafrom south east Queenslafladeniaorchids which have been
little studiedpreviously.

2) lIsolate and identify vianorphology andDNA sequencing species of
Serendipitafrom AustralianBulbophyllumorchids which have been little
studied both nationally and internationally

3) Testthe Serendipitaungi for theircapacity to improve the growth of tomato
plants ad examine the changes of gene expression in this process.

4) Testthe Serendipitafungi for their capacity to protect tomato against
powdery mildew and examine the changes of defence gene expliegsien

interaction

As mentioned above, Australian orchigre a commosource ofSerendipitaspp, and
therefore this projedtighlights the importance of the conservation of orchids located
in Queensland. The deforestation rates in Queengiauad beerhigher tha other
Australian territories from 1995 to 2005 (Bradshaw 2012). Furthermore, the woody
vegetation in Queensland between 2015 and B@%beencleared at a rate of nearly
400,000 halyear, 33% faster than in 2084 (Dept. of Science, Information
Technolg@y & Innovation 2017)lt is likely during this laneclearing many orchid
plants have been lost along with their associatgdorrhizal communityThis may
mean that options to use sorSerendipitaspp. as ecofriendly agestto erhance

immunity and growtlof valuableplantspecieshas been compromised.
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CHAPTER 2: ISOLATIONAND IDENTIFICATION OF
CaladeniaASSOCIATED Serendipitaspp.

2.1 Introduction

Australia has a rich diversity of orchids. For example, southern Australia has over 1000
orchid speies (Jones, 2006) and around 197 orchid species have been recorded in
south east Queensland (Stanley & Ross, 198&hids form symbiotic interactions

with mycorrhizal fungi and absorb all essential nutrients at the early stage of their life
cycle (Grahen & Dearnaley, 2012). Generally, orchid mycorrhizal fungi are
basidiomycetes (Rasmussen, 2002; Bougoure et al., 2005; Dearnaley, 2007; Waterman
& Bidartondo, 2008). Bernard (1899) recorded Sebacinaceagas the first orchid
symbiontsin the common Eungean orchidNeottia nidusavis Bernard named tlse
orchidassociated u n g i 0rhizoctoniasd (Sel osse et
stages of the Cantharellales (Tulasnellaceae and Ceratobasidiaceae) and Sebacinales
(Dearnaley et al., 2013). In 196the first interaction between Serendipitaceae and
terrestrial orchids of Australia was recordédafcup & Talbot, 1967). After that, roots

of a diversityof Australian orchids such d3slossodia Elythrantheraand Eriochilus

spp. were recorded as habitati for Serendipitaceae spp. (Warcup, 1971).
Serendipitacea&ingi form fungal pelotons (hyphal coils) in orchid roatsd stem
collarsand are generally easy to isolate and propagate in pure culture (Bougoure et al.,
2005).

In addition to association wit orchids, there are various types $é&rendipita
interactiors with other plants. Intracellular hyphal coils $érendipitavere noted in

the rhizoids or ventral cells of liverworts (Kottke et al., 2003; Bidartondo & Duckett,
2010; Newsham & Bridge, 2010%erendipitaspp. werefound associated with
liverworts individually (Bidartondo & Duckett, 2010; Newsham & Bridge, 2010) or
joined with Tulasnellales in some thalloid liverworts (Kottke et al., 2003). Also,
Serendipitaassociate as root endoplg/ti@ Arabidopsis (PeskarBerghofer et al.,
2004; Sherameti et al., 2005), barley (Deshmukh et al., 2006; Achatz et al., 2010),
tomato (Fakhro et al.,, 2010; Sarma et al., 2011) and wheat (Rabiey et al., 2015).
Furthermore, Serendipitaceae associate with membeére pfant familyEricaceaas

ericoid mycorrhizal symbionts, whetbe fungi make a sheath surroundimgots
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(Setaro et al., 2006a, b), and they can use tedimall degradingenzymedo act as
saprotrophic fungi (Basiewicz et al., 2012).

Caladeniais a large terrestrial orchid genus with over 370 identified species and
subspecies (Phillips et al., 2009) in six subgenera (Hopper & Brown, ZDilajlenia

are widespread in souttesten and soutleastern Australia, a few species have been
recognized in New Zealarahdone species has been identified in New Caledonia and
Indonesia (Phillips et al., 2009 aladenia species can be found in temperate
woodlands, forests, subalpine woodlarehd the margins of the arid zone (Jones,
2006; Hoffman & Brown, 20113andhave been shown to associabmost exclusively

with Serendipitasspp (Warcup 1971Huynh et al. 2009Swarts et al., 2010; Wright et

al., 2010; Oberwinkler et al., 2014§erendifta occur inCaladeniastems and mainly
colonise the collar regiosubtending the leaf (Ramsay et al., 1986). Although south
east Queensland has a large number of terrestrial orchid species recorded (Stanley &
Ross, 1989), only a few studies have isolddedendipitafrom Caladeniaspecies,
includingC. carneadrom Helidon Hills(Bougoure et al., 2005) ai@l atroclaviafrom

the Stanthorpe region (Dearnaley et al., 2009).

In fungal taxonomy, PCR amplification and sequencing ofribesomalDNA is
commony used as a molecular tool to identify fungal isolates and build phylogenetic
treesto comparevarious species (Bougoure et al., 2005). The internal transcribed
spacer (ITS) is a variable region located betweegéhes for themallsubunit(SSU)
andthelargesubunit(LSU) ribosomalRNA, and is of particular taxonomic usefielss
(White et al., 1990; Bruns et al., 1991; Gar8e8runs, 1993; Boysen et al., 1996;
Kuninaga et al., 1997; Takamatsu, 1998nhumber of recenstudies haveised ITS
sequenceso distinguish different Serendipitaspp. in Australia (Davis et al. 2015;
Phillips et al. 20160ktalira et al., 2021

In recentyears there has been an increase in the number of formally iSaresdipita
spp Serendipitarestingaesp. nov. wagecently characterisedrom the terrestrial
orchid Epidendrum fulgenm Brazil (Fritsche et al., 2021Serendipitawhamiaewas
describedrom parson's bands orchiftriochilus cucullatusin the Stanthorpeegion
of Queenslan@nd named ifmonour of the welknown naturalist of theStanthorpe

region, Dell WhanfCrouset al., 2020)Seven newSerendipitaspecies associated with
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Australian terrestrial orchidglargely Caladenia spp.) have also been formally
describede.g. S. australiana, S. communi$. occidentalis S. rarihospitum S.

secundas. talbotiiandS. warcupii(Oktalira et al., 2021).

In thispartof the projectthe fungal associates Galadeniaorchids fromapreviously
little explored Australian bioregioare investigatedior the first time. Stem cdlars
were obtained fronCaladeniaorchids growing ative sites in south east Queensland.
Culturesof isolatedfungi wereobtained and these weexaminedmacroscopically
andmicroscopically to detect themorphologicalcloseness t&erendipita ThelTS-
DNA sequences ahe isolatedfungi were BLAST searched against the GenBank
database anghylogenetially analysedto determinetheir relationship to existing
Serendipitaaxa.
The specific objectives of this component of the study are:
a) To isolate Serendpita fungi from multiple Caladenia spp. in south east
Queensland
b) To identify Serendipitafungi using morphological and molecular taxonomic
procedures
c) To further characteriseésolated Serendipita fungi using phylogenetic

approaches.

2.2 Methods

2.2.1 Sampe collection and media preparation

Whole plants of evenCaladeniaspecies were obtained frofiwe locations in south

east Queensland (Figer2.1and2.2). Samples were kept on ice while in transit to the
laboratory thenaround 0.5 cnportions of colaised stems were removed from plants

at the USQ laboratory. To kill any root surfadeelling microorganisms, thestem
portions were surfaesterilised by 30 seconds immersion in commercial bleach
(0.05% N#CI) and rinsed 3 times in sterilised distilledter.Aseptically, eachstem
portion was finely sliced and squashed with a sterilised scalpel blade to release
pelotons. Sterile distilled water was mixed with the crustteshmaterial and divided
between 3 x 90 mm petri dishes (3 replicatesgpem), and cooled, molten potato
dextrose agar (PDA (Bacto Labs, Liverpool NSWyvas poured over therushed

13



materdl. Plates were sealed with parafilm and incubated at 22°C in the dark (Memmert
incubator, VIC, Australia). Every 14 hours the plates were checkddrigal growth

by light microscopy (E600 photomicroscope; Nikon, Tokyo, Japan). Colonies were
assessed for similarity t®erendipitsf u n g i in terms of sl ownes
mm/day), rightangled hyphal branching and the absence of sexual sp®rpera
GonzélezGarcia et al. (2006)Serendipitalike colonies were cut from the PDA
aseptically and subultured onto a new plate of PDA and this step was repeated until

a number of pure isolates were obtained.
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Mt Mee: 1, 2
Queensland Mt Nebo: 3
Toowoomba oowoomba
Mingimarny: 4
Mt Tully: 5, 6
‘ Ballandean: 7
|
Figure 2.1: (A) Location of the study region in Queensland(B) Caladeniacollection locations: 1;C . cat &hat a

g aci | BiCnpictey4; C. caerulea5; Caladenia.sp., 6;C. fuscata 7; C. filamentosaScale bars are is 200 km and 10 km.
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Figure 2.2: (A-G) Flowers ofthe Caladeniaspecies sampled in this studyA: Ca | ad e ni aB:C .a eyp iu€teadenata D: Caladenia
sp, E: C.filamentosa F: C. fuscatg G: C. gracillimum. Scale barsin A-F are 1 cm.Scale bar in G is 0.5 cm.
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2.2.2Fungal DNA extraction

After macracopic and microscopic observation of all cultui@seplate from each

distinct fungal isolatavas selected for DNA extraction, PCR and sequencing from

each orchid speciesseptically,DNA was extractedrom pure fungal culturessing

an EtractN-Amp Plant PCR Kit (Sigm&ldrich, Australia) following the
manufacturersoé i nstr ungtofi tkemgcelial fappler veax i mat e
ground with asterile micropipette tip in a microcentrifuge tul@nd then, 100n

extraction buffer was adde@iheground tissuevas incubated for 10 min at 95 in a

heating blockefore being mixed usingvartex. After that, 1001 of dilution solution

was addedo the same tube tstop the extraction process.

2.2.3DNA amplification by PCR

PCR amplificationnvolved adding 1ul of the extracted DNA to @l sterile milli-Q
water, 10pl of PCRready mix (Sigma&Aldrich) and 1l each of thdungal specific
primer ITS1F (Garde& Bruns 1993)or ITS1 primerandITS4 primer(White et al.
1990). AllPCR reactionsvere performedn duplicate and a control tube containing 1
m of sterile HO instead of DNA wasicluded Samplesvereamplifiedwith 35 cycles

of 95 C for onemin, 50 C for onemin and 72C for onemin, with a final elongation

step ofLlOmin at 72 C using FCR express machine (Thermo Hybaid, UK).

2.2.4Electrophoresis

An electrophoresis apparat(Bio-Rad, Gladesville, NSW, Australiayas used to
separatahe PCR products. Twmicrolitres of the PCR product was run on &ol
agarosegel containing GelRrd nudeic acid stain (Fisher Biotec, Wembley, WA,
Australia)and viewed under UV light using a Quantum ST4 gel documentation system
(Vilber Lourmat, Fisher Biach, Wembley, WA, Australia).The gel was
photographed using a Quantum capture®iitage acquisitiomnd analysis software

package.

2.2.5 DNA purification, sequencing and phylogenetic analysis

PCR products werpurified in preparation for sequencing using a DNA purification

kit (Qiagen DoncasterVIC, Australig as per the manuWwactur e
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microliters of the resulting purified DNA everun on al% w/v agarose gel to check

the concentration of the purified sample. Samples containing betwegnahd 3(hg

of DNA weresentto the Australian Genome Research Facility (AGRHBrisbane

for Sangersequencing. Upon receipt of the returngdomatogramsthese were
viewed using the Chromas® 2.0 program to check for contamination and quality. A
BLAST search against the National Centre for Biotechnology Information (NCBI)
databasekttp://www.nchi.nlm.nih.gow was used to determirtbe closest species
matches. MEGX software analysigkumar et al., 2018jvas used to explore the
phylogenetic context of the sequen&mtendipitdungi by comparinghem wth other
species that have been characterised previously. For aligning sequences, aAClustal
approach was used witlefault settings of 15 and 6.66 for both pairwise and multiple
parameters. The statistical method Maximum Likelihood was usecbfwtrucing
phylogenetic tree A bootstrapping value of 1000 was usedierfitest of phylogeng:

A Kimura 2parameter model was used under Model/Method; Gamma distributed was
selected underfrates among sitésand Partial deletion was chosen under

fGaps/Missing @ta treatmerdt

2.3Results

2.3.1 Morphological identification of fungal isolates

Subculturing onto a new plate of PDA was repeated until several pure isolates were
obtained. Contaminated plates (ifast growing ascomycetes, yeaanhd bacteria)
wereexcludedrom thesequene analysis. Table 2.1 sh@the number ddll isolated

microbial platesfor eachCaladeniaspp.

Table 2.1: Number of all isolated microbial plates from eachCaladeniaspp. PossibleSerendipita
spp., Ascoycetesyeast and bacteriaere isolated from alCaladeniaorchids studied.

Source Possible Other microbes Total

Serendipita

Spp. .

Ascomycetes  Yeasts Bacteria  Total

C. gracillimum 10 26 9 20 65
C. catenata 10 16 1 10 37
C. filamentosa 10 3 1 8 22
C. fuscata 6 8 0 22 36
Caladeniasp. 7 10 1 3 21
C. caerulea 16 3 9 0 28
C. picta 15 20 16 0 51
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Prior to peloton isolationross sections were made@fgracillimum, C. catenata, C.
fuscata, @ladeniaspandC. filamentosastemso confrm fungal colonisationNot all

species showed pelotons inside their cortical tissues (Figute 2.3)
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Wy b ﬂf

Figure 2. 3: No obviouspelotons insideC. gracillimum stem(A). Pelotons (red arrows) and ascomycete hyphae (black arrows) insideCa
catenatastem (B).Pelotons (red arrows) inside stems fronCaladeniasp (C), C. fuscata(D), C. filamentosa(E) and C. caerulea(F). Scale bars
of A, D, F and G are 200 um, scale bars of B and C are 100 um, scale bar of E is160

20



Hyphal gowth from pelotonswasobservednmany platesind fne hyphae withight-

angled branching was rest in pure fungal cultures from a number @dladenia
species (Figure 2.4Fungal clture colar was white obeigefor mostSerendipita
like isolatesMost culturesgrewarounds cmover two weeken PDA at 22C (Figure

2.5). No telemorphic spore fornteon was notedn any of the cultures

Figure 2.4: Hyphal growth from pelotons isolated fromC. caerulea/A) and C.
picta(B).; C: Right-angled hyphal branch in fungalisolate from C. caerulea
Bars are 100pum.
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Figure 2.5: Serendipitalike isolated from Caladeniaspp., A:C.c a er 8tCe a ,p i €mracilimum, D: C. catenataE: Caladenia.sp,
F: C. fuscata G: C. flamentosa Scale bars are 1 cm.
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2.3.2 Sequence analysis results

After macroscopic and microscopic inspectiplates of possibleSerendipitasolates
from each orchid speciesere targeteddr ITSS-DNA sequencingThe sequencing
results are outlined inTable 22. BLAST searches of the National Centre for
Biotechnology Information (NCBI) databaséttp://www.ncbi.nlm.nih.gow were
used to determinelosest species matches. All sequences were analysédthy
highlighting or removing thdiSequences from t ynpBeASTmat er i ¢
(Tables 2.2and?2.3). Theclosestype specimen match for tifiengal isolates fronC.
caerulea, C. pictaand C. filamertosa was SerendipitaherbamangNR_144842.1),
althoughthe highesipercentagenatchwas only 83% (over 490 bp) for the fungus
from C. picta The ITS-DNA sequence fronthe C. fuscataand Caladenia sp.
symbiontshad distantmatche to Ditangium altaicum (93% over 236 bp) and
Chaetospermunchaetosporun{88% over 29bp) respectivelyboth taxafrom the
Sebacinales. Th€. gracillimumandC. catenatasymbionts both had distant matches
to the type specimemf Chlamydocillium cyanophilum,which belongs tothe
Hypocreales orderAscomycoty. Theisolated fungus fronC. caeruleamatcheda
Serendipitasp. isolate (CC1B2_G0& which hadbeenpreviouslyisolated fromC.
caerulea(100%similarity over588 bp Dearnaley unpublishg¢dSequences fronC.
picta and C. fuscatasymbiontshad a best match to $erendipitasp. isolate from
Glossodia majof99% over 590 and 48, respectively. The fungal sequence from
Caladeniasp was most similar to@erendipitasp. that was isolated frof. attingens
(98% over 553bpand thelTS sequence ofhe C. filamentosasolatemost closely
matched aSeerdipita from Caladenia cairrsiana (99% over 603bp)The BLAST
results of he fungal sequences froth gracillimumandC. catenatehada best match
to an uncultured and unidentifiedfungus clone (94% over 550 and 54%p
respectively) BLAST results indicated thatthe two fungal isolatesfrom C.
gracillimumandC. catenataepresenHypocreales fungi (Ascomycotakenbank no.
(KT269003.1) All of the sequenng resultsare available in Appelix I.
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Table 2.2: Best alignment hits of BlastN usingiSequences from type materiad option. DNA was

extracted from plates gfossibleSerendipitaspp.from eachCaladeniaspp.

Source Highest match based on NCBI databa Sequence  Sequence Genbank
(Sequences from type material) similarity  overlap (bp) accession no.
Caladenia fiSerendipiteherbamanDSM 27534 ITS region; 82% 387/473 NR_144842.1
caerulea from TYPE materia
Caladenia fiSerendipitsherbaman®OSM 2734 ITS region; 83% 409/490 NR_144842.1
picta from TYPE material o
Caladenia fiDitangiumaltaicumLE 231836 ITS region; from 93% 219/236 NR_163760.1
fuscata TYPE material o
Caladeniasp. fiChaetospermurohaetosporun€BS 154.59 ITS 88% 255/290 NR_126146.1
region; from TYPE material
Caladenia fiSerendipitaherbamansDSM 27534 ITS region; 78% 502/645 NR_144842.1
filamentosa from TYPE material o
Caladenia AiChlamydocilliumcyanophilumCBS 246.74a ITS 88% 444/504 NR_153914.1
gracillimum region; from TYPE mat
Caladenia fiChlamydocilliumcyanophilumCBS 246.74a ITS 88% 444/504 NR_153914.1
catenata regi on; from TYPE mat
Table 2.3: Results ofBlastN sequences analysiwi t houtSeugsuenngceis from type
setting. Sequacesfrom eachpossibleSerendipitaspp. platesvere usedor BlastN analysis
Source Highest match based on NCBI database Sequence  Sequence Genbank
similarity ~ overlap (bp) accession no.
Caladenia fiSerendipitas p . i solate CC1B 100% 588588 MG520176.1
caerulea
Caladenia fiSerendipitasp. isolates. major_ TPS 99% 583/590 MN872351.1
picta CLM1864 small subunit
Caladenia fiSerendipitasp. isolateG. major _ EGH _ 99% 481/485 MN872354.1
fuscata CLM1862 small subunit
Caladeniasp. fiSerendipitesp. isolateC. attingens Capel _1224 98% 544/553 MN872343.1
smal | subunit ribosomi
Caladenia fiSerendipitasp. isolate CLM2315 small subun 99% 594/603 MT127243.1
filamentosa ri bosomal RNA geneod
Caladenia fiUncultured fungus clone CMH093 18S riboson 94% 518/550 KF800184.1
gracillimum RNA genebd
Caladenia fiUncultured fungus clone CMH093 18S riboson 94% 514/545 KF800184.1
catenata RNA genebo
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2.3.3 Phylogenetic analyses

The ITS sequences of thenigal isolates that were identified @srendipitaspp. from
C. caerulea C. pictg Caladeniasp, C. filamentosaand C. fuscatawere further
analysed by MGAX software program and compared with otB&rendipitataxa
includingthe newly described Australid@eendipita species by Oktalira et al. (20)
and Crous et al. 202Figure2.6).

75 EUB25995 from Eriochilus scaber
FNB631489 from Eriochilus scaber
KF061280 from Phyllanthus calycinus
EUB26000 from Cyrtostylis reniformis
HQ154261 from Trifolium repens
MHE33871 from Festuca rubra
EUE25989 from Cavendishia nobilis
KF061298 from Microtis unifolia
KYT798218 Serendipita whamiae
KJ188479 from Neottia ovata
FJ788844 from Pterygodium catholicum
NR 144842 Serendipita herbamans
MMN595219 Serendipita restingae sp. nov.
EUB25991 from Eriochilus cucullatus
100 ' EUB25992 from Eriochilus cucullatus
FJ611950 Serendipita australiana from Caladenia atroclavia (formerly OTUA)

99 1 MNB72348 Serendipita secunda from Glossodia major (formerly OTUB)
Serendipita from Caladenia picta <—
Serendipita from Caladenia caerulea h
Serendipita from Caladenia fuscata h
93 | KY524368 Serendipita communis from Caladenia cairnsiana (formerly OTUH)
Serendipita from Caladenia flamentosa h
KY524420 Serendipita rarihospitum from Caladenia procera (formerly OTUG)
KY524370 Serendipita talbotii from Caladenia flava (formerly OTUE)

94

88
93

KF061288 Serendipita warcupii from Caladenia tentaculata (formerly OTUD)

29 b Serendipita from Caladenia sp. h

NR 166023 Serendipita indica

— JQB65545 Sebacina incrustans
10— KF000449 Helvellosebacina sp.

010

KY524361 Serendipita occidentalis from Elythranthera brunonis (formerly OTUF)

Figure 2.6: Phylogenetic analysisof Serendipitaspp. isolated fromCaladeniaspp. (red arrows)
compared with taxa from other plant speciesSebacinaincrustansand Helvellosebacinasp. are
used as outgroups.

The Serendipitaspp.derivedfrom C. pictg C. caeruleaandC. fuscataall appeato
be isolate®f Seendipita secundas they form avell-supportedyroup (95% bootsap
support) with an isolatef this speciefrom Glossodia major. The Serendipitasolate
from C. filamentosagrouped withSerendipita communisom C. cairnsiana(99%
bootstrap support). Thé&erendipitaisolate from Caladenia sp. grouped with
Serendipita warcupifrom C. tentaculata(99% bootstrap supportThus five of the
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sevenorchidfungal partnerscould be identified as species of known Ausiral

Serendipita

2.4 Discussion

A diversity of ascomycetes, bacteria and yeasts were detected daitergpts to
isolate Serendipitafrom the sevenCaladenia spp. Microbial contaminationis a
common problem itheinvestigation of orchid mycorrhizgWarcup 1985; Clements

1988; Dearnaley et al., 2009) and especially increases when using moist orch& tissue
(Warcup 1981). A variety of differenfungal taxaare associated with orchids, but
basidiomycetes are the usual mycorrhizal partners (Bougoure et al. 2005; Bougoure &
Dearnaley 2005; Dearnaley & Le Brocque 2006; Dearnaley 2006; Bonnardeaux et al.
2007; Irwin et al. 2007). Ascomycetes have been observed as forming mycorrhizas in
some orchids (Selosse et al. 200d) they are rare symbionts addition, endophytic
bactera belonging to the genekaurthia, Pseudomona®acillus Xanthomonasand
Arthrobacter have been recorded in Australian terrestrial orcladd may play
ecological roles yet to be determin@®dilkinson et al., 1989, 1994a, I9everal studies

have suggest that endophytic bacteria have a potential glamivth-promotingrole

in orchids, whereSphingomonaandMycobacteriunbacteria promoted 92 #»nd88%

of seeds ofDendrobiumorchid to germinatewhereas control plant showed 76%
germination ratéTsavkelwa ¢ al., 2016). ACymbidiumsp. orchid had increases in
root number and root lengthf approximately62% and 46% respectively in the
presence oPaenibacillus maceranisacteria (Faria et al., 2013yymbidiumorchids

also had increasesf nitrogen and pbsphorus contenby 68 % and 28 % when
colonised with the bacteriutderbaspirillumfrisingense(Gontijo et al., 2018)The

high proportion of bacteria obtained in this study could potentially have been avoided
by usingantibiotics inthe isolation media as common with studies of this type (eg.
Oktalira et al., 2021)However, Serendipitahave sometimes been shown to be

sensitive to antibiotics (Dearnaley, unpublished).

The isolatedSerendipitalike fungi from C. pictg C. fuscata C. filamentosa,C.
caaulea and Caladenia sp showed slow growth at approximately4 mm/day,
white/creamy colony colour, rigkdngled hyphal branching and the absence of a
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teleomorph stage. These characteristics were compatible with pigviesakated
Serendipitaspp.(Warcup &Talbot, 1967; GonzaleGarcia et al., 2006; Oberwinkler

et al., 2013). The fungal isolates frdmn gracilimumandC. catenataalso displayed
awhite/creamycolour buthadfaster colony growth and undeéhe microscope showed
diagonalhyphal branching whicgive an indication that these isolates did not belong
tothe genuserendipitaThis was reinforced by the molecular analyses that suggested
they are Hypocreales.

Many olderstudies used morphological protocstdelyto identify the fungal isolates
from Australian native orchids (e.g. Warcup 1971, 1973, 1981, 1991, Ramsay et al.,
1986; Clements, 1988; Perkins & McGee, 1995). Molecular appesaging ITS
sequence analysisave also been used tdentify the fungalpartnersof Australian
terrestrial orchlds (Pope & Carter, 2001; Bougoure et al., 2005; Davis et al. 2015;
Phillips et al. 2016andhave proven to be superior to morphologmaitocols Indeed,
much research has shown that analysithefITS regions of the rDNAs the most
useful approackor identifying fungal species and understargitheir biodiversityin

the environmen(Viaud et al., 2000; Lord et al., 2002; Begerow et al., 2&bbioch

et al., 2012; Hongsanan et al., 2018; Yang et al., 2018; Zhao et al. d23pde wel
known limitations of fungal identifications based solely on ITS sequences (Kiss,
2012)

Previous studies have identifi&€krendipitaspp, associating with Australian orchids.
For exampleSerendipitasolates from variou€aladeniaspp.,Pheladenia deformis
andElythranthera brunonisn Western Australia and Victoriaereclassifiedinto six
operational taxonomic unit©TUs) (Davis et al., 2015). Furthermore, $8rendipita
isolated from 4TTaladeniaspp.weredividedinto eight OTUs (Phiips et al., 2016).
Here, seen Australian nativeCaladenia species in south east Queenslamere
sampledo examinghe potentiabccurrence of neerendipitaspecies among them.
Five of thosesevenCaladeniaspp.have neverbeen included in orchid mycorrhizal
studies Caladenia caegulea had been formerly studied (Dearnaley, 2017
unpublished). Previously;. catenatehas been collected frothe Australian Capital
Territory and Serendipitaspp. have been isolat¢@ktalira et al, 2021). In contrast,
Caladeniasp.,C. pictg C. fuscataC. filamentosandC. gracillimumhave never been

examined for the presence®&rendipitanside theirstems
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Recently, Australiarserendipitaspp, previoushonly with OTUs designationshave
been formally described based on morphology and analfysisctear ITS and large
subunit DNA (Oktalira et al, 2021)The results of sequenceomparisonsand
phylogenetic analysis have confirmed that all isolafeS. caerulea, C. pictandC.
fuscatafrom Mingimarny, Mount Nebo and Mount Tully respectivebelong toS.
secundaThe nameS. secundandicates that this speciessthe secondberendipita
described from &aladeniahost (Oktalira et al, 2021)Phylogenetic analysiglso
showed thatthe Serendipitafrom C. filamentosain Ballandeanis S. communis
(Oktalira et al, 2021).Serendipita communiswas originally isolated from C.
cairnsianain Western Australia and was givére namelue to its common occurrence
in Australia (Oktalira et al, 2021)his studyconsiderablyextends the range of
Serendipita communisin Australia.Phylogenetic analysialsodemonstrated thdahe
Serendipité€rom Caladeniasp.in Mount Tullyis S. warcupii This fungus was named
afterJ. H Warcup, whose isolates from three Australian orchids belong to this species
(Oktalira et al2021).Serendipitavarcupii wasalsoisolated fromthe widespreac.
flavain Western Australiaommer et al., 2012; Phillips et al., 200ktalira et al,
2021).The occurrence dderendipitassp. among mulbie host species and @wide
geqgraphic rages has been previously discus@edvis et al., 2015)5erendipitaspp.
appear to have an ability to inhabit a diversityabitattypes(Tesitelova et al 2095
Their saprotrophi@bility (Lahrmann et al., 201%nd ability to live independently of

plart hosts, mighexplain thé wide distribution across the Australian continent.

The sequences frothe C. gracillimumandC. catenatdungal isolatesverenot used

in the phylogenetic analysis because they bedmh¢p the Hypocreales order,
(Ascomycota) The absence dberendipitamycobiontssuggestshat C. gracillimum
may beexceptional among the genuBearnaley et a[2009 noted that not all plants

of C. atroclaviacontained fungal pelotons and it is possible thabtiehid cellshad
completelydigesedthe mycobiontand absorbed thautrientsfrom the fungal hyphae
(Rasmusse& Whigham, 2002Athipunyakom et al., 2004). Other studies suggest
that high levels ofsoil nutrientssuch asitrogen and phosphorusninhibit plants
from taking onmycoriizal partnes (Treseder& Allen, 2002; Mujica et al., 2036

which could be the case here.
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Both pelotons and ascomycete hyghaere detected €. catenatastens, and it is
likely that the mycorrhizafungus was overgrown by thesktter microbesthus
explaining the molecular identificationSome ascomycetes have been recorded as
mycorrhizal or endophytic fungi associated with terrestrial osctitdr examplea
Tubersp. has been found as a mycorrhizal fungipipactis(Bidartondo et al. 2004,
Selosseet al. 2004) In addition, species @ypripediumorchidsprovidea habitat for
endophyticPhialophoraspp.(Shefferson et al. 2005yive Pezizalean geneReziza
Terfezig Morchella, Geopyxisand Wilcoxina have been associated mycorrhizal
fungi with Gymnadenia conopsg&tark et al., 2009Members ofthe Hypocreales
order such afusariumspp. hase been reported as endophyfiigi associated with
Grammatophyllum speciosurseeds (Salifah et al., 2011) amtimantoglossum
adriaticum (Pecoraro et al2013). Another Hypocreales membérrichodermahas
been identified asan orchid endophyte ifWullschlaegeliacalcarata Lepanthes
caritensisandL. rupestris(Bayman & Otero 2006)The naural role of ascomycete
fungi inside orchid roots is still not fullunderstood (Oliveira et al., 20148nd may
range from symbiosis to pathogene@snold, 2007). Othestudiessuggested that
ascomycetes decompaoseil substrate during theoolonisationof the outer layer of
the rootsand this improve nutrient acqusition (Herrera et al., 2010)Further
investigation of the ascomycete isolates fléntatenataandC. gracillimummay be

warrantedo understand the role of ascomycetes inside orchid.roots
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CHAPTER 3: ISOLATIONAND IDENTIFICATION OF
BulbophyllumASSOQATED Serendipitaspp.

3.1Introduction

Around 70% of orchid species in the world and 18% in Australia are epiphytic or
lithophytic plants (tree or roewelling) (Jones, 2006)Symbiosesin epiphytic
orchids have only been little studied but some reseehers have identifiedhe
mycorrhizal partners ofplants via DNA sequencingand seed germination
confirmation(Nontachaiyapoom et al., 2011; Sathiyadash et al., 2014; Khamchatra et
al. 2016) Mycorrhizal interactios are criticato epiphytic orchidastheenvironment

in which they inhabiis more desiccating thasoil (Yoder et al., 2000)Epiphytic
orchids usually share substrate with other plardsch as mosses and liverwolis.

the Costa Rican orchidonopsis utricularioides epiphytic plants grewon moss
covered guava treesmdhad higher mycorrhizal colonisation rates than orchids living
on normossy trees (OsoA@il et al. 2008). The wateetention properties of mosses
appear significant for epiphytic orchids and theiassociatedmycorrhizal fungi
(OsorioGil et al. 2008).

In Australia,only afew studies have investigated the mycorrhizal fungi associated
with epiphytic orchidsOne study identifiecCeratobasidiunspp. colonigg the roots

of three epiphytic orchid§arcochilus hillii, S. pamlorus andPlectorrhiza tridentata

in southeastern Australia (Gowland et al. 200&nhother study shoedthat a single
species ofCeratobasidiunwasassociated with the rare epiphytic orcBidrcochilus
weinthalii, native to nortreast New South Wales@southeast Queensland (Graham

& Dearnaley 2012).

Bulbophyllumis the largest genus in the Orchidaceae and includes more than 2000
species. The genusassoconsidered the second largest in the angiosperms after the
pea genudAstragalus(Frodin 2004). There have only been a few studiex the
mycorrhizal associated fungif Bulbophyllumspecies Calvert 017 unpublished

BSc Honours thesis) discovereb species oberendipitan B. exiguum and B elisae

in south east QueenslandAustraliain 2017. Matos and Selosse (2008 unpublished

data) identifiedSerendipitasolated from roots oB. macrocarpum, B. nutans and B.
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longiflorum from Reunion Island in the Indian Ocean, east of Madagalsatet, it
wasnotedthat six species dulbophyllumlocated inReunion IslandB. pusilum, B.
longiflorum, B. densum, B. variegatum, B. nutamdB. macrocarpuninad ymbionts
belongng to both the Sebacinales and Tulasnellac@athout presenting detailed
evidenceto reinforce their findings (Martos et al., 2012)An Indonesian study
identified mycorrhizal fungi belongg to Tulasnéla sp. associated witB. beccarii

roots from West Kalimantan (Suryantini et al., 2015).

This thesis chapter reports an iavgation of themycorrhizal fungi from species of
native Bulbophyllumfrom multiple locatiors in south east Queenslanéungal spp.
were isolated fronthe roots of fivedifferent Bulbophyllumspp and were examined
macroscopicallyand microscopically to detect thesimilarity to Serendipitaand to
characterise thm further Sequencingof ITS and LSU DNAdemonstrate that
Bulbophyllum orchids contain a number opreviously unidentifiedSeendipita
species
The specific objectives of this component of the study are:
d) To isolateSerendipita fungi from multiple Bulboptyllum spp in south east
Queensland
e) To identify Serendipitafungi using morphological and molecular taxonomic
approaches
f) To further characterise noveberendipitafungi usinglight and fluoresence

microscopy angbhylogenett approaches

3.2Methods

3.2.1Sample collection and media preparation

Root samples were obtained from native Australian speciegpafhytic and
lithophytic Bulbophyllumat four locations in south east Queensléfidgures3.1and
3.2). The site at Mount Nebo consisted of subtropreaiforest with the sampled.
exiguuncolony growing on the trunk of a 15m tree identifieahodamniaspwhile
theB.s c hi | | o li magmowing on the side of a basalt cliff facerehanging
Stony CreekTheB. exiguunc ol ony at CallseMasigroMrzgrory tbessider
of a basalt boulder in a moist, shaded gully. At Mount TBIlgxiguuntolonies were
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growing inside the crack of a large, split granite boulder close to the summit.
Bulbophyllumbracteatumand B. shepherdiplantssampled at Qe en Mar y6s F.
were growing on basalt bouldess a cliff face The B. minutissimupplantssampled

at a private property in Yalangur QLD, were growing in a dense mat over basalt slabs
at thetop of a steep, forested hikamples were kept on ice while transit to the
laboratory. Small portions of colonised rogegsound 0.5 cmWwere removed from
plants at the USQ laboratory. To kill any root surfdeeelling microorganisms, the

root portions were surfaeserilised by 30 seconds immersion in comnarbleach
(0.05% N#CI) and rinsed 3 times in sterilised distilled watseptically,each root
portion was finely sliced and squashed with a sterilised scalpel blade to release
pelotons. Sterile distilled water was mixed with the crushed root matedaliaded
between 3 x 90 mm petri dishes (3 replicates per root), and cooled, molten PDA poured
over the root mixture. Plates was sealathwarafilm and incubated at 22 in the

dark. Every 14 hours, plates were checked for fungal growth by light migrgsc
Colonies were assessed for similaritySerendipitafungi in terms of slowness of
radial growth (2 mm/day), rightangled hyphal branching and the absence of sexual
spores as per Gonzal€&arcia et al. (20065erendipitalike colonies were cut from

the agar and sutultured onto a new plate of PDA. This step was repeated until a

number of pure isolas were obtained.
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Figure 3. 2: Bulbophyllum species in their native habitat. (A)B. minutissimum (B) B. schillerianum, (C) B. exiguum (D) B. shepherdiiand (E) B.
bracteatum The scale bars are 1 cm. 34



3.2.2 Fungal DNA extraction

An ExtractN-Amp Plant PCR Kit (Sigm&ldrich) was used for fungal DNA
extraction following the manuf agdfthe er s o
fungal culture was ground with a plastic pestle in a microcentrifuge tube. Then, 100

m extraction luffer was added, and the mixture was incubated in a heating block for

10 min at 95C. During the incubation, the mixture was homogenised by viag&x

3 times. After that, 1061 of dilution solution was added to stop the extraction process.

3.2.3 DNA anplification by PCR

PCR was performed by addingpd of the extracted DNA to 4L sterile milli-Q
water, 10puL of PCR ready mix (Sigmaldrich) and 1pL of 10 pumoles each of the
fungal specifigporimer ITS1F (Garde& Bruns 1993) and the ITS4 primer (Whée
al. 1990).Samples weramplifiedwith 35 cycles of 95C for one min, 50C for one
min and 72C for one min, with a final elongation step of ten min a7 2n addition,
large subunit primers LR&nd LROR(Hopple & Vilgalys 1999)were used forthe
furthercharacterisation aiew Serendipitaspeciewith the same PCkermocycling

conditions.

3.2.4 Electrophoresis andiisualisation by a gel documentation system

A BioRad electrophoresis apparatus was used to separate the PCR prédliets.
agarose gel waprepared by addinyg agarose powder to 100l TAE buffer. After
cooling, 5ul of GelRedwas added for gel stainingjwo ul of the PCR produavas
addedto 0.5pl of running dyeand tha run onthe agarose gelThe finishedyel was
viewed under UV lightusing a Quantum ST4 gel documentation system and
photographed using a Quantum capture®3iitage acquisition and analysis software

package.

3.2.5 DNA purification, sequencing and phylogenetic analysis

Samples containing between Ag and 30hg of DNA weke sent to Macrogefseoul,
South Korea¥or purification and sequencin@he returnedsequences wendewed
using the Chromas® 2.0 program to check for contamination and quality. A BLAST

search againghe NCBI database was used to determine closest spewiches.
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MEGAX software analysis was used to explore the phylogenetic context of the
sequencedungi by comparinghem with other species that have been sequenced
previously. For aligning sequences, a CluStalapproach was used with default
settings of1l5 and 6.66 for both pairwise and multiple parameters. The statistical
method Maximum Likelihood was used for constructing the phylogenetic tree. A
bootstrapping value of 1000 was used uriitkst of phylogeng. A TamuraNei model

was used under Model/Maitl; Gamma distribution with invariant sites was selected
underfirates among sitésand Partial deletion was chosen und@@aps/Missing Data

treatmend.

3.2.6 Teleomorph production inSerendipita

To induce the teleomorphic states of isola®sulendipitataxg fungi were grown on
complete yeast medium B Y®B) (Noel et al., 1995)This was prepareavith the
following components: 1@ glucose, 5 bactopeptone, 2.§ yeast extract, 0.4§
KH2PQy, 0.5 g MgSQ.7H0O, 1 g KoHPQs and 20g agar(Sigma Aldrich) All
components were added to one litre of distilled watel thepH was adjusted 16.8,
before addinghe agar.A Serendipitanycelialplug (1 cm®) wasincubatedor 4 days
on CYMB media90 mm platesn the dark at 2PC (Thermoline Scientific, NSW,
Austrdia). Next amycelial plug fromthe edge ofthe growing colonywas removed
from theCYMB plate and placed onater agaf20 g agar added to 1 litre of distilled
water, pH 6.8¥or 8 daysin the dark at 2PC. After that,the water agar plates were
placedat 4 °C under dark conditiamfor 2 daysto inducesporulationby cold shock.
Finally, the water agar plates were movedanincubator at 2PC for 11 dayq12
hours light/ 12 hours darklPlates wergrownwithout parafiimsealing the platdue
to the immrtance of aeration in basidium producti®hates were examined daily for

probasidiumformation

3.2.7Colony growth and monilioid cell characterisation

Thecolonydiametemwas measuredfterplateswere incubated at ZZ in the dark for
two weeks (Memmert, Australia) The ®lony diameter of three petri dishesas
measured across twerpendiculaaxesof the colony. The morphology of monilioid
cells including the shape, size and branch characters were also examined by

microscopic examination of mgtum growing on PDAwith the 10 times objective
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Characteristiceof monilioid cells wasecorded for20 separate hyphal branchis
each fungal isolatBom three plates

3.2.8 Fluorescence staining of fungal nuclei and septa

Fluorescence stainingf nuclei and septavas performedon the potentialnew
Serendipitas peci es f ol | owi n g/ycelial grovdahcharebersverd .
prepared by placinglassmicroscopeslides onmetal rodson filter paper(Whatman,
UK) inside 15 cmglass Petri dishes araitoclaving them (Figure 3.3). After these
were autoclaved, around 20 of molten PDA mediavas placedn the glass slides
and allowed to cool for®15 min inabiologicalsafetycabinefBH2000modelClyde-
Apac, NSW, Australia) An agar block (approxrnately 1 cm®) of the fungus was
transferred to the middle of the slide. The filter paper underribatislideswas
moistened withl ml of sterile Milli-Q H2O, the lid replaced ansgealed with parafilm
andthe chambers wermcubated in the dark at 22 for one to two weeks. After
incubation, the slides with a growing fungal colony weseoved from the growth
chamber andlried inthe biological safetycabiret for 10 min. One dropf Hoechst
dye (Sigma Aldrich) was then pipetted onto the mycelium and coverigd a
coverdip. Slides were examined usiadJV filter on a E60Gluorescence microscope

(Nikon) with a forty times objective
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Figure 3.3: Chamber used forSerendipitamycelial growth in preparation for

nuclei and sepa staining. Scale bar is 1 cm.

3.3Results

3.3.1 Morphological identification of fungal isolates

Subculturing onto a new plate of PDA was repeated until several pure isolates were

obtained. Contaminated plates {gst growing ascomycetes, yeseatd bacteria) were

excluded from sequencing analysis. Table 3.1 shows the number of isoleteldial

culturesfrom thispartof the study

Table 3.1: Total number of isolated microbes from eactBulbophyllum spp. The isolatednicrobe
plates included possiberendipitaspp, Ascomycetes, yeast and bacteria

Source Possible Other microbes Total
Serendipita  Ascomycetes  Yeast Bacteria
spp.
B. minutissimum 3 12 1 0 16
B. schillerianum 8 45 0 0 53
B. exiguum 21 130 0 0 151
B. shepherdii 3 3 0 0 6
B. bracteatum 11 40 2 0 53
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Sections were made of the sampled orchid roots to confirm mycorrhizal fungal
colonisation A longitudinalhandsection was madef B. schillerianunroots(Figure
3.4 A). Transverse handections wee made ofB. bracteatum B. exiguumandB .
s h e p hraots(#igure3.4: B-D). It was difficult to obtain a root cross section Br

mi nut i dseistwoma | | si ze

Figure 3.4: Pelotons (red arrows) insideof B. schillerianum (A) and B. bracteatum
roots (B). No obvious pelotons insidef B. exiguum(C) andB . s h e rnpdts€D).:
Scale bars of A, B, C & D are 100 pm.

The Serendipitalike fungal isolate from B. bracteatumhad a growth rateof 0.64
mm/daywhile the Serendipitalike fungus derived fronB. schillerianunhad agrowth
rateof 1.7 mm/day The colar of the B. bracteatumandB. schillerianunisolatesvas
creamy white. Fine hyphae with ight-angled branchng were noted undethe
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microscopdor bothof theseputativeSerendipitaspp.(Figure 3.5 B & D).Colonies

of the putative Serendipitafungus fromB. mi n ut i bas B growth rate 03.5
mm/dayon PDA The extureof the B. minutissimunisolate wadloccose showing
frequent white to light cream sectors (Figure 3.5 A). puetiveSerendipitafungal

isolate fromB.s h e p haelrsdoioiw é ¢ 0 atceoxsteur e dnt whlaAle at o
creamr cat taad mp rnax B madtdeglyyo wt o nr B(ER&r @gu 3. 5
C) . Fti hpetdtiveSerendipitd u n g u 8. eXiguumnad a cream margin with

adark browncolour centrewith a3.5mm/day growth rate (Figure 3.5 E).

Figure 3.5: Putative Serendipta fungal cultures isolated fromBulbophyllum spp., A: B.
minutissimum B :B. schillerianumC: B s h e p h B: B.thiadteatum E: B. exiguum Bars are 1 cm.

3.3.2 Sequence analysis results

Two positively idenfiied Serendipita isolates were obtained fronthe five
Bulbophyllumspecies. These two isolates had similarities lower than 95% to known
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fungi whencompared against GenBank using the BLAST search with and without

Asequences from (Taple82andd3fFh é ad Pt ioprcesmfn A s e

from type mamaainfornktion optheadentity af ttie isolateBLAST
analysis using thé@ 8quences from type mateaettingindicated thathe fungal
isolates fromB. bracteatunandB. schilleriarum had a closgt match toSerendipita
herbamangNR_144842.1)ie. B. bracteatun81% over 45&p andB. schillerianum
86% over353bBLAST analysis without wusing
setting indicated that the fungal isolates frBrrbract@atumandB. schillerianumhad
a closest match tdifferent clones of uncultured Sebacinales. fheB. bracteatum
isolate this wa87% over 907p to accessiorsequenc&J188464.1andfor the B.
schillerianumisolate this wa®92% over 1035 bpo accessio sequencéJ188488.1
Analysis ofthe ITS sequences fronthe B. shepherdiiisolate with and without
fiSequences from type matedalption showed that the fungal isolate belotmthe
Tulasnellaceae family arttad a closeghatchto Tulasnellahadrolaelize (87% over
388bp) BLAST analysisof the sequences frorthe B. minutissimunisolatewithout
the ASequences from type material 0

most closely t@an unidentifiedungal spl a b e | Isaate BA and riatched nxt

t he

optio

closely toPreussiaisomeraby usingthei Sequences from type m

Analysis using théype materiakettingfor the fungus fronB. exiguunshowed that it
had a clos& match taNodulisporiumindicum,anAscomycete in thXylariales order
This result was reinforcaghen carrying out a BLAST searghthouttheiSequences
from type mdahedullsequeéncefromphéese iavestigations aawvailable
in appendix [I.ThefungalLSU primerswereusedto further characterise tlsequences

from theB. bracteatunandB. schillerianunsymbionts as they clearlyere members

of the Serendipita@® but likely novel species &erendipita Characterisation of the

LSU DNA of the other isolated fungi was not conducésdhese fungilo not belong

to the Serendipitaceae.

Table 3.2: Best alignment hits of BLASTN usingsequences from type materiall TS analysisvas
used for possibl&erendipitaspp.platesfrom eachBulbophylum spp.

Source Highest match based on NCBatdbase Sequence Sequence  Genbank
(Sequences from type material) similarity overlap (bp) accession no.
(%)
B. bracteatum  fiSerendipiteherbaman®SM 27534 ITS 81% 372/458 NR_144842.1
region; from TYPE ma:
B. schillerianum ASerendipiteherbaman®SM 27534 ITS 86% 302/353 NR_144842.1
region; from TYPE ma:
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B. shepherdii fiTulasnellahadrolaeliaeisolate COAD2889 87% 339/388 MN385726.1

internal transcribed

B. minutissimum fiPreussiaisomeraCBS 318.65 ITS region; 93% 489/527 NR_103588.1
from TYPE material o

B. exiguum fiNodulisporiumindicumCBS 124.83 ITS 81% 513/631 NR_166005.1
region; from TYPE ma:

Table3.3:Sequences analyseéeguentcadosuftr ami hygPpSéanalysast er i al o
was usedor possibleSerendipitaspp. from eaclBulbophyllm spp. usingBLASTN.

Source Highest match based on NCBI database Sequence Sequence Genbank

(without sequences from type material) similarity overlap (bp) accession no.
(%)

B. bracteatum  AUncultured Sbacinales clone LR1S 18S 87% 792/907 KJ188464.1
ribosomal RNA geng

B. schillerianum fAUncultured Sebacinales clone LR23S 18S  92% 956/1035 KJ188488.1
ri bosomal RNA geneo

B. shepherdii AiUncul tured Tul d4smalll | 95% 569/596 KX587473.1
subunit ribosomalRA geneo

B. minutissimum fiFungal sp. isolate B1 Il (3 a) internal 97% 506/521 MW603374.1
transcribed spaceinl

B. exiguum fiXylariales BPV101la voucher CEQGM1193 89% 523/586 KC771473.1
internal transcribed

Followingthe results of th&l'S analysisfurther sequencingf thefungal isolates from
B. bracteatumand B. schillerianumwas conductedusing PCR amplificationLSU
primers (Table 3.4 & 3.5) BLAST results of theLSU sequencesising thetype
material setting indicated thatthe fungal isolates fromB. bracteatumand B.
schillerianumhad a closest match t®erendipitaherbamans(KF061285.1),93%
similarity over1177bp for the B. bracteatunisolate and®3% similarity overl16%p
for the B. schillerianumisolate.BLAST results of the.SU sequences without using
the type material setting indicated tliae fungal isolate fronB. bracteatumhad a
closest match to Sebacinacese (JF79976.1), 95% similarity over1167bp. The
fungal isolate fromB. schillerianumhad a clesest match tca Sebacinales sp.
(JF90611.1), 93% similarity over 122%.

Table 3.4: The resultsof BLASTN wi t dequénces from type materidl. LSU analysis was used
for further characterisatioaf Serendipitaspp. fromB. bradeatumandB. schillerianum

Source Highest match based on NCBI database Sequence Sequence Genbank
(Sequences from type material) similarity overlap (bp) accession no.
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B. bracteatum  fiSerendipiteherbamanstrain S1 18S ribosomal 93% 1094/1177 KF061285.1
RNA geneo

B. schillerianum fiSerendipiteherbamanstrain S1 18S ribosomal 93% 1088/1169 KF061285.1
RNA geneo

Table 3.5: Best alignment hits of BLASTN without fisequences from type material LSU
analysisfor Serendipitaspp. fromB. bracteatunandB. schillerianum

Source Highest match based on NCBI database Sequence Sequence Genbank
(Without sequences from type material) similarity overlap (bp) accession no.

B. bracteatum  fiSebacinaceae sp. 5173 28S ribosomal RNA&ge 95% 1106/1167 JF799765.1
partial sequence

B. schillerianum fiSebacinales sp. 4035 28S ribosomal RNA gen 93% 1145/1228  JF906111.1
partial sequencebo

3.3.3 Phylogenetic analyses

The sequences that matct&erendipitaspp. fromB. bracteatunandB. schillerianum
werephylogeneticallyanalysedusingthe MEGAX software programand compared
with other37 described sequencesSarendipitadaxa to determineelatedness to other
members of the family Serendipitaceae. In this anadgxisences dielvelosebacina
and Sebacinawere usedas outgroups (Figure 3.6).The sequence that matchea
Preussiafrom B. minutissimunandthe sequence of theulasnellafungusfrom B.
shepherdiwerealso phybgenetically analyse(Figure 3.8 andrigure 3.9)

The Serendpita sp. isolated fronB. bracteatungrouped closely withhe mycobiont
from B. elisae(97% bootstrap suppgrand included in the same clade was the
Serendipitasp. isolated fromB. schillerianum (Figure 3.6). A Serendipitasp.
previouslyisolated fromB. schillerianum(Dearnaley unpublished) did not group with
these isolates and was conspecific with an isolate BotamingtonenséDearnaley
unpublished). Further analysis was performed foihe seqeences fromthe B.
bracteaturmandB. schillerianunsymbioristo checktheir relatednesssingBLASTN
align two or more segmcesfunction(Table 3.6)As can be seen ifiable 3.6he two
fungi represent diffient species and ha&6% identity over918 bp. These fungare
related asthe phylogenetic analysis of LSEequences oB. bracteatumand B.
schillerianum grouped them togher (96% bootstrap supporit) the same clade
(Figure 3.7).
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Table 3.6: Comparing the sequences fronB. bracteatumand B. schillerianum. Bestalignment
hits of BLASTN was usedvith align two or more sequences function using ITS sequence

Source Sequence Sequence overlag Genbank accession
similarity (bp) no.
B. bracteatum 86% 786918 Query 15421

B. schillerianum

The phylogenetic analysis tie Preussa isolatefrom B. minutissimunshowed that
it was related td°’reussiasp. endophyticisolate BSH2.9 whiclinad beenpreviously
idertified asP. africana(Mapperson et al., 2014Figure 38). Further analysis was
performed for segances fromB. minutissimunanda Preussiasp. endophytic isolate
BSH2.9(Mapperson et al. 20149 check if theywere the samasingBLASTN align
two or more segancesfunction (Table 37). Sequence analysishowed that the
Preussiaisolate from B. minutissimunmand Preussiasp. isdate BSH2.9had 93%

identity over 493 bp and thus these are different speciéseoksia

Table 3.7: The resultof BLASTN with align two or more sequences function TS analysis was
usedfor Preussiaisolate fromB. minutissimm andPreussiasp. endophytic isolate BSH2.9

Source Sequence Sequence overlag Genbank accession
similarity (bp) no.

B. minutissimum 93% 459/493 Query_64665

Preussiasp.

endophytic isolate

BSH2.9

The results othe phylogenetic analysigroupedthe Tulasnellafrom B. shepherdii
with T. hadrolaeliaeandT. asymmetricéFigure 38). Further analysis was performed
for sequences fromB. shepherdiwith T. hadrolaeliae and T. asymmetrita check if
theyweresimilar usingheBLASTN align two or moreeqguencesfunction Sequence
analysis betweethe Tulasnellafrom B. shepherdiandT. hadrolaeliaeshowed 87%
identity over 388 bp. While sequence analysis wlth asymmetricashowed no
significant similarity. This fungal taxon is quite different fronthe Tulasnellafrom
terrestrial Australian orchidss indicated by substantmgparation in the phylogenetic
tree (Figure 3.9)

Table 3.8: Best alignment hits ofsequences fronB. shepherdiiwith T. hadrolaeliae ITS analysis
was sed inBLASTN with align two or more sequences function

Source Sequence Sequence overlag Genbank accession
similarity (bp) no.
B. shepherdii 87% 339/388 Query 212725

T. hadrolaeliae
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KF061290 from Phyllanthus calycinus

FNB53149 from Enochilus scaber
A EU625995 from Enochilus scaber
EUG26000 from Cyrtostylis renformis
— HQ154261 from Trifolium repens
FJ788838 from Pterygedium catholicum
MHE33971 from Fesluca rubra
a3 FJ788837 from Pterygodium catholicum
— KF061298 from Microtis unifolia
EL FJ788844 from Pterygodium catholicum

NR 144842 Serendipita herbamans
r KY 798218 Serendipita whamiae
] [ KJ 188479 from Neottia ovata
EU625989 from Cavendishia nobilis
Serendipita from Bulbophyllum bracteatury G———
Serendipila from Bulbophyllum elisae
Serendipita from Bulbophyllum schillenanum <G——
1G452952 Serendipita from Bulbophyllum exiguum
23 | EUB25991 from Erechilus cucullatus
EUB25992 from Enochidus cucullatus
MN595219 Serendipita restingae sp nov
DBGLA1 22 from Bulbophyilum globuliforme
NR 166023 Serendipita indica

| Serendipita from Bulbophylium lamingtonense

% | JDBSDA1-10 Buthophyllum schillerianum
FJG611950 OTUA from Caladenia atroclavia

23 | MNB72348 OTUB from Glossodia major
= 1 Serendipita from Caladenia picta
| Serendipda from Caladenia caerulea
23 — Serendipita from Caladenia fuscata
— 99, KY524368 OTUH from Caladenia cairnsiana
82 | | Serendipita from Caladenia filamentosa
‘ KY524420 OTUG from Caladera procera
s; ! KY524370 OTUE from Calademsa flava
KY524361 OTUF from Elythranthera brunonis
KF061288 OTUD from Caladenia tentaculata
3_5_{ Serendipita from Caladenia dilatata

: JA665545 Sebacina mcrustans
59

KF000449 Helvellosebacina sp

a7

(J
—

-

88

Figure 3.6: Phylogenetic analyss of ITS-DNA from the Serendipitamycobionts
isolated from B. bracteatumand B. schillerianum (red arrows) compared with

other Serendipitaspp from a variety of plant hosts.Sebacinaincrustansand
Helvellosebacinasp. were used as outgroups to root the ¢e.
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23 | AY5H0555T 1 Serendipita indica 205 large subunit rbosomal RAA gens
. ANEOG556 1 Rhizoctonia sp. DAR 28830 285 large subunit ribosomal
— JF90E111.1 Scbacinales sp. 4035 Z8S ribosomal RMNA gene
KF5168T0 1 Chastospermum cameliae strain MFLUCC12-0318 lare subunit
84 [l AYT45701.1 Tremelladendran sp. PBM2324 255 large subunit ribosomal
Diaa21406.1 Sebacing merustans solale AFTOLD 16828 255 large subunil ribosomal RMA gene partial sequence

™

EFSH8735 1 Chaetospermum artocarpi strain BCC18581 large subunit
0 r Serendipita from Bulbophiyllum bracteatum LSU h
=& | Serendipita from Bulbophylivm schilsnanum LU h
94 EUG258%5 1 Sebacina vermifera isolate K236 185 rbosomal RMA gene

100 - FJ792851.1 Unculiured Sebacina clone 9711 285 large subunit
WHEA5219 1 Serendipita restingas isolate PO
— K¥524365.1 Serendipita sp. isolate CLM1006
KYB24379.1 Serendipila sp. solale SLNBSD
EYR24ATT 1 Serendipita sp. isolate CLMARA
EX¥524427 1 Serendipita sp. isolate CLM1025
MT12r241.1 Serendipda sp. solate CLVEZST0
KY524370 1 Serendipita sp isolate CLMEXG
KY524338.1 Serendipita =p. isolate CLM1084
KFOG1285 1 Serendipita heroamans
AFAD0385 1 Sebacing incnestans 185 nbosomal RMNA gene
85 '— KFD00449.1 Hehelloscbacina sp.

73

—_—
0En

Figure 3.7: Phylogenetic analysis of SU-DNA from the Serendipita sppisolated from B. bracteatumand B. schillerianum (red arrows)
compared with other Serendipitaspp from a variety of plant hosts.Sebacinaincrustans and Helvellosebacinap. were used as outgroups
to root the tree.
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— Preussia from Bulbophyllum minutisSimum <« e——
— JN418768 R. Mapperson Preussia sp. BSH2 9
GQ203787 1 Sporormuella minipascua voucher
KF557658.1 Preussia minimoides
JN418770.1 R. Mapperson Preussia sp. CAH2 9
82' AY510418.1 Preussia afnicana holotype
GQ203779 1 Preussia mtermedia voucher
GQ203775.1 Sporormiella borealis
GQ203774.1 Sporormiella bipartis
59 ' GQ203774 1 Preussia bipartis voucher
KX710241 1 Preussia isomera
KX710224.1 Sporormiella antarctica
3¢ I KU721775.1 Sparticola junci
KU721773.1 Sparticola forlicesenae
_|- KUT21772 1 Forhomyces uniseptata
94 ' JN418774 R. Mapperson Preussia sp. ELV3.11
GQ292750.1 Preussia persica
GQ203786.1 Sporormiella minima voucher
99 |- GS01.2 1 Preussia sp.1
GQ203773 1 Sporormiella austrabs
% * DQ468022.1 Preussia mediterranea holotype
e (GQ203780.1 Sporormiella irregularis voucher
| GQ203782.1 Sporormiella leporina voucher
= Q203793 1 Sporormiella vexans voucher
B »xir GQ203770.1 Sporormiella affinis voucher
{ GQ203788.1 Sporomiella octomera voucher
n! GQ203778.1 Sporormiella heptamera voucher
9 r GQ292749 1 Preussia polymorpha holotype
GQ203765 1 Preussia terncola
GQ203789.1 Sporormiefia puichella voucher
GQ203776.1 Sporormiella dakotensis voucher
58 ¢ KX710258 1 Preussia subticinensis
GQ203794 1 Spororminula tenenfae
KX710252 1 Preussia cymatomera
PEQ03.3.5 Preussia sp.2
99 - JN566152 1 R. Mapperson Preussia sp. EAL2 4
GQ203797 1 Westerdykella dispersa
AY843045 1 Westerdykella ornata
LC146766.1 Westerdykella purpurea
GQ203771.1 Sporormiella alloiomera voucher
AY943061 1 Preussia flanagani
GQ203761 1 Preussia flesschhakn
GQ203767.1 Preussia vulgaris voucher
24 | GQ203766.1 Preussia typharum
GQ203762 1 Preussia funiculata voucher
DQA468017 1 Preussia aemulans

9%

KX710217.1 Verruculina enaha
EF452450.1 Pleospora herbarum var. herbarum

Figure 3.8: Phylogenetic analysis of TS-DNA from the Preussiafungusisolated
from B. minutissimum(red arrow) compared with other Preussiaspp.
Verruculina enalia and Pleospora herbarumwere used as outgroupto root the

tree.
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MMN3BET26.1 Tulasnella hadrolasliae
KC162356 1 Tulasnella asymmetrica
Tulasnellaceae from Bulbophyllum shepherdii < —
MT090025.1 Tulasnella brigadeiroensis
MN385728.1 Tulasnella orchidis
— AY3I73294 1 Tulasnella albida
87 — AY3T3285 1Tulasnella pruinosa
MM3BET32 1 Tulasnella zygopetali
EU218891.1 Epulorhiza anaticula
AY3IFI29T 1 Tulasnella danica
1 DQ388041.1 Tulasnella calospora
AY3IT3281 1 Tulasnella deliquescens
AY3ITI290.1 Tulasnella bifrons

7a b KX929166.1 Tulasnella tubericola
KIC1524.39.1 Tula=znella violea

- KFATE596 1 Tulasnella warcupi
9g r KF4T6556.1 Tulasnella prima
EXY095117 .1 Tulasnella sphagneti
KF4T6575.1 Tulasnella secunda
RL152381.1 Tulasnella eichlenana
AY3ITI296.1 Tulaznella tomaculum

100

— EU218889 1 Tulasnella imegularis

_[ JFROTEDD 1 Epulorhiza amonilivides

g2 b KC928335.1 Epulorhiza amonilioides

DO26T124.1 Botryobasidium botryosum

osn

Figure 3.9: Phylogenetic analysis of TS-DNA from the fungusisolated from B.
shepherdiicompared with other Tulasnellaspp. The clade ontaining Tulasnella
violearepresentsTulasnellafrom Australian terrestrial orchids. Botryobasidium

botryosumwas used asutgroup to root the tree.
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3.3.4 Teleomorph production

No obvious teleomorphstageswere detected inthe fungal isdates from B.

schillerianumandB. bracteatumStalked spérical cells, indicative of thearly stage

of hyphal colis were detectedin both culturs (Figures 310 & 3.11). The size of
monilioid cells vasmeasured in seven week old culairéhe average se oftwenty

monilioid cells ofSerendipitedrom B. schillerianumvas 3um and fothe Serendipita
from B. bracteatum2.9um. Monilioid cellsin both fungal isolatewereglobose and
occurredsingly on the ends of hyphae.

Figure 3.10: Hyphal coil primordia (red arrows) in the Serendipitaisolated
from B. schillerianum Scale bar is 100 um
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Figure 3. 11: Hyphal coil primordia (red arrows) in the Serendipitasp.isolated
from B. bracteatum Scale bar is 100 pm

3.3.5Growth rate measurement results

Theaveragecolonydiameteiof fungal isolatesvasdetermined for the plates after two

weeks growthThe mean growth rate for the fungus fr@nschillerianumwas 1.7
mm/day and fothe fungusB. bracteatun®.64 mm/day (Table3.9).

Table 3.9: Growth rate of fungal isolates fromB. schillerianumand B. bracteatum Theaverage
colony diameteof fungal isolatesvas determined for the plates after two weeks growth.

B. schillerianum

B. bracteatum

Platenumber 1

2

3 Mean Platenumber 1 2 3 Mean
Colony diameter after 22 24 24 24 mm Colony diameter after 10 9 10 9mm
two weeks growth mm, mm, mm, two weeks growth mm, mm, mm,
24 27 22 9mm 8mm 8mm
mm mm mm
Growth rateafter two 1.6 1.7 1.7 1.7mm Growth rateaftertwo  0.71 0.64 0.71 0.64mm
weeks(mm/day) mm, mm, mm, weeks(mm/day) mm, mm, mm,
1.7 1.9 1.6 0.64 057 057
mm mm mm mm mm mm

50



3.36 Fluorescence staining results

Hyphae were binucleata the fungussolated fromB. bracteatun{Figure 3.2) and

wereuninucleatein the fungal isolate frorB. schillerianumFigure 3.B).

- ) I
Figure 3. 12 Hyphae stained with Hoechst dyetsowing binucleatearrangementin
the B. bracteatumSerendipitaisolate.Scale lar is 10 pm
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Figure 3. 13. Hyphae stained with Hoechst dye showingninucleatearrangement
in the B. schillerianum Serendipitaisolate.Scale lar is 10 pum
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3.4 Discussion

This study showed th&ulbophyllumspp. provide habitat for many endophytic fungal
taxa. Amongst other fundgB. bracteatunandB. schillerianunwere showrio contain
Serendipitaspp., B. minutissimunwas colonised by &reussiasp, B. shepherdii
harboued a Tulasnellasp.andB. exiguumhoused &ylarialesendophyte The later
result contrast with research conducted B. exiguunmby Calvert(2017)who found

a novelSerendipitaspecies in the orchidf south east Queenslanthe absaceof a
conventionalorchid mycobiontin some of these plants mighé explained byigh
externalnutrient levelsvhich may haveprevenedmycorrhizal colonisatioBaumé&
Makeschin 2000; Tresedé& Vitousek 2001; Mujica et al., 2020J he absence of

pelaons in the roots of some of the species observedaiefercesthis proposition

The results of BLASBearcheshowed thatungalsequences from. bracteatunand

B. schillerianumhad closet match toan uncultured Sebacinales GenBaghtry
(KJ188464.) with 87% and 92%imilarity, respectively. Using h eequ&rige from
type materiad option showed that the sequences had slasatch toSerendipita
herbamanswvith 81.22% and 85.55% identity respectively. 3&eesultssuggest that
these taxaepresent ew Serendipitaspeciestherefore furtheicharacterisatiorwas
carried outSequencingf LSU DNA confirmed their taxonomic noveltLAST 2
sequence comparisonsstimations ofmycelial growth atesand nuclear staining
suggested that they are differapecies. Teleomorph production wouldave been
helpful to supportthe molecular and cellular analysis and to enable full
characterisation of these specibsit unfortunatelythese werenot inducedin this
study. Teleomorphic featuresuch asprobasidia, metzasidia and sterigmataave
been recently used to formally descriBewhamiagCrous et al. 2020)t was not
surprising to discoveferendipitaspecies in these lithophytic plants as this is a
common occurrence in orchids in this habitat type (Yokoyd. €021). It is possible
that lithophytic orchids will harbour different symbionts than epiphytic and terrestrial
plants due to the exposed nature of the lithophytic location and the ability of
Serendipitafungi to promote resistance to drought stressr{@k & Craven 2011).

The growth rate othe Serendipitaisolatal from B. schillerianumwas 2.4 mm/day
which is approximately similar t&eradipita spp that have been isolated from

Caladeniaspp. (Oktalira et al., 2021). THgerendipitaisolatedfrom B. bracteatum
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hadaslow growth rateof 0.64 mm/day Serendipitawhamiaerecently described from
the orchid Eriochilis cucullatus(Crous et al. 2020hasa growth rate of 6 mm/day

showing thagrowth rate isa useful taxonomic characterSerendipita

Nudear staining showethe Serendipitaspp isolated fronB. schillerianumand B.
bracteatumhave uninucleate and binucleateptal compartmentsepectively.S.
australiang S. talbotiiand S. secundadave beershownas having binucleate cells
(Oktalira et &, 2021).It is commonhoweverto observeone fungal isolate contaiy
both unt and binucleate cells in Basidiomycota suclCasatobasidiun{Otero et al.
2002; Hietala et al. 1994) aithizoctoniasolani(Sanford& Skoropad 1955) as well
as some Asaunycota (Clutterbuck& Roper 1966; Kaufman& Philippsen 2009).
Thus, cell nucla number maybe limited intaxonomic usefulnestor somefungal

groups

Figure 3.6 suggested thd&. bracteatumand B. schillerianumhave different
Serendipita species from hHose which were isolated fronCaladenia orchids.
Interestingly,B. schillerianumand C. pictawere collected fom the same location
(Mount Nebo) but hadifferent Serendipitaspp.further highlighting host specificity
and the distinction between the ditet orchid typegMartos et al., 2012; Jacquemyn
et al., 2015; Xing et al., 2019yhese phenomena need further exploration, however
as a recent study has shown that a new sp8ciastricoladrom the terrestrial orchid
Eriochilus cucullatusterrestrialorchid is the same species as that from the epiphytic

orchidB. globuliforme(Crouset al., 2022, in press).

An isolatedfungusfrom B. exiguumhada closest matchto amember othe Xylariales

order. This findingconcurs withanother studyf the orchidsymbionts in Australian
Bulbophyllum orchids where ascomycesefrom the fungal orders Helotiales,
Xylariales and Chaetothyrialegereidentified (Calvert 2017) Other norAustralian
Bulbophyllumspecies from forest ecosyetems have also recently been sbdyen
common habitat for ascomycete fungi (Cregger et a., 2018; Wang et al., 2019; Trivedi
et al., 2020)Many diversity ofascomycetéungi have been associated with orchids
including members of theXylariales, Boliniales, Chaetosphaeriales, Hypocreales,
Capnodiales, Pleosporales, Botryosphaeriales, Chaetothyriales, Eurotiales,

Thelebolales, Helotiales, Rhytismatales, Phyllachorales and Diaporthales (Richardson
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& Currah 1995; Bayman et al. 1997; Tremblay et al. 1998; ¥uah 2009; Herrera

et al., 2019 Orchid associated saomycete have a wide range ohutritional
acquisitionmodes For examplanost nembersof the Xylarialesareconsidered to be
saprotrophic but someorchid aseciated ascomycetes agadophytic or pathogenic
(Petrini & Petrini 1985;Edwards et al., 2003Members of thédelotiales include an
ecologically diverse group of wood, debris and soil saprobes, plant endophytes, plant
pathogens and mutualistic ectomycorrhizal (ECM) fungi (Vralstad et al. 2002; Haug
et al. 2004).

The isolatedungal samplefrom B. minutissimunimada closest match toa Preussia
sp. in GenBank Various species of endophytRreussiahave been recordeith
Australia such aP. africana, P. australis, P. minima, P. cylindriaadP. funiculata
(Bell, 2005; Petersont al., 2009)Preussiahas been found to be associated waith
diversity of Australian dry rainforegplantssuch asAlectryon diversifoliumBursaria
spinosa Cassine australisErythroxylum australe Eustrephus latifolius Geijera
salicifolia, Notelaeavenosa Pittosporum angustifoliunand Pandorea pandorana
(Mapperson et al., 2014). Thele of Preussiainside the host plant is not well
understoodArenal et al., 2005onzalezMenendez et al., 2017 reussiaprobably
occupy internal plant tissues, leath the epidermal cell layers, without causing
obvious pathogenisymptoms(GonzalezMenendez et al., 2017). MarBreussia
species have been shown to have antimicrobial activity by prayldsoactive
secondary metabolites such as preussomerins (Webdo&,@991; Vilella et al.,
2000; Chen & Chen, 200&hen et al., 200%ndunamedolyketides(Mapperson et
al., 2014). This antimiobial impact could bafactorthat encourageB. minutissimum
to harbourPreussiaspp. ie.to confer resistance againsigsible biotic stress. It is
unusualto seePreussiaassociated with orchids, thereforewiould be worthwhile
conducing further studies to understand the naturéhefinteraction betweethese

endophyes and their plant hosts

The solated fungs from B. shepherdihadclosest matches tbulasnellaspp.within
GenBank Tulasnellaspecis associate with plants in different waygcluding as
mycobionts in orchids (Warcup 1981; Rasmus&dRasmussen 2009) and liverworts
(Kottke et al. 2008), as ectomychbizal associates of the nonphotosynthetic liverwort

Cryptothallusmirabilis (Bidartondo et al. 2003) and as saprotrophs in decayed wood
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(Roberts 1994; Cruz et al. 2011). In Australia néwasnellaspecies have been
identified associag with terrestrialorchids such a3. primaandT. sphagnetin
Chiloglottis, T. secundan Drakaeaand Caleanaand T. warcupii in Arthrochilus
oreophilus (Linde et al., 2017)A recent study showed that. australiensisT.
occidentalis T. punctataT. densa andT. concatrica associated witlCryptostylis
whereasl. roseaassociated wittspiculaeaciliata (Arifin et al., 2021). Few studies
have recordedulasnellaassocidahg with epiphytic orchid in Australia.A previous
unpublishedstudy has identifieda Tulasnellasp from three Bulbophyllum spp.
(B.exiguum B. bracteatumand B. elisa@ across different locations of south east
Queensland(Calvert 2017). Recentlyfour new Tulasnella species have been
identified from epiphytic orchids from Brazilian Atlantic forest wheile
brigadeiroensiaandT. hadrolaeliaevereisolated fromHadrolaeliajongheanaandT.
orchidisandT. zygopetaliwereisolated fromZygopetalum maxillaréFreitas et al.,
2020).

Some studies suggested that epiphytic orchids fpetific assciaions with single
mycorrhizal fungaspeciesForexampleB.exiguunmandB. elisaeonly associated with

a single species ofulasnellasp (Calvert 2017)In the research presentedrg B.
shepherdiionly assciates with a single species ofulasnellasp. but addtional
sampés of this orchidfrom multiple locations wouldoe requiredto confirm this
Fungal spcificity in epiphytes have been explainesing the optimal physiology
concept (Bonnardeaux et al. 200@tero et al., 2007 Under the harsh abiotic
condifonstypical of the epiphytic statsuch as low levels of moisture and nutrients
certainmycorrhizal fungimay optimallyincrease surface araadimprove water and
mineral absorbance for plants (Martos et al., 2012). Additionally, high irradiation of
epphytes may allow them to provide fungal partners with more photosynthetically
fixed carbon, leading to greater fungal dependence on epiphytic partners (Martos et
al., 2012).It is predicted that epiphytic orchids show heavy mycorrhizal colonisation
but ths is not the case. For example, it was not possible to isolate mycorrhizal fungi
from B. minutissimunand little colonisation was seen, therefouether studies are
recommended to understand the nature of the interaction betmy@emnrhizalfungal

taxaand epiphytic orchids.
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CHAPTER 4:IMPACTS OFSerendipitesON THE GROWTH
OFTOMATO

4.1 Introduction

The effects ofSerendipitain enhancing plant growthave beenwell investigated.
Serendipita has been shown to enhandhe vegetative growth oFZea mays,
Petroselinum crispum, Artemisia annua, Bacopa monRiepulus tremulgdVarma et

al., 1999),Arabidopsis thaliangPeskarBerghofer et al., 2004Klordeum vulgare
(Waller et al., 2005)Adhatoda vasicéRai & Varma, 2005)Chlorophytunmsp (Gosal

et al., D10) andPiper nigrum(Anith et al., 2011). In additiorSerendipitaenhanced
vegetativegrowth and flowering i'Withania somniferaand Spilanthes calvg§Rai et

al., 2001). Additionally Serendipitashowed positive effects dNicotiana tabacum
such as in@asingadult plantvegetative growth (Varma et al., 1999; Barazani et al.,
2005), seed production (Barazani et al., 2005) and promoting seedling growth
(Sherameti et al., 2005).

The levels of nitrogen (N), phosphorus (P) a@athssium (K) have been impexyin
Serendipitacolonisedchickpeaand black lentil plants (Nautiyal et al., 2010; Kumar
et al., 2012). FurthermoreSerendipitaenhanced nitrate and starch metabolism
enzymes inArabidopsisroots asan indicator ofenhanced nutrition (Sherameti et
al., 2005). Another studyalsoin Arabidopsis showed increasl radio-labelled P
absorption inSerendipitacolonised plants (Shahollari et al., 200®)onversely
Serendipitashowedan inability to support plant nutrition under nutridimiting
conditionswhereaninteraction withSerendipitadid not enhancthecontent of N and

P in tobacco (Barazani et al. 2005), barley (Achatz et al. 2010) and green gram (Ray
& Valsalakumar 2010). Moreovehepresence oBerendipitdoweredthe expression

of aphosphat transporter leanlg to the decline of plant growth parameters in potato
(Karandashov et al., 2004).

In tomato,Serendipitacolonisationimproved vegetative growtshortenedlowering
time andincreased theumberof fruits and fruit biomassfterfour weeks After ten

weeks the colonized plants did not show any difference to the control plants (Fakhro
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et al., 2010; Andradeinares et al., 2013)Tomato inoculatedwith a mixture of
Serendipitaand the rhizobacterial strairBacillus pumilusshowedimproved plant
growthafter three weeks, as indicatedibgreasedeight and fresh and dry weight of
shoos and roos (Anith et al.,, 2015).Longterm plantSerendipita colonisation
experimengled to slowing of growth ratend thepromotonof programmed cetleath
(Deshmukh et al., 2006 Another negative impact of longerm Serendipitatomato
interaction waghe induction ofblossomend rot fruit disorder due to calcium (Ca)
deficiency (Andradd.inares et al., 20135erendipitacolonised tomato showed up
regulation of gibberellin biosynthesis genes whiomimize Ca intake and increase

Ca transfer into storage organelles, leading to low levels of free Ca in the apoplast. As

a resultalimited amount of Ca moves into the fruit (De Freitas et al., 2012).

The interaction betweenSerendipita and plané causeschanges inthe host
transcriptome and proteome. Beechanges can be studadoth thenolecular and
cellular levelsusingin vitro co-cultivation systemsThese systems allow a balanced
symbiosisand plat growth is normagven if there is a deficiency of essential elements
such as N, P, K and Fe in theadltivation medium. However, at the late stagkthe
interaction, plard start to show growth deterioration. This leadsatchangein the
behaviourof the fungudrom a mutualist t@ parasite (Kaldorf et al. 2005; Johns®n
Oelmuller 2009; Oelmuller et al. 2009; Johnson et al., 2Q¥3)ntaining a pH of
betweer6.5and7 in the culture mediuns critical toensuringanefficient interaction

in the co-cultivation system (Johnson et al., 2013).

Multiple methods exist to ensure plant roots become colonise®ertndipitdungi.

Some approachesuse liquid media firstly forSerendipitapropagation such as
Aspergillusminimal medium (Waller et al., 200Bumar et al., 2009), potato dextrose
broth (Fakhro et al., 2010) and Kaefer medium and malt yeast peptone (Sefloo et al.,
2019) mediumRoot colonisation was completed by dippmgtseitherin the liquid
medium (Sefloo etla 2019) or sowinglantsin a mixture of theSerendipitaculture

and sterilised soil (Kumar et al., 2009). vitro co-cultivation systera providethe
opportunity toclosely study the interaction betweeerendipitaand planthosts In

vitro systens areconvenient for gene expressianalysis becauskeeykeep plardand

fungi under sterilised conditions ampdovidea stableenvironmenfor their growth to

acquire reproducible and quantitative data. Numesalid growth media have been
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usedn in vitro co-cultivation system such g¢ant nutrient medium (PNM) (Sherameti

et al., 2008; Johnson et al., 2011; Sun et al., 2014), modified-Mealir-Norkrans
(MMN) culture medium (PeskaBerghofer et al., 2004; Sherameti et al., 2005;
Daneshkhah et al., 2018) and Muraskgk®og (MS) mediuntSun et al., 2010; Lee
etal., 2011; Lin et al., 2019)n vitro co-cultivation systemsusing PNMhavebeen
usedo detectheimpacts of two dark septate endophytes on tomato (Yakti et al., 2018)
andliquid PNM mediumhas been usetd forma symbiosibeweenSerendipitaand
tomato (Fakhro et al., 2010; Sefloo et al., 2019). In addisotid PNM was used
extensively as a eoultivation medium betweedeendipitaandArabidopsigJohnson

et al., 2011; Sun et al., 2014; Wawra et al., 2016; Vahabi €0dlG; Scholz et al.,
2018) and barley (Sherameti et al., 2008; Lahrmann et al., 2013; Wawra et al., 2016;
Sarkar et al., 2019; Hilbert et al., 2020).

Although the effects oSerendipitasp. on improving plant growth have been well
studied, to the best alur knowledge, none of the previous studies have examined the
role of Serendipitasp isolated from native Australian orckith improving plant
growth In the research presented here, growth improveoféamatoinocuated with
Australian orchid deéved Serendipitasp. will be examinedlhis will beperformed by
monitoring the colonisatioplants witha range ohewly isolatedSerendipitafungi
insidetomab roos growingin vitro on PNV medium.Colonised plants will bgrown

for four weekdn vitro and gowth parameters such as fresh weightial plantheight
andshoot and root lengthill be measuredTo gain insight into the molecular changes
occurring incolonisedplants gRT-PCR and semiguantitative PCRwill be usedto
investigate the expression &8 of genes involved with hormongroductionand

nutrient transporter expression.

The specific objectives of this component of the study are:
a) To develop ain vitro colonisation system for tomatdapts andSerendipita
fungi
b) To ascertain ifSerendipitacolonisation of tomato planisnpacts on growth
parameters
c) To determine if there are changesgmowth and nutrient transporteyene

expression irserendipitacolonisedomato plants.
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4.2 Methods

4.2.1 Cocultivation system

Tomato seedscy. Moneymake, Mr . Fothergill s Seeds,
Australig were surface sterilised by soaking for 1 min in 70% ethanol and for 4 min
in 2.5% sodium hypochlorite NaClO). Seeds werethen rinsed five times with
sterilised waterSeeds werénitially grown onMS (Murashige and Skoog 1962) at 4

f o r ourdi® thehdark to induce seed germinatiéiollowing this, they were
tranderred to agrowth chambeand incubated for ten days /8 roursday/ night
cycle at 23/21 (Yakti e ttendals p&tgenhation,4Reguallysized
seedlings were transferred geparaté00 ml glass jarswith aerated lidscontaining
approximatelyb0 ml solid PNM at the bas€Johnsoret al.,2011).PNM growth media
was preparedusing the following chemical components (5 mKINO3, 2 mM
MgSQw.7H20, 2 mM CaNOs)2, 0.01 mM FeSQ@ 70 mM HBOz, 14 mM MnCp.
4H,0, 0.5 mM CuS@ 5H,0, ImM ZnSQ,. 7H0, 0.2 mM NaMoOs. 2H,0O, 0.01
mM CoCb. 6H-0, 10mM NacCl, and5 g of agar per 500 ml, pH 5.6) (Johnson et al.,
2011).Growth jars wereprepared ag figure 4.1.In all experiments, eighweeks old
Serendipitaplates were used for adding hyphal suspension and fungal plugs to the
growth jars.The experimentscontainedtwo samplegroups each consistingf 20
growthjars. The first groupf jars had adde8erendipitanoculant while the second
grouphad no inoculant addeth the first experiments ml of hyphal suspension and
four Serendipital cn? PDA plugs were addett each jar. In the second experiments
1.5 ml of hyphal suspension atveb Serendipital cn?® PDA plugs were added to each
jar. The hyphal suspension was preparedaimiosafety cabinet by transferring
mycelium froma petri dish culturewith a sterilised scalpgb 100 ml of sterilised
water.The 3 mlinoculation experiments eve conductedwice due to necrosis being
observed in plantswhile the 1.5 mlinoculationexperimend were condued three
times.The quantity of fungal propagules ioth hyphal suspensiswasquantified by
hemocytometer (Absher, 197 3)fter 17 daysplant were harvested and measured and
around50 mgof roots were cbected for gRFPCR purposes. e remaining roots
were used for checkingolonisationvia root clearing (Johnsoat al., 2011). For
clearing,roots were transferred tomicrocentrifuge tubeontaining 1M KOH and
incubated for26B 0 mi n Robtsw@rbthenrinsed in tap water, 0.1 M HCI and
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then again in tap watefFor staining, ootswerethenboiled in 0.05% Trypan blue in
glycerol and lactic acid for 5 mifthestain was removely washing in 80%glycerol.
The roots were mounted under coversiigth 80% glycerol.

Thegrowth parametericludingtotal plantlength, shoot length, root length and fresh
weight were measured andmapared between twibetreatments.

In parallel withthe experiment ontomatq experiments usindparley plants were
performed in cas&erendipitadid not colonise tomato rootSix barley seeds were
surface sterilized with 70% ethanol for 1 min, followed by washiiilp sterile
distilled water.Seeds weresubsequehy incubaed in 12% sodium hypochloet
solution for 1.5hoursbefore being washed for lGourswith sterile distilled water.
Sterile seeds were placed onto wet filter paper and kept in the dark at room temperature
for germination (Sarkar et al., 201$Fourday-old seedlings were transferred to PNM

and were growin the growth chambewith theabovementioned conditions.

Figure 4. 1: Growth container with 27 day oldtomato seedlingand Serendipita
agar plugs (red arrows)on PNM. Black arrow: seed testaScale bar is 5cm.
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4.2.2 Statistical analysis

Using thestatistical software jamovi 2.2.5 (The jamovi project, 2021), independent
samples-testswere used to analyse data and probability values of less than 5% were

usedasameasure of signiycance.

4.2 3 Testing the colonising efficiencyof Serendipitaspp.

Serendipitasecunddungiisolated fromC. caeruleaandC. pictawere usedo colonise
tomatoand barleyunderthe abovementionedconditions. The colonisation efficiepc
of these two fungabxawascompared witlafastgrowingspeciesS. whamiagwhich
wasoriginally isolated by Crous et gR021).

4.24 RNA extraction, cDNA synthesis quantification and testingqPCR primers

Total RNA wasextractedfrom the roots b in vitro grown Serendipitaand non
Serendipitacolonisedtomatousing the RNeasy Power Plant Kit (Qiag&oncaster,
VIC, Australig f ol | owi ng t he maApproxanatelnws50 g of

(@)}

fresh or frozen plant tissues wexeded toa bead tule  w i-rhelcapfoethanol and
lysis buffer provided bythe manufacturer Qiagen).The tissue werehen ground
thoroughly using a FastPrep homogenidéP (BiomedicalsQLD, Australig at 7 m/s
speed fo45 s After tissuelysis, the released RNA was treatedh inhibitor removal
technology (IRT)for removing the contaminants that cause PCR inhibition, such as
polysaccharides and polyphenolics. Thigre inhibitorfree RNA was captured on a
silica=membrane spin filter. The RNA bound to the filter was washid 100%
ethanol and washing buffer to completely flush the membrane of any remaining salts
Finally, the RNA was recovered in RNasee water A Denovix spectrophotometer
(Wilmington, DelawargUSA) was used to check RNA quality by measuring 280/260
and260/230 ratios for thremotsof Ser plants andhree roas of Ser plants. e pl

from each sample suspendedRNasefree waterwas used for blank measurement.
Then, one ul from the sample was loaded on the lower sample surface of the device.
After RNA extraction, cDNA was synthesized from tempsatesing reverse
transcriptase and Oligo dT primigom aQuantiNova Reverse Transcription cDNA
synthesis kit, (Qiagen) f olAgDN#elimigatidnh e
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reaction was performed byixing RNA, gDNA removalmix andRNasefree water

Themixture waghenincubated at 45°C for 2 min, then placed onandtheenzyme

with reverse transcription meddedThe reverse transcription reacti was performed

with the following protocol: anndiag stepat25 f or 3 mi n, reverse
stepat45 f or 10 mi n obtheeénzyme at 85 fonSanini o n

After cDNA synthesis, all samples from tl&er andSer treatments were quantified
using Qubit 3.0 flurormeteand its reagentédnvitrogen, Themo Fisher, USA)Two
pl of thecDNA samples wermixed with 198ul of the working solutiorthen this was
vortexed for 23 seconds. Fdheblank assay, 1 of the standard solution wasxed
and vortexed for-3 seconds ith 190 pl of working solutionEqualconcentrationsf
cDNA sampés were preparedia dilution with sterile RNAsdree distilled water

(Qiagen) for further analysis.

Before gRFPCR analysisthe growth and nutrient transporter primediiable 4.1)
were testedia conventional PCRn tomato root cDNA (colonised wit8erendipita.

The growth andnutrient transporter genes were estéd in this study because
expressiorchanges haveeen observegreviouslyin mycorrhizaltomato rootsut
little is known about the molecular control of thesociation between plants and
Serendipitafungi (Balestrini et al., 2007 & 2019; Fiorilli et al., 2009; Zouari et al.,
2014).PCR was performed by adding ilDof ExtractN-Amp PCR reaction mix, 7

ul sterile distilled water, ul cDNA, 1 pl of each oforward and reverse primers (both
at 10 10 uM) toeach tube. PCR was performed with the following protocol: initial
denatuationat9s f or 5 mi n withdOwepclesof9% c d toirorl mi n, 5
foriminand72 f or 1 afimahextensionatir2 f or ABoRad n .
electrophoresis apparatus was used to run the PCR products.oféme PCR product
was loadeabn a 1% electrophoresis gel and viewed under UV light using a Qurant
ST4 gel documentation systeamd photographed using a Quantumteep ST4

image acquisition and analysis software package.

63



Table 4.1: Primers used for qRT-PCR analysis of theSerendipitatomato growth response The

primers were tested via conventional PCR on tomato root cDNA &erntreatment

Primer name

Phosphate transporté+

Phosphate transportéR

Nitrate transporte?.3-F

Nitrate transporte?.3-R

Zinc transportef

Zinc transporteiR

Potassium transport&o-F

Potassium tnasporterl0-R

Auxin response fact@-F

Auxin response fact8rR

ACC oxidas€el-F

ACC oxidasel-R

Ubiquitin 1-F

Ubiquitin 1-R

Actin-7-like-F

Actin7-like-R

Accession
number

AY804012.2

As above

NM_001247
198.1

As above

NM_001222
833.1

As above

*Solyc03g09
7860

As above

DQ340254.1

As above

NM_001247
095

As above

**TC193502

As above

BT013524

As above

Primer sequence Melting
temp°C

GAAGGGGAGCCATTTAATGTGG 61

ATCGCGGCTTGTTTAGCATTTC 60
(GAAAT GCTAAACAAGCCGCGAT

)

TGTACACTTCCAGTAATGTTAGT 56
T

GGTACCCAGACGCGATTTGGTGT 65
TA
(TAACACCAAATCGCGTCTGGGT

ACC)
TCATGTTGGCTTCTGCAGGT 58
GGTTTCTCCATGCCTCTCCC 60

(GGGAGAGGCATGGAGAAACC)

CGCAAAGGATCGAATTTATTGAA 57
G

TCCAATTGGAGTCTCTCTGCAA 60
(TTGCAGAGAGACTCCAATTGGA)

TGTTCCTGTGACGCTGATG 57

TGTGTTCCTGAGACGAGAGC 59
(GCTCTCGTCTCAGGAACACA)

TGAGGCTGTTCAAGCTGAGG 59
AGCACTTGCAATTGGATCACT 59
(AGTGATCCAATTGCAAGTGCT)

GGACGGACGTACTCTAGCTGAT 62

AGCTTTCGACCTCAAGGGTA 58
(TACCCTTGAGGTCGAAAGCT)

CGGTGACCACTTTCCGATCT 60
TCCTCACCGTCAGCCATTTT 59

(AAAATGGCTGACGGTGAGGA

Amplicon
size

182bp

As above

249bp

As above

279bp

As above

84bp

As above

196bp

As above

724bp

As above

134bp

As above

62bp

As above

Reference

Rivero et al.,

2015

Fu et al., 2015

Aoki et al.,
2010

Liu et al.,
2019

Zhang et al.,
2015

Tanigaki et
al., 2015

Aime et al.,
2013

Lacerda et al.,
2015

Note: All accessios can be found in GenBank, accept (*) in the aramemnon data libraries and (**) in
The Institute for Genomic Research Gene Indices
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4.2 5 Quantitative real-time polymerase chain reaction (QRTPCR)

cDNA was amplifiedvia gRT-PCR using primersof tomatonutrient transportesind

growth responsgenesusinga QuantiNova SYBR green quantitative real time PCR

kit (Qiagen).qPCR was performetivice with the following protocol: PCR initial
activationat95 f or 2 mi n, ampl i danausationat® wiotrh 40
5 sec and combined annealing/ extension at 50f or d4PCR praductwere
analysedusing software of CFX384 redime detection system (BiRad) via
monitoring of a SYBR green fluorescence chaitie lousekeeping gesectin and
ubiquitin were used for normalisationQPCR analysis of genomic DNA from
Serendipitawith ITS primers was conducteéd check for consistency of pipette usage

and optimum machine operation. QPCR analysis using primers to the references genes
actin and ulguitin were used to determine the appropriate cDNA template

concentration for analyses.

4.26 Semi quantitative RT-PCR Analysis

Expression ohutrient trasporter andgrowth responsgenes waslsostudied using

the semiquantitativeRT-PCR method. Rats samples from all the treatments were
taken, snap frozen in liquid nitrogen, stored-& °C and further used for RNA
isolation and cDNA synthesis as described above. TRE®R cycling conditions for
ampliycation of each clDéha&turasion stgplofedifonc | ude
5 min followed by 35 cycles with denaturation at 95 °C for 1 min, annealing at 50 °C
for 1 min, elongation on 7 for L min. Ay n a | e xvas eanried otan72°C for

10 min. After completion of all the steps, the egsion levels were observed on 1%
agarose gel in 1x TAE buffer with actin and ubiquitin geaseBousekeeping controls

A 100 bp DNA ladder meacular weight markgiAxygen, USA)was run orall gelsto
conyrm expect eds ambdorcetratibns of theveldctgphbresed
product.The ImageJ softwar@niversity of Wisconsin, USAwas used to determine

the band intensity by measuring the pixel numbers of each band.
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4.3 Results

4.3.1 Colonisation efficiency oBerendipitaspp.

Although theSerendpita secundasolatesrom C. caeruleaandC. pictacolonisedhe
tomato seedlingsS. whamiaeshowedheavier cellular colonisationin tomato as
evidenced by more extensive hyphal coils in cgfigure 4.2 A-C). In barley, only
Serendipitasecundarom C. pictashowed light colorsation in barley roots (Figure
4.2 D) Due to its faster growth rate and more viggroobnisingability, S. whamiae

wassubsequentlysed in the growth and bioprotection experiments.

Figure 4. 2A: Tomato roots colonigd with hyphae ofS. whamiagblack arrows).
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Figure 4. 2B: Tomato roots colonised with hyphae dderendipitasecundafrom C.
caerulea(black arrow).

Figure 4. 2C: Tomato roots colonised with chlamydospore @erendipita
secundafrom C. picta(red arrow).
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Figure 4.2D: Barley roots colonised with Serendipitasecundafrom C. picta(D).
Scale basare 20 pm.

4.32 Measurement of growth parameters in theomato-Serendipitasystem

The concentrationof monilioidal cells and myceliumwas dtermined by
hemocytometer a3x1°/ml. According to this1.5 ml contains4.5x10 propagules
and 3 ml contain8x1(® propagulesAfter 17 days, plantom the first experiment(

ml hyphal suspension and 4 plugsgre harvested and growth pareters were
measured (Figure 4.3The total plant lengtivas greatein control Serendipita-)
plantscompared to inoculate&érendipitat) plants (experiment one P<0.05, repeat
of the experiment €0.01) (Figure 4.4) Shoot length was significantly increased in
control pants in experiment one €B.01), but in theepeatexperiment there was no
significant difference betweethe two treatments(Figure 4.5) Experiment one
showed no significant difference in root length between themsaimentdut in the
repeat gperiment there was greatroot length in the controls €©.05) (Figure 4).
There was no significant differenda fresh weightbetweencolonise&l and unr
colonised plants in eitheexperiments (Figurel.7). All values showeda normal
distributionin both experimentgxceptfor fresh weightwhich suggests a violation of
the assumption of normality based SimapiraWilk normality test (Appendix VA).
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Figure 4.3: Tomato with (Ser+) and without (Ser) after 17 days athe end of
the growth experiment using 3ml liquid inoculum. Note: the jars in the picture
were selected randomly from each treatment.
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Figure 4. 4: Total length of tomato after 17 daysfor the Ser+/Ser (control)
treatments (3ml inoculum) in experiment one (top) andhe repeat experiment
(bottom), n=20.Dots are the outlier values of the experiment.
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Figure 4.5: Shoot length of tomato after 17days for the Ser+/Ser (control)
treatments (3 ml inoculum) in experiment one (top) and the repeat experiment
(bottom), n=20.Dots are the outlier values of the experiment.
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Figure 4.6: Root length of tomato after 17days for the Ser+/Ser (control)
treatments (3 ml inoculum) in experiment one (top) and the repeat experiment
(bottom), n=20.Dots are the outlier valies of the experiment.
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Figure 4.7: Fresh weightof tomato after 17days for the Ser+/Ser (control)
treatments (3 ml inoculum) in experiment one (top) and the repeat experiment
(bottom), n=20.Dots are the outlier values of the experiment.

When using 1.5 ml ofSerendipitahyphal suspensioms inoculant there waso
significant difference in totgplant lengthin the first and secondxperiments but
Serendipitasignificantly decreased the totadlant length in the third experiment
(P<0.05) (Figue 4.8. The $oot lengthincreasedignificantly in colonised plants
the firstand thirdexperimens respectivelybut the treatmentdisplayed no significant
differencein the second experime(figure 4.9. Control plants showeslignificantly
higher root length inthe first and third experimerg (P<0.01) but there waso
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significant differencdetween the treatments the secon@xperimen{Figure 410).
Serendipitacolonised plants showdtesh weight enhancemeintthe first(P=0.079)
andthe thirdexperimens (P<0.01)respectivelybut showed no significant difference
from controlsin the secondexperiment(Figure 411). All values hada normal
distribution inthe three experiments except fresh weight valwbgh showed a low
P-valuein the first exgriment, suggesting violation of the assumption of normality

based on Shapif@/ilk normality test (Appendix WB).
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Figure 4.8: Total length of tomato after 17days for the Ser+#/Ser (control)
treatments (1.5 ml inoculum) in experiment one (top) and the repeat
experiments (middle and bottom), n=20.Dots are the outlier values of the
experiment.
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Figure 4.9: Shoot length of tomato after 17days for the Ser+#/Ser (control)
treatments (1.5 ml inoculum) in experiment one (top) and the repeat
experiments (middle and bottom), n=20.Dots are the outlier values of the
experiment.
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Figure 4.10: Root length of tomato after 17days fa the Ser+#/Ser (control)
treatments (1.5 ml inoculum) in experiment one (top) and the repeat
experiments (middle and bottom), n=20.Dots are the outlier values of the
experiment.
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Figure 4.11: Fresh weightof tomato after 17days for the Ser+#/Ser (control)
treatments (1.5 ml inoculum) in experiment one (top) and the repeat
experiments (middle and bottom), n=20.Dots are the outlier values of the
experiment.
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4.33 RNA extraction quality

RNA quantity and aqudity waschecledby a Denovix spectrophotometdor three
root samples froreachof the Ser andSer treatments (Table 42The RNA
concentration varied from 4Yg/pl to 57ng/ul. All Serr andSer RNA samplesvere
of acceptable qualityith absorbanceatiosbeingaround 2.0 athe 260/280
wavekngthcomparisorand in the range of 2-P.2 at the260/230wavekngth
comparison

Table 4.2: Spectrophotometric analysis of RNA quantity and quality of the tomato roots in Ser

and Ser treatments. High qualityRNA wasindicated byanabsorbance ratiof 2.0 at the 260/280
wavelength and in the range of 2@ at the 260/230 wavelength

Treatment Concentration (ng/ul) 260/280 260/230
Ser 47.177 1.8 21
Ser 55.342 1.87 2.16
Se+ 47.389 1.83 2.17
Ser 57.412 1.95 2.26
Ser 48.879 1.9 2.18
Ser 55.66 1.89 2.28

4.34 Results ofcDNA synthesis and testing gPCR primers
The concentration of cDNA for all samplissoutlined in table 4.3

Table 4.3: cDNA concentration of tomato roots harvested at 17 dayis the Ser+ and Ser
treatments. Concentratios rangel from10-30 inSer and in the range of 121 inSer.

Treatment Concentration (ng/ul)
Ser 26.9
Ser 30.2
Ser 104
Ser 18.2
Ser 11.8
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Ser 20.6

When tested for their efficacy in amplifying tomato cDNA via conventional PCR,
four primerset showedxpectedbandsizes in gelsafter PCRamplification

including those for biquitin, actin, potassiuntransporter anghosphate transporter.
The primers for the axin response genethylenesynthesis gene amttrate
transportexverenot subsequentlysed in RT-PCRdue to the absence, @ir weak
amplificationor incorrect band sizega conventional PCRExperimentation was

continued with the pmersfor the zinc transporter as the amplicon stghtly less

than the expected size and likely due to secondary stry€tigiee4.12).
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Figure 4.12: Testing of growth and nutrient transporter primers; 1 & 10: DNA
ladder with molecular weightin bp, 2: Ubiquitin, 3: Actin, 4: Auxin response
gene,5: Zn transporter, 6: Nitrate transporter, 7: Ethylene synthesis gene, 8:
Potassium transporter, 9:Phosphatetransporter.

4.35 Quantitative real-time polymerase chain reaction (QRTPCR)

The cDNAof test gene®f three roots fronSerendipitainoculated plantaind three
roots of norinoculated plantsverecompared via gR-PCR. To check for errors in

pipetting technique and correct operation of the gPCR machine, gPCR reactions were
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run on ten identid@gDNA samples fronSerendipitawith ITS primers. This analysis
showed a consistency of Cq values for the san{plasle 4.4).

Optimization of template cDNA concentrations was carried out with the primers for
the reference genes actin and ubiquitin. Urtddl cDNA gave high Cq values for both
primers sets (table 4.5) and thus undiluted cDNA (following stalstdion) was used
in the gRFPCR experiments.

The gRFPCR e&periment was performed twicéctin and ubiquitin were used as
reference genes, but thdid not showconsistenfjuantificationwithin and between
experimentand hadan absence @mplificationin some sample@ppendix VII-A).
The Cq values ahe nutrient transporter genasre similarly inconsister{iAppendix
VII-A).

Table 4.4: Testing of pipetting techniqueusing gDNA samplesThegDNA was obtainedrom
Serendipitaand was testedith ITS primers

Sample 1 2 3 4 5 6 7 8 9 10
number
Cqvalue 31.41 3143 3144 3147 3180 31.89 32.02 32.03 32.64 33.09

Table 4.5: Cq values of reference genes actin and ubiquitin at different cDNA concentration
ThecDNA samples were obtained frawmatoroots ofSer andSer treatments

Reference
Sample Cq

gene

Actin Ser+ undiluted 30.05
Ubi Ser+ undiluted 28.71
Actin Ser undiluted 30.84
Ubi Ser undiluted 30.23
Actin Ser 1:5 31.69
Ubi Ser 1:5 30.14
Actin Ser 1.5 33.57
Ubi Ser 1:5 34.23
Actin Ser- 1:10 33.19
Ubi Ser 1:10 30.08
Actin Ser 1:10 35.16
Ubi Ser 1:10 33.25
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4.36 Semi quantitative RT-PCR analysisand bands intensityresults

In the semi quantitative RPCR analysis, the reference gene ubiquitin largely showed
consistency of expression except plant numbeBek freatment) where expression

was weak. The refence actin gene showed even expression in both plant treatments.
Potassium and zinc transporters showed inconsistent expression between and within
treatments. Nowspecific amplification using the potassium transporter primers was
evident in one plant ancérefore this sample was excluded from pixel intensity
analysis. There was little expression of the phosphate transporter in both treatments
although a band of incorrect size was visible in one plant sgifipleres 4.13- 4.17).

M 1A 2A 3A 4A 5A 6A T7A B8A 9A 10A 11A 12A 13A 14A 15A 16A7A 18A M

3000 bp

3000 bp
2000

2000

100 | 100

5B 6B 7B 8B 9B 10B 11B 12B M

3000 bp 8 ; | 3000 bp
2000 _ ‘ -1 2000

100

Figure 4. 13:M: marker, 1A -3A: Ubiquitin Ser+, 4A-6A: Ubiquitin Ser, 7A-9A: Potassium
transporter Ser+, 10A-12A: Potassium transporterSer, 13A-15A: phosphate transporterSer+,
16A-18A: phosphate transporterSer, 1B-3B: Actin Ser+, 4B-6B: Actin Ser, 7B-9B: Zn
transporter Sert+, 10B-12B: Zn transporter Ser.
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Figure 4.14: Pixel intensity of ubquitin electrophoretic in Ser+ and Ser-
treatments.
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Figure 4.15: Pixel intensity of Actin electrophoretic in Ser+ and Ser
treatments.
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Figure 4.16: Pixel intensity of K-transporter electrophoretic bandsin Ser and
Ser treatments.
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Figure 4.17: Pixel intensity of Zn-transporter electrophoretic bandsin Ser+ and
Ser treatments.
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4.4 Discussion

Many studieshavereportecthe positive impacts dderendipitaon growth parameters

in different host planspedes(Varma et al., 1999; Rai et al., 2001; Druge et al., 2007;
Serfling et al., 2007; Meena et al., 2018@rendipitaalso improve$ost plant nutrition

as indicated byprevious studiegShahollari et al., 2005; Sherameti et al., 2005; Yadav
et al., 2010Nautiyal et al., 2010; Kumar et al., 2012). In this studighough
Serendipitacolonisationlargely decreased total plant and root and shoot letigthe
was an overalincreased planfresh weightcompared to controlsChis latter result
could be due tthe symbiont increasingateruptake from the medium as is common
in many mycorrhizal associatiorfSmith et al., 2004; Govindarajulu et al., 2005)
Increased xpression ofiquaporimproteinsmaybe akey component ofhe increasd
plant fresh weightbseved here Aquaporins are membrane intrinsic proteins #nat
responsible fowatermovementhrough cell membranes (Maurel et al., 20P815)
Aquaporins help plasto maintain water balance during drought stress by modifying
the permeability of watemembrane (Maurel et al., 2008; Moshelion et al., 2009;
Zarrouk et al.2016). Also, aquaporins have water acquisition sale mycorrhizal
fung, wherethey control water uptake and release by the hyphae, and this sapact
hyphal cell expansion, divisipnand hyphal fusion (Xu & Zwiazek, 2020).
Upregulation of agaporin genes has been observed in mycorrhipédnts such as
maize (Chaumont et aR001; Barzana et al., 2014)jcea glaucaXu et al., 2015)
andPinus silvestrigPeter et al., 2016Monitoring of aquaporin gene expression in
this system is a logical next step here and may provide insight into the molecular

control of the association.

Using threaml of Serendipitehyphal suspensioas inoculundid not improve tomato
growth parameters in thewvo replicates of the growth experimeahd necosis
symptoms were been observedpbtant. Fakhro et al (2010) and Andratlaares et
al (2013) mentioned that using high levelsSefendipitanoculum (9x16 cfu/ml) in
nutrient solution, sand or substratead negativeggrowth impacts on tomato, while
positive resultswere accomplishedusing lower concentration (3x10 cfu/ml).
Comparedwith using3 ml of hyphal suspensiori.5 ml improved shoot length and
fresh weight inSerendipitacolonised plansg in the first and thirdreplicates, and no

necrosis was observed in plants. These results highlight the critical importance of
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optimising iroculum levels if this technology is to be adopted for use in agriculture or

horticulture.

The regative impacts oSerendipia on plant growthhave been observeghen the
fungus was cultivated on ammoniunstead of nitrate athe sole N source (Kaldorf

et al. 2005. This does not matclthe observationterebecause the ecultivation
medium PNM contains Nn a nitrate form (KNOz3). The other factor that causes
negative consequencesI#rendipitacolonisatiorfor plantsis low externalphosphate
content. This phenomenon of negative growth effects under phosphate limited
conditions has been observed extensively in mycorriptzats (Smith et al., 2003;
Smith et al., 2004; Li et al., 2006; Li dt,&2008; Smith et al., 2009Vheat hashown
growth depressionsvith ten different mycorrhizal fungi species imglasshouse
experiments usindow phosphatefield soils (Graham& Abbott, 2000). Growth
depressions with mycdiizal fungal colonisationhave also been observed in barley
(Grace et al., 2009and tobacc¢Modjo & Hendrix, 1986; Modjo et el, 1987; Guo et

al., 1994) Some studies have suggestdwt limited phosphate level leade
aggressivenycorrhizal feeding behaviour (Graham & Abh@®00),and competition

with the host for photosynthesi®odjo & Hendrix, 1986) Surprisingly, PNM does

not contain phosphate althoughds beerwidely usedin co-cultivation systerato
studythe interaction betwegplants andSerendipitafungi. The lack of phosphate in

the PNM may explainghe weak amplification of the phosphate transporter gene in
both treatments. It would be interesting to examine the molecular control of the
Serendipitatomato growth response in media that did actually contain phosphate eg.
MS media. Furthermore, plants contain a variety of phosphate transporter genes and
additional gene expression studies may determine the key molecular controls of the

association.

gRT-PCR analysis was used to analyse gex@ression changes in tomato plants
colonised bySerendipitafungi. Although optimumpipetting techniqueand machine
operation was checkednfortunately, the Cq values ofost of the genes investigated
including thereference genesactin and ubiquitin were not consistentbetween
replicates of the same treatmemd between experimentfhis could be caused by
g PCR e f ynbibit@yncompoundgin addition to polysaccharides and phenolic
compounds which were removdémm the mRNA) PCR artefactsand sampling

85



variation (RuizVillalba et al., 2021). Alsathe low concentration of cDNA mdave
impacedon theconsistency othe Cq values.

In the semi quantitative RPCR analysisno major differences in expressiarere

found in thezinc and potassium transportelogtween colonesd and uncolonised

plants The absence of detection of the phosphate transporter in this analysis after
initial verification of primer design suggests that there are continued quality issues (
presence of inhibitors or degradation of template over time) with the cDNA that made
the semiquantitative (and gR'PCR) process unreliabl&he lack of any impact of
Serendipitaspecies omplantnutrient contenhas beershown previously For example

S. indicahas no impact on phosphate content in tobacco (Barazani et al. 2007), barley
(Achatz et al. 2010) and green gram (Ray & Valsalakumar 2&E@enly, S. bescii
alsodid not increase the phosphate content in winter wheat (Ray et al., 2921).
cortrast, other studies showed improved phosphate cont&drendipitacolonised
chickpea (Nautiyal et al. 2010) and black lentil (Kumar et al. 20M&s variation
between studies may be explained by differences in experimental conuhitirakng

the hat plant species arfserendipitaaxon usedqFakhro et al. 2010).

Arbsucular nycorrhizal colonisation typically improveshe phosphate coent of
plants(Yang et al., 201,2Graham& Abbott, 2000).During thesymbiosis there is an
upregulation of mycorrlial specific nutrient transportesach as th&tPT3phosphate
transportelin potato(Rausch et al., 2001andthe MtPT4 phosphate trasporterin
Medicago truncatulgHarrison et al., 2002Arbsucular ngcorrhizal cobnisationalso
leads to down regulatioof genes for root hairutrienttransportersuch as thtPT1
and MtPT2phosphate transporters Medicago truncatula(Liu et al., 1998)Other
studies have reported thetot-hair potassium transportet@e down regulateth
Medicago truncatularoots colonised withthe mycorrhizal fungusRhizophagus
irregularis (Gomez et al., 2009; Gaude et al., 20TRgre isdownregulabn of aroot-
hair Zn transportefMtZIP2 in mycorrhizal M. truncatula (Burleigh et al., 2003;
Nguyen et al., 2019)vhile a symbigis specific geneMtZIP14 is upregulatedn
mycorrhizal plants (Cardini et.aR021).

This research shows that themateSerendipitainteraction has similarities and

differences with other mycorrhal associationsColonisation leads tan improvement
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of plant fresh weighlikely due to enhanced water flofrom the media via a hyphal
conduit Serendipitamay causglantgrowth depression particularly with high levels
of inoculum applicatiorand this is likely due to thenicrobe acquiring excessive
amountf host photosynthatiea situation often observed in arbuscular mycorrhizas
Under the conditions used in the stu®erendipitacolonisation did not appear to
affect the expression of potassiurimc and phosphateutrient traagporteis suggesting

thatSeeendipitamay not bea major transporter of inorganic stdmces to the plant.
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CHAPTER 5:SerendipiteAFFECTSTOMATO IMMUNITY
AGAINST THE POWDERY MILDEW PATHGGEN
Golovinomyces$ycopersici

5.1 Introduction

5.1.1 Powdery mildew disase in tomato

Several factors limit the production of tomat@esltheseinclude damage caused by
insectsandmicrobial pathogens. Of the microbial pathogens, powdery milsdene

of the diseases thathreatenstomato crop production in Australia and sas
considerable losses up to 44% for Australian farmers as reported in Richards (1993).
Powdery mildew i very commomand easily identified disease caused by around 900
species of the Erysiphaceaand affects approximately 10,000 plant species
(Takamats, 2004).The first record of tomato powdery mildemasin the late19"
century in AustraligCooke & Massee 1888). Around 100 years lapother species

has started to spread in tomato producfi@mm the Netherlandscausing serious
tomato powdery milew epidemicscross the entire European continent (Jones et al.,
2000, 2001; Kiss et al., 200Mhree powdery mildew speciggecttomato:Leveillula
taurica, Pseudoidium neolycopersieind Golovinomyces lycopersiciLeveillula
taurica prefers subtropal conditions (Lindhout et al., 1994)Golovinomyces
lycopersici(previously known aguoidiumlycopersic) has only been reported from
Australia (Kiss et al.,, 2001; Braun et al., 203¥dss et al., 202D Pseudoidium
neolycopersicis widespread in manyapts of the world but has never been found in
Australia (Kiss et al., 2001, 2005; Braun & Cook 2012). Powdery mildew symptoms
appeawon the plant as white greyishspots or patches (Agrios, 2005). The mycelium
grows on the lower leaf side ireveillulainfection and on thappersideof the leaf in

the case of the other two species that infect torflatmlhout et al., 1994). Powdery
mildew fungi areobligatebiotrophicplant pathogenand acquire nutrients from the
infected plant cells through feeding ongacalled haustoria. During the infection
process, spores tiepowdery mildew pathogen land and germinate on the plant leaf.
After germination, spores form a primary germ tube. Then, an appressorium is formed
which produces a penetration peg and invatiesleaf tissues. Haustoria develop
inside the mesophyll cells in the casd.efeillula(Zheng et al., 2013) and inside the

epidermal cells ifP. neolycopersicandG. lycopersiciJacott et al., 2017; Figure 1).
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Figure 5.1: The early stage of the powdery mildew infection process in the
cereal powdery mildew,Blumeria graminis which is similar to tomato powdely
mildew; Ap: appressorium, Ha: haustorium (Jacott et al.,2017).

Fungicides and resistant cultivars &éne convenbnal methods to control powdery
mildew in tomato (QDAF, 2018; GRDC, 2019). However, these approaches are not
effective in thelong-term due to theability of the fungal populations to evolve
resistance (Kiss, 2003), for example resistandéutaafol and tebuconazole is now
commonly observed (GRDC, 2019ndeed, most available commercial tomato
cultivars are susceptible to powdery mildew disease (Kiss et al., 20@dgking out

of susceptibility genes such as the Mildew LocusML@) gene family in torato
confers resistance to powdery mildew (Pessina et al., 2016). However, loss of function
of theMLO gene may produce undesirable traits such as early senescence, lower plant
size, reduced seed production, lower germination rate and Hesmic symptoms
(Jiang et al., 2016; Kusch & Panstrug817; Polanco et al., 2018).

5.1.2The tomato-powdery mildew interaction

During the incompatible tomagpowdery mildewinteraction, the HR is activated
which prevents the formation of fungal haustoria (Huang €1298; Bai et al., 2005).
TheHR is a resistance strategy that induces cell death of plant leaf tissue to limit the
extent of fungal infection (Nimchuk et al. 2003). The oxidative burst (&8)ns HR

andincludes high accumulation ofactive oxygen spags (ROS), such as #.which
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enhance cell death (Lamb & Dixon 1997; Torres et al., 2006). Callose formation
around the area of HR leatts further halting of fungal development, because it is
produced before haustoria formation (Seifi et al., 2014). Asrathemical that may

be induced during powdery mildew infection is suberin (Agrios, 2005). Suberin is
present in tissues in underground plant organs such as roots and tubers. Specific organs
and cells form suberin as a defence barrier against pathogenssA2005). In
addition to callose and suberin, lignin deposition limits the spread of pathogens in leaf
tissue. Lignin is a component of the secondary cell wall and is induced by wounding

and prevents pathogen spre#d{mins & Wuddah, 1977).

5.1.3Serendipita enhanced resistance to pathogens

Numerous cellularchangesoccur in tomato during powdery mildew infection.
Resistant tomato cultivars respondtbhe powdery mildew pathogen via membrane
enzymes, NADPH oxidases, peroxidases, amine oxidases, atdteoxxidases
(Huckelhoven, 2007). Tiseenzymes activatineoxidative burst (OB) which includes
reactive oxygen species and callose accumulation (Seifi et al., 2014). In contrast,
susceptible cultivars such as Moneymaker show a weak induction of OBwand
accumulation of reactive oxygen species and callose (Li et al. 2007, 2012; Seifi et al.,
2014).1t is hypothesised thatolonising Moneymaker plants witBerendipitamay

lead to enhanckresistace tobiotic stress. The activation of resistance medrasi

in Serendipitacolonised plants has been recorded in previous studies. The
concentration of hydrogen peroxide has bsbBown toincrease in the le&s of
Serendipitacolonised susceptible wheat after powdery mildew infection (Serfling et
al., 2007). Frthermore Serendipitacolonisedbarley restricted haustoria formatibop

a powdery mildew pathogewith a hypersensitive reactionvhich included dost
cell-death response and celbll associated defence (Waller et al., 20063reasing
levels of anti@idant enzymesuch as those associated wikie activation of the
glutathionéascorbate cycle have been observed in barley roots treated with
Serendipitaagainsta Fusariumroot rot pathogen (Waller et al., 2005; Harrach et al.,
2013). Moreover, superoxad dismutase, catalase ammkroxidase antioxidants
increased inSerendipitacolonised plants under biotic stress (Kumar et al., 2009;
Harrach et al., 2013; Lin et al., 2019).
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During pathogen infection stresthe SApathway is commonlactivated in plant
tissuesleading to systemic acquired resistarfgernooij et al., 1994; Ryals et al.,
1996; Vlot et al., 2009; Spoel et al., 2012pntrastingly during plant ineractions

with beneficial microbes th#A/ET signallingpathwayis adivated leading tanduced
systemic resistancdSR) (Hoffland et al., 1995; Pieterse et al., 2000; Van L&on
Bakker, 2005; Ahn et al., 2007; Stein et al., 2008though these are separate plant
responses, sonsudieshaveshown that norpathogenic microbes can trigger both
pathways (Audenaert et al., 2002; Mathys et al., 2012; Sun et al., 2014; Lin et al.,
2019).

Serendipitafungi have been reporteéd reduce the expression defence geneso as
to overcomdéheimmune system ahehost plant $chafer et al., 2009; Camaedtlal.,
2011; Pedrotti et al., 20L3 Genes encodingthe antioxidant enzymes
monodehydroascorbate reductase and dehydroascorbate redustisenregulated
by Serendipitato allow successful colonisation (Vadassery et al., 2009; W&ite
Torres, 2010; Fogr & Shigeoka, 2011; Hamilton et al., 20138erendipitaalso
suppressed salicylic and jasmonic dependent gera®tohost colonisation (Waller
et al., 2005; Akum et al., 2015).

This part of theproject will investigatdor the first time, the combitian of tomato,
Serendipita as a mycorrhizal fungus and tomato powdery mildew pathogen
Golovinomyces lycopersidPrevious studies have shown the interaction between two
of the mentioned components, suctSasendipitaagainst powdery mildew in barley
(Waller et al., 2005), wheat (Serfling et al, 2007) amdbidopsig(Stein et al., 2008).
In addition, one study has showerendipitancreases the resistance of tomato to the
Verticillium dahliae pathogen (Fakhro et al., 201®lants will be cabnised with
Serendipitafungi and the challengedwith G. lycopersici.The number of infected
plantswill be comp@red betweerthe twotreatments. Gene expessioncomparisons
will alsobe utiisedto understand the molecular basis of the interactibhspossible
cellular and molecular changes occurring pathogerchallenged Serendipita
colonisedtomato is clarified in Figure 5.2.
The specific objectives of this component of the study are:

a) To develop powdery mildewnoculation procedurr Serendipitacolonised

tomato plants
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b) To ascertain iSerendipitacolonisation of tomato plants increases resistance
to thepowdery mildew pathogen.
c) To determine if there are changesdgfence gene expression in bioprotected

tomato plants.

Epidermis

L_A =il

Powd mildew infection

Priming JA/ET- dependent |
i si—— defence genes ‘

Cellular and molecular changes to
prevent appressorium and
haustorium development

Beneficial microbes-root
colonisation

Figure 5. 2: Possiblepre-penetrative cellular (black crosg and molecular

changes occurring in aSerendipitamediated bio-protective response to powdery
mildew (modified from Jacott et al., 2017). Red crosses indicate sites of possible
powdery mildew infection inhibition during plant invasion.

5.2 Methods

5.2.1Maintenance of powdery mildew cultures

The powdery mildewspeciesG. lycopersiciis an obligatebiotrophic pathogen;
therefore, itdoes not grow on artificial medidhus continuouslyinfected tomato
plantswere used as source of inoculufemato seedxy. Moneymaker) were planted
in plastic pots containing fertilised soil. At-1@ days after germinatiotheleaves of
thesetomato seedlings/ere inoculated witlspores othe powdery mildew pathogen
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by gently rubbingthem withexistinginfected leavesThe processf reinfectionwas
repeated for @und three years to maintathe powdery mildew as a source of

infection for lab experiment

5.2.2Development of infection protocols

Two methods were te=dl forthetransferof powdery mildewinoculumto plants The
first methodinvolvedusing part ofninfectedeafand plamg it in amicrocentrifuge
tube with sterilisedlistilled water and then vortexing it briefly. Conidia viability was
determined by@ding 100 of the suspensiomnto aglass microscopslide andafter

0, 5 min, 10 min and 20 miriewing spore morphologyThe second method usad
dry cotton bud taemoveconidia fromthe leaves of tomato plants infected with
lycopersiciand gentlybrushing thenonadry micrascopeslide to check their viability

over time

5.23 Challenging of Serendipitacolonisedtomato plants with powdery mildew

Tomato seedscy. Moneymaker) were surface sterilised by soaking for 1 min in 70%
ethanol and for 4nin in 2.5% NaClO. Tomato seeds were grown on MS at 4f o r
48 hoursin the dark to induce seed germinatidhis wadollowed byincubationin a
growth chambefor ten dayswith a 16/8hoursday/ night cycle at 23/21 ( Ya k t i
al 2018). At 10 days post germination, the seedlings were transferredaspate@l
glass jargontaining KM (Johnsoret al.,2011)for seven daysThejars were divided
into two treatmentsthe first treatment consisted of 2@lants each colonised by
Serendipiteby addingwo Serendipitanycelialplugs and 1.5 ml of hyphal suspensio
together in one jaiThe catrol treatmendid not haveSerendipitaplugs or hyphal
suspensioadded Theinoculationproceduranvolvedremoving conidia from leaves

of tomatoplants infected witl&. lycopersicwith a dry cotte bud and gently brushing
theseonto theterminal leaves athein vitro grownplants. After D days,the number

of infected plants was recorded as indicated by obvious afepswdery mildew
mycelium wsingthedissecting microscop&he growth parameters such as total plant
lengh, shoot length, root length and fresh weight wads® recorced Serendipita
colonisationwas alsochecked via root clearing (KOH boiling, trypan blue staining
Johnsoret al.,2011).
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5.2.4 Statistical analysis

All of the experiments were conductediiplicateand results were tabulatedrasan
+ standard deviation (SDThe statistical software jamovi 2.2(bhe jamovi project,

2021)was used to perfornmdependent sampletess and probability values of P

0. 05 were consi deEomeaburetthwliffdremcesnithg numgecad nt .

infected plants irBer-/PM+ and Ser/PM+ treatments, (0) and (1) scores were given
to noninfected and infected plants respectivélile samesoftware jamovi 2.2.Was
used to performa Chi-squared testand the prolability values of R 0.05 were

considered to be signiycant.

5.25 cDNA synthesis quantification and testing qPCR primers

Total RNA wasextractedusing the RNeasy Power Plant Kit (Qiagen) following the
manuf act ur e rfrendtheilaawes afnwitrd groovmSerendiptia and nor
Serendipitacolonised plants. Frasor frozen plant tissuesereadded to bead tube

w i t-fmercAptoethanol and lysis buffer providediymanufacturerQiagen). Then,

the tissue were homogenized usamBastPrep homogenizat 7 m/s speed fai5 s.
After cell lysis, the released RNA was treated with inhibitor removal technology (IRT).
The inhibitorfree RNA was captured on a silio@mbrane spin filter. The RNA
bound to the filter was washed to remove contaminants. Finally, the RNA was
recoveed in certified RNas€&ree WaterA Denovix spectrophotometer was used to
check RNA qualityby measuring 280/260 and 260/28Bsorbanceatios for three
leaves ofSer/PM+ plants and three leaves &er/PM+ plants. Onepl of the
suspensiorbuffer was usedor blank measuremenOne pl from the sample was

loaded on the lower sample surface of the device.

After mMRNA extraction, cDNA wasynthesizedrom template RNA using reverse
transcriptase and Oligo dT primesing a QuantiNova Reverse TranscriptiorNéD
synt hesi s kit (Qi agen) f ol Quamificatign ot h e
cDNA concentration was carried out as pection 4.2.4

To further study the impact &erendipitan promoting immunity against the powdery
mildew pathogen, genesvinlved with defencevia ROS €.g, the NADPH oxidase

geng, wall modification €.g.callose synthase) and direct pathogen destructian (
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chitinases) werenonitoredvia qRT PCR. The primer details are below and indicated

are the forward and reverse seoges, the melting temperatueenplicon sizeandthe

source Chitinase primersvere designed usinthe Genbank websitéTable 5.1)

Table 5. 1: Details of defencerelated primers including the forward and reverse sequences, the
melting temperature, amplicon size and sourceThe primers were tested via conventional PCR on
tomato leaf cDNA fronthe Ser/PM+ treatment

Primer name Accession Primer sequence Melti Amplico Reference
number ng n size
temp
NADPH *Solyc01g099 GAGAGTAGGATTCAGCGGT 56 173bp Li et al.,
oxidaseAF 620 2015
NADPH As above GCCTCTTTTCGAGCTTGCT 57 As
oxidaseAR (AGCAAGCTCGAAAAGAGGC) above
PAL-F M83314 ACGGGTTGCCATCTAATCTG 57 197bp Aime et al.,
PAL-R As above AGCTCTTTTCCTGGCTGAAA 56 As 2013
(TTTCAGCCAGGAAAAGAGCT) above
Callose *KR70638 GAAGGACGAGAGAGAGATATGG 59 149bp Adkar
synthaselF Purushotha
Callose As above CTGAAGCAGAATCAAGGAACG 59 As ma et al.,
synthasel-R (CGTTCCTTGATTCTGCTTCAG) above 2015
Callose *»*KR706382 TGAGGAGGCACTGAAAATGAGGAAC 64 195bp Adkar
synthaselF Purushotha
Callose As above CGGATTTTCAGGGGGTTGGCT 66 As ma et al.,
synthasel:R (AGCCAACCCCCTGAAAATCCG) above 2015
Chitinase 17F Z15139.1 TAGCTGGGCAAGCAATTGGA 58 202bp This study
Chitinase 1R As above ATGACACCGTAGCCTGGTTG 59 As
above
JA-Lipoxygenase U37840.2 GGCTTGCTTTACTCCTGGTC 58 72bp Sun et al.,
D-F 2017
JA-Lipoxygenase As above AAATCAAAGCGCCAGTTCTT 55 As
D-R (AAGAACTGGCGCTTTGATTT) above
b-1,3-glucanase GCGGTGTTCAGCCTGGATG 59.1 94bp Chandrasek
F aran &
b-1,3-glucanase AGCATGAGCAAGAAGTATGTTGTG 55.7 As Chun 206
R above

Note: All accession numbers can be found in GenBank, accept (*) in the aramemnon data libraries
and(**) can be found in European Molecular Biology Lab (EMBL)

Before qRFPCR analysis, thdefence gene primers were testedtheir efficacyvia
conventional PCRPCR wasperformed by adding 10 pl of Extrabk-Amp PCR
reaction mix, 7 pl sterile distilled water, 1 ul cDNf&kom aSerendipitaand PM treated
plant), 1 pl of each of forward and verse primersn eachmicrotube. PCReycling
includedthe following protocol: initial denaturationat95 f or 5 foation,
with 40 cyclesof 95 f or 1 %0 mi nf oarn d¢ihdfin@l n ,
10 T e n s\kle therfruntoma&1%P CR p

electrophoresis gel and viewed under UV light using a Quantum ST4 gel

ampl
mf oy
mi n .

extension at 72 for
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documentation system (VilberLourmat, Fisher Biotech, Wembley, WA, Australia) and
photographed using a Quantum capture®Siivage acquisition and analysis software

package.

5.26 Quantitative real-time polymerase chain reaction (QRTPCR)

cDNA was amplified via qRTFPCR using primers fodefencerelated genes and
QuantiNova SYBR green quantitative real time PCR kit (QiaggPCR was

performed twice with the following protocol: PCR initial activationat95f or 2 mi n
amplification with 40 cycles of denaturation at 95 f or 5 sec and c
annealing/ extension at 50 f or IPCR waaluctswere analyzedusing
appropriatesoftware via monitoring of a SYBR green fluorescence chart and melting

curve of ZR products to check reaction stability and presence of primer dimers.
Housekeeping gesefor actin and biquitin were used for normalisation . As

mentioned in chapter 4, gPCR amplification of ITS regions of genomic DNA from
Serendipitawas used to checthe efficacy of thepipetting technique and machine
operation. Also, gPCR amplification using primers to the reference genes actin and

ubiquitin was used to optimise template concentrations.

5.2.7 Semi quantitative RFPCR Analysis

Expression of defencesponse genes was also studied usiegemiquantitative RT

PCR method. Leaf samples from all the treatments were taken, snap frozen in liquid
nitrogen, stored aB0°C and further used for RNA isolation and cDNA synthesis as
described above. The RACRcycl i ng condi ti ons for ampl
sample included an initial denaturation step of@5or 5 min followed by 35 cycles

with denaturation at 95 °C for 1 min, annealing at 50 °C for 1 min, elongation on 72

UC for 1 min. Aaryjedaulat 72 for @hnsin. After completion

of all thePCRsteps, theyeneexpression levels were observed on 1% agarose gel in

1x TAE buffer with actin and ubiquitin genes as housekeeping controls. A 100 bp
DNA ladder molecular weight marker (Axygen USA) was run on all

expected molecular weights and concentrations of the electrophoresed pgrodged
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software University of Wisconsin, USAyvas used to determine the band intensity by
measuring the pixel numbers of each band.

5.3Reallts
5.3.1 Assessment of infection protocols

After rinsingportionsof infected leaves in distilled watand placing spores on slides
the powdery mildew spores showegoplasm shrinkage away from the cell wall,
which indicatel a lack of viability (Figure 5.3A-D). In contrast dry cotton bud
application to slideshowedcontinuousviable spores; thereforéhis proceduravas
usedsubsequentlyo transfer the inoculum to theants in the jargFigure 5.4)

Figure 5.3: Spores in distilled water(A) zero time,(B) 5 min (C) 10 min, 20min
(D). Note the burst spore at 20nin. Scale bar is 50 um
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Figure 5.4: PM inoculation procedure with cotton wool bud. Spores maintained
viability continuously with this procedure (inset)Scale bar is 100 umScale bar
of insetis 20 um

5.32 Challenging of Serendipitacolonised tomato plants with powdery mildew

The symptoms of powdery mildesiseasevere monitored10 days post inoculation
(Figure 56 A-B). In all three experiments,the number of infected plants was
significantly lower in Serendipitacolonised plantgFigure 5.5). Difference in two
proportions at 95% confidence intervals wa$ in the first experiment ar.35 in
the seond and third experimentégpendix VII).
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Figure 5.5: Number of infectedtomato plantsin Ser+/PM+ and Ser/PM+
treatments from the three experimentsn=20.The LHS boxescontain average
and standard deviation (SD)of infected plantsafter 10 daysfrom PM infection.
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Figure 5.6: Leavesof Ser- (A) and Ser+ (B) plants and powdery mildew
infection (Black arrows). Scale bar is 1 cm

100



5.3.3 Measuremenbf growth parameters in the bieprotection experiment and
statistical analysis

Growth parameters were measuiiedplantsten days post inoculation with powdery
mildew sporesThe total plant length wasot significanly different betweerhe two
treatmats in all threeexperimentgFigure 57). Shoot length wasot significanty
differert betweenthe two treatments inthe first and thirdexperimeng but in
experiment twahere was significantlyiigher shoot length iSerendipitacolonised
plants (R0.01) (Figure 58). Both experimens oneand threeshowed no significant
difference in root length between the tweatmentsut in experiment two there was
significantly higher root length inthe nonSerendipitacolonised plantgP<0.05)
(Figure 59). Freshweight was improved inSerendipitacolonised plantsn two
experiments(P<0.01 in experiment one,<B.05 in experiment twoput was not
significanty different betweenthe two treatments in the third experimefiigure
5.10). Most valuesshowed a normal digbution inthethree experiments except the
values of shoot length in the second and third experiments and fresh weight values in
the third experiment showed a lowvplue in the first experiment, which suggests a
violation of the assumption of normalityased on Shapir@/ilk normality test
(Appendix VI).
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Figure 5.7: Total length of tomato after 20 daysfor the Ser/PM+ and Ser
/PM+ (control) in experiment one and the repeat experiments (middle and
bottom), n=20.Dots are the outlier values of the experiment.
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Figure 5. 8: Shoot length of tomato after 20 daysfor the Ser+/PM+ and Ser
/PM+ (control) in experiment one and the repeat experiments (middle and
bottom), n=20.Dots are the outlier values of the experiment.
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Figure 5.9: Root length of tomato after 20 daysfor the Ser+/PM+ and Ser/PM+
(control) in experiment one and the repeat experiments (middle and bottom),
n=20.Dots are the outlier values of the experiment.
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Figure 5. 10: Fresh weightof tomato after 20 daysfor the Ser+/PM+ and Ser
/PM+ (control) in experiment one and the repeat experiments (middle and
bottom), n=20.Dots arethe outlier values of the experiment.
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5.3.4RNA extraction quality

RNA quantity and quality was checked by a Denovix spectrophotonvegtenifigton,
Delaware USA) for threeleaf samples from each of ttger/PM+ and Ser/PM+
treatments (Tabl&.2). The RNA concentration varied from 44ng/pl to 79ng/pl. All
Serr andSer RNA samplesvere of acceptable quality with absorbance ratios being
around 2.0 at the 260/280 wavelength comparison and in the range2f Z0the

260/230 wavelength comparison.

Table 5.2: RNA quality of tomato leaves inSer+/PM+ and Ser/PM+ treatments. RNA samples
had a ratio 0.0 at the 260/280 wavelength ardrein the range of 2.2 at the 260/230
wavelength

Treatment Concentration (ng/ul) 260/280nm 260/230nm
Ser/PM+ 50.52 2.08 21
Ser/PM+ 50.822 2.05 2.07
Ser/PM+ 69.377 1.95 2.28
Ser/PM+ 45.496 2.13 2.19
Ser/PM+ 44.334 2.06 2.19
Ser/PM+ 79.405 2.08 2.5

5.35 cDNA synthesis quantification and testing qPCR primers

After cDNA synthesis, all samples fraitme Ser/PM+ andSer/PM+ treatments were

also quantified The concentration of cDNA fall samples are indicatéul table 5.3

Table 5.3: cDNA concentration oftomato leavesat 20 daysin Ser+/PM+ and Ser/PM+
treatments. cDNA concentratiorwerein therange 1613ng/ul in Serr/PM+ and intherangeof 15
22nghul in Ser/PM+,

Treatment Concentration (ng/pl)
Ser/PM+ 10.3
Ser/PM+ 13.0
Ser/PM+ 9.89
Ser/PM+ 15.2

106



Ser/PM+ 21.5

Ser/PM+ 19.5

The ven primer sets amplifieekpected band sizes in gels after PCR dinption
of the extracted cDNAfrom Ser/PM+ leaves) These wergrimers to theNADPH
oxidasegene PAL genetwo callose synthase genes, chitingeae JA-Lipoxygenase

geneandb-1,3-glucanas@ene(Figure 5.11)
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Figure 5. 11: Testing of defence primers. Landl & 9: DNA ladder with
molecular weight in bp, 2: Callose 11 synthase, 3: Callose 12 synthase, 4:
Chi t i n als3glucanase , 6bJALipoxygenase, 7: PAL 8: NADPH oxidase

5.3.6Quantitative real-time polymerase chain reaction (QRTPCR)

The cDNA of three leaves frorBer/PM+ plants were used for gqRPCR and
compared withthecDNA of three leaves dder/PM+ plants. As mentioned in epter
4, to check for errors in pipetting technique and correct operation of the qPCR
machine, gPCR reactions were run on ten identical gDNA samplesSeoemdipita

with ITS primers. This analysis showed a consistency of Cq valugedmamples
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(Table 54). As mentioned in section 4.3.5, optimization of template concentrations
was also carried out using primers to the reference genes actin and ubiquitin. High Cq
values were obtained with undiluted template and thus this was the concentration used
for theqRT-PCR experiments (Table 4.5).

The gqRTPCR for this bio-protection experiment was penfised twiceActin and
ubiquitinwere used as reference genes, but they did not show consistent quantification
cycle (Cq) values both experimentéAppendix VII-B). The Cq values of theéefence

genes were similarly inconsistetpgpendix VII-B).

Table 5.4: Testing of pipetting technique using gDNAThe gDNAsampledrom Serendipitavere
testedwith ITS primers

Sample 1 2 3 4 5 6 7 8 9 10

number

Cqvalue 31.41 3143 3144 3147 3180 31.89 3202 32.03 32.64 33.09
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5.3.7 Semi quantitative RT-PCR analysisand bands intensity results

Semtquantitative RTPCR analysis also showed an indstecyin expression fothe
two refeencegenes. Thé-1,3-glucanase gene was alswonsisternyy expressedn

the Ser/PM+ and Ser/PM+ treatmentsThe ditinase, PAL calloseand jasmonic
acid geneshowedo expressiornn theSer/PM+ andSer/PM+ plants Although the
NADPH oxidasegene were amplified iboth treatments the amplicons were of the
wrong size (ie. <100bgJigures5.12- 5.16).

M 1A 2A 3A 4A 5A 6A 7A 8A 9A 10A 11A 12A 13AA415A 16A 17A 18A19A20A 21A 22A 23A24A M

3000 bp

i i R ”“"“"”"a | . 3000 0p

T ]

w w il o

M 1B 2B 3B 4B 5B 6B 7B 8B 9B 10B 11®B 13B 14B15B 16B 17B 188 198 20B 21B 22B 23B24B M

M H " rH 0. 3000 bp

100

3000 bp

100

Figure 5.12: Semiquantitative RT-PCR analysis of defencgenes. M: marker, 1A-3A:
Actin Sert, 4A-6A: Actin Ser, 7A-9A: chitinase Ser+, 10A-12A: chitinaseSer, 13A-15A:
callose 11 synthas&er+, 16A-18A: callose 11 synthas8er, 19A-2 1 A-1,3-dlucanaseSer+,
22A-2 4 A-1,3dlucanaseSer, 1B-3B: ubiquitin Ser+, 4B-6B: ubiquitin Ser, 7B-9B: PAL
Sert, 10B-12B: PAL Ser, 13B-15B: JA-LipoxygenaseSer+, 16B-18B: JA-LipoxygenaseSer
, 19B-21B: NADPH oxidaseSer+, 22B-24B: NADPH oxidaseSer-.
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Figure 5.13: Pixel intensity of Actin bands inSer/PM+ and Ser/PM+
treatments.
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Figure 5.14: Pixel intensity of Ubiquitin bands in Se+/PM+ and Ser/PM+
treatments.
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Figure 5. 15: Pixel intensity of Glucanase bands irBert/PM+ and Ser-/PM+
treatments.

5.4 Discussion

In this study, the fresh weigbt tomato was enhancedtime presence oEerendipita
similar to the results reported in Chapterdéspite the plant being challenged &y
powdery mildew pathogeithis is consstentwith previous studiesvhichhave show
that Serendipitamproves plantgrowth parameter&henunderbiotic challenge For
example Serendipitamproved root and shoot fresh weiglftbarley compared with
control plants infected witfr. culmorumalone(Waller et al., 2005; Harrach et al.,
2013) Also, S. indica enhancedbiomas and root length of maize undét.
verticillioides infection as compared with control plants (Kumar et al., 20093.
unclear whywater transport coirtues to be enhancédthemycorrhizal plantsluring
pathogen attackout it pdentially could relateto the increased levels dfiydrolytic
enzymeghat arebeing sythesised in the respon@¢afady et al., 2022; Harrach et al.,
2013; Walller et al., 2005

Plant defence enhancement via mycorrhizalonisation has beenpreviously
investigated in tomatdgSong et al., 2015)For example,Rhizophagusrregularis
(formerly, Glomus intraradiceshas been reported to improve the immunity of tomato
plants under interaction with the false r&obt nematod®&lacobbusberrans(Lax et

al., 2010). The total planehgth, dry weight of roots and shoots andrheberof
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gallswere measurenh the presence and absence ofdja@biont Mycorrhizal plants
showed dower number of galls anthcreased plant length and biomdkax et al.,
2010). Funneliformismosseaenhanced defenceene expression in tomato plants
under rootknot nematode Meloidogyne incognita)jnfection. The expression of
defence genes was examined by suppressubtractive hybridisation andp-
regulation of the phenylpropanoid pathway and reactivggexx species (ROS)
metabolism were identified as the main reason that the infection rate in mycorrhizal

tomato plants was lower compared to fmycorrhizal plants (Vos et al., 2013).

Unlike the data reported in chapter 4, the two reference genes (adtubayuitin)
showedinconsistent expression patterns within and between treatments and thus they
were not able to be used to gauge changes in defence gene expression. Other
researchers have found inconsistencies in reference genes in plants growing under
stress conditions (Lanubile et al., 2010; Le et al., 2012; Muller et al., 2015). For
example, the common housekeeping gene GAPDH was degulated in maize
plants infected withFusarium verticillioidesnfection (Lanubile et al., 2010). Other
housekeepingenes will thus need to be used when repeating these experigents.
quantitative RTPCR analysis also showdatonsistent expression patteshthe b-
1,3glucanase gene in and between tBert/PM+ and Ser/PM+ plants. This
variability may be due to getic variation of the individual plants within the same
treatment, (Dolatabadian & Fernando, 2022; Kover & Schaal, 2002) but as mentioned
it is hard to quantify the expression of genes when the housekeeping genes do not
provide a reliable benchmark. Thesahce of detection of the other defence genes in
this analysis after initial verification of primer design suggests that there are continued
quality issues (i.e presence of inhibitors) with the cDNA that make the- semi

guantitative (and qR-PCR) process ualiable.

b-1,3-glucanasenhibits the growth of pathogens by hydralyg the major structural
component of the fungal cell walletal,3-glucans (Shi et al., 2006; Singh et al., 2014;

Su et al., 2016)The induction ofb-1,3-glucanase gesdas been olesved in many
mycorrhizal plants under biotic stress, whehe AMF Funneliformis mosseae

(formerly, Glomusmosseaghas been found to reduce the impacPabiitophthora

parasitica pat hogen on t omat o b y1,3glucadasec and g c hi

superoxide smutase (Pozo et al., 2003)so, in Funneliformismossea&olonised
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tomato plant s, a hi-g3gludamase ednfer@ed resisthncetto n a s e
early blight disease (Song et al., 201Bgspite the inconsistent expression patterns
b-1,3-glucarase genes were clearly activated in both See/PM+ and Ser/PM+

treatments b-1,3-glucanasebelong tothe PR-2 protein family which are usually

producedn SAR defence mechanisagainsipathogensThisresearch shows thdt
1,3-glucanasean also benduced by ISResponses which aeetivated in plargunder
colonisationby beneficial microorganisean The mechanism of (ISR) is somewhat

similar to systemic acquired resistance (SAR), but there are key differences between
them. First, ISR is induced by eficial microorganisms and SAR is induced by
pathogensSecond ISR activates the jasmonic acid and ethylene pathways during
microbial colonisation and SAR activates salicylic acid production following pathogen

i nfection (Schumann seaehnal, 204, Kigu®ys5). Firaly,1 O ; Pi
ISR is not thought t@roduce PR proteins (Molitor et al., 2011; Pieterse et al., 2014).

PR protein
PR protein production?

production

Hypersensitive

Hypersensitive response?

response _
" Salicyl t' ! Phytoalexins?
Phytoalexins ‘)#ﬁﬂ Aci d
il
%
— —~ Pathogen N
o' b1 attack tissue Beneficial
s, . induce SAR . microbes
f.k‘ (rhizobacteria,
N *’ " Pathoges _ Serendipit)
- AT WIS < attack tissue °  colonise plant
5.4 % " induce SAR rootsand
induce ISR

a) SystemResAsgancpe)d | nduc eRde sT yssttaenntiec

Figure 5.16: Signalling differences between SAR and ISR (modified from Vallad and
Goodman, 2004)
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The above differences between ISR and SAR are still controversial especially the
second and third aspectsheve the results of some studies showed hieatficial
Pseudomonas aeruginoaativated the salicylic acid pathway instead of the jasmonic
acid and ethylene pathways in the defence mechanism aBatngis cinerean bean

(De Meyer et al., 1999) and tano (Audenaert et al., 200BR proteins eghitinase,

c hi t os anl@gleanasard aldo synttsssedwhen mycorrhizal tomato plants
are attacked byhytophthora parasiticdPozo et al., 2002). Also, ISR caused the
production of PR proteins in tiheaves of tomato infected witkiternaria solani(Song

et al., 2015)A number of studies have investigated the capability and mechanism of
beneficial microorganisms in promoting ISR (Shoresh et al., 2005; Liu et al., 2007;
Segarra et al., 2009; Mathysadt, 2012).Additional studiesare summarised in the
table(5.5) below.

The Ser/PM+ treatment in this study showed a lovmeimber of infected plants than
Ser/PM+ treatment, which may be explained by a rapid defence response of
Serendipitacolonised plats. ISR prepares plant defences to be immediately ready
upon pathogen attack, which is called priming. ISR priming increases the sensitivity
of cells to hormones rather than increasing their synthesis locally and induces rapid
cellular defence responsesich as the oxidative burst (Ahn et al., 2007),-oelll
strengthening (Heil & Bostock, 2002), accumulation of defeetated enzymes
(Rahman et al., 2014) and the production of secondary metabolites (Yedidia et al.,
2003).
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Table 5.5: ISR induction and the potential mechanism of action that have been mentioned in
the previous studiesThemain defencenoleculesare jasmonate, ethylene, salicylic acid and PR
proteins

Plant Pathogen Mycobiont Mechanism of action Reference
Banana Fusarium Rhizobacteria Upregulating defence Thangavelu et
oxysporum  f.sp. Pseudomonas genes: c¢h3 ti al, 2003
cubense fluorescens glucanase and phenolic
compounds
Rice Xanthomonas Bacillus Activation of defence Chithrashree e
oryzaepv. oryzae enzymes such as al., 2011

phenylalanine ammonia
lyase, peroxidase, and the
synthesis of phenals,
phytoalexins and lignin

Tomato Botrytis cinerea Grampositive Induction of jasmonate Martinez
bacterium defences Hidalgo et al.,
Micromonospora 2015
Arabidopsis Pseudomonas The beneficial Induction of jasmonate, = Timmermann et
syringaepv.tomato bacteria ethylene, salicylic acid anc¢ al., 2019
Pamburkholderia reactive oxygen species
phytofirmans pathways

(PsJN strain)

Arabidopsis Pseudomonas Penicillium  sp. Activation of the Hossain et al.,
syringaepv.tomato GP162 strain transcripional factor 2008
NPR1 and up regulation o
jasmonate and ethylene
gene expression

Maize Curvularia lunata  Trichoderma Increasing jasmonate and Saravanakumar
harzianum ethylene metabolic etal., 2016
induction
Anthurium R. sdanacearum S. indica Higher levels of the Lin et al., 2019
andraeanum antioxidative enzymes

superoxide dismutase,
catalase and peroxidase,
increasing the expression
of jasmonate related gene
and PR proteins

Priming is not onlyrelatedwith enhancedellular defene, but also with molecular
defencesuch as alterationa the expression dfanscription factorsFor examplen
rhizospheric bacteriemediated ISR i\rabidopsigsheMYC2 transcriptiorfactor, hes

been shown to upegulate jasmonic acid levels (Pozo at 2008). In addition,
members of the transcription factor family APETALA2/Ethylene response factor
(AP2/ERF) have been involved in the activation of jasmonic acid and ethylene genes
in ISR-induced plants (Memelink, 2009). Transcription factors are agstmmemain
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latent under stredsee conditions, but they grant a quick response to the plant under
any potential pathogen stress (Pieterse et al., 2014). The priming mechanism does not
include only increased sensitivity afefencegene expression, but aldncludes
acceleration in cellular responses. For example,Pgeudomonas fluorescens
colonised Arabidopsis plants, high callose accumulation occurred rapidly during
infection with the downy mildew pathogetyaloperonospora arabidopsidifkapid
stomata asure was induced whekrabidopsisplants previouslycolonisedwith a
beneficialBacillus subtilisFB17strain, weraenfected with a pathogenkseudomonas

syringae(Rudrappa et al., 2008).

All of the defence genes studied here were initially detect&Erendipitaand PM
colonised tomato leaves. When the PCR was repeated there was little expression of
the chitinasegallose 11 synthase, PAL and-lipoxygenase genes in any plankhis

was likely due to the presence of inhibitors or template degradattenestingly
Serendipitacolonization has been previoudiiown to represBR proteinsin barley
(Schafer et al., 2009%arkar et al., 2019) andlrabidopsis(Pedrotti et al., 2013),
suppress jasmonate related genes in rice (Cosme et al.,a2@it6jlue the oxidative

burst inArabidopsis(Jacobs et al., 2011}.has been suggedthatSerendipitdungi
downregulate the expressionadrtaindefence genes to avoid the immune system of
host plars (Schafer et al., 200€amehl et al., 201 Bedrotti etal., 2013.

This part of the study shows thaerendipitacolonisation improves the immunity of
tomato plants to the powdery mildew pathogen, at least at a phenotypic scale.
Serendipitacolonised tomato plants showed little expression of the majority of
defense genes analysed althobgh3-glucanase was expressed inconsistently within
and between treatments. Other key defence genes might be worthy of investigation in
this system such as the PR protein thaumatin to endeavour to understand the molecular
basis of the bigrotective respase.Inoculating crop species with the symbiont may
provide a sustainable and chemical free method for controlling plant disease in
horticultural and agricultural situations. This technology will need to be trialled under
glasshouse and field situationscnfirm its usefulness. Such trials could investigate
different Serendipitaspecies, crop plant varieties and pathogens to ascertain the most

appropriate combinations to use to mamtaelds over growing periods.

116



CHAPTER 6: RECOMMENIATIONS AND CONCLUSIONS

Serendipitafungi are commonsymbions of Australian orchids including thosein
Western Australia (Sommer et al., 2012; Davis et al., 2015; Phillips et al., 2016;
Vohnik et al., 2016; Reiter et al., 2020), Victortdufnh et al. 2009Wright et al.,
2010; Setaro et al., 2012; Reiter at al., 2020) and South Australia (Warcup 1967 &
1971). This project investigatethe Serendipitapartners of orchidsn south east
Queensland becausmly a few studieshave previously focussed on this region
(Bougoure et la 2005; Dearnaley et al., 2009lthough the Caladeniaspecies
investigated in this studylid not contain newSerendipitaspecies this work has
considerablyextended theange of somef thosespecies. For exampl8&, communis

and S. warcupij have previously only been known rom Western Australia.
Queenslandhas a number ofstill un-investigated Caladenia species eg.C.
chaematophyllan the tropical northern regigidones 2006and furtheinvestigations

of this typemayrevealadditionalnew Serendipita specieor extend the range of well

knownfungaltaxa

The fungal symbionts withinB. bracteatumand B. schillerianumrepresent new
Serendipitaspecies. This was confirmed ve&equencingof ITS and LSU DNA,
mycelial growth atesand nuclear staining.eleomorphic states of these two fungi will
need to be inducetb complete life cycle descriptions before formal taxonomic
descriptionAlthoughin vitro methods weransuccessfullyrialled heresoil over agar
procedures will likely produce better resuii this regard (Crous et al. 20R These
Bulbophyllumassociatedfungal taxa are quite different from those aaising
Caladeniaspp.Future molecular taxonomic dgses with additionaDNA barcodes
e.g., RPBL and TEFlamayconceivably elevate thesergi to a second genus within
the Serendipitacea@ueensland has many unstudied epiphytahid species (Jones
2006)and there is clearly much potential for discovery of nongtorrhizalfungal

taxa

Serendipitacolonisationimprovedthe fresh weightof tomato which is compatible
with previous reports that hawwhown theability of the fungusto improve plant
biomass (Varma et al., 1999; Rai et al., 2001; Druge et al., 2007; Serfling et al., 2007).

This physiologicaresponse may be associateith increasedaquaporin expression

117



which enhancgwater movement through cell membranes. Aquapaniaskey to the
function of other mycorrhizatplant interactios (Maurel et al., 2008 & 2015;
Chaumont et al.2001; Barzana et al., 2014ndit would be illumirating to study
expression ofuchgenes undeBerendipitacolonisation using gR-PCR or RNASeq

protocols.

This studyprovidedan opportunity to investigate the molecular and cellular features

of ISR during the interaction &@erendipitacolonised tomatplant withthe powdery
mildew pathogenGolovinomyces lycopersicberendipitaindica appears tglay a

similar role as rhizospheric bacteria; becatisefungusactivates ISR by inducing
jasmonic acid and ethylene signalling and the transcriptional regulatexpressor

of PR genesl (NPR1), during colonisationAstbidopsisroots (Stein et al., 2008;
Jacobs et al., 2011; Franken, 2012; Pedrotti et al., 2013). The transcriptional regulator
NPR1 is important for activation of jasmonic/ethylefependent IR and salicylic
aciddependent SAR. The function of NPR1 in ISR seems to be different to that in
SAR. In SAR, NPR1 activates PR genes, while in ISR; NBRhought tooperate
without activation of PR genes (Pieterse et al., 2014). Furthermore, in sadicidi
signalling, NPR1 operates in the nucleus (Dong, 2004), while in jasmonic/ethylene
signalling, NPR1 functions in the cytosol (Spoel et al., 2003; Ramirez et al., 2010;
Pieterse et al., 2012). Furthaplecularstudies are necessary to clarify thediion of
NPR1 in the regulation of .I[Ti®eRereadita-ci t e d
tomatepowdery mildew systerrovides an opportunity to study the roledPR1in

ISR further, particularly givethe possiblerole of thel3-1,3 glucanaseprotein in the

bio-protective response observed here

Priming induced by mycorrhizal fungi is an effective strategy to inli®@tstress

caused byplant pathogens and represents a potential approach to enhance plant
protection in agricultural systems instead of cheinmeethods (Walters et al., 2013).

This technologystill needs to be testefr its utility under glasshouse and field
conditions.StudyingSerendipitainduced priming during the interaction between the

pl ants and t he pat ho giegnwhere nmnytbibtie ang abiotd wi | |
stresses such as pathogens, herbivores, drought and salinity stresses happen at the same

time (MauchMani et al., 2Q7). Little is known about how plants set their defensive
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priorities, which makes it difycult to

their resistance response under field conditions (M&dahi et al., 2017).

This project focused on the eobf Serendipitain tomato performance under biotic
stress The tomateSerendipitamodel could also be tested for its usefulness
combating abiotic stress such as drought, salinity and heavy metal toxitity
agricultural and horticultural system& potential way foward here would béo set
up in vitro study systemsvhich wouldintially confirm the protectant capabilities of
the fungi(eg. Ghimire and CraveR011). Experimeis could then be conducted in
glasshouseconditsions and ultimateiy field conditions

QuantitativeRT-PCR is a powerfylmoderntechnique that analyses gene expression
in different cell populatios It has many advantages such as firstly, simplicity, where
the protocol requirefew reagents such as a polgrase dNTPs, fluoresad dye, and

a pair of primers. Secondly, qRACR is a sensitive technique that quaggifamples
with very few copies of messenger RNA. Thirdly, a wkdkigned assay is specific for
a singlemoleculartarget. Fourthly, a welllesigned trial will give radts in a wide
range of reaction conditions and finally, the cost of reagents is affordable (Rustin
Kessler, 2010)In this study, he low concentraion of RNA/CDNA, presence of
inhibitors, or template degradation presdant the growth and biegprotection
experimentsmay haveimpacted on thénconsistency ofCq valuesobtained Future
studiesof this typeshould usereaer concentrations dfigh qualitystarting material

to more accurately monitgene expressiovia gRTPCR

An alternative to gRTPCRIn future studies of this type may be RNgeq.RNA-Seq

is beconing the method of choice for gene expression anaiysesearchit provides

an overview of complete cellular mRNpopulations and is highly sensve in
detecing changes insingle nucleotidg in transcripts, microsatellites, and allelic
variants. It has high levels of reproducibility and accuracy. Moreover,-RdA\does

not needa reference genome, and it detects the expression of getwsg levelsof
starting materialthat are not detectdry other gene expression techniques (Segundo
Val & SanzlLozano, 2016).

Serendipitdungi enhance plant resistance against pathogens, increase nutrient uptake,

and improvesurvival under drought, salty, andheavy metalstress (reviewed in
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Weiss et al. @16). Serendipitacould be developed as agricultural inocusafar
Australian farmersand other world regiondn India, 18 CFU of Serendipitawas
formulated with magnesium silicate, which acts as a carrier. This commercial product
is calledRootonic biefertilizer and is still under trial but may become widely used in
India (Singhal et al., 2017). Much developmental work needs to be done including
testing AustraliarBerendipitafungi under glasshouse and field conditions. Different
fungalplant combinatins should be studied and inoculum production conditions, the
amount of inoculum best used, the time point of inoculawuldalsobe elucidated

The persistence of the fungus in the environment should also be considered (Franken,
2012; Andradd.inareset al., 2013). The final product should be easy for use and
storage by farmerddoreover, possible quantitative changes of treated crops such as

fruit size and total production should be monitored to ensure profits are maintained.

120



REFERENCIES:

Absher, M1 973, OHemocyt omEKnese &M & Rattersonn(gdg), i n P
Tissue culture methods and applicatipNew York: Academic Press, pp. 395
397.

Achatz, B, von Rden, S, Andrade, D, Neumann, E, Péguhnemann, J, Kogel, K
H, Franken, P & Waller, F 200 ,  éoRmisationby Piriformospora indica
enhances grain yield in barley under diverse nutrient regimes by accelerating plant
devel oPplameand Sbilvol.333, pp. 5070.

Adkar-Purushothama, @, Brosseau, C, Giguere, T, Sano, T, Moffett&P
Perreault, P2015,6 Smal | RNA derived from the vir
the potato spindle tuber viroid silence
Plant Cell vol. 27, pp. 21782194

Ahn, I-P, Lee, SW & Suh,SC 2007, ¢ Rimduceermingih er i a
Arabidopsis s dependent on et hyl eMolecularj as moni c
Plant-Microbe Interactionvol. 20, pp. 75068.

Aime, S, Al abouvette, C, Steinberg, C & Ol
Fusarium oxysporurfo47: a good candidater priming the defense responses in
t o mat o Maleoutat PsaGtMicrobe interactionvol. 26, no. 8, pp. 91826.

Akum, F,N, Steinbrenner, J, Biedenkopf, D, Imani, J & KogelHK 2015, o6 The
Piriformospora indicaeffector PIIN_08944 promotes the muistc
Sebaci nal e arontisryimRlant&sieng6l.,6, no. 906.

Al exander , C & Hadl ey, G 1985, 6Car bon my
endophyte during the development of the or¢habdyera repenB r Rew

Phytologist vol. 101, pp. 657665.

121



AndradeLinares, DR, Muller, A, Fakhro, A, Schwarz, D & Franken, P 2013,

0 | mp aPaiformaosporaindicon t omat o6, in A Var ma, G
(eds),Piriformospora indica Sebacinales and their biotechnological
applications 1% edition, SpringerVerlag Berlin Heidelberg, Berlin.

Anith, K, N, Faseela, KM, Archana, PA & PrathapapnK,D2 011, 6 Compat i bi |
Piriformospora indicaandTrichoderma harzianurasdual inoculants in black
pepper Piper nigrunk . Byinpiosisvol. 55, pp. 1117.

Anith, K,N,Sr eekumar & A, Sreekumar, J 2015, 0
inoculated with cecultivatedPiriformosporaindiceandBa ci | | us pumi | us
Symbiosisvol. 65, pp. B16.

Aoki, K, Yano, K, Suzuki, A, Kawamura, S, Sakurai, N, Suda, K, Kurablai, A,

Suzuki, T, Tsugane, T, Watanabe, M, Ooga, K, Torii, M, Narita, T,-Bfin

Kohara, Y, Yamamoto, N, Takahashi, H, Watanabe, Y, Egusa, M, Kodama, M,
Ichinose, Y, Kikuchi, M, Fukushima, S, Okabe, A, Arie, T, Sato, Y, Yazawa, K,

Satoh, S, Omura, EzuraH& Shi bat a, D-scal®ahdlysis obfldla r g e
length cDNASs from the tomat&planuniycopersicum cultivar MicroTom, a
reference system f orBMC GemomiEwmd. alnrw.280a e gen
pp. :16.

Arenal, F, Platas, G & Peldez2FO 0 5, ¢ Areussiaspeeias defined based on
mor phol ogi cal an drungea Diversity Vola20, pe ¥15.d enc e 6,

Arifin, A, R,May, TW & Linde,CC202 1, 06 Ne Wulasnelmassoaased o f
with Australian terrestrial orchids inthe Cryptd y I i di nae and Dr aka
Mycologig vol. 113, no. 1, pp. 21230.

Armold, AE2007, O6Understanding the diversity

chall enges Fanga BidlogiaalrReviewsrols 24,,pp. 5166.

122



Aseel, D,G,Rashad, YM & Hammad, SM2 01 9 , O0Ar buscul ar Myco
Trigger Transcriptional Expression of Flavonoid and Chlorogenic Acid
Biosynthetic Pathways Genes in Tomato agdlieshato Mosaic Viruld, Sci ent i f
Reports, vol. 9, no. 9692.

Athipunyakom, P, Manoch, L& Piuek, C 2004, 61l sol ation a
mycorrhizal fungi f r cKasetsaft dourmah Naturalr r e st r i
Sciencevol. 38, pp. 21828.

Audenaert, K, Pattery, T, Cornelis, P & |
resistance t@otrytiscinereain tomato byPseudomonas aerugino3alSK2: role
of salicylic aci d, MgecuwacHaetMicretbhe and pyocy
Interaction vol. 15, pp. 114i756.

Bai, Y, Huang, GC, van der Hulst, R, MeijeDekens, F, Bonnema, G & Lindhout, P
200 3, 6 dmate poivaery mildew resistand@idium lycopersigiin
Lycopersicon parviflorun1.1601 cedocalize with two qualitative powdery
mi | dew r e s iMolkalar®lantMjiceobednsetactionsvol. 16, no. 2,
pp.169 176.

Bai, Y, van der Hulst, R, Bonn®, G, Marcel, TC, Meijer-Dekens, F, Niks, RE &

Lindhout, P2 0 0 5, 6 T o maQldiwm deelyceparsic®ontinantOl genes
confer isolatedependent resistance via a different mechanism than receb&ive
Molecular PlantMicrobe Interactionsyol. 18, no. 4, pp. 354862.

Bai, Y, Pavan, S, Zheng, Z, Zappel, N Reinstadler, A, Lotti, C, DeGiovanni, C,
Ricciardi, L, Lindhout, P, Visser, R, T
occurring broagspectrum powdery mildew resistance icemtral Ameican
tomato accession is caused by losMtidf f u n ¢ tMoleculad PlantMicrobe

Interaction vol. 21, pp. 36B9.

123



Balestrini, R, GbmeAr i z a , J, Lanfranco, L & Bonf ant

microdissection reveals that transcripts for five plant and oneafytgpsphate
transporter genes are cont empMadeautarousl| y

Plant Microbe Interactionvol. 20, pp. 10551062.
Balestrini, R, Rosso, LC, Veronico, P, Melillo, M,T, De Luca, F, Fanelli, E,

Colagiero, M, Salvioli di Fosdunga, A, Ciancio, A & Pentimone, | 2019,

OTranscriptomic responses oniomwarhizar def i

t o mat o Fronters in Mizrpbiologyyol. 10, no. 1807, pp.-17.
Barazani, O, Benderoth, M, Groten, K, Kuhlemeier, C & Baldwim 2005,
iriformospora indicaandSebacina vermiferancrease growth performance at

the expense of herbivore resistancélin c ot i a n g Oeadlogigvol.ul46t a 0

pp. 234 243.

Barazani, O, n Dahl, C C& Baldwin, I, T2 0 0 Sebacida vermiferaromotes the
growth and fitness dflicotiana attenuatd y 1 nhi bi t i ng Ranthyl ene

Physiology vol. 144, pp. 12231232.
Barzana, G, Aroca, R, Bienert, 8, Chaumont, F& Ruiz Lozano, JM 2014,0New

insights into the regulation of aquapormsthe arbusculamycorrhizal symbiosis
in maize plants wter drought stress and possiloiglications for plant
per f or MdaeouaePiantMicrobe Interactionsvol. 27, pp.349 363.

Basiewicz, M, Weiss, M, Kogel, ¥, Langen, G, Zorn, H & Zuccaro, A22,

OMol ecul ar and phenot yp Sabaciochvarmiferat er i z at

strainsassociated with orchids, and the descriptioRiaformospora williamsii

s p. FRuogal.Bidlogy vol.116, pp. 204213,

Baum, C & Makeschi nrogenFandpbo6pbaorus f@rilitatiomaont s o f

mycorrhizal formation of two poplar cloneBdpulustrichocarpaandP. tremula

124



x tremuloide$ @aqurnal of Plant Nutrition and Soil Sciencel. 163, pp. 491
497.

Bayman, P, Lebron, I, Tremblay, RL & Lodge,D,J1 997, 6Variation i
endophytic fungi from roots BHewd | eaves
Phytologist vol. 135, pp. 143149.

Bayman, P & Otero,, Y2006, OMi crobial endophytes of
J, E, Boyle, C, J, & Sieber, T, N(eds), Microbial root endophytesSpringer,

New York, pp 158173.

Beger ow, D, Ni |l sson, H, Unterseher, M & |
perspectives of fungal DNA barcoding an
Applied Microbiology and Biotechnologyol. 87,pp. 99 108.

Bel | , AnilRdr&esl guidé to the coprophilous Ascomycetes of Audiralia
Centraalbureau voor Schimmelcultures, Netherlands.

Bernard N . 1899, O6Sur | a ger mComptésiRendus du Neott
Hebdomadair es d denie8es Scorecessd. 128,p, L253A ¢ a
1255.

Bidartondo, M|, Bruns, T,D, Weiss, M, Sergio, C & Read,,D2 003, O6Speci al
cheating of the ectomycorrhizal symbi os
Proceedings of the Royal Soci&yvol. 270, pp. 836342.

Bidartondo, M|l, Burghardt, B, Gebauer, G, Bruns,0O & Read, Q) J2004,
6Changing partners in the dark: isotopi
ectomycorrhizal | i ai s on sPriacestigeoéthe f or est

Royal Society Bvol. 271, pp17991806.

125



Bidartondo, M| & Duckett, JG2 0 1 0, 6Conservative ecol ogi
patterns in liverwoitf un g al s Rrocéedirugsfehe Royal Society, Bol.
277, pp. 48b492.

Bonnardeaux, Y, Brundrett, M, Batty, A, Dixon, K, Koch, J & Sitaamparam, K
2007, oODiversity of mycorrhizal fungi i
brief encounters, | ast i niycologidalRdseawn s hi ps
vol. 111, pp. 5161.

Bougoure, JJ,Bougoure, DS, Cairney, JW, G& Dearnaley, JD,W2 005 ,- o601 TS
RFLP and sequence analysis of endophytes fkoranthus Caladeniaand
Pterostylis(Orchidacea® i n s out he asMymlogcal Rasearem s | and o6
vol. 109, pp. 45r460.

Bougoure, JJ& Dearnaley, JD, W2 005, &6 T h ephyfesiaDgpadium e n d o
variegatund Australasian Mycologistvol. 24, pp. 1519.

Boysen, M, Borj a, M, Del Mor al , C, Sal az
strain level oRhizoctonia solanhG4 isolates by direct sequence of assymetric
PCR productsof h e | T S CurrengGepeticsvll.,29, pp. 174181.

Bruns, T,.D, White, T, J& Taylo,b, JW1 991, O6Fungal mol ecul ar
Annual Review of Ecological Systemal. 22, pp. 52564.

Burleigh, SHLCavagnar o, T & Jak odiversitpyofarbusc@a@d 02, 0O
mycorrhizas extends to the expression o
Journal of Experimental Botanyol. 53, pp. 15931601.

Burleigh, SH, Kristensen, BK & Bechmann, |[E2 0 0 3, O0A pl asma memk
transporter fronMedicago truncatulas upregulated in roots by Zn fertilization,
yet downregulated by arbuscular mycorrhizallonisatio® Plant Molecular

Biology, vol. 52, pp. 107i71088.

126



Bustin S& KesslerH 2010, O6Ampl i ficati onHKkesddr det ec
(ed),Molecular diagnostics of infectious diseasbs Gruyter, Berlin.

Camehl, I, Drzewiecki, C, Vadassery, J, Shahollari, B, Sherameti, |, Forzani, C,

Munni k, T, Hirt, H @XIlRieakerpathwhyanediate® 2 01 1 ,
Piriformospora indicainduced growth promotion iArabidopsi® PL0oS
Pathogensvol.7: e1002051.

Cameron, DD, Leake, JR & Read, O J 2006,Mutualistic mycorrhiza in orchids:
evidence from plaiifungus carbon and nitrogen transfers in the gfeaved
terrestrial orchidsoodyera reper@gsNewPhytologist vol. 171, no. 2, pp. 405
416.

Chaumont, F, Barrieu, F, Wojcik, E, Chrispeels,J&. J un g, R 2001, 0AqQ
constitute a | arge and hi ghdnyPhydiologyer gent
vol. 125, pp. 12061215.

Chandrasekaran, M & Chun,G2 0 1 6 , 0 E x p 4pretsirsgenesnando f P R
induction of defenseelated enzymes Wyacillus subtilisCBROS5 in tomato
(Solanum lycopersicunplants challenged witBrwinia carotovorasubsp.
carotovora) Bioscience, Biotechnology, and Biochemistgl. 80, no. 11, pp.

22717 2283

Chen, X, Shi, Q, Lin, G, Guo, S & Yang,
from the endophytic funguRreussias p Joarnal of Natural Productsol. 72,
no. 9, ppl7121715

Chithrashree, dayashankalC, A, Nayaka, SC, Reddy, M S & Srinivas, C 2011,

6 Pl a n t-pranotimgwhiZzobacteria mediate induced systemic resistance in rice
against bacterial leaf blight causedXgnthomonas oryzasv. oryzaé |,

Biological Control| vol. 59, pp. 114122.

127



Cl ement s, M 1988, 6 Or c hindyamayot. 8, pp. 1886z a | as:

Clutterbuck, AJ& Roper, JA1 966, OA direct determinati
in heterokaryons oAspergillus niduland Genetics Researchid. 7, pp. 185
194.

Cosme, M, Lu, J, Erb, M, Stout, M,Fr anken, P & Wurst, S 201
endophyte helps plants to tolerate root herbivory through changes in gibberellin
and | as mo n aNew Phgtologistvall 2iL.1n pp.610651076.

Cregger, MA, Veach, AM, Yang, Z,K, Crouch, M,J,Vilgalys, R, Tuskan, GA &

Schadt, CW 2018,6rhe Populusholobiont: dissecting the effects of plant niches
and genotype o Nicrobloree vohi6,qop. @14.i 0 me 0 ,

Crous PW, Cowan [DAWMay, T,Me&a rLni anl deey,, Clé
Groenewald, Z 2020, OFungal Pl aild8l.1878 scri pti o
Serendipita whamigeRersoonia Molecular Phylogeny and Evolution of Fungi
vol. 45, pp.251-409.

Cruz, D,J,Suérez, JP,Kottke, |, Piepenbring, M & Oberwn k I er , F 2011,
species imMulasnellaby correlating morphology and nrDNA IT&8S sequence
data of basidi omat a f MycogialProgressyal.c al And
10, pp. 229238.

Davis, B,J, Phillips, R,D, Wright, M, Linde, C C& Dixon,K,W2 015, 6Gonti ner
wide distribution in mycorrhizal fungi: implications for the biogeography of
speci al i sAemils a Botahywold K16, pp. 413421.

De Freitas, ST, Jiang, GZ & Mitcham, EJ2 0 1 2 , 6Mechani sms invo
deficeny devel opment i n tomat o Jburnalioft i n r e:s

Plant Growth Regulatignvol. 31, pp. 2212234.

128



De Meyer, G, Capieau, K, Audenaert, K, Buchala, A, M”etratx &Hofte, M
1999, ONanogram amounts ofobaceiunmncyl i c ac
Pseudomonas aerugino3&lSK2 activate the systemic acquired resistance
pat hway Molaculér PlantMicrobe Interactionvol. 12, pp. 45058.

Dearnaley, JD,W2 006, &6 The f urEgthrbrchis cadsygthoidgstise s o f
thisorchidsagp p hyt i ¢ o Austmlasiaaviydologisicv@. @5, pp. 5157.

Dearnaley, JD, W2 007, OFurther advances in orchi
Mycorrhiza vol. 17, pp. 476486.

Dearnaley, JD, W& Le Brocque, AF2 006, OMol ecul ar identif
primary root fungal endophytes Bipodium hamiltonianungYellow hyacinth
o0 r ¢ hAustrplian Journal of Botanyol. 54, pp. 48i7491.

Dearnaley, JD, W Martos, F & Selosse M\ 2 0 Qréhid mycorrhizas: molecular
ecology, physiology, evolutionandconse at i on aspectThe®, i n: F
Mycota vol. IX: fungal associationSpringer, Germany, Berlin.

Dearnaley, JD, W, Murray, A, J& Mathieson, MT2009, o6 Mol edonl ar i d
of arbuscular mycorrhiz&8ebacinaceaeom the endangeredaladenia
atroclavia (Black clubbed spider orchidfjustralasian Mycologistvol. 28, pp.

45-50.

Deshmukh, S, Huckelhoven, R, Schafer, P, Imani, J, Sharma, M, Weiss, M, Waller,
F & Kogel, K 2006, 0 Frifoemosparavirtdicaequides p hyt i c
hostcelldat h f or proliferation during mutual
Proceeding of the National Academy of ScienddSA vol. 103, pp. 18450
18457.

Detrey, J, Cognard, V, Djia@aporalino, C, Marteu, N, Doidy, J, Pourtau, N, Vriet,

C, Maurousset., Bouchon D & Clause J 2022, O-khotowt h and r

129



nematode infection of tomato are influenced by mycorrhizal fungi and
earthworms in an intercropping cultiwvat
Ecology, vol. 169, no. 104181.

Dolatabadian, A & Fernando, V&, D2 022, &éGenomi c Variati ons
Events Associated with PlalR at h o g e n | Biotogy, val. ¢1t, no.o4gls 06 ,

Dolatabadi, HK, Goltapeh, EM, Jaimand, K, Rohani, N & Varma, A 2011,

0 Ef f ePRiriforsnospora indicaandSebacina vermiferan gowth and yield of
essential oil in fenneHpeniculumvulgare under greenhouse con
Journal of Basic Microbiologyol. 51, pp. 3B39.

Dolatabadi, HK, Goltapeh, EM, Mohammadi, N, Rabiey, M, Rohani, N & Varma,

A 2012, 06Bi oc ooottendaphyticdundi andirithodarmaspedies
against Fusarium wilt of | entiJoumnalnder i
of Agricultural Science and Technologwl. 14, pp. 40i7420.

Duca, NH,Csi nt alan, Z & Post a, Kund @itig8te 6 Ar b u
negative effects of combined Blanought an
physiology and Biochemistryol. 132, pp. 29-807.

Edwards, R, Jonglaekha, N, Kshirsagar, A, Maitland, D, Mekkan§u§ent, L,

Phosri, C, Rodtong, S, Ruchilkemrn, N, Sangvichien, E, Sharple, G, Sihanonth,
P, Suwannasai, N, Thienhirun, S, Whalley, A & WhalleyAR 0 0 3, o6 The
Xyl ari aceae a RecpnResearphdDevelapmenhirsPéant Science
vol. 1, pp. 1 19.

Fakhro, A, Andradd.inares, DR, von Bagen, S, Bandte, M, Buttner, C, Grosch, R,
Schwar z, D & Fr an Pefarmospgera dicko tomatomp act o f
growth and on interact i oMycermhitglvol.2Q) ng al a

pp. 191 200.

130



Faria, D,C, Dias, A,C, F,Melo, I, S& de Canalho Costa, FE2 0 1 3, OEndophyt
bacteria isolated from orchid and their potential to promote glanto wwanld |,
Journal of Microbiology & Biotechnologyol. 29, no. 2, pp. 21221.
Fiorilli, V, Catoni, M, Miozzi, L, Novero, M, Accotto, (P & Lanfranco, L 2009,
0 G| o b a |-typa gede egpectsion profiles in tomato plants colonized
by an ar buscul arNewRhgtaogistvoli 184app. 97828H.g u s 6 ,
Fochi, V, Chitarra, W, Kohler, A, Voyron, S, Singan,R/,Lindquist, E,A, Barry,
K, W, Girlanda, M, Grigoriev, IV, Martin, F, & Balestrini, R 2017Fungal and
plant gene expression in thelasnella calosporiaSerapiassomeraceaymbiosis
provides clues about nitrogen pathways in orchid mycorrgikkesv Phytologist
vol. 213, no. 1, pp. 36879.
FoyerCCH& Shigeoka, S 2011, o6Understanding ¢
functions t o en PanmtkEhgsiolpdywlt 165 ppnoBlAte s i s 0,
Franken, P 2012, 06The plP#iformospotalindicagt heni n
potentialapp i cat i on and tAppbed Wicrabiologgand be hi nd o6,
Biotechnologyvol. 96, pp.14561464.
Fritsche,Y, Lopes,M, E, SelosseM-A, StefenonV, M, GuerraM, P 2021,
erendipita restingasp. nov.(Sebacinales): an orchid mycorrhizal
agaricomycetewt h wi de Mywshizagvoh Blgpp b 15.
Frodin, D, G 2004,History and concepts of big plant gen@ieaxon vol. 53, no. 3,
pp.753776.
Fu, Y, Yi, H, Bao, J & Gong, J 2015, 6Le

long-distance trans o r t i nFEBSd.ettargvol.&89, pp. 107-2079.

131



Garcia, V,G, Onco, M,A, P& Susan, VV R2006,&Review. Biology and systematics
of the form genu&hizoctoni@ Spanish Journal of Agricultural Researciol. 4,
no. 1, pp. 5579.

Gardes, M &Bruns],D1993, 61 TS primers with enhance
basi di omycetes: application to theident
Molecular Ecologyvol. 2, pp. 11B118.

Ghimire, SR, Charlton, ND & Craven, K D2 0 0 9 , 6The mycorrhizal
Sebacina venifera, enhances seed germination and biomass production in
switchgrasgPanicum virgatunL . BiGEnergy Resear¢ivol. 2, pp. 5158.

Ghimire, SR,Craven,KD2 011, O Enhanc e mRanitcumuirbatumwi t c h g
L.) biomass production under drought ddions by the ectomycorrhizal fungus
Sebacina vermife@Applied and Environmental Microbiologyol. 77, pp.

7063 7067.

Glassop, D, Smith, £ & Smith, FW2 005, O06Cer eal phosphate t
associated with the mycorrhizal pathway of phosphate eptak nt dPlamtap ot s 0 ,
vol. 222, pp. 688698.

Gontijo, J,B, Andrade, GV, S, Baldotto, M A & Baldotto, L, E, B2018,

OBi oprospecti ng aprochotirsgddcteria fo€ymbidiumsf p .gbr,0o wt h
Sci Agric (Piracicaba, Braz)vol. 75, no. 5, pp. 36874

GonzalezGarcia, V, Portal Onco, MA & Rubio Susan,YR2 006, 6 Revi ew. bi
and systematics of the form geriR$r i z o ¢Spanish Jaudnal of Agricultural
Researclvol. 4, pp. 5579.

GonzalezMenendez, V, Martin, J, Siles,A, GonzalezTejero, M,R, Reyes, F,

Platas, G, Tormo, R& Geni | | oud, O 2017, 6Bi odi ver s

132



of Preussia sol ates fr om t Myeologidaldrogresswol. P6e ni ns ul |
pp. 713 728.

Gosal, SK, Karlupia, A, Gosal, S§,Chhibba, IM& Var ma, @Atizadahl1 0, 6B
with Piriformospora indicaandPseudomonas fluoresceinsproves survival rate,
nutrient acquisition, field performance and saponin content of micropropagated
Chlorophytuns p Indian Journal of Biotechnologyol. 9, pp. 288297.

GovindarajuluM, Pfeffer, P,E, Jin, H, Abubaker, J, Douds, D, Allen, J,W,
Bicking, H, Lammers, B & ShachasHi | | , Y 2005, ONitrogen
abuscul ar my c o rNaturg voh435, ppy81tid8430 si s 0,

Gowland, K,M, Mathesius, U, Clements, M & Nicotra, A B 2007,
dJnderstanding the distribution of three species of epiphytic orchids in temperate
Australian rainforest by investigation of their host and fungal assogiates
Lankesterianavol. 7, no. 12, pp.44-46.

Grace, EJ, Cotsaftis, O, Tester, MSmith, FA & Smith, SE2 009, OAr buscul
mycorrhizal inhibition of growth in barley cannot be attributed to extent of
colonisation fungal phosphorus uptake or effects on expression of plant
phosphate tr AewPhytologisieal. 184, ppPadsod9,

Graham, JH & Abbott, LK2000, &éWheat responses to ag:
aggressive ar bus c BldangSoil vahy2200pp.20Wid1& al f ungi

Graham, RR & Dearnaley, ,JD, W 2012,6The rare Australian epiphytic orchid
Sarcochilusveinthalii associates with a single specieeafratobasidiurg
FungalDiversity, vol. 54, no.1, pp.3B7.

Guo, B,Z,An, Z, Q& Hendrix, ] W1 994, O6A myc o Glorhus z a | pat h

macrocarpunmTul. & Tul.) of tobacco: Effects of longand shorterm cropping

133



ont he mycorrhizal f ung al AppliedsoillEoclogyy and s
vol. 1, pp. 269276.

Hallasgo, AM, Hauser, C, Steinkellner, S & Hagdmed, K2 022, 6Singl e a
coinoculation ofSerendipiteherbamansvith arbuscular mycorrhizal fungi
reduced~usariumwilt in tomato and slows disease progression in the-tomgr mo ,
Biological Control, vol. 168, no. 104876.

Hamilton, CE, Gundel, PE,He |l ander, M & Sai kkonen, K 2
mediation of reactive oxygen species and antioxidant activitympla : a r evi e
FungalDiversity, vol. 54, pp. 110

Harrach,BDb,Bal t ruschat, H, Barna, B, Fodor, J
fungusPiriformosporaindica protects barley roots from a loss of antioxidant
capacity caused by the necrotrophic padgrdfgusarium culmorurd Molecular
Plant Microbe Interactionsvol. 26, no. 5, pp. 59%05.

Harrison, M,J,Dewbre, GR& Li u, J 2002, 6 PhMedigadoat e t r
truncatulainvolved in the acquisiton of phosphate released by arbuscular
mycorrhizalf u n BlantCell vol. 14, pp. 24132429.

Haug, I, Lempe, J, Homeier, J, Weiss, M, Setaro, S, Oberwinkler, F & Kottke, |
2 0 0 @raffendiedaemarginata(Melastomataceae) forms mycorrhizas with
Glomeromycota and with a member of thgmenoscyphusricaeaggregate in
the organic soil of a @GamadifrJoumal ofa l mo u nt
Botany vol. 82, pp. 340356.

Heil, M & Bostock, RM2002, o6l nduced systemic resist

pat hhogens in the cont &malsoBdtanyvoldBd, pped pl a

503 512.

134



Herrera, P, Suarez,B& Kot t ke, |l 2010, 6Orchids keep
highly diverse group of ascomycetes colonizing the velamen of epiphytic orchids
from a tropical mount ai Mycdogy, volflpno.elst i n
pp. 262 268.

Hietala, AM, S e n, R & Lilja, A 1994, OAnamor phi
characteristics of a uninucledizoctoniasp. isolated from the roots of nursery
gr own c oni fMysologicalRedearchwol 380pp. 10441050

Hongsanan, S, Jeewon, R, Purahong, W, Xie, N, Liu, J, Jayawardena, R, Ekanayaka,

A HDi ssanayake, A, Rasp®, O, Hy de, K, St
use environment alFunBalNDierstysvolhogd, lpp i39.pes ? 6,

Hopple,J,S&Vilgal ys R 1999, OPhyl ogenetic relatd.i
Coprinusand darkspored allies based on sequence data from the nuclear gene
coding for the large ribosomal subunit RNA: divergent domains, outgroups, and
mo n o p hvipleculd@ Phylogenetics anvolution vol. 13, pp. 119.

Hilbert, M, Novero, M, Rovenich, H, Mari, S, Grimm, C, Bonfante, Zucaro, A
2 0 2 MLO Differentially Regulates Barley Rod@olonisationby Beneficial
Endophytic and HMMomtesinPlant Scerncesok LO0mg L6G8.

Hoffland, E, Pieterse, @4, J,Bik, L& VanPelt, JA1 995, &6l nduced sys!i
resistance in radish is not associated with accumulation of pathogeriatésl
pr ot ehysiokdical and Molecular Plant Pathologyol. 46, pp. 30620.

Hossan, M,M,Sul t ana, F, Kubot a, M & Hyakumachi
inducible defense mechanisms against bacterial speck pathofyexbidopsis
thalianaby plantgrowth-promoting fungu$enicilliumsp. GP1&2 and its cell

f ree fPlait @and Soflvel.804, pp. 227V239.

135



Huadan, Y, SivasithaAmpatamoAK &mPOod8v eent ¢
fluorescence st ai ni nAustalbsiafPlamRpthdlogyn ucl e
vol. 20, pp. 11B121.

H¢ckel hoven, R Asaagiateti Mecha@isnts Dised¢a Rdsistance
and Sus c Ammual Revielv of Phytopatholggsol. 45, pp. 104127.

Huynh, T,T, Thomson, R, McLean, B & Lawrie, A C2009, O6Functional
genetic diversity of mycorrhizal fungi from single plantafladenia formosa
(Orc hi d a @amalsoj Botanyvol. 104, pp. 757765.

Irwin, M, J,Bougoure, JJ& Dearnaley, JD, W2 0 0 Rterostglis nutans
(Orchidaceae) has a specific association with@soatobasidiunendophytes
across i ts r ang élycossienéeeok 48epp.A312BU st r al i ad,

Jacobs, S, Zechmann, B, Molitor, A, Trujillo, M, Petutschnig, E, Likpa, V, Kogel, K
H&Schafer, P-sp2actrumisypprés@ian of andate immunity is required
for colonisationof Arabidopsisroots by the funguBiriformosporain d i, €lanb
Physiology vol. 156, pp. 726740.

Jacquemyn, H, Brys, R, Waud, M, Busschae:l
networks and coexistence in speagies c h  or ¢ hi dNew Bhytolagigti t i e s 0,
vol. 206, pp. 11271134.

Jiang, P, Chen, Y & WildeH, D2 0 1 6 , 0 R e MOA éxpression m petunia
i ncreases resi st aS3ciergiaHoiculluraeva. 201yp.mi | d e wod
225 229.

Johnson, M& Oel mul | er , R 2009, 6Mutualism or i
continuum. What cawe learn fromlie mutualistic interaction between
Piriformospora indicaandArabidopsis thaliana A r drndbcgtebidsis and

Cell Researclwvol. 19, pp. 81111

136



Johnson, I, Sherameti, I, Ludwig, A, Nongbri, B, Sun, C, Lou, B, Varma, A &

Oel m¢l | er, @sf@ArdbitlgpsisdhBlian@anhd®iaformospora

indicaco-cultivatod a model system to s taumalofpl ant

Endocytobiosis Cell Researgbp.101113.

Johnson, I, Sherameti, I, Nongbri, . & Oel m¢l | er R 2013,

condtions to study beneficial and nonbeneficial traits inRivéormospora

indica/ Arabidopsis thaliana nt er acti ondé, i n A. Var ma,

(eds),Sebacinales Forms, Functions and Biotechnological Applications, Soil
Biology Seriesno, 33,SpringerVerlag, Berlin.
Jones, DL 2006,A Complete Guide to Native Orchids of Australia, Including the

Island Territories New Holland Publishers, Sydney NSW, Australia.

6S

Jorgensen, 4992, 6Discovery, char Hlopgoedery zati on

mi | dew r esi sEuphyticgevol.i63, ppbldi32e y 6 ,
Karandashov, V, Nagy, RYegmuller, S, AmrheinN & Bucher, M 2004,
0 Ev o | ucomservatton of a phosphate transporter in the arbuscular
my cor r hi z aProceedingb of tihesNatsoiGdlcademy of Sciences, USA
vol.101,pp. 62856290.
Kal dorf, M, Koch, B, Rexer, K, Kost,
betweerPopulus Esch@andPiriformospora indicaa transition from mutualism
t o ant aPiaotBiologymvel.,7, pp. 210218.
Kauf mann, A, Phil i ppsen, -dédpen@ebt@ydokinegisinf
multiseptated hyphae éfshbyag o s s,Weleculad and Cellular Biologyvol.
29, pp. 771783.
Khamchatra, N, Dixon, KW, Tantiwiwat, S & Piapukiew, J 201&ymbioticseed

germination of an endangered epiphytic slipper ordPahhiopedilum villosum

137

bar



(Lindl.) Stein. from Thailand South African Journal of Botanyol. 104, pp. 76

81.

Ki ss, L 2012, OLIi mits of nucl ear ri bosom:

sequen es as speci es Prloeedogs df éhe National Ackdanmmyg i

(@)

of SciencesUSA vol. 109, no. 27, pp. E1811.
Ki ss, L, Vaghey, N, B V4 Takagatsu,\SeTan, R,, Dear n:
Marston, C, Liu, SY, Jin, D-N, Adorada, DL, Bailey, J, Cabrera de Alvarez, M,
G, Daly, A, Dirchwolf, P,M, Jones, L, Nguyen, T, Edwards, J, Ho, W, Kelly, L,
Mintoff, S, Morrison, J, Németh, M, Perkins, S, Shivas@GRSmith, R, Stuart, K,
Southwell, R, Turaganivalu, U, Vaczy, K, Blommestein, A, Wright, D, Young, A
& Braun, U 2020, OAustralia: A Continen
The First Comprehensive Catalog IndesaRecent Introductions and Multiple
Host Range Expansion Events, and Leads to theéisdevery ofSalmonomyces
as a New Li neag eFrontiersih Mi@obi@ogyvel.ilp, hoal e s 6,
1571.
Knecht, K, Seyffarth, M, Desel,C, Thurau, T, Sherametiply,LB,Oelmdller, R &
Cai,D2010, OEXxpr e-§eancoding agefmiike pr@d¢infrom sugar
beet inArabidopsis thaliand eads t o resi stance against
Molecular PlantMicrobe Interactionsvol. 23, pp. 446457.
Kottke, I, Beite, A, Weil3, M, Haug, |, Oberwinkler, F & Nebel, M 2003,
OHet erobasidiomycetes form symbiotic as
Jungermanniales have sebacinoid mycobionts winkura pinguis

(Metzgeriales) is associated witfalasnellas p e c Myeofogical Reearch

vol. 107, pp. 95i7968.

138



Kottke, I, Haug, |, Setaro, S, SuarezRJWeil3, M, Preul3ing, M, Nebel, M &
Oberwinkl er, F 2008, O6Guilds of mycorrh
ericads, orchids and liverworts in a neotropical mountain raintfo&sessic and
Applied Ecologyvol. 9, pp. 1823.

Kover, BX & Schaa, BA2002, 0Genetiseasevesistanceandon f or
toleranceamongArabidopsisthalianaa c c e s si ons 0, PNAS, vol

Kumar, V, Sarma, MY, R, K, Saharan, K, Srivastava, Rumar, L, Sahai, V,
Bisaria, V, S& Sharma, AK2012, O0Effect of formul ated
Piriformospora indicaand plant growth promoting rhizobacteria fluorescent
pseudomonads R&hd R81 orvigna mungo World Journal of Microbiology
and Bidechnologyvol. 28, pp. 596603.

Kumar, M, Yadav, V, Tuteja, N & Johri, K2009, O&6Antioxidant en?z
in maize plants colonized witRiriformospora indic& Microbiology, vol. 155,
pp. 780 790.

Kuninaga, S, Natsuaki, T, Takeuchi, T & YokosaRa, 1 997, O6Sequence V
the rDNA ITS regions within and between anastomosis grouRsizoctonia
solanb Current Geneticsvol. 32, pp. 23i7243.

Kusch, S & P aMis-hased gsistancdk Anapparéntlydiniversal
Aweapono toydmikde wNotkousrdmrsMidope
Interaction vol. 30, pp. 170189.

Lacerda, AL, M, Fonseca, LN, Blawid, R, Boiteux, LS, Ribeiro, S G &

Brasileiro, AC,M2015, O6Reference Gene Selection
TomateBipartite Begomovirusnteraction and Validation in Additional Tomato

Virus Pat PLOSONEMOlel®n@8.

139



Lahrmann, U, Ding, Y, Banhara, A, Rath, M, Hajirezaei RviDohlemann, S, von
Wiren, N, Parni ske, -Mat& métabolicauesaffect A 2013
colonisgionst r at egi es o fPrareedingoof theatiomhloApademyy e 0
of SciencedJSA vol. 110, pp. 13965/0.
Lahrmann, U, Strehmel, N, Langen, G, Frerigmann, H, Leson, L, Ding, YeG&he
Herklotz, S, Hilbert, M Zuccar o, A 20 btendopbytlamtisinat| i st i C
associated with the reduction of saprotrophic characters and requires a non
compr omi sed pl anrNewRhytatogigtvel. 207npm 84il857. y 0 ,
Lanubile, A, Pasini, L & Marocco, A 2010
and silks of maize lines with contrasting levels of ear rot resistance after Fusarium
verticillioides infection6, Journal of
1406.
Lat al ova, K, d&arbBranutatign of mdatur2 gredel qrciBdrapias
strictiflora and its mycorrhizal funguSpulorhizaspg Biologia Plantarum vol.
54, no. 1, pp. 9104.
Le, D, T, Aldrich, D, L, Valliyodan, B, Watanabe, Y, Ha, &, Nishiyama, R,
Guttikonda, SK, Quach,T, N, GutierrezGonzalez, JJ, Tran, L-S, P& Nguyen,
H, T 2012,dvaluation of candidate reference genes for normalization of
guantitative RTPCR in soybean tissues undervasioua bi ot i ¢ stress ¢
PLOS ONEVvol. 7, no. 9,e46487.
Lee, Y-C, Johnson, M, Chien, GT, Sun, C, Cai, D, Lou, B, Oelmuller, R & Yeh,
KW2011, 6Growth promot iAmbidomsitby Chi nese c a
Piriformospora indicas not stimulated by myceliweay nt hesi zed auxi n¢

Molecular PlantMicrobe Interactios, vol. 24, no. 4, pp. 42B1.

140



Leventis, G, Tsiknia, M, Feka, M, Ladikou, ¥, Papadakis, IE, Chatzipavlidis, |,
Papadopoul ou, K & Ehaliotis, C 2021, O0A
growth of tomato under normal and drought condsgiovia different water
regul ati on mec hano.il9 vok B00394Rdpi&z osp her e

Li, C, Bonnema, G, Che, D, Dong, L, Lindhout, P, Visser, R & Bai, Y 2007,
0Bi ochemical and mol eicnohogenic ess@arita ni s ms |
responses to tomafpo wd e r y MoleduldrélandMicrobe Interactions
vol. 20, no.9, pp. 11611172

Li, C, Faino, L, Dong, L, Fan, J., Kiss, L, De GiovannilL€beda, A Scott, J
Matsuda, Y Toyoda, H Lindhout, R Visser, R G, F, Bonnema, G Bai Y 2012,
6Characterization of polygenic resistan
cytological, biochemical and gene expresai | ®leolesdladBlant Pathology
vol. 13, no. 2, pp. 14859.

Li, H, Smith, SE, Holloway, R,E, Zhu, Y & Smith, FA2006, O6Ar buscul ar
mycorrhizal fungi contribute to phosphorus uptake by wheat grown in a
phosphorusdixing soil even in the absencéo posi ti ve gNewwt h r es|
Phytologist vol. 172, pp. 536543.

Li, H, Smith, F A, Dickson, S, Holloway, RE& Smith, SE2 008, &Pl ant gr «
depressions in arbuscular mycorrhizal symbioses: Not just caused by carbon
d r a iNew?Rhytologistvol. 178, pp. 85R862.

Li, X, Zhang, H, Tian, L, Huang, L, Liu,
a member of the NADPH oxidase family, is required for disease resistance against
Botrytiscinereemnd t ol er an c e FrontiersdnrPtant §a@ntevok 8, r e s s 0,

pp. 463

141


https://www.ncbi.nlm.nih.gov/pubmed/?term=Lebeda%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21883866
https://www.ncbi.nlm.nih.gov/pubmed/?term=Scott%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21883866
https://www.ncbi.nlm.nih.gov/pubmed/?term=Matsuda%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21883866
https://www.ncbi.nlm.nih.gov/pubmed/?term=Toyoda%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21883866
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lindhout%20P%5BAuthor%5D&cauthor=true&cauthor_uid=21883866
https://www.ncbi.nlm.nih.gov/pubmed/?term=Visser%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=21883866
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bonnema%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21883866
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bai%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21883866

Lin, H-F, Xiong, J, Zhou, HM, Chen, GM, Lin, FZ, Xu, X-M, Oelmuller, R, Xu,

W-F&Yeh,KW2019, o6Growth promotion and di se

Anthuriumcolonized by the beneficial root endophifieiformospora indic® ,

BMC Phant Biology vol. 19, pp. 40
Linde, C, C, May, TW, Phillips, R,D, Ruibal, M, Smith, .M & Peakall, R 2017,

0 Ne w s pTlasnadlaassarifited with terrestrial orchids in AustrgliMA

Fungus vol . 8, pp. 27147

Liu, H, Trieu, A, T, Blaylock, LL A & Harrison,MJ1 998 o0Cl oni ng and

characterization of two phosphate transporters fedicago truncatulaoots:
regulation in response to phosphate and respors®doisationby arbuscular

mycorth i z a | ( AMb)eculariPlarg Micérgbe Interactionsvol. 11,pp. 14

22.

Liu, J, Liu, J, Liu, J, Cui, M, Huang, Y,

Potassium Transporter SIHAK1O0 Is Involyv

Plant Physiologyvol. 180, pp. 46%479.

Liu, J, MaldonadeMendoza, |, LopeMeyer, M, Cheung, F, Town, © &

Harrison,MJ2 007, OArbuscular mycorrhizal sym

and systemic alterations in gene expression and an increase in disease resistance

in thes h o oThesPé@nt Journalvol. 50, pp. 520544.
Lord, N, S,Kaplan, CW, Shank, P, Kitts, L & Elrod, SL2 002, O0Assessmert

fungal diversity using terminal restriction fragment (TRF) pattern analysis:

comparison of 18S a rFEMSIMic®biot Ecdlogysya. ma | reg

42, pp. 327337.

142



Mapperson, RR, Kotiw, M, Davis, R A & Dearnaley, JDLW2 014, 6 The di ver
and antimicrobial activity oPreussiasp. endophytes isolated from Australian dry
r ai nf QurrensMicsobiglogy, vol. 68, pp 30' 37.

Martos, F, Munoz, F, Paliller, T, Kottke, I, Gonneau, C & Selosse M2 012, O0The
role of epiphytism in architecture and evolutionary constraint within mycorrhizal
net wor ks of Molecyar Ecaldgyva. Xl ppi 5094865409.

MartinezHidalgo, P, Garcia, M & Pozo,MJ2 015, &6l nduced system
againstBotrytis cinereagby Micromonosporas t r ai ns i sol ated from
Frontier in Microbiology vol. 6, pp. 111.

Mathys, J, De Cremer, K, Timmermans, P, Van Kerckhove,&vehis B,

Vanhaecke, MCammue, BP & De Coninck, 2 01 2, éwBle n o me
characterization of ISR induced Arabidopsis thaliandy Trichoderma
hamatumrl'382 aginstBotrytis cinerea n f e cFtontiersl1@ Rlant Science
vol. 3, no.108.

MauchMa ni , B, Baccell i, I, Luna, E & Flors
Adaptive Part of Induced Resist@icThe Annual Review of Plant Biolggsol.

68, pp. 485512.

Maurel,C, Boursiac, Y, Luu, DI, Santoni, V, Shahzad, Z & Verdoucq, L 2015,
6 Aguapor i nPhysiologicabRedewywod. 85, pp. 132111358.

Maurel, C, Verdoucq, L, Luu, 0 & Santoni, V 2008, 6Pl ant
channel s with mul t iApnuatRevienof RlagtBialbggvdl. f un ct
59, pp. 595624.

Memel ink, J 2009, 6Regul ation of gene ex)|

Phytochemistryyol. 70, pp. 15601570.

143


https://www.ncbi.nlm.nih.gov/pubmed/?term=Vanhaecke%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22661981
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cammue%20BP%5BAuthor%5D&cauthor=true&cauthor_uid=22661981
https://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Coninck%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22661981

Milligan, M, J & Williams, P,G 1987,&rchidaceous rhizoctonias from roots of

nonorchids: mycelialrad cultural characteristics of field and pot culture
I s o | @anagliandJournal of Botanyol. 65, pp. 598606.

Modjo, H, S& Hendrix, JW1 986, 06 The myGlanusntaéracapum f ungu .
as a cause of tRhwapathologyvelt76, ppt688®9Ils e as e 6,

Modjo, H, S,Hendrix, JW & Nesmith, WC1 987, O6Mycorrhizal fun
control of tobacco st uSoitBioldgyandase wi t h s
Biochemistryvol. 19, pp. 286295

Molitor, A, Zajic, D, Voll, L, M, Hnemann, J, ¥, Sanans, B, Kogel, KH &

WalerF 2011, o6Barley | eaf transcriptome a
aspects of compatibility arféiriformospora indicamediated systemic induced

resi stance t oMageouamdPé&ntpicrobe Ihteractwidsyol. 24,

pp. 14271 1439.

Moshelion, M, Hachez, C, Ye, Q, Cavez, D, Bajji, M, Jung, R & Chaumont, F 2009,
OMembrane water permeability and aquapo
of mai ze s us p e nRantcCell andEhvirammepidl. 32, @d. | s 0,

1334 1345.

Mujica, M, |, Pérez, MF, Jakalski, M, Martos, F & Selosse,M2 020, &6éSoil P
reduces mycorrhizalolonisationwhile favors fungal pathogens: observational
and experimental evidenceBipinnula( Or ¢ h i dFEMS=Miceobidogy
Ecology vol.96, ppl-12

Mujica, M, |, Saez, N, Cisternas, M, Manzano, M, Armes}d,& Fernanda Pe’rez,

F 2016, O6Rel ationship between soil nutr
Bipinnulas peci es ( Or c hi dac éanalgof Botagmvol. 148 nt r a |

pp. 1:10.

144



Muller, O, A, Grau, J, Thieme, S, Prochaska, H, Adlung, N, Sorgatz, A, Bonas, U
2015, owlle idemtifieation and validation of reference genes in infected
tomato leaves for quantitative FFC R a n aPLQS0&IEvol, 10, no. 8,
e0136499.

Nafady,N, A, Sultan, REL-Zawahry, AM, Mostafa, Y,S, Alamri, S, Mostafa, R
G, Hashem, M & Hassan, /A 2 0 2 Rffectivé and Promising Strategy in
Management of Tomato Re#&inot Nematodes by Trichodermharzianum and
Arbuscular Mycorrhiza@ Agronomy val. 12, no.2.

Nautiyal, C,S,Chauhan, PS, DasGupta, SM, Seem, K, Varma, A & Staddow, J
2010, O6Tri part i PRaenibactius kentirmocbUSIRRINB30488n0 n g
Piriformospora indicaDSM 11827, ancCicer arietinumL 6World Journal of
Microbiology and Biotechnologyol. 26,pp.1393 1399.

Newsham, KK & Bridge, P, D 2010,85ebacinales are associates of the leafy

liverwort Lophozia excisan the southern maritime AntaraicMycorrhiza
vol. 20, pp. 30v313.

Nguyen, TD, Cavagnaro, TR & WattsWiliams, $J2 019, &éThe effects
phosphorus and zinc availability on plant responses to mycorrhizal fungi: a
physi ol ogi cal an dScmedilic&eparisial.r9, pp.s4886.s s ment 0

Noel, T, Axiotis, S & LabadBnavirenmenthi 1995,
Factors Affecting the Fruiting CompetenceRifizoctonia solarh G Joaurpal
of Phytopathologyvol. 143, pp. 17477.

Nontachaiyapoom, S, Sasirat, S, & Manoch, L 2@&¢mbiotic seed germination of
Grammatophyllum speciosuBtume andDendrobiumdraconisRchb, native

orchids of Thailand ScientiaHorticulturae, vol. 130, no. 1, pB303-308.

145



Nzanza, BDiana,M & Puffy, S2 0 1 Yield add nutrient content of tomato
(Solanumycopersicuni.) as influenced byfrichodermaharzianumandGlomus
mosseaé n o Cc u |Saigntiadiortcylturaevol. 144 no. 3, pp55i 59.

Ober winkl er, F 1964, ol ntrahymeniale Het

SebacineSi ppen und i hr e sNosmtHedmigdvol.¥,ph.48DSt el | ui
499.

Oberwinkler, FRi ess, K, Bawuer, R & Gadmolecales:, S 20
theSebaci nal es MycdogicalaPsogressval. 03] ppo446470.

Oberwinkler, F, Riess, K, Bauer, R, SelosseAMNeil3, M, Garnica, S & Zuccaro,

A 2013, 0Eni g mMycologicalBregbeaswdl. h2adp.el376 |,

Oel mul l er, R, Sher amet i, Piriformosporaingieatahy, S
cultivablerooe ndophyte with mul ti pl eSymhhiosig ec hno
vol. 49, pp. 117.

Oktalira, F,T, May, T,W, Dearraley, JD, W& Linde,CCC2 021, O0Seven neyv
Serendipitts peci es associ ated wi tMycologisvolr al i an
113, pp. 9687.

Oliveira, S,F, Bocayuva, MF, Veloso, T,G, R,Bazzolli, D,M, S,da Silva, CC,
Pereira, QL & KasuyaM,C,M2 014, OEndophytic and mycc
associated with roots of endangered native orchids from the Atlantic Forest,

B r a AMiydorthiza vol. 24, pp. 5664.

OsorioGil, E, M, ForereMontana, J & Otero,, J 2008,8Variation in mycorrhizal

infection of the epiphytic orchitbnopsisutriculariodes(Orchidiaceae) on

different substrata Caribbean Journal of Scienceol. 44, no. 1, pp.13Q32.

146



Otero, J,T, Ackerman,J)D& Bayman, P 2002, 6éDiversity
endophytic Rfhumgictforndm tlAmé&pandaumalalir c hi ds @
Botany vol. 89, pp. 18521858.

Otero, J,T, Flanagan, NS, Herre, E,A, Ackerman, JD & Bayman, P 2007,

OWi despread mycorrhizal specificity cor
neotropical, epiphyt orchidlonopsis utricularioideg Or ¢ h i dAmereame ) 0 ,
Journal of Botanyvol. 94, pp. 19441950.

Paszkowski, U, Kroken, S, Roux, C &BriggsP2 002, ORi ce phosphat
transporters include an evolutionarily divergent gene specifically activated in
abuscul ar my c o rRroceedingd of tlse Watibnal dcademydof
Sciences, USA/0l. 99, pp. 1332413329.

Pecorar o, L, Girlanda, M, Kull, T, Perini
of the terrestrial photosynthetic orchiiimantoglossumdriaticumd Plant
Ecology and Evolutionvol. 146, no. 2, pp. 14352.

Pedrotti, L, Mueller, MJ& Wa 'l | e r Ririfoffmospdialirtlicad®ot colonisation
triggers local and systemic root responses and inhibits secaralanysationof
di st alPLoB ONEtvd. 8:,69352.

Perkins, AJ& McGee, RA1995, ODistribution of the or
Rhizoctonia solaniin relation to its hosRterostylis acuminata i n t he f i el d
Australian Journal of Botanyol. 43, pp. 566575.

Pessina, S, LenzL, Perazzolli, M, Campa, M, Dalla Costa, L, Urso, S, Vale, G,

Sal amini, F, Vel asco, R &MLMgehesreduces M 201
susceptibility to poHertcalturg Researchdok3noi n gr a
16016.

147



PeskarBerghofer, T, Shaholig B, Giong, PH, Hehl, S, Markert, C, Blanke, V,
Kost, G, Varma, A & Oel MRuafbrinasporaindica 2 00 4,
with Arabidopsis thalianaoots represents a novel system to study beneficial
plant microbe interactions and involves earlymglarotein modifications in the
endopl asmic reticul um Rhysidloga Plantaturevolp | a s ma
122, pp. 46b477.

Peter, M, Kohler, A, Ohm, B, Kuo, A, Krtitzmann, J, Morin, E, Arend, M, Barry,
K, W, Binder, M, Choi, C, Clum, A, Copeland, &risel, N, Haridas, S, Kipfer,
T, LaButti, K, Lindquist, E, Lipzen, A, Maire, R, Meier, B, Mihaltcheva, S,
Molinier, V, Murat, C, Poggeler, S, Quandt, &,Sperisen, C, Tritt, A, Tisserant,
E, Crous, PW, Henrissat, B, Nehls, U, Egli, S, SpataforaM],Grigoriev, | V &
Martin, FM2016, OEctomycorrhizal ecology i s
dominant symbiotic fungu§enococcum geophildriNature Communications
vol. 7, pp. 115.

Peterson, R, Massicotte, HB & Melville, L, H 2004,Mycorrhizas anatomy and
cell biology CABI Publishing, CAB International, Wallingford, Oxon

Peterson, RA, Bradner, JR, Roberts, TH & Nevalainen, KM,H2 009, 6 Fun g
from koala Phascolarctos cinerejisaeces exhibit a broad range of enzyme
activities against e c al c i t r aletters is Appled Micaobiadogydl, 48,
no. 2, pp. 218225.

Petrini, L & Petrini, O 198Sydowiawly3d8,ar i ace
pp. 216 234.

Phillips, R,D, Backhouse, G, Brown, A & HopperS,D2 0 0 9, @aBhy ofg e 0 @
Caladenia wi t h speci al reference to the Sou

Australian Journal of Botanyol. 57, pp. 250275.

148



Phillips, R,D, Barrett, M,D, Dalziell, E,L, Dixon, K, W & Swarts, N D
2016, 6Geogr aphi c ah ofSebaoirgoechicanmycorriival ingi br e a d
associating witlfCaladeniain SouthWe st e r n  Ratasital Jaurnal af dhe
Linnean Societyol. 182, pp. 140151.

Pieterse, CM, J,Van der Does, D, Zamioudis, C, Le&eyes, A & Van Wees,, &,
M 2012,Hormanal modulatioro f  p | a n t ArnnuahiRewvieiv bf Cél and
Developmental Biologyol. 28, pp. 480521.

Pieterse, CM, J,Van Pelt, JA, Ton, J, Parchmann, S, Mueller, ¥ Buchala, AJ,
Métraux,J-P,Van Loon,L,C2 0 0 0, ¢ R hmetliatdd induted systeanic
resistance (ISR) iArabidopsisrequires sensitivityo jasmonate and ethylene but
i's not accompanied by @hysidlogicalraedase i n t h
Molecular Plant Pathologyvol. 57, pp. 12834.

Pieterse, CM, J,Zamioudis, C, Berendsen, R, Weller, D,M, Van Wees, SC, M
& Bakker, RA,H,M2014, &6l nduced systemic resist
Annual Review of Phytopatholggyol. 52, pp. 34i775.

PolancoC, Saenz de Miera, L, Bett, K & Per ez
wide identification and comparative analysis of the |avitilO gere s oS
ONE, vol.13. no. 3, e0194945

Pope, EJ& Carter, DA2001, OPhyl ogenetic placement
mycorrhizal isolates belonging to A&andAG-12 in theRhizoctoniasolani
speci es Mywmlogslva. 93 pp. 712719.

Pozo, M,J, Cordier, C, Duma$saudot, E, Gianinazzi, S, Barga M & Azcon
Aguilar,C2 0 0 2, 6Localized versus systemic e
fungi on defence responsesRbytophhorai nf ect i on i dourhab mat o p

of Expermental Botanyol. 53, pp525 534.

149


https://www.sciencedirect.com/science/article/abs/pii/S0885576500902911#!
https://www.sciencedirect.com/science/article/abs/pii/S0885576500902911#!
https://www.sciencedirect.com/science/article/abs/pii/S0885576500902911#!

Pozo, M,J,Van der Ent, Syan Loon, L, C & Pieterse, CM,J0 0 8 , 6Transcrip
factor MYC2 is involved in priming for enhanced defense during rhizobacteria
induced systemic resistanceAmabidopsis thaliana New Phytologistvol. 180,
pp. 5111 523.

Rabiey, M, Ullah, | & Shaw, MWW 2 0 1 5 , 0 The e rPoiformdsgotai ¢ f ung
indica protects wheat frorfusariumcrown rot disease in simulated UK autumn
c ondi PlanbPRathalogyvol. 64, pp. 1029.040.

Rahman, A, Uddin, W & Wenner, N. G201 nduced systemic resi
responses in perennial ryegrass agadejnaporthe oryzaelicited by
semi puriyed sur f act i nBatiliupamyoliqudfacielie,s a n d
Molecular Plant Pathologyvol. 16, pp. 546558.

Rai, M, Acharya, D, Sing A&Var ma A 2001, 6Positive grow
medicinal plantSpilanthes calvandWithania somnifer&o inoculation by
Piriformosporaindica n a f iMgcorthizatvol.ilh ppd12B128.

Rai, M&Var ma, A 2005, ¢ A likebistechndlagical potgntabof r hi z a
Piriformospora indicawhich promotes the growth éidhatoda vasichle e s 6 |,

Electronic Journal of Biotechnologyol. 8, pp. 10¥112.

Ramsay, RR, Dixon, KW & Si vasithamparam, K 1986, 0
endophytesassc i at ed wi t h West kindleyanrguok 1,ppal i an o
203 214.

RasmussenfN2 002, O6Recent developments in the
Plant Soi| vol. 244, pp. 14R163.

Rasmussen, N & Whigham,DF2 0 0 2 , OPhenol ogshizadarf r oot s
yve orchid species di fNeweRhytatogistvol.l54p hot ot r

pp. 797807.

150



Rasmussen, HN & Rasmussen, N 2 0 0 9, 600rchid mycorrhiza:
my c o p h a g o u ©ikds vof. £18, ppt. 38d3450

Rausch, C, Daram, Brunner, S, Jansa, J, Laloi, M, Leggewie, G, Amrhein, N &
Bucher, M 2001, O0Phosphat econtanmgcsllpior t er
p ot a\atorévol. 414, pp. 462470.

Ray,JG& Val sal akumar, N 2010, 6Arbuscul ar m
Piriformospora indicandividually and in combination witRhizobiunon green
g r a dodrnal of Plant Nutritionvol. 33, pp. 285298.

Ray,P,Guo,Y, Chi, M-H, Krom, N, SahaM, C & Craven K, D 2 0 2 Serendita
besciipromotes winter wheat growth and moduldteshost root transcriptome
underp hosphorus and BnvitoomergaéNicrobiologywol. 23t i on 0,
no. 4, pp. 18761888.

Reiter,R, Phillips R, D, Swarts N, D, Wright, M, Holmes G, Sussnich, F,C,
Davis, B,J, Whitehead, MR & Linde, C, C 2020, &Specific mycorrhizal
associations involving the same fungal taxa in common and thre&Zatexikenia
(Orchidaceae): implications for conservatiohnnals of Botanyvol. 126, pp.
943 955.

Ri es s, K, OberwinklIl er, F, B aswkEndophyRic & Gar |
Sebacinales Associated with Roots of Herbaceous Plants in Agricultural and
Grassland Ecosystems Are DominatedSeyendipita herbamarsp . RloS . 06,
ONE vol. 9, no.4: e94676.

Richardson, KA & Currah, RS1 995, o6 The f ussgriatédwithdhemuni t y
roots of some rai nf oSdwanavad.16:, ph4pi3es of C

Rivero, J, Gamir, J, Aroca, R, Pozo, M &

mycor r hi zal FrontensantMarobiomgy ot ® no. 598, ppl-13.

151



Robert s, P 1994, -spoedldasnelkaspeciasnrdm eVvoh ang s oi d
Surrey, with a ke yMydological Reseagheoh @Bspp.i n Eur o
1437 1452.

Rober t s Exidbpsksperids,fromdDevon, including the new segregate
generaCeratosebacingEndoperplexaMicrosebacinaandSerendipit® ,

Mycological Researcghvol. 97, pp. 46i7478.

Rudrappa T, Czymmek K, Pare P, W & Bais H,P2 0 0 8 , -se@r&edaontlic
acid ecruitsbe ey ci al s Blani Physielagg ,elr M&app.,154i71556.

Ruiz-Villalba, A,. Ruijter, JM & vanden Hoff, MJ,B2 021, O6Use and Mi s
Cqg in qPCR Dat a AnLde wlisll,pp. 40®&1. Reporti ngo

Ryals, JA, Neuenschwander, B, Willits, M, G, Molina, A, Steiner, HY & Hunt,
M,D1996, O0Systemi c Plant Qel vor & pp. 18081819.st anc e 6,

Salifah, HA,B,Mus khazl i, M, Rusea, G & Nithiyaa,
mycorrhizal specificity foin vitro symbiotic seed germation of
Grammatophyllum speciosutnl u n&aids,Malaysiavol. 40, pp. 451455.

Sanford, GB & Skoropad, WP1 955, oO6Di stribution of nucl
Rhizoctonias o | ,&Canadian Journal of Microbiologyol. 1, pp. 41P415.

Saravanakumar, K,@n, L, Fu, K, Yu, C, Wang, M, Xia, H, Sun, J, Li, Y & Chen, J
2016, 06 Ce Irichodeans learziinurmteracts with roots and triggers
i nduced systemic r esi s tSaemtficRegogsvof @ | i ar d
pp. 1-18.

Sarkar, D, RoveniclH, Jeena, G, Nizam, S, Tissier, A, BalckeUWGMahdi, L,K,
Bonkowski , M, Langen, G & Zuccaro, A 20
endophyticSerendipitavermiferaacts as extended plant protection barrier in the

r hi z o sNew Rhytaogistvol. 224, pp. 886901.

152



Sarma, MV, R, K, Kumar, V, Saharan, K, Srivastava, R, SharmaAPrakash, A,
Sahai, V & Bisaria,YVS2 011, OApplicati-mmsedof i norgan
formulations offluorescent pseudomonaasdPiriformospora indicaon tomato
plantsance v al uat i on oJournalilofeApptied Blicrdbiologgval.y 6 ,

111, pp. 456466.

Satheesan, J, NarayanatK A& Sakunt hala, M 2012, oOlnduc
colonisationby Piriformospora indicadeads to enhanced asiaticoside production
in Centella asiatad Mycorrhizg vol. 22, pp.196202.

Sathiyadash, K, Muthukumar, T, Murugan BS Sathishkumar, R, & Pandey, R
2014,dn vitro symbiotic seed germination of South Indian endemic orchid
Coelogynenervos& Mycosciencgvol. 55, no. 3, pp.18389.

Schder, P, Pfiffi S, Voll, L, M, Zajic, D, Chandler, PM, Waller, F, Scholz, U, Pons
Kuhnemann, J, Sonnewald, S, Sonnewald, Kogel, KH 2009, 6 Mani pul a
of plant innate immunity and gibberellin as factor of compatibility in the
mutualistic associationfdarley roots withPiriformospora indicéd The Plant
Journal vol. 59, pp. 461474.

Schoch, CL, Seifert, K,A, Huhndorf, S, Robert, V, Spouge, J, Levesque, C, Chen
W & Consortium, F 2012, ONuclear riboso
regionasani ver s al DNA b ar cPoodeedingsafrtheer f or F L
National Academy of Scien¢&s$SA vol. 109, pp. 62416246.

Scholz, SS, SchmidtHeck, W,Guthke, R, Furch, AC, U, Reichelt, M,

Gershenzon,J&e | m¢ | | e rVerticiRum2d@hlia® Arabidgpsisinteraction
Causes Changes in Geaepression Profiles and Jasmonate Levels on Different

Ti me Skrantiers s Microbiologyvol. 9, no. 217.

153



Segarra, G, Van der Ent, S, Trillas, | & PietersgfCJ2 0 0 9 6MYB7 2, a noc
convergence in indudesystemic resistance triggered by a fungal and a bacterial
beneyci alPlantBiotogyovdl.d 1 pp. 9096.

Segundeval, I, S& SanzLozangC,S2 016, o6l ntroduction to t
Anal ysi so6, 4iGarciaedMadleaulait GeneticefiAsthma, Methods
in Molecular Biology vol. 1434, Springer Science +Business Media, New York.

Seiy, A, Ga,Bavan®FRainoldVissergR G, ZWolters AM, A &

Bai, Y2014, 6Genetics and mol ecul ar mechar
mildew intomato Solanum lycopersicum and i ts wild rel ati
Journal of Plant Pathologyol. 138, no.3, pp. 64565.

Selosse, M, Boullard, B & Riid%&roaglsdesn, D
to symbiosis in a doSymbosisyok 34rpp.6l6& ne cent
Selosse, VA, Facci o, A, Scappaticci, G & Bonfa

achlorophylous specimens d&pipactis microphyllgNeottieae, Orchidaceae) are
associated with ectomycorr hMieabial sept omy
Ecology vol. 47, pp. 416426.

Selosse, VA& Le Tacon, F 1998, d4ftngrs | and f |l or @
par t neTrendsingElogy and Evolutipwol. 13, ppl5i 20.

Selosse, MA & Roy, M 2009,&Green plants that feed on fungi: facts and qaasti
about mixotroph§ Trends in Plant Sciencgol. 14, no. 2, pp64-70.

Selosse, M A & Martos, F 2014¢Do chlorophyllous orchids heterotrophically use
mycorrhizal fungal carbor@?Trends in Plant Scienc¢egol. 19, no. 11, pp. 683

685.

154



Serfling, A, Wirsel, SG, R,Lind, V & Deising, HB2 007, 6 Per f or mance o
biocontrol fungusPiriformospora indicaon wheat under greenhouse and field
c o ndi Phytopatsofogyvol. 97, pp. 52B8531.

Setaro, SD, Garnica, S, Herrera, B,Suarez, JP& Goker, MD 12, OA cl ust e
optimization strategy to estimate species richness of Sebacinales in the tropical
Andes based on mol ecul ar s eRjadieerstyes fr om
and Conservationvol. 21, pp. 2262285.

Setaro, SD, Kottke, | & Oberwinkley F 2006a, O0Anatomy and u
mycorrhizal associations of neotropical Ericaéelycological Progressvol. 5,
pp. 243 254.

Setaro, SD,We i C, M, Ober winkl er, F & Kott ke,
ectendomycorrhizas witGavendishia nobilisa member of the Andean clade of
Ericaceae, in the mount aiNewPhyologist f or est
vol.169, pp. 356365.

Shaholl ari, B, Var ma, A & Oel mull er, R 21
Arabidopsisroots is stimulated by the bdsmycetePiriformospora indicaand
theprotein accumulates in Triton-X00 insoluble plasma membrane
mi ¢ r o d oJouanal ofkAant Physiologyol.162,pp. 945 958.

Shefferson, RP,Weil3, M, Kull, T & Taylor, L2005, OHi gh specific
chamct eri ses mycorrhizal association in 1
Cypripediund Molecular Ecologyvol. 14, pp. 613526.

Sherameti, |, Shahollari, B, Venus, Y, Altschmied, L, Varma, ®&muller, R
2005,6 Th e e n d o p Rinformospord indicagtimslateghe expression of
nitrate reductase and the staddgradingenzyme glucaiwater dikinase in

tobacco and\rabidopsisrootsthrough a homeodomain transcription factor that

155



bi nds to a cons er v e durmabot Biofogical Chetsthyei r pr o
vol. 280, pp. 2624126247.

Sherameti, I, Tripathi, S, Vcalonmag A & Oel
endophytePiriformospora indicaconfers drought tolerance Arabidopsisby
stimulating the expression of drought stiestated genes in leav@§/olecular
Plant-Microbe Interactionvol. 21, pp. 796807.

Shi,Y, Zzhang,Y &Shih,D S 2006, &é6Cl oning an-,3express
gl ucanase gene Jourhat ob FrantPhysidogymole 163, ypo956
967.

Shoresh, M, Yedidia, & Chhe, | 2005, o6l nvolvement of |
signaling pathway in the systemic resistance induced in cucumber by
TrichodermaasperellumTl 2 0 Bhgtppathologyvol. 95, pp. 7684.

Singh, D, Ambroise, A, Haicour, R, Sihachakr, D & RajamM2 0 1 4 reaséd n c
resistance to fungal wilts in transgenic eggplant expressing alfalfa glucanase
g e nRhgsiology and Molecular Biology of Plantl. 20, pp. 148150.

Singhal , U, Pr as aBirfornibspéra iMaaSerandipitA 2017, 0
indica): The NovelSytbi ont 6, i n A Varma, R Prasad ¢
Mycorrhiza- Function, Diversity, State of the ARourth edition, Springer,

Switzerland.

Smith, FA, Grace, EJ& Smith, SE2 009, OMore than a car bon
trade and ecological sustainabilih facultative arbuscular mycorrhizal
sy mb i bdlewvePbytolpgistvol. 182, pp. 34i7358.

Smith, SE,Smith, FA& Jakobsen, I 2003, O6Mycorrhiz;
phosphate supply to pl antHRBantiPhysigdogypect i ve

vol. 133, pp. 16 20.

156



Smith, SE,Smith, FA& Jakobsen, | 2004, O6Functional
mycorrhizal (AM) symbioses: The contribution of the mycorrhizal P uptake
pat hhway is not correlated with mycorrhi
New Fhytologist vol.162, pp. 511524.

Sommer, J, Pausch, J, Brundrett,®)Dixon, K, W, Bidartondo, M | & GebaueyG
2012, oOLi mited carbon and miner al nutr.i
Australian orchidsAmerican Journal of Botanyol. 99, pp1133 1145.

Song, Y, Chen, D, Lu, K, Sun, Z & Zeng, |
resistance pri med by aRrobtersioBldnBSciengey c or r h
vol. 6, pp. 113.

Spoel, S H& Dong, X 2012, OHow do pl aaut s achi e
speci al i z e dNatureRevieves Inaneiiologgod 12, pp. 89100.

Spoel, SH, Koornneef, A, Claessens, 8, C, Korzelius, JP,Van Pelt, JA,

Mueller, M, J, Buchala, AJ, Métraux, 3P, Brown, R, Kazan, K, Van Loon, C,

Dong, X& Pietese CCM,J2 003, ONPR1 natktdetweent es cr oss
salicylate and jasmonateependent defense pathways through a novel function in

t he c YhGel Volb15, pp. 760770.

Stanley, TD & Ross, EM 1989,Flora of southeastern Queenslangol. 3
Queensland Department of Primary Industries, Brisbane.

Star k, C, Babi k, W & Durka, W 2009, O6Fun:
terrestrial orchidGy mn a d e n i a MycaogicapReseardgbvol. 113, pp.

952-959.
Stein, E, Molitor, A, Kogel, KH & Waller F 2008, O0Systemic rec:c

Arabidopsisconferred by the mycorrhizal fung@sriformospora indicaequires

157



jasmonic acid signaling anBantCele cytopl a
Physiology vol. 49, pp. 174i751.

Su, Y, Wang, Z, Liu, F, Li, Z, Pen, Q, Guo, J, Xu, L & Que,
Characterization of ScGluD2, a New Sugarcane-bg#@lucanase D Family
Gene Induced bgporisorium scitamineunABA, H-O>, NaCl, and CdGl
St r e &rendiessdn,Plant Sciengevol. 7, no. 1348.

Sun, CJohnson, M, Cai, D, Sherameti, I, Oelmuller, R & Lou, B 2010,
diriformospora indicaconfers drought tolerance in Chinesdbage leaves by
stimulating antioxidant enzymes, the expression of dretejated genes and the
plastidl ocal i zed Jowral ofpPtamt Physiologyol. 167, pp. 1000
1017.

Sun, C, Shao, Y, Vahabi, K, Lu, J, Bhattacharya, S, Dong, S, Y&, 8herameti, I,

Lou, B, Baldwin, | T & Oelmuller, R 2014, 06The beneficial
Piriformospora indicgprotectsArabidopsisfrom Verticillium dahliaeinfection by
downregul ati on pl BMCtPlad Bidlogyvd. 84, moe268p ons e s 0
pp. :16.

Sun, Y-C, Pan, kL, Ying, ~Z, Li, P, Wang, XW, & Liu,SS 2017, O6Jasmoni
related resistance in tomato mediates interactions betwgzfly and whitefly
t r ans mi tScantific Repartsvd. @, no. 566, pp.-X.

Suryantini, R, Wulandari, R5 & Kasiamdari, RS2 015, &6Orchid Mycorr
Fungi: Identification oRhizoctonidd r om We st Kiarbbiologg nt an 6,
Indonesiavol. 9 no. 4, pp. 152162.

Swarts, ND, Sinclair, E A, Francis, A & Dixon, KW 2 010, O0Ecol ogi cal
specialization in mycorrhizal symbi osi s

Molecular Ecologyvol. 19, pp. 32263242.

158



Tanigaki, Y, Higashi, T, Takayama, Klagano, A,J,Honjo,M, N, Fukuda H 2015,
drranscriptome Analysisf PlantHormoneRelatedTomato(Solanum
lycopersicumnGenedn aSunlightTypeP | ant  PloBQ@NE voly 1D, no.

0143412

Takamatsu, S 1998, O6PCR @lp:pridgecPaArofadDns i n |
Reddy, C& Elander(Eds), Applications of PCR iMycology Oxon, UK, CAB
International, pp, 125.52.

Takamatsu, S 2004, O6Phylogeny and evol ut |
(Erysiphales, Ascomycota) inferred from nuclear ribosomal BNAqu e nc e s 0,
Mycology Sciengevol. 45, pp. 147157.

Tesitelova, T,Kat | é nek, M, J eX, ksoankrplyTatarenko,1&J ol vy, F
Selosse, MA2 015, OTwo wiNedotiaspecies édchidpceaeg show
mycorrhizal preference for Sebacinales in various habitats and ontogenetic
s t a dvelscdlar Ecologyvol. 24, pp. 122/ 1134.

TesitelovaT , T JIQersakovd, RihovaG & Selosse, VA 2012, O6Symbi o
germination capability of fouEpipactisspecies (Orchidaceae) is broader than
expected fr orrmeaichnJodrnaleoicBotanya 990 pp. 1020
1032.

Thangavelu, R, Palaniswami, A, Doraiswamy, S & Velazhahan, RZ003h e ef f ect
of Pseudomonas fluoresceasdFusarium oxysporurf sp.cubensen induction
of defense enzymes BiotogiaPahtagumed. #46cpp. i N b an
107-112.

Timmermann, TPoupin, M,J,Vega, A, Urrutia, C, Ruz, (A & Gonzalez, B 2019,
6Gene networ ks under IPgrabarkholdetaghytefamahsy r e g

PsJN induced systemic resistancérabidopsi® PLoS ONEvol. 14, no. 8.

159



Tinker, PB 1975, 6 Sa phbsphoruseant ng/dorrhizal effects on plant
growt ho, I n Endomycorrhizas, ed3/l. F San
Academic Press: London, UK.
Tremblay, RL, Zimmerman, JK, Lebron, L, Bayman, P, Sastre, |, Axelrod, F &
AlersGar c 2 a, Host spgc#i@tyBand law reproductive success in the rare
endemic Puerto Rican orchide p a nt h e s, Biolagical Goesargatiopvol.
85, pp. 297304.

Treseder, KK & Allen, M,F2 002, O0Direct nitrogen and p

arbuscularmycorriial f ungi : a nNewPdytologishvdl. 1§51 d t e s
pp. 507515.

Treseder, KK & Vitousek, RM2001, O6Effects of soil nutr
Il nvestment in acqui siti onEmlogyw.8nd P i n
pp. 946 954.

Trivedi, P, Leach, J;, Tringe, SG,Sa, T & Singh, BK2 0 2 0 , -m&rBdiome t
i nteractions: from c¢ommNatuie Rguviewss sembl y t
Microbiology, vol. 18, pp. 60i7621.

Tsavkelova, EA, Egorova, MA, Leontieva, MR, Malakho, SG, Kolomeitseva,
G, L & Netrusov, Al 2 0 1 BendrobiumnobileLindl. seed germination in
cocul tures with di v PBlansGowth Reguatidhat ed bact e
vol. 80, no. 1, pp. 791.

Tulasne, LR, Tul asne, C 1871, ONew notes on th
a n a |l dogrsabof the Linnean Society of London, Botaro}. 13, pp. 3142.

Vadassery, J, Ranf, S, Drzewiecki, C, Mithofer, A, Mazars, C, Scheel, D, Lee, J &

Oel mul |l er , R 20009, 60A cel l wal | extract

160



Piriformospora indicgpromotes growth oArabidopsisseedlings and induces

i ntracel |l ul ar c a lPantloomnalevdl. &Y, ppt 198206. | n

Vallad, GE & Goodman,RM2 004, O6Systemic Acquired

Systemic Resistance iQGropSaencegvel.i4, hood a |
pp. 192601934.

Van der Heijden, MG, A, Martin, F,M, Selosse, MA & Sanders, |R 2015,
OMycorrhizal ecology and evol uNewon:
Phytologist vol. 205, pp. 14061423.

Van Loon, L, C & Bakker, P, A, H, M 2005 dnduced systemic resistance as a
mechanism of disease suppression by rhizobaotgri@GPR: Biocontrol and
Biofertilization, ed. ZA Siddiqui, pp. 3%6. Dordrecht, NethSpringer

Varma, A, Verma, S, Sudah, Sahay, N & Frankeh, ¥ 9Frifoldnospora indicaa
cultivable plantgrowttp r o mot i ng r Apptied and Bnginprimentae 6 ,
Microbiology, vol. 65, pp. 274(12744.

Venneman, J, Vandermeersch, L, Walgraeve, C, Audenaert, K, Ameye, M,

Verwaeren, J, Steppe, K, Van Langenhd¥eHaesaert, G & Vereecke, 2020,

root

Re:

Agr

t

he

ORespiratory CO2 Combined With a Bl end

SerendipitaStrains Strongly Stimulate Growth Afabidopsisimplicating Auxin
and Cyt ok i nHromtierSin BlanaScienge®l611, n0544435.
Verma, S, Varma, A, Rexer,-K, Hassel, A, Kost, G, Sarbhoy, A, Bisen, P,
Butehorn, B & r a n k e n , Pirifermdspofadndicagen. et sp. nov., a new
rootc ol oni z i Mycoldgig volg90,50p. 896903.
Vernooij, B, Friedrich, L, Morse, AReist, R, KolditzJawhar, RWard E,Uknes S

KessmannH&Ryals J 1994, 6Salicylic acid

161

i s

n


https://www.ncbi.nlm.nih.gov/pubmed/?term=Ward%20E%5BAuthor%5D&cauthor=true&cauthor_uid=12244262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Uknes%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12244262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kessmann%20H%5BAuthor%5D&cauthor=true&cauthor_uid=12244262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kessmann%20H%5BAuthor%5D&cauthor=true&cauthor_uid=12244262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ryals%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12244262

responsible for inducing systemic acquired resistance but is required in signal
t r an s dRlantCelloval.®,, pp. 958965.

Viaud, M, Pasquier, A & Bung gudiedbyPCR2000,
RFLP o Mycologi€abResearchvol. 104, pp. 10271032.

Vilella, D, Sanchez, M, Platas, G, Salazar, O, Genilloud, O, Royo, I, Cascales, C,

Martin, I, Diez, T,Silverman, K C, Linhgam, R, B, Singh, S, B, Jayasuriya, H,

(

Pelaez, R 000, 6l nhi bitors of farnesyl ation o

product s s cr éoarnal oflgdustrial Migrobalogy and
Biotechnologyvol. 25, no.6, pp. 31827.

Viot, A, C,Dempsey, DA & Klessig, DbF2009, o6Salicylic acid,
hor mone t o cAnmbl&eview of Bhgtepatielagyol. 47, pp. 177
206.

Vohnik, M, Panek, M, Fehrer, J & SelosseAMM 2016, O6Experi ment al
ericoild mycorrhizal potent i Mycorrmzgt hi n S

vol. 26, pp.831i 846.

Vr-lstad, T, Myre, E & Schumacher, T 200

affinities of rootassociated ascomycetes of the Helotiales in burnt and metal
pol | ut e dNewPhyologisaviolsl1b5, pp. 131148.
Waller, F, Achatz, B, Baltischat, H, Fodor, J, Becker, K, Fischer, M, Heier, T,
Huckelhoven, R, Neumann, C, von Wettstein, D, Franken, P & KogHl, K
2005, 6 The e n @iofgrhogpora indicireprogyams barley to salt
stress tolerance, di s eRaoseedingseobtheNatianalc e , a

Academy of SciencddSA vol. 102, no.13, pp. 386391.

162



Walters, DR, Ratsep, J & Havis, D2 01 3, 6Controlling crop
i nduced resi st anc e :JounblafExperimenwlBotdnp r t he
vol. 64, pp 1263 80.

Wang, Y, Zhang, W, Liu, W, Jalal Ahammed, G, Wen, W, Guo, S, Shu, S & Sun, J
2021,0Auxin is involved in arbuscular mycorrhizal furgiomoted tomato
growth and NADPmalic enzymes expression in continueospping substratés,

BMC Plant Biologyno. 21, vol. 48, pp. 12.

Wang, Z, Jiang, Y, Deane, Q,H e , F, Shu, W & Liu, Y 2019
phylogeny, habitat and spatial proximity on host specificity and diversity of
pat hogenic and mycorr hi ZNew Phytologtgvol. i n a s
223, pp. 46R474.

Warcup,JH1 971, O6Specificity of mycorrhizal a
t err est r NealPhyilogsthol. d0spp. 4146.

Warcup,JH1 973, O6Symbiotic ger minaNawon of son
Phytologist vol. 72,pp. 387 392.

Warcup,JH1 981, O6The mycorrhizal reNevat i onship
Phytologist vol. 87, pp. 371381.

Warcup, JH 1 9 8 Bhjzanthella gardneriOrchidaceae), itRhizoctonieendophyte
and close association wilelaleuca unaciata( My rt aceae) i n Weste
New Phytologistvol. 99, pp. 276280.

Warcup, JH1 9 9 1 , RhizoEtbneendophytes oRhizanthella (Orchidaceae),

Mycological Researchvol. 95, pp. 656659.
Warcup, JH & Talbot, BH,B1 9 6 7, 6 P e r frhizactonias assotiates with f

o r ¢ h New Phytplogistvol. 66, pp. 631641.

163



Waterman, RJ & Bidartondo,M12 0 0 8 , 6Deception above, de
't nking pollinati on andJoumalof&xperimentalal bi o
Botany vol. 59, pp1085 1099.

Wawra, S, Fesel, RYidmer, H,Timm, M, Seibel, J, Leson, L, Kesseler, L, Nostadt,

R,Hil bert, M, Langen, G &pedficbegican o, A 201
binding lectinFGB1 alters cellvall composition and suppresses glutaggered
immunityi n  p INatureé CGComunicationsol. 7, no. 13188.

Weber, HA, & Gloer,JB1 991, 6 The preussomerins: nove
from the coprophilous funglwRreussia isomer& a i Journal of Organic
Chemistry vol. 56, no. 14, pp. 4353 360.

Weiss M, Selosse, VA, Rexer, kH, Urban, A & Oberwinkler, F 2004,
06Sebacinales: a hitherto overlooked cos
my cor r hi z aMycolpgical Resdarcheol. 108, pp. 1003L010.

Weiss, M, Sykorova, Z, Garnica, S, RiessM@rtos, F, Krause, C, Oberwinkler, F,
Bauer, R & Redecker, D 2011, ¢6éSebacinal
ubi qui tous f uRLgSSONEwWIN6dedGy9B8y t e s 0,

Weiss, M, Waller, F, Zuccaro, A & Selosse;AM2 01 6, O Siene thausanda | e s
andmme i nteract i or\swRhytdogistvbl.&2hldno.p, ppad@d.s 0 ,

Wel | s, K & Ob e framelokcypkargelatitosakk@e? of a dew
family Selacinaceaé Mycologia vol. 74, pp. 326331.

White, JF & Torres, MS2 010, 61 s pnhediated deenstveonmutuatigme
the result of oxidative stress protectiériZhysiologia Plantarumvol. 138, pp.

440-446.
White, T,J,Bruns, T,D, Lee, SB & Taylor, JW1 99 0, OAmpl i fication

sequencing of fungal ri bosomal RMLA gene

164


https://species.m.wikimedia.org/wiki/ISSN_1469-8137

Gelfand, JJ, Sninsky, T JWhite (eds)PCR Protocols a Guide to Methods and
Applications Academic Pres§an Diego, CA, pp315-322.

Whitehead, MR, Catullo, R,A, Ruibal, M, Dixon, KW, Peakall, R, & Linde, CC
2017,&valuating multilocus Bayesian species delimitation for discovery of
cryptic mycorrhizal diversity Fungal Ecologyvol. 26, pp. 744.

Wilkinson, K,G,Dixon, K, W& Si vasithamparam, K 1989, 0
bacteria, mycorrhizal fungi and orchid seed in relation to germination of
Austr al i &NewPoytlogsivd. 412, pp. 42435.

Wilkinson, K, G, Dixon, K, W, Sivasithamparam, K & Ghisalberti, E 1994a,

OEffect of | AA on symbiotic germination
production by orchith s s o c i at ePthnt 8ad wob 59, ppa2i1295.

Wilkinson, K, G, Sivasithamparam, K, Dixon, K, Fahy, P C & Bradley, JK
1994b, dadndne oharacteiizatiantof bacteria associated with western
Aust r al i &aolBiologg Biochersigirwol. 26, pp. 13i7142.

Wright, M, M, Cross, R, Cousens, R, May, T, W & McLean, G B 2010,
6Taxonomic and funct i omahe Sebhcma varmifemr i s a't
complex from common and rare orchids in the getaisdenia Mycorrhizg
vol. 20, pp. 376390.

Wu, C, Li, B, Wei, Q, Pan, RSeendpiaang, W
indicaincreased nutrition absorption and biomass accuioalan Cunninghamia
lanceolatas e e d | i ngs u n d écta Ecotogica Sihicavel. 38, ppt e 6 ,

211 29.

Xing, X, Jacquemyn, H, Gai , X, Gao, Y, L |

impact of life form on the architecture of orchid mycorrhizal networksopical

f or ©ikds @o). 128, pp. 12541264.

165



Xu, H, Kemppainen, M, El Kayal, W, Lee, 8, Pardo, AG, Cooke, JE, K&
Zwiazek J,J2 015, 06 Ov e rLackapia bedosaguaporin d@585595
alters root water transport properties in ectomycoalhwhite spruceHicea
glaucg s e e dNéw Phygokdistvol. 205, pp. 75i7770.

Xu, H & Zwiazek,JJ2 020, OFungal Aquaporins in Ect
T r a n sKramtrerts i Plant Sciencevol. 11, no. 302

Yadav, V, Kumar, M, Deep, XK, Kumar,H, Sharma, R, Tripathi, T, Tuteja, N,
Saxena, AK & Johri, AK2010, A phosphate transporte
endophytic fungu®iriformospora indicaplays a role in phosphate transport to
t he h o sdurngdf Bofogidal,Chemistryvol. 285,pp. 26532 26 544

Yakti, W, Kovacs, GM,Vagi , P & Franken, P 2018, o6l m
endophytes on tomat o Rantceotody ara Didersiyut r i en
vol. 11, pp. 637648.

Yang, RH, Su, 3H, Shang, I, Wu, Y-Y, Li, Y, Bao, DP & Yao, Y-J
2018, 6Evaluation of the ribosomal DNA i
specifically ITS1 and ITS2, for the analysis of fungal diversity by deep
S e g u e rPtoS medol. 13:e0206428.

Yang, S-Y, Grgnlund, M, Jakobsen, I, Grotemeyer,3JRentsch, D, Nyao, A,
Hirochika, H, Kumar, CS, Sundaresan, V, Salamin, NatausanS, Mattes N,
Heuer S & Paszkowski U 2012, O Nomondicearbdiscular r egul a
mycorrhizal symbiosis by two members of the PHOSPHATE TRANSPORTER1
gene fRantiCeéllywd. 24, pp. 42364251.

Ye, W, Shen, €H, Lin, Y, Chen, PJ, Xu, X, Oelmuller, R, Yeh, RV & Lai Z 2014,
60 Gr owt h JetatedmoRNAsoir®ncidiumorchid roots colonized by the

endophytic fungu®iriformospora indicd PLoS ONEvol. 9, e84920.

166


javascript:;
javascript:;
javascript:;
javascript:;

Yedidia, I, Shoresh, M, Kerem, Z, Benhamou, N, Kapulnik, Y & Chet, |1 2003,
6Concomitant i nduct i Bsaudanbnassyriaggp®e mi ¢ r e s i
lachrymans in cucumber Byichoderma asperellufir-203) and accumulation of
p hyt oa Appled amsEhvironmental Microbiologyol. 69, pp. 73437353.

Yoder, JA, Zettler, L W & Stewart, SL 2000,0Vater requirements of terrestrial
and epiphytic azhid seeds and seedlings, and evidence for water uptake by means
of mycotrophy Plant Sciencevol. 156, no. 2, pp.14550.

Yokoya, K, Jacob, A, S, Zettler, L, W, Kendon, J, P, Menon, M., Bell, J,

Raj aovel ona, L & Sar as an ected HabiatSpecificd Fu n g
CynorkisSpeci es (Orchidaceae) in the Centr al
Microorganismsvol. 9, no. 792.

Yuan, ZL,Chen,¥C& Yang, Y 20 OrfycorriizBiifumgalr se non
endophytes inhabiting an epiphytic, medicinal orclddr{diobium nobilé:
estimati on an dVodldaumal af Mierobiolagg and o n 0 ,
Biotechnologyvol. 25, pp. 296303.

Zarrouk, O, Garcia Tejero, | ,DavR@liTpng, o, C,
Loureiro-Dias, M, C &Chave, MM 2016, O6Aquapor ouriga i sof or
Nacional grapevinender water stress and recowétggulation oexpression in
leaves and rost @A\gricultural Water Managemenvol. 164, pp. 16i7175.

Zhang, X, Yan, F, Tang, Y, Yuan, Y, Wei |
GeneSIARF3 Plays Multiple Roles in Tomato Development and is Involved in
the Formation of Epidermal Cells and Trichomé&dant and Cell Physiologyol.

56, no. 11, pp. 21i@124.

167



Zhao, X, Tian, K & Yau,SST2018, OA new efficient meth
species using corr elBMCEvolutisnaryBmlogweoe n n u c |
18, pp. 113.

Zhao, MM, Zhang, G Zhang, BW, Hsiao, ¥Y & Guo,SX 201 3, OESTs an:
reveals putative genes involved in symbiotic seed germinatiDemarobium
officinaled PLoS ONEVvol. 8, e72705.

ZhuuHH& Yao, Q 2004, OLocalized and system
rootsinduced byGlomus versiformehibits Ralstonia solanacearudnjournal of
Phytopathologyvol. 152, pp. 53i7542.

Zouari, |, Salvioli, A, Chialva, M, Novero, M, Miozzi, L, Tenore, G,Bagnaresi, P
& Bonfant e, P 2014, -Seq &alysishows thatarbuscolarf r u i t
mycorrhizal symbiosis may affect tomato fruit metabodAMC Genomicsvol.

15, no. 221, pp.-19.

Zuccaro, A, Lahr mann, U, BRdenkbp, Dewong, U, L al
P, Samans, B, Grimm, C, Basiewicz, M, Murat, C, Marf, & Kogel, kH 2011,
OEndophytic |ife strategies decoded by

mutualistic root symbiorRiriformospora indic® PLoS Pathogens:€1002290

168



APPENDICES

Appendix FA: ITS sequening results offungi isolated fromCaladeniaspp

Source

Sequence results from AGRF

Caladenia
caerulea

GTGACCTGCGGAGGATCATTAACGAGGTACAAGTCGGTCGACAGTGCTGGCGGAGACG
CACGTGCACGTCGGTCGCAAACCAATCCACACACCTGTGAACGTATGGCCTTTGGGTCT
CACGACTCGGGGGCAAACCTTTTTTACCCACTCTGTCTGTAAAGGAATGTCTATGTGOT
AAAGCGCAAAGCAAACAACTTTCAACAACGGATCTCTTGGCTCTCGCATCGATGAAGAA
CGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTG
AACGCACCTTGCACCCTTTGGTATTCCGAAGGGTACGCCCGTTTGAGTGTCATTGTAAT(
TCACCCCCGGAGACTTGTTTTCCGGGAGTGGACTTGGACGTTGCCGTGACTCCGGCTC(C
CTCGAATGTCTCAGTGTACCCCGATCATCGGCGTCAACAGTGTGATATGTATCTTCACTG
TGAGTCTCTCCGGAGGCGCGCTCTCGAACGTGGGCATATGCTGCCAACCGTCTTCGGA(
AATCTCTGACAATTTGACCTCAAATCGGGTGGGACTACCCGCTGAACTTAAGCATATCA

Caladenia
picta

GACTGCGGAGGATCATTAACGAGGTTACAAGTCGGTCGACAGTGCTGGCGGAAACGCA
CGTGCACGTCGGTCGCAALCAATCCACACACCTGTGAACGTATGGCCTTTGGGTCTCA
CGACCCGGGGCAAACATTTTTTACCCACTCTGTTTGTAAAGGAATGTCTATGTGCTCAAA
GCGCAAAGCAAACAACTTTCAACAACGGATCTCTTGGCTCTCGCATCGATGAAGAACGC
AGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAAC
GCACCTTGCACCCTTTGGTATTCCGAAGGGTACGCCCE TGAGTGTCATTGTAATCTCA
CCTCCAAAGACTTTGTTCTTTGGGAGTGGACTTGGACGTTGCCGTGACTCCGGCTCGTC
CGAATGTCTCAGTGTACCCCGATCTTCGGCGTCAACAGTGTGATATGTATCTTCACTGTC
AGTCTCTTCGGAGGCGCGCTCTCGAACGTGGGCCTATGCTGCCAACCGTCTTCGGACA/
TTTCTGACAATTTGACCTCAAATCGGGTGGGACTACCCGCTGAACTTAAGCATATAATA
AGNCGGAGGAANNNAAAG

Caladenia
fuscata

CGTAAGGTGAACCTGCGGAAGGATCATTAACGAGGTACAAGTCGGTCGACAGTGCTGG
CGGAGACGCACGTGCACGTCGGTCGCAAACCAATCCACACACCTGTGAACGTATGGCC]
TTGGGTCTCACGACTCGGGGGCAAACCTTTTTTACCCACTCTGTCTGTAAAGGAATGTCT
ATGTGCTCAAAGCGCAAAGCAAACAACTTTCAACAACGGATCTCTTGGCTCTCGCATCG
ATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATC
GAATCTTTGAACGCACCTTGCACCCTTTGGTATTCCGAAGGGTACGCCCGTTTGAGTGT(
ATTGTAATCTCACCCCCGGAGACTTGTTTTCTGGGAGTGGACTTGGACGTTGCTGTGACI
CCGGCTCGTCTCGAATGTCTCAGTGTACCCCGATCCTCGGCGTCAACAGTGTGATGTA
TCTTCACTGTG

Caladenia
Sp

AGGTTTCGTAAGGTGAACCTGCGGAAGGATCATTAATGAATCGTAAGTCGGTCGACCGT
GCTGGCGGCAACGCACGTGCACGTCGGTCGCAAACCAATCCACACACCTGTGAACGTA]
GGCCTCTCGAGTCCTTTTGGACTCGGGGCAAAACCCATTTTTACTCTGATCGTAAAGGAA
TGTCTTTGCCTAAAGCGCAAAAGCAAACAACTTTCAACAACGGATCTCTTGGCTCTCGC
ATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAAT
CATCGAATCTTTGAACGCACCTTGCACCCTTTGGTATTCCGAAGGGTACGCCCGTTTGA(
TGTCATTGTAATCTCACCCCCGGAATCTTTTCTGGGGAGTGGACTTGGACGTTGCCGTG]
CACGGCTCGTCTGGAATGTCTCAGTGCTACCCCGTCTGTCGGCGTATACAGTGTGATAAI
TATCTTCACTGGTCAGCTTCCTCGAGGCGCGCTCTCGGACGGATCGGTGTGCTGCCAAC
GTCTTCGGACAATACTG

Caladenia
filamentosa

GGTTTCGTAAGGTGAACCTGCGGAAGGATCATTAACGAATTTCCAAGTCGGTCGACCGT
GCTGGCGGAAACGCACGTGCACGTCGATCGCAAACCAATCCACACACCCGTGAACGTAT
GGCCTCTCGGGTCTTTGACTCGGGGGCAAACCATTTTTCGCACTGATAGTAAAGGAAT
GTTCTTTGCCTAATACGCAAAAACAAACAACTTTCAACAACGGATCTCTTGGCTCTCGCA
TCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATC
ATCGAATCTTCGAACGCACCTTGCACCCTTTGGTATTCCGAAGGGTACGCCCGTTTGAG]
GTCATTGTAATCTCACCCCCGAAATCTTTTTTTTGGGAGTGGACTTGGACGCTGCCGTGT]
CACGGCTCGTCTCGAACGTCTCAGTGTACCCCGCCGTCGGCGTCAAACAGTGTGATAACG
TATCTTCACTGGTTAGTCTCTCCGGAGGCGCGCTCTCGGATTGGTGGTGTGCTGCCAAC
GTCCTCGGACAATACTCTGACAATTTGACCTCAAATCGGGTGGGACTACCCGCTGAACT
TAAGCATATCATAA
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Cal ade
gracillimum

AGGTCCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTITCCAACTCACAACCCAAT
GTGAACATACCTACGTTGCTTCGGCGGCATCCGGCCCCAGGCCGCGCCGCCGGAGAC(
AAACTCTTTGTTTTCCAATGTGGTTACTTCTGAGTATTCTTGAAATAAATCAAAACCTTC
AACAACGGATCTCTTGGCTCTGGCATCGATGAAGAACGCAGCGAAATGCGAAAAGTAA
TGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCTGGA
ACTCCGGCGGGCACGCCTGTCCGAGCGTCATTTCAACCCTCAGGCCCCCCTTTCGGGG|
CGGGCCTGGTGTTGGGGCGCGGCCGTCCTCACCGGCGGCCGGCCTCCAAATTCAGTG!
GGTCACGCCGCAATCCCTTGCGTAGTAATATCACCTCGCACTGGAGAGCGACGCGGTC(
ACGCCGTGAAACCCCAACTTTTCAATGGTTGACCTCGGATCAGGTGGGAATACCCGCTG
AACTTAAGCATATCATAA

Caladenia
catenata

AAAGGTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTCCAACTCACAACCCAA
TGTGAACATACCTACGTTGCTTCGGCGGCATCCGGCCCCAGGCCGCGCCGCCGGAGAC
CAAACTCTTTGTTTTCCAATGTGGTTACTTCTGAGTATTCTTGAAATAAATCAAAACCTT
CAACAACGGATCTCTTGGCTCTGGCATCGATGAAGAACGCAGCGAAATGCGAAAAGTA
ATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCTGG
AACTCCGGCGGGCACGCCTGTCCGAGCGTCATTTCAACCCTCAGGCCCCCCTTTCGGG!
GCGGGCCTGGTGTTGGGGCGCGGCCGTCCTCACCGGCGGCCGGCCTCCAAATTCAGTH
CGGTCACGCCGCAATCCCTTGCGTAGTAATATCACCTCGCACTGGAGAGCGACGCGGT(
CACGCCGTGAAACCCCAACTTTICAATGGTTGACCTCGGATCAGGTGGGAATACCCGCT
GAACTTAAGCATATCAATAA

Appendix IB: ITS sequening resultsfrom fungi isolated fromBulbophyllumspp.

Source

Sequence results from AGRF

Bulbophyllum
bracteatum

CATTCACTAGAAAGGAACCGATTTGAGGTCAATTGTCAAGATGCTTGTCCAAACAGGAC
GGTTCGCAGCACAGAGCCCACAGAGCAGACGTGTCCCAAAGGGACTTGTTCCAGTGAA(
ATGCTTATCACACTGAAGACGCCGCCGAAGCAGGGTGCACTCATGCATTTGAGACTGGT
CGTCATTACACGACAGAGTCCAAGTCCACACCCAACCACGACAAAGTGTTTGGGGTGAG
ATTACAATGACACTCAAACGGGTGTACCTTTCGGAATACCAAAAGGTGCAAGGTGCGTT
CAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTTATCGCATTTCGCTGCGT
TCTTCATCGGTGCGAGAGCCAAGAGATCCGTTGTTGAAAGTTGTATTTGTATGCATTATG
CACAGATACGTTCCATTACATATCAGAGTGTGTAAAAATACTCTGAGATCCAGACCGAC
AGCGAAGCCAGCCTGCTGCGAGTCGGATGAACCGACGGGCGAATCCCAGAGTCATAAG
TGCACAGGTGTGTGGATTTGCGATCGACGTGCEATGCGTTGCCACCAGCACAGACGAC
CGACTTTAGATTCGTTAATGATCCTTCCGCAGGTTCACCTACGGAACATTTATATTGCAT
AAGCATCAGAGTACTTGTACCCAACCTCTCGGTTGGGACTCGACCATATCTTAAGCACTT
GAAGTGCCCACTACCATTTGGCCTGTGAACTGCACCCCACGACAAGGGGCTTGGCTGC(C
GATTGTCCCTGTTCCATGTGCTGTTACCATACCCAAGGTGATTAGCCTGGAICTGCGCTA
CATCTTTCGATGAGCCGCGGTGACATGGACTTGACAGGATTTTCCCGCAATTTGATAGT(
TCGCCTCTCATGAGAGACACTAGCGTTATACTCCCNGTGTGTGTATAGACTNCGGGGTN]
CACTTTTTGGGGCACACTAAGGTTTGTGCATGTGCACTGTGCNGNGAGAATTGTGGTGC]
CCTCATACACGTGGAATCTACAGACCCTGTTATGACATTTTCTTTCCATAAAAATAACCA
GAANAAA AAA

Bulbophyllum
schillerianum

TCAAGGTTGGAATCCAACCGATTTGAGGTCAATTGTCAAAGGTTGTCCGGAGACGGTTC
GACAGCACAGAGCCNACAACGCATGCGTGTCCCAAAGGACTTTGTTCCAGTGAAGATGC
TTATCACACTGAAGACGCTGCAACAGCAGGGTGCACTCATTCATTTGAGACCAGCCGTT
GTGACACGACAGGGTCCAAGTCCACGTCCGACAGCGACAAAGCTGASGGAGTGAGATT
ACAATGACACTCAAACGGGTGTACCCTTCGGAATACCAAAGGGTGCAAGGTGCGTTCAA
AGATTCGATGATTCACTGAATTCTGCAATTCACATTACTTATCGCATTTCGCTGCGTTCTT
CATCGATGCGAGAGCCAAGAGATCCATTGTTGAAAGTTGTATTTTTGCGCGTTATGCACA
TGTACATTCCATTACATTCAGAGTGTGTAAAAATACTCCAAGATCCAGGCCAACCTAAG
TCGACOGGCTGCAAGTCGGACAAGCCAACAGGCAAATCTAAGAGTCAAAGGTTCACAG
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GTGTGTGGATTTGCGACCAACGTGCACAATGCGTCTCCGCCAGCACAGATGACCGACTT
GTAATTCATTAATGATCCTTCCGCAGGTTCACCTACGGAACATTTGCATTTCGTACAGAG
TACTTGTACCCAACTTTCCAATTGGGATTCGACCATATCTTAAGCATCGAGCGATGCCCA
CTACCATCTGGCCTGTGAACTGCACCCACAGAGGAGGGGCTTGGCTGCAGATTCTCCC
TATTCCACATGCTGTTACCATACCCAAGGTTGTTAGCCTGGTGCTGACGCTGCACCTTTC
GGTGAGCCGCAGTGATGTGGACATGACAGGATCTTCCCGCAATTTGATAGTGTTGCCTC
CACAAAGGAGACTAGCGTTTAATCCACCTGGTTGTTTAGAGTCGCTGGTGAAACCCTTTC
GGGCCACTGAGGCTTCTGCAAGTGTACTCTGCGGAAGGAACATGCTGTTCTTCGTAGA
CTTTTGCTACTGAAACCTTGTTACGACTTTTACTTCCNCAAAAAAAAGACANAGAAAA

Bulbophyllum
shepherdii

ACCCTTTGGCACCACCCCGTGAGGTCTGTCAAGAAGCCGCATCCGCCGGAGCGGACCA
TTGATCCAGTGAACGTGGCAGAGGATCTCGCACTCGACGTTCGCAAGCAGACCTCGACA
TTTATGACAAGGTCACCGCGTGCGTCGGTGCAACCATAATCTGAGGAAGCGCGACACA
TAGGGTCGTGAATCCCGAACCTGGACAGGCCACATAAAGTGACAAGTCGCAAAGACAT
AATGACGCTCAATGGGGCGTATCGTTCCTGGATAAGGCTCGATGCAGTGCGTTCAACAA
TTCGATGGTTCACGTATAAGTTTTGGACTTGCATATCACACCACTTATCGCATTTTGCAA
CGGTCTTCATCGAATGACGTGCCAAGGGATCCAACGCTACTGGTTGTGTTATCTCTG&T
TTAAGGTAGGCATGACACGGATTACAATGGTTTGTCAAGATCCCGAGGGGACCAAGACT
AGCGCCTGGAGAGGCGCATTGCATCCAGAGTGTGATGAGGGGCCCGTGAAGGCTGACA
CTCCATAACTATGATCCTTCCGCAGGTTCACCTACGGAAACCTTGTTACGACTTACTTCC
TCTAATGGAACCAAGAAA

Bulbophyllum
minutissimum

CGTGGACTGCGGAGGATCATTATCGTGGGGTTCGGCCCTAGTCGAGATAGAACCCTTG
CCTTTTTGAGTACCCTTTCTTGTTTCCTCGGCGGGCCTGCCCGCCGATGGGGACCACCA
AAACGCTTTGCAGTACCTGTAACAGTCTGATAAACAAACAAAATAATCAAAACTTTCAA
CAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAGTGT
GAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCTTTGGTATTC
CTTAGGGCATGCCTGTTCGAGCGTCATTTAAACCTTCAAGCTCAGCTTGGTGTTGGGTGA
CTGTCCGCCGCCCCCGGGCGCGGACTCGCCCCAAATTCATTGGCGGCCGGTACGTAGK
TTCGAGCGCAGCAGAAACGCGAACTCGGGCCCGCGGTGTCGGCTCCCAGAAGCTATCT
CACAATTTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAANG
NCGGAGGAAGCN

Bulbophyllum
exiguum

TCATTGGTTCTACCTGATCCGAGGTCAACCACTAGAAAAAAAATAGAGGTTTATGGCGA
TAGTTAGGCTACAATAAAGCGAATAAAATTTACTACGCTTAGGGTGAGACCGTAACCCT
GCCACTGACTTTGAGGAGTTACCAGACGGTAATGCTCCCAACGCTAAGCAACTAAGGCT
TAATGGTCGTAATGACGCTCGAACAGGCATGCCCACTAGAATACTAATGGGGCAATGT
GCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTTATCGCATTTCGC
TGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAGTTTTGACTTATTTAT
ATATGTAACTCAAATGCGCCACACAGAAACAAGAGTTTAGTGAGTCCTTCGGCGGTCCG
CAGGCTACCGGGTAGCTACAGTGTAGCTCCAGGGTAGGAGACTACAGGGTAGCTACCG
GTAGCTCCAGGETAGGTATGCCTAGTAGGCACCCTGGATGTGCGATCACCGCCGAGGCHA
ACACGGGTATGTTCACATGGGTTTGGAGTTTGATAACTCAGTAATGATCCCTCCGCTGGT]
TCACCAACGGAAACCTTGTTACGACTTTTACTTCCCAATTNNNNNNCCNNNNA
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Appendix Il

Appendix It LSU sequencing results frofangi isolated fromBulbophyllumspp

Source
Bulbophyllum
bracteatum

Bulbophyllum
schillerianum

Sequence results
GTACCACACAAAACAGCATCGTGCCAGGCTTCTTCACCGACCTCCACG
CCTGCCTACTCGTCAGCGCGTCACAAGAACGCTGACGGCGAGGTATGC
GTAACACGCTTGAGCGCCATCCATTTTCAGGGCTAGTTCATTCGGCAGC
TGAGTTGTTACACACTCCTTAGCGGGTTCCGACTTCCATGGCCACCGTC
CTGCTGTCTAGATGAACTAACACCTTTTGTGGTGTCTGATGAGCGTGTA
TTCCGGCACCTTAACCTCGCGATCGGTTCATCCCGCATCGCCAGTTCTC
CTTACCAAAAATGGCCCACTAGAAACTCTCACCCAGAGAAGAGTCCAA
TCAAGTGACAATTCTGTCTTGCACATTTAGAGTTTGAGAATAGGTTAAG
GTTGTTTCAACCCCAAGGCCTCTAATCATTCGCTTTACCGCACAAGGCT
GATAATGAGTTTCTGCTATCCTGAGGGAAACTTCGGCAGGAACCAGCT
ACTAGATGGTTCGATTAGTCTTTCGCCCCTATACCCAAATTTGACGATC
GATTTGCACGTCAGAATCGCTACGAGCCTCCACCAGAGTTTCCTCTGGC
TTCACCCTATTCAGGCATAGTTCACCATCTTTCGGGTCCCAACATATAC
GCTCTACCGCGGATGCGTCACAGAAGGTCTGCTCCGGGCGTCGGTGC/
CAAGTACATGATCCCGACCTTTCACTTTCATTACGCGCCCAGGTTTGAC
ACCTAAACACTCGCGCACATGTTAGACTCCTTGGTCCGTGTTTCAAGAC
GGGTCGCTTAAAGCCATTATGCCAGCATCCTAAGCACGTACCGAGGGC
GAACCCCGGCCATAAGGCGTGCTGCGTTCCTCAGTCCCAACCGAGACA
TACAACGAGGGGCTATAACACTGCCCGAAGACAGCCACATTCCCCAAG
CCTTTCTCCCTCGATCGAAACTGACGCTGACCCATTTGCCAGAAAGAC
ACCAGGCAGAAGCCAGGCTGAATTCCGACCAATGTGACTGACTTCAAA
CGCTTCCCTTTCAACAATTTCACGTACTGTTTCACTCTCTTTCCAAAGGG
CTTTTCATCTTTTCCCTCCCGGGAATTGGTTCGCTATCGGGCTCTCGCC,
AAATTTAACTTTTAAAGGGAATTTACCCCCCCCTTTTTGAGTGGGATTC
CCAAACAAATCGACCCCTCCAAAAGGGTTTCTCAAAGACCTTGGGGGT
CCCACCCCQRAAAGGGGATT
AGACATAAAAACCAGCATGCTGCCAGGCTTCTTCACCAACCTCCACGC
CTGCCTACTCGTCAACGCGTCACAAGAACGCTGACGGCGAGGTATGGC
TAACACGCTTGAGCGCCATCCATTTTCAGGGCTAGTTCATTCGGCAGGT
GAGTTGTTACACACTCCTTAGCGGGTTCCGACTTCCATGGCCACCGTCC
TGCTGTCTAGATGAACTAACACCTTTTGTGGTGTCTGATGAGCGTGTAT
TCCGGCACCTTAACCTCGCGATCGGTTCATCCCGCATCGCCAGTTCTG(C
TTACCAAAAATGGCCCACTAGAAACTCTCACCCACAGAGAAGTCCAAT
CAAGTGACAACCCTATCTTGCACATTTAGAGTTTGAGAATAGGTTAAG
GTTGTTTCAACCCCAAGGCCTCTAATCATTCGCTTTACCGCACAAGGCT
GATAATGAGTTTCTGCTATCCTGAGGGAAACTTCGSCAGGAACCAGCT
ACTAGATGGTTCGATTAGTCTTTCGCCCCTATACCCAAATTTGACGATC
GATTTGCACGTCAGAATCGCTACGAGCCTCCACCAGAGTTTCCTCTGGC
TTCACCCTATTCAGGCATAGTTCACCATCTTTCGGGTCCCAACATATAC
GCTCTACCTCGGATGCGTCACAGAAGGTCTGCTCCGGGCGTCGGTGCA
CAAGTACATGATCCCGACCTTTCACTTTCATTACGCGCCCAGGTTTGA
ACCTAAACACTCGCGCACATGTTAGACTCCTTGGTCCGTGTTTCAAGAC
GGGTCGCTTGAAGCCATTATGCCAGTGTCCTAAGCACGTACCGAGGGC
GCGAACCCCGGCCAGAAAGCGTGCTGCGTTCCTCAATCCCAACCGAGA
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CATACAACAAGAGGCTATAACACTGCCCGAAGACAGCCACATTCCCCA
AGTCTTTCTCTCTCGATCAAAATTGACACTGACCCATTTGCCAGAAAAT
ACACCAGGCAGAAGCCAGGCTGAGTTCCGACCAATGCGACTGACTTCA
AACGCTTCCCTTTCACAATTTCACGTACTGGTTTCATCTCTTTCCAAAAT
GCTTTTCATCTTTCCTCCCGGGACTTGTTCGCTATCGGTCTCTCGCCAT/
TTTACTTTTAAAGGGAATTACCACCCCTTTTGAGCTGCATTCCCAACAA
CCCCACCCCCTTAAAAGGGTTTAAAGAAACCAAGGGTGTCCCCCCCCA
AACGGGATTCTTCCCCCTTTAAAC
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Appendix Il

Appendix I1-A: Values of plant height, root length, shoot length and fresh weight
between irSer/Ser treatments (3 ml inoculum) in the two experiments.

Serendipita (Exp 1)
Total Length Shoot Length Root Length Fresh Weight (g)
No. | (cm) (cm) (cm)

1 23 7 16 0.5342
2 22.5 7.5 15 0.5619
3 19 9 10 0.7944
4 18 4 14 0.5846
5 15 5 10 0.7109
6 17.5 5 12.5 0.5342
7 15 5 10 0.6645
8 25 12 13 0.786
9 28.5 10.5 18 1.1808
10 21.5 8 13.5 0.4869
11 17 5.5 11.5 0.78(8
12 14 4 10 0.6211
13 20.5 6.5 14 0.5217
14 17.5 8.5 9 0.6391
15 15 4.5 10.5 0.5894
16 20 10 10 0.566
17 20 7.5 12.5 0.3841
18 22.5 I 15.5 0.4218
19 19 5 14 0.4259
20 21.5 5.5 16 0.5897

Serendipita (Exp 1)
Total Length Shoot Lenth (cm) | Root Length Fresh weight
No. | (cm) (cm) (@)
1 22 11 11 0.705
2 25 9 16 0.3073
3 18 6 12 0.2603
4 28 10 18 0.8628
5 21 6.5 14.5 0.6892
6 28 9 19 0.7031
7 20.5 8 12.5 0.5912
8 21.5 9 12.5 0.6568
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9 23 9 14 0.6512
10 18 9.5 8.5 0.4702
11 24.5 7.5 17 0.4457
12 17 8 9 0.4555
13 23.5 11.5 12 1.127
14 25 13.5 11.5 0.5224
15 21 9 12 0.3913
16 15 7.5 7.5 0.2712
17 26 9.5 16.5 0.5614
18 28 10 18 1.1067
19 23 9.5 13.5 0.5293
20 20 7 13 0.4384

Serendipita (Exp 2)
Total Length Shoot Legyth Root Length Fresh Weight
No. | (cm) (cm) (cm) (9)

1 19 9 10 0.64

2 20 8.5 11.5 0.6372

3 19 10.5 8.5 0.8123

4 15 9.5 55 0.5488

5 18 9 9 0.447

6 19 6.5 12.5 0.452

7 19.5 10.5 9 1.16

8 21 11.5 9.5 0.7962

9 20 6.5 13.5 0.765
10 13 6 7 0.3625
11 21 8.5 12.5 0.643
12 9 4 5 0.3066
13 16 4.5 11.5 0.5236
14 19.5 6.5 13 0.7056
15 18 9.5 8.5 0.4933
16 14 9 5 0.5984
17 21 10 11 1.144
18 20 11 9 0.6561
19 22 13 9 0.733
20 10 5 5 0.2465

Serendipita (Exp 2)
Total Length Shoot Length Root Length Fresh weight
No. | (cm) (cm) (cm) (@)
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1 22 11 11 0.705
2 25 9 16 0.3073
3 18 6 12 0.2603
4 28 10 18 0.8628
5 21 6.5 14.5 0.6892
6 28 9 19 0.7031
7 20.5 8 12.5 0.5912
8 21.5 9 125 0.6568
9 23 9 14 0.6512
10 18 9.5 8.5 0.4702
11 24.5 7.5 17 0.4457
12 17 8 9 0.4555
13 23.5 115 12 1.127
14 25 13.5 115 0.5224
15 21 9 12 0.3913
16 15 7.5 7.5 0.2712
17 26 9.5 16.5 0.5614
18 28 10 18 1.1067
19 23 9.5 13.5 0.5293
20 20 7 13 0.4384

Appendix I1-B: Values of plant height, root length, shoot léngnd fresh weight
between irSer/Ser treatments (1.5 ml inoculum) in the three experiments.

Serendipita (Exp 1)
Total Length Shoot Length Root Length Fresh Weight
No. | (cm) (cm) (cm) (@)
1 21 8.5 12.5 0.786
2 24 14 10 0.92
3 22 14 8 0.907
4 24 9.5 14.5 0.668
5 27 15 12 1.006
6 24 13 11 0.811
7 19 7.5 11.5 0.667
8 20 8 12 0.416
9 24 9 15 0.575
10 23 9 14 0.625
11 26 17 9 1.327
12 28 17 11 3.088
13 20 9 11 0.764
14 23 10 13 0.718
15 25 19 6 1.323
16 30 15 15 1.949
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17 27 11 16 0.716
18 25 18 7 1.378
19 31 17 14 2.207
20 32 11 21 0.749
Serendipita (Exp 1)
Total Length Shoot Length Root Length Fresh weight
No. | (cm) (cm) (cm) (9)
1 28 13 15 0.828
2 28 8 20 0.624
3 28 14 14 0.928
4 33 135 19.5 2.334
5 30 11 19 0.508
6 21 13 8 0.834
I 24 14 10 1.234
8 30 10 20 0.477
9 29 7.5 21.5 0.832
10 25 6 19 0.281
11 30 10 20 0.57
12 25 10 15 0.644
13 28 10 18 0.477
14 26 12.5 13.5 0.933
15 20 9.5 10.5 0.734
16 27 10.5 16.5 0.732
17 27 9 18 0.354
18 20 9 11 0.414
19 24 15 9 0.746
20 22 11 11 0.724
Serendipita (Exp 2)
Total Length Shoot Length Root Length Fresh Weight
No. | (cm) (cm) (cm) (@)
1 21.5 5.5 16 0.411
2 14 9 5 0.417
3 25 9.5 15.5 0.48
4 19 8 11 0.501
5 24 15.5 8.5 0.861
6 25 9 16 0.722
7 13 7 6 0.395
8 21.5 12 9.5 1.12
9 26 15 11 0.877
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10 20 14 6 1.173
11 26 14 12 0.976
12 28 10 18 0.8
13 24 10 14 0.623
14 21 9.5 11.5 0.609
15 20 9 11 0.483
16 30 9 21 0.62
17 20 8 12 0.336
18 30 7 23 0.265
19 12 5 7 0.176
20 10 5 5 0.195
Serendipita (Exp 2)
Total Length (cm)| Shoot Length (cm) | Root Length (cm)| Fresh weight
No. (9)
1 22 8 14 0.325
2 18.5 8.5 10 0.52
3 21 10.5 10.5 0.639
4 25 8 17 0.355
5 24 13 11 0.708
6 23 11 12 0.76
7 22 13 9 0.742
8 21 12.5 8.5 0.582
9 21 6.5 14.5 0.384
10 22 10.5 11.5 0.493
11 24 16 8 0.707
12 24 12 12 0.535
13 28 8.5 19.5 0.274
14 36 18.5 17.5 0.966
15 21 11.5 9.5 1.11
16 14 7 I 0.16
17 20 5 15 0.381
18 29 11 18 0.8
19 29 8 21 0.854
20 20 6.5 13.5 0.695
Serendipita (Exp 3)
Total Lengh Shoot Length Root Length Fresh Weight
No. | (cm) (cm) (cm) (9)
1 21 13 8 0.615
2 17 6 11 0.333
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3 23.5 10.5 13 0.518
4 21 10.5 10.5 0.558
5 20 12 8 0.54
6 18 9 9 0.504
7 25 14 11 0.853
8 20 12 8 0.515
9 16 9 7 0.524
10 17 9 8 0.565
11 27 9 18 0.438
12 17 8 9 0.435
13 14 9 5 0.532
14 23 8 15 0.55
15 14 8 6 0.515
16 20 5.5 14.5 0.365
17 17 11 6 0.529
18 17 8 9 0.3
19 22 8.5 13.5 0.437
20 21 7 14 0.45
Serendipita (Exp 3)
Total Length (cm)| Shoot Length Root Length Fresh veight
No. (cm) (cm) (9
1 26.5 7.5 19 0.373
2 19 7 12 0.387
3 22 7 15 0.368
4 25 5 20 0.225
5 30 6 24 0.485
6 22 7.5 14.5 0.343
7 21 5.5 15.5 0.414
8 18 10 8 0.576
9 17 8 9 0.376
10 20 7.5 12.5 0.411
11 18 11 7 0.577
12 27 8 19 0.491
13 23 6.5 16.5 0.362
14 25 7 18 0.233
15 21 55 15.5 0.231
16 22 6 16 0.227
17 25 6 19 0.533
18 23 6.5 16.5 0.23
19 16 6 10 0.211
20 23 7 16 0.31
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Appendix IV

Appendix 1V:Values of plant height, root length, shoot length and fresh weight
between irSer/PM+ & Ser/PM+ treatments in the three experiments.

Serendipita/PM+ (Exp 1)
Total Length Shoot Length Root Length Fresh Weight (g)
No. | (cm) (cm) (cm)
1 22 12.5 9.5 1.166
2 23.5 14 9.5 1.085
3 24 12 12 1.106
4 24 15 9 1.109
5 22 11 11 1.283
6 27.5 11.5 16 1.116
I 26 11.5 14.5 1.209
8 25 14 11 1.127
9 26 9.5 16.5 0.612
10 30 11 19 1.133
11 23 13 10 0.866
12 24 12 12 0.986
13 20 12 8 0.703
14 22 13 9 1.388
15 20 10 10 1.247
16 22 9.5 12.5 0.838
17 25 15 10 1.31
18 22 9 13 0.612
19 24 13 11 0.981
20 20 8 12 0.683
Serendipital PM+ (Exp 1)
Total Length (cm)| Shoot Length Root Length Fresh weight
No. (cm) (cm) (@)
1 21 9.5 11.5 0.644
2 20 12.5 7.5 0.639
3 21 10.5 10.5 0.615
4 26 12.5 13.5 0.888
5 24 11 13 0.585
6 24 10 14 0.572
7 26 10 16 0452
8 25 10.5 14.5 1.01
9 27 11.5 15.5 0.803
10 21 10.5 10.5 0.606
11 20 12 8 0.56
12 24 13 11 0.93

180



13 26 11 15 0.926
14 20 9 11 0.814
15 20 11 9 0.656
16 20 11 9 0.781
17 21 12 9 1.22
18 22 13 9 0.809
19 21.5 10 11.5 0.432
20 25 10.5 14.5 0.89
Serendipita/PM+ (Exp 2)
Total Length Shoot Length Root Length Fresh Weight
No. | (cm) (cm) (cm) (@)
1 19 10.5 8.5 0.625
2 22 15.5 6.5 0.864
3 23 11.5 11.5 0.812
4 14 6 8 0.487
5 20.5 12.5 8 0.84
6 21 11.5 9.5 0.748
I 25 13 12 0.494
8 24 12 12 0.766
9 22 9 13 1.035
10 26 13 13 0.897
11 24 14 10 1.331
12 23 12 11 1.059
13 27 14 13 0.783
14 30 14 16 0.979
15 26 14 12 1.067
16 27 12 15 1.107
17 25 12 13 1.369
18 27 13 14 0.981
19 21 14 7 1.333
20 25 15 10 1.06
Serendipital PM+ (Exp 2)
Total Length Shoot Length Root Length Fresh weight
No. | (cm) (cm) (cm) (@)
1 22 12 10 0.782
2 24 12 12 0.608
3 23 11.5 11.5 0.614
4 22.5 11.5 11 0.74
5 22 9 13 0.322
6 30 11 19 0.63
7 21 11 10 0.745
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8 19.5 9.5 10 0.446
9 25 10 15 0.65
10 24 10 14 0.721
11 30 10 20 0.535
12 26 13 13 1.1
13 20 10 10 0.634
14 20 11 9 0.87
15 24 11 13 0.838
16 20 9 11 0.537
17 27 12 15 1.13
18 24 8 16 0.681
19 22 11 11 0.921
20 26 11 15 1.01
Serendipita/PM+ (Exp 3)
Total Length Shoot Legth Root Length Fresh Weight
No. | (cm) (cm) (cm) (9)
1 18 8 10 0.537
2 19 4.5 14.5 0.15
3 25.5 8 17.5 0.673
4 25 7.5 17.5 0.518
5 17 8 9 0.364
6 26 11 15 0.877
7 19.5 6.5 13 0.245
8 17 6 11 0.234
9 19 5 14 0.303
10 17 7 10 0.327
11 16 5.5 10.5 0.28
12 22 5.5 16.5 0.335
13 16 6 10 0.417
14 13.5 4.5 9 0.257
15 13 6 7 0.183
16 27 6.5 20.5 0.351
17 15 5 10 0.435
18 13 4.5 8.5 0.207
19 19 7 12 0.315
20 20 6 14 0.286
Serendipital PM+ (Exp 3)
Total Length Shoot Length Fresh weight
No. | (cm) (cm) Root Length (cm)| (g)
1 14 5 9 0.308
2 14 7 7 0.192
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3 19 8 11 0.282
4 21 5 16 0.285
5 22 5 17 0.293
6 22 6 16 0.352
7 19 9 10 0.816
8 23 5 18 0.252
9 24 7 17 0.32
10 18.5 7.5 11 0.31
11 21 7 14 0.213
12 23 5 18 0.313
13 20 5.5 14.5 0.295
14 23 8 15 0.372
15 24 8.5 15.5 0.276
16 17 6 11 0.163
17 21 7 14 0.322
18 20 7 13 0.272
19 17 7.5 9.5 0.236
20 23 7 16 0.178
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Appendix V
Appendix LA: statistical analysis of grow#xperiment variables between

Ser4Ser treatnents (3 ml inoculum) in the three experiments using jamovi 2.2.5
statistical software.

Results of growth experiment 1 (3 ml)

Independent Samples T-Test

Independent Samples T-Test

Statistic df p

Total Length (cm) Student's t -2.38¢€ 38.0 0.022
Welch's t -2.388 38.0 0.022

Shoot Length (cm) Student's t -3.33¢ 38.0 0.002
Welch's t -3.33¢ 35.7 0.002

Root Length (cm) Student's t -0.708 38.0 0.48¢
Welch's t -0.703 36.1 0.487

Fresh Weight (g) Student's t 0475 380  0.638
Welch's t 0475 350  0.638

Assumptions
Normality Test (Shapiro-Wilk)

W p
Total Length (cm) 0.984 0.823
Shoot Length (cm) 0.952 0.086
Root Length (cm) 0.97¢ 0.664
Fresh Weight (g) 0.908 0.003

Note. A low p-value suggests a violation of the assumption of normality

Homogeneity of Variances Test (Levene's)

F df df2 p
Total Length (cm) 0.021¢ 1 38 0.883
Shoot Length (cm) 2.3647 1 38 0.132
Root Length (cm) 0.7474 1 38 0.393
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Homogeneity of Variances Test (Levene's)

F df df2 p

Fresh Weight (g) 1.764C 1 38 0.192

Note. A low p-value suggests a violation of the assumption of equal variances

Group Descriptives

Group N Mean Median SD SE
Total Length (cm) Serendipita + 20 19.60C 19.50C 3.691 0.8252
Serendipita - 20 22.40C 22.50C 3.726 0.8332
Shoot Length (cm)  Serendipita + 20 6.850 6.75C 2277  0.509:
Serendipita - 20 9.000 9.00C 1.762  0.394C
Root Length (cm) Serendipita + 20 12.75C 12.75C 2,568  0.5741
Serendipita - 20 13.40C 12.75C 3.243 0.7251
Fresh Weight (g) Serendipita + 20 0.619 0.587 0.177  0.039t
Serendipita - 20 0.587 0.545  0.239  0.053t

Plots
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Fresh Weight (g)
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Standardized Residuals

Descriptives

Descriptives

Theoretical Quantiles

Colonisation Total Ll:rc:otth Shoot Fresh

Type Length (cm) (Crg) Length (cm)  Weight (g)

N Serendipita + 20 20 20 20

Serendipita - 20 20 20 20

Missing Serendipita + 0 0 0 0

Serendipita - 0 0 0 0

Mean Serendipita + 19.6 12.8 6.85 0.619

Serendipita - 22.4 13.4 9.00 0.587

Median Serendipita + 19.5 12.8 6.75 0.587

Serendipita - 22.5 12.8 9.00 0.545

Standard Serendipita + 3.69 257 2.28 0.177
deviation

Serendipita - 3.73 3.24 1.76 0.239

Minimum Serendipita + 14.0 9.00 4.00 0.384

Serendipita - 15.0 7.50 6.00 0.260

Maximum Serendipita + 28.5 18.0 12.0 1.18

Serendipita - 28.0 19.0 13.5 1.13

\?\:‘ap"&w"k Serendipita + 0.964 0.937 0.930 0.863

Serendipita - 0.967 0.963 0.956 0.918
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Descriptives

Colonisation Total Lzrc:otth Shoot Fresh
Type Length (cm) (crg) Length (cm) Weight (g)
shap'“}w"k Serendipita + 0.616 0.206 0.157 0.009
Serendipita - 0.68¢ 0.614 0.476 0.095
Plots
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Root Length (cm)

Root Length (cm)

Standardized Residuals
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Shoot Length (cm)
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Fresh Weight (g)
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Fresh Weight (g)
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Results of growth experiment 2 (3 ml)

Independent Samples T-Test

Independent Samples T-Test

Statistic df p

Total Length (cm) Student's t -4.004 38.0 <
Welch's t -4.004 38.0 <

Shoot Length (cm) Student's t -0.84¢ 38.0 0.401
Welch's t -0.84¢ 34.4 0.402

Root Length (cm) Student's t -4.351 38.0 <
Welch's t -4.351 36.9 <
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Independent Samples T-Test

Statistic df p

Fresh Weight (g) Student's t 0.614 38.0 0.543
Welch's t 0.614 38.0 0.543

Assumptions
Normality Test (Shapiro-Wilk)

W P
Total Length (cm) 0.948 0.071
Shoot Length (cm) 0.979 0.665
Root Length (cm) 0.971 0.385
Fresh Weight (g) 0.93C 0.016

Note. A low p-value suggests a violation of the assumption of normality

Homogeneity of Variances Test (Levene's)

F df df2 p
Total Length (cm) 0.0141 1 38 0.90€
Shoot Length (cm) 3.365¢€ 1 38 0.074
Root Length (cm) 0.6341 1 38 0.431
Fresh Weight (g) 0.029¢t 1 38 0.865

Note. A low p-value suggests a violation of the assumption of equal variances

Group Descriptives

Group N Mean Median SD SE

Total Length (cm) Serendipita + 20 17.70C 19.00C 3.697 0.8267
Serendipita - 20 22.40C 22.50C 3.726 0.8332

Shoot Length (cm) Serendipita + 20 8.425 9.00C 2.462 0.5504
Serendipita - 20 9.000 9.00C 1.762 0.394C

Root Length (cm) Serendipita + 20 9.275 9.00C 2.731 0.6107
Serendipita - 20 13.40C 12.75C 3.243 0.7251

Fresh Wéght (g) Serendipita+ 20  0.634 0.63¢ 0237  0.053C
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Group Descriptives

Group N Mean Median SD

SE

Serendipita - 20 0.587 0.54% 0.239

0.053¢

Plots
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Root Length (cm)
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Descriptives

Descriptives

Colonisation Total Shoot Lzr?otth Fresh

Type Length (cm) Length (cm) (cngﬁ) Weight (g)

N Serendipita + 20 20 20 20
Serendipita - 20 20 20 20

Missing Serendipita + 0 0 0 0
Serendipita - 0 0 0 0

Mean Serendipita + 17.7 8.43 9.28 0.634
Serendipita - 22.4 9.00 134 0.587
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Descriptives

Root

Colonisation Total Shoot Lenath Fresh
Type Length (cm) Length (cm) (crg) Weight (g)
Median Serendipita + 19.0 9.00 9.00 0.639
Serendipita - 22.5 9.00 12.8 0.545
Standard Serendipita + 3.70 2.46 273 0.237
deviation
Serendipita - 3.73 1.76 3.24 0.239
Minimum Serendipita + 9.00 4.00 5.00 0.246
Serendipita - 15.0 6.00 7.50 0.260
Maximum Serendipita + 22.0 13.0 13.5 1.16
Serendipita - 28.0 13.5 19.0 1.13
\f’;apmw"k Serendipita + 0.855 0.962 0.930 0.942
Serendipita - 0.967 0.956 0.963 0.919
shap"ow"k Serendipita + 0.007 0.57¢ 0.152 0.257
Serendipita - 0.689 0.47€ 0.614 0.095
Plots
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Appendix \AB: statisticalanalysis of growtlexperiment variables betwe&er+Ser
treatments (1.5 ml inoculum) in the three experimasisg jamovi 2.2.5 statistical
software

Results of growth experiment 1 (1.5 ml)

Independent Samples T-Test

Independent Samples T-Test

Statistic df p
Total Length (cm) Student's t -1.31 38.0 0.197
Welch's t -1.31 38.0 0.197
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