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Summary

Diaportheseed decay iamongthe mostdisruptive soybean diseasasound the worlgdwhich

cause significant yield losses aaffect ®ybeanquality. Different Diaporthe species cause
this diseasewhile Diaporthelongicolla is considered the maicausl agent The species of
this fungal complex (genus Diaporthe is also called the DiaporthgPhomopsis
Complex/ DPC) have to be accurately identified for epidemiological sturfiise disease and

for optimalcontrolmeasures

To identify the major causal agents of seed decay in EuRip&;damaged soybeaseedf
various cultivars, that were collected from different fieldsGermany, France, and Austria
were tested by seed platin82 Diaporthe isolates could be obtainedhe isolateswere
morphologically iéntified by the colors and shape of tbelony, conidiadimensionsand by
whether pycnidia with U andor b-conidia or peritheciawith ascospores are formedo
corroboratemorphological identificationsequences of thimternal transcribed spacer (ITS),
translation elongation factd-U (TEF1), and ketatubulin (TUB) sequences werebtained
From the results ofboth morphological and molecular analysgsbecame clear thaall
isolates belong to one of theur specied. longicolla, D. caulivora D. eres andD. novem
The pathogenicity of all strason soybeanvas tested. Molecular phylogenies were calculated
and based on the above results updated species descriptions were drestestudy
identified these four speciessthe main Diaporthepathogens fosoybean in central Europe.

A sensitive andccurate methotbr quick detection othese pathogensas developed based
on multiplex reattime PCR Specific TagManprimer-probe setdor the four speciesvere
designedbased onTEFL sequences. The primprobe sets weréesed for specificity and
efficiency using PCR products and genomic DNA from the fiaporthe species and
severalother soybean pathogens. These priprebe setgeliably distinguish the different
species andhey can be used to detect then the same reaction by quadrupleattime
PCR.DNA from different soybeanplant materiad including healthy and infected seeds or

seed coats, stems, and leawes used to teshequadruplexeattime PCR assay.

Application of tle assayvas extended to quantify the pathoge®iandard curvesor the four
speciesverecreaed from serial dilutions of genomic DNA diluted wiBNA from soybean
tissue An additional standard curve waated from serial dilutions of soybean DN#uted
with ddHO. To gain the ratioof fungal DNA per plant DNA(ng/ng), DNA samplesfrom
soybean tissues can now be examiimethe new assayand aparallel SYBR® Greenbased
reattime PCR.The assay was first applied $&x soybean seed lowgith putativeDiaporthe
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contamination.In dl seed lo$ seedscontaminagd with Diaporthe speciesand even some
seeds infected with more than dbmporthespeciesvere foundwhile other seedwerefree
of the pathogens. THead of fungal biomass vas stronglybetween individuaseeds.
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Zusammenfassung

Diaporthe seed decay (Diaporthe Samenverfa)l ist eine der zerstorerischsten
Sojabohnenkrankheiten, die weltweit die Qualitdt und Quantitat der Samen beeirgréchtig
Die Krankheit wird hauptsachlich vomiaporthe longicolla zusammen mit anderen
Diaporthe Arten verursachtDie genauddentifizierung der Arten dieses PilzkomplexXese
Gattung Diaporthe wird auch alsDiaporthdPhomopsisKomplex/ DPK bezeichnet)ist
notwendig, um die Epidemiologie der Krankheit zu verstehen und eine optimale Bekampfung

zu ermoglichen.

Um die Hauptverwwacher des Samenverfalls in Europa zu identifizieren, wurden
DPK-geschadigte Sojabohnensamamschiedeneforten, dievon verschiedenerfelden in
Deutschland, Frankreich und Osterreickansmen, dureed P &tSi n g unt er ¢
32 Diaporthelsolate konnte erhalten werden. Die Isolate wurden anhaod Farben und
Wuchsformender Kolonien, Abmessungen de&Kkoni di en, EuinsHKafidien v on |
und Bildung von Perithezien identifiziertym die morphologische Identifizierung zu
bestatigen, wurden Sequenzen des internen transkribierten Spacers (ITS), des
TranslationselongationsfaktorsTEF1) und des Betdubulin (TUB) gewonnen Durch
Kombination der Ergebnissger morphologische und molekulare Analysen konnten die
Isolatedenvier ArtenD. longicolla, D. caulivora D. eres undD. novemzugeordnetverden.

Die Pathogenitat aller Stamme auf $djanzenwurde getestet.Molekulare Phylogenie

wurden berechnet und basierend auf den obigen Ergebnissen wurden aktualisierte
Artbeschreibungen erstellAls Ergebnisdiese Studie koénnen dieseier Arten als die

Hauptarten vomiaporthean Sojabohnen in Mitteleuropagesehen werden.

Eine schnelle, sensitamund exakteMethode zum Nachweis dieser Pathogene basierend auf
multiplex reattime PCR wurde entwickeltAuf der Grundlage voff EF1-Sequenzen wurden
vier artspezifische TagMan Prim8onden Sets entwickeRie Speifitdt und Effizienz der
PrimerSonden Sets wurden mit PCRrodukten und genomischer DNA der vier
Diaporthe Arten undeiniger anderer SojabohndPathogene getestddiese PrimeiSonden
Sets ermdglicheneine zuverlassigeUnterscheidung der unterschiedlichérten und sie
kénnen verwendet werden, um d&rten mit der quadruplex reatime PCR parallel
nachzuweiserDaruber hinaus wurde dguadruplexreattime PCRAssay an verschiedenen
Pflanzenmaterialien getestet, darunter gesunde und infizierte Sojasdarefamenschalen,

Sojastangel und Blatter.
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Ebenfallswurden die Voraussetzungeaur Nutzungder quadruplexreattime PCR fir die
Quantifizierung der ErregegeschaffenAus seriellen \érdiinnungen genomischer DNfer
DiaportheArten, die mit DNA verdinnt wrden, die aus Sojabohnengewebe prépariert
wurde wurden Standardkurven erhaltétine zusatzliche Standardkurve wurde sesellen
Verdinnungervon mit ddBO verdinnter SojabohnddNA erstellt. Um die Menge an
Pilz-DNA pro PflanzerDNA (ng/ng) zu quantifzieren, kbénnen nun DN#Rroben aus
Sojabohnengewebe in meneuen Assayund einer parallelen SYBR Greenbasierten
reattime PCR untersucht werden. Der Assay wurde mit DRben aus sechs
SojabohnefSamenchargen mit mutmallich&iaportheKontamination getget. In allen
Samenpartienvaren Samen infiziert mitDiaporthe spp. und es wurden sogar einige Samen
gefunden, die mit mehr als einBraportheArt infiziert waren, wahrend andere Samen frei
von den Pathogenewvaren. Die Menge an Pilzbiomasse scheint eiaés einzelnen Samen

sehr unterschiedlich zu sein.
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1 Introduction

1.1.Soybean

Soybean(Glycine maxL.) Merr.) from the genuslycing is an annualsubtropical planand

a member of one of the largest plant famillesbaceae (Leguminosag)artman etal. 2015.

Soybeanis grown as a commercial crop armlamong the five most importaagricultural

crops in theworld (Savary etll. 2019. Thebulkoft he wor |l ddés soybeans a
thetwo fractionsmeal and oil.

Soybean seedsontain 18-22% oil and 38-42% protein and are the best sources of
unsaturated fatty acids andal amino acidgPatil etal. 2018). The mgor partof soybearoil

(95%) is employedasvegetable oibnd the res{5%) utilized for products such as cosmetics

and hygienatems(Liu, 2008. 98% of soybearproteinis madeinto soybean medbr animal

feed and 20 is processed to make soy flsuand soy foodproducts such as tofu, sbgan

milk, soy hamburger and many othéws human consumptiofGoldsmith 2008.

Soybeanis origindly from China where it was domesticateaver 3000 years ago and
nowadaysn addition to Chinat is grown in otherAsian countriesthe Americas, Africaand
Europe (Hartman etl. 2015. Soybean isproduced in large scalpredominantly in the
Americaswith roughly37% (144000milliontong of t he wor |l dds supply
31% (119884 million tong in the U, and B% (52,000 million tons)in Argenting but
only 0.7% (2,800 million tons) in the Europ&an Union(EU) in 20222022 (USDA-FAS,
2022). The EU countries import 9% of ther demand for soybeamspecially from the
Americas (European commission, 2019However, sybean productionin the EU is
increasingThisis due to asearch fovegetariarprotein sourcess part ofa stratgy to reduce
the dependence on imporfdso, there is greference fonot genetically modifiednon-GM)
products. In addition there are agronomical and ecological reafonsmore soybean
productionin Europe European agriculture negdnore diversificaion and would benefit
from an additional N-fixing legumethat also has high economic valughis would help
introduce new rotations amdducepess, diseass, and weedms the main crops that dominate
so far(Coleman eal. 2021) As a result, lte producton in Europenot only for soybean but
also for other importangrain legumessuch as feed peas, field beans, and sweet liyass
been inceasing over the past few yeamww.donausoja.ong(Figurel.l). The acreag d
soybeanhas doubledrom 2011 to 201&ndit is still possible to massively increaseybean

production In 2018 43 million ha in Europewere planted with soybean whgielded
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10 million tons of soybeanssoybean cultivatiorup to 6million ha seemgedistic by 2025
which would be an increase 40% from 2018(www.donausoja.orng The expected harvest
(15 million tons)would cover 3540% of consumptiomn the EU, whichcurrentlyamounts to

around 40 millim tons of soy (beans equivalent)

3 Soybean W Field peas mBroad/field beans  ® Lupins

in million tonnes

It

2016 2017 2018 2019 2020p 20217e

Figure 1.1 Harvest amountof the main legumes in the BJ.

Legume production has grown considerably inEheup to2021 Soybean is considered the primary
legume cropandaccounts for around 48 of grain legume produicin. Dueto largersoybean acreage
and also rising yields approximateh82million tons could be harvested in 2021, which wés ®ore
than 2020(e=estimate, g preliminary, source: lHropeanCommissio

By a large margitttaly is thebiggestsoy prodeeramong theéeU countriesThe acreagehere
accounts for almost a third of the entinea in theEU. Second is Romania with 173,008.
Until 2017thatwas FranceOther countries ithe EUall make up for portionbelow 10% of
the total (DH and IUCNNL, 2019.

1.2 Cultivation of soybean in Germany

Since 2000 soybean is cultivated in Germany andatba under cultivation and yield have
expaned significantly between 2015 and 202k 2022 respectivelyas can be seen in
Tablel.1 and Figurd.2 Due toa constant increase soybean acreagkom the south of
Germany to northern statgsroductionof soybeanhas rsenmore than tenfold since 2012
The soybean area f@021was34,300ha which was up 4% yearonyear.According to the
German Federal 8&tistical Office, around 104,000 tons adoybeans were harvested in
Germany in 2021the largest amourgo far Bavaria and Badewrttemberg in the south of
Germany are the foremost states wit®/@0f the soybean acreage (www.destatis.de).
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Table 1.1: Development of soyean area under cultivation in Germany from 2007 to 2022
(https:/lwww.sojafoerderring.de/links-mehr/statistik/)

(Flachen in ha) 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2022
411 953
Bayern @) B gy 2023 002 262 I3 ANO T8 6620 BAD 12465 30400
. 8.700
Baden-Wiirtt. 279 260 382 734 1031 1410 2178 2836 5899 5866 6565  7.246
2.200
Brandenburg 0 2 85 62 165 236 330 1233 1132 693 400 600
Hessen 8 ko 9 160 436 392 500 700 1.700
700
Mecklenb.-Vorp. 179 365 242 200 200
Niedersachsen 300 380 351 500 700 T
) 800
Nordrhein-Westf. 0 45 75 140 142 197 225
Rheinland-Pfalz ., 5 48 % 145 140 250 2007 250 374 KA.
(GA)
Saarland 10 5 20 25 21 100
1.500
Sachsen 9 64 101 108 121 143 386 2002 400 500
2.700
Sachsen-Anhalt 67 61 14 199 356 555 1014 887 1000 900
- 800
Thiiringen 6 1 21 44 148 145 349 203 343 3007 300 300
51.400
Deutschland 9007 8007 15007 35007 4500 5000 7.500 10.000 17.600 15770 19100  24.100

In 2021yields wererelatively high, especially compadto the low yields othe drought year
2020. In Brandenburg they rodey 65%; BaderWuerttemberg, Lower Saxony and Hesse
alsoreported increasesf 37-48% (Figurel1.2).

Soybean production
in 1,000 tons

/

(#13)
-

/" Changes in %
! compared to

2020 2013 2015 2017 2019 2021e

Figure 1.2: Soybean yields in Germany in 201
Map on the left showslecitonnes per hectare (dt/hajraph on the right showwtal soybean
productionin Germany (e=estimate; source: Federal Statistical Office)
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1.3. Soybean plant growth stages

The stages of a soybean plant can be assigned clearly according to the numbering system
presented below. Moreover, this system can be utilized to describsediseidence at a
definite stage of soybean growth. For disease assessment, first a sample of soybean plants
(individual leaves or plants, group of plants, or all plants in a pot) are selected randomly. The
severity of infection for each unit in the samptecalculated and averaged. Then the
vegetative stage is determined by using Tale

Vegetative (V) and reproductive (R) growth stages are considepatatelyTablel.2). The

two primary stages are called V&ntergenceand VC ¢otyledor), and the axtV stages are
numbeed based orhow manytrifoliate leaveshave grown.By definition the reproductive
stagesbegin whenthe first flowerappearsand from therethe plant developshrough pod
formation seed development, and plant maturation

Table 1.2: Soybean plant growth stages (Hatman etal. 2015)

Stage  Vegetative

VE Emergence: cotyledons above soil surface.

VvC Cotyledon unifoliolate leaves unrolled sufficiently so leaf edges are not touching.

V1 Firstnode:fully developedeaves at unifoliateade

V2 Second node: fully developed trifoliate leaf at first node above unifoliate node.

V3 Third node three nodes on main stem with fully developed leaves, beginning with unifoliate not

VN N: number of nodes on main stem with fully developed leaveginning with unifoliate nodes.

Stage  Reproductive

R1 One flower at any node.

R2 Flower at node immediately below uppermost node with completely unrolled leaf.

R3 Pod 0.5m long at one of four uppermost nodes with completely unrolled leaf.

R4 Pod2.0cm long at one of four uppermost nodes with completely unrolled leaf.

R5 Beans beginning to develop (can be felt when pod is squeezed) at one of four uppermost no
completely unrolled leaf.

R6 Pod contains fulkized green beans at one of foppermost nodes with completely unrolled leaf.

R7 Pods yellowing; 506 leaves are yellow (physiological maturity).

R8 95% of pods are brown (harvest maturity).

1.4. Challenges and threats to production

There areseveralimportant abiotic and biotithreds to soybean productiothat canredue
yield and/or seed qualityHartmanetal. 2011). Abiotic factors arenutrient availability,
salinity, photoperiod, and weathdihe abiotic problems carbe ameliorated by careful crop
management excepbr drough, flooding, and frostA new challenges climate change,
which has major impact on agricultutkat needs to react toew weather patternwith
changs in temperatures and rainf@Nelsonetal. 2009. Increased levels of GQCure and

Acock, 1986 Mencelsohn etal. 1994, and specificallyelevated temperatures central
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Europe will actually profit soybean productionThese changes alsmay influence some
soybean pathogens and alter their importg&estburn eal. 2010Q.

Pathogens, pests, and weetsbiotic threatscauseconsiderable damagéo soybeas The
Compendium of Soybean Diseases and Pé¢smtman efl. 2015 lists more than
300diseases35 of which are highly importart. In the firstedition of this bookSinclair and
Shurtleff 1975 only 50 diseass were mentionedintensive production andultivation of
soybeanaround the world can beeasons forthe increasgé number of diseaseand their
spread Continuous growth of soybearor short two year rotations are conducive fmme
pathogenshat canincrease tdigh densities Thiswas not the case with former less intensive
ways of cultivation so that only now these pathogens are causing probldragpopulation

of soybean pestigke aphids, beetles, mites, and stinkbags increasings wdl (OQ Ne a | and
Johnson2010. The severity ofdamage are determined bythe pathogermnd its inoculums
and which parts othe plant are affected On the other &nd weather susceptibility or
resistanceof the host plant and whether the plants are growimiter optimal conditions or
not also play a roléogether with the plant growth stafféartman and Hill2010) To reduce
losses several measureare needed. Thesean becultural and seedreatmenttechniques
efficient diagnostics pesticide and fungiodde use and choice of resistah cultivars
(Hartmanand Hill, 2010.

In soybean,dngi can causreduction ¢ seed germination or seedling emergence, diseases of
roots and dampingff. In addition there ardoliage and pod diseas#satgreatlyimpactseel
quality and quantity (i ddtdl. 2013 Hartman efal. 2015. This makes fungi the most
important pathogens in soybedie most frequent soybean fungal pathogens are listed below
(Tablel1.3) (Hatman etal. 2015. Often, more than one fungal pathogettaek the plants at

the same time anitlis challenging to distinguish the by thesymptoms.

Some ofthe fungal pathogensntroduced inTablel1.3 are notreportedirom soybean plants
Europe up to now, for examplePhakopsora pachyrhizi (Asian soybean ris and
Fusariumvirguliforme (Sudden death syndrom&ecentlyPeronosporamanshuricaldowny
mildew), Macrophominaphaseolina(Charcoal rot),Sclerotinia sclerotiorum (white mold)

and theDiaporthe spp. (seed decay, stem canker, and pod and stem ligive been
determined to be the most aggressive pathogens in soybean fidasoipe (Krsmanovic
etal. 2020;Wirtz etal. 202). Since overall in Germany especially in recent yearghe
DiaporthdPhomopsisComplex (DPC) causes more losses than any otfueigal disease of

the soybean (Bachteler and Miersch, 20¥8rtz etal. 2021;www.sojafoerderring.de), this

research was focused on studyibigporthespecies.
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Table 1.3: Fungal pathogens causingoybean diseases

Common name Causal organisms

Anthracnose Cdlletotrichumtruncatum

Brown spot Septoriaglycines

Charcoal rot Macrophomingphaseolina

Pod and stem blight Diaporthesojae Diaporthespp.

Phomopsiseed decay Diaporthelongicolla, Diaporthesojae Diaporthespp.
Stem canker Diaporthecaulivora?, Diaportheaspalatht, Diaporthespp.
Downy mildew Peronosporananshurica

Frogeye leaf spot Cercosporasojina

Fusariumroot rot Fusariumspp.

Phytophthoraroot and stem rot Phytophthorasojae

Purple seed stai@krcospordeaf blight Cercosporaikudii

Sudden death syndrome Fusariumvirguliforme

Rhizoctoniaaerial blight Rhizoctoniasolani

Asian soybeanust Phakopsorgachyrhizi

Sclerotiniastem rot (white mold) Sclerotiniasclerotiorum

Brown stem rot Phialophoragregata

1 Petrovic et al. (20P) proposed thaPhomopsiseed decay be call@laportheseed decay (DSD).

2 Santos et al. (20119hortened the name @fiaporthe phaseolorurwar. caulivorato D. caulivoraand at the
same time also proposed that it should be considered as a sepailiate spec

3 The previous name @iaportheaspalathiwasD. phaseolorunvar. meridionalis(Santos et al. 2011).

1.5. DiaporthdPhomopsiComplex

The genu®iaportheNitschke (187D andits asexual state€BhomopsigSacc.)Bubakbelong

to the Ascomyota, classDothideomyota, order Diaporthalesfamily Diaporthaceae. The
genus alsoknown asDiaporthdPhomopsisComplex (DPC), includes several hundreds of
species.

In order to avoid competition and confusion in the use of two nambgh areused
according tothe sexual or asexual morph, according to the Rossman recommendation, the
older generic nameDiaporthe has priority over Phomopsisfor this species complex
(Rossmaretal. 2015. So new specie®f the genus should no longer bameal Phomopsis

even if no sewal structures can be observighepkirui and StadleR017).

Diaporthe species arevidely distributed around the worldnd they can benon-pathogenic
endophytegbiotrophic fung) in many plant®r grow as saprobegapotrophic fungi). On the

other handthey are pathogens ohany important cropandcan even grow as parasites on
humans andanimals (van Warmelo etal. 1970; Udayanga eal. 2011; Gomesetal. 2013.
PathogenicDiaporthe speciescan growin plant tissue without causing clearly visible
sympbms for a long time. But later they do kill the host tissue and so they should be

categorized akemibiotrophgUdayanga e&l. 2011).
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Phytopathogenicspecies of Diaporthe have been seriously studied, particularly those
associated with economically impantacrops such as soybean, sunflowgrapescitrus, and
several diseases associated with fruit and ornamental tidaggnga eal. 2013.

Multiple speciesin the genudiaporthe cause stem canker, pod and stem blight, and seed
decayon soybear{Table1.3), whichlead to considerable yield losses, both quantitatively and
gualitatively (Backmanetal. 1985; Sinclair, 1993 Petrovic etal. 2021). These soybean

diseases are introduckdlow.

1.5.1. Diaportheseed decay
Diaporthe seed decayDSD) decreases sé quality and occursn the majority ofsoybean

producing countrigswvhich resultsn severeyield losseqSinclair, 1993) The primary causal
agent of seed decay[is longicollaalong withD. sojaeandother species dbiaporthe Seeds
that are infecteavith a large amount of the fungasecrackedor split, shriveled andusually
fungal myceliumcan be seen on their surfa@egure1.3B, C) (Hepperly andsinclair, 198).

However, sometinetheinfectedseeds are symptomless and they look hedKijik, 1984).
TR Gy : ' @ N

Figure 1.3: Diaportheseed decay symptoms.

A) Heavily infected soybean fiellmage: Crop protection network, soybean disease management,
CPN-1007) B) Soybeas infected byDiaporthespp. (Imageby DarenMudller, lowa State University,
Bugwood.ag.). C) Disease symptoms on infected soybeans may be visible or nony€iie

image.

Germination of sevelg infected seeds malye decreased due to seed rot or seedling blight
(Sinclair, 1993 Begum efal. 200§. The fungi penetrate into the seeds aotbnize the seed

coat, cotyledons, and finally the radicle and plumule. Consequently the composition of fatty
acids is altered and the protein content of seeds is redtisgaperly andSinclair, 198;
Wrather etal. 2003).D. longicollais principally ca¢gaized into seedborne pathogens, but it

can also be isolated from stems and pods (Mengistu 2009).

1.5.2. Stem canker
Stem canker has beseparatednto Northern stem canker and Southern stem cadierto

its initial descriptions D. caulivora and D. aspalathi are known as the causal agents of
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Northernand Southernstem cankerrespectivelyNorthern stem canker wasportedfor the
first time in lowa in the late 194QsUntil the 1950s the disease spread into ribethern
Midwestern states of theSA and Canadarhe first report ofSouthern stem cankevasin
the south of the USA(Mississippi)in 1973 Until 1984it wasdetected in all southern states
(Backman etl. 1985. Southern stem cankenas slight differencesin symptomologyto
Northern stem canker Southern isolates of stem cankeere more aggressive thaorthern
isolates and thegredistinguishablen culturalfeaturegBackman eal. 1985.

Cankersin Northern stem cankeare darkbrown and sunkerlocatedon the lower nodes of
soybea plants, and theybecomeuvisible right afterflowering (R1).Cankerdirst form on one
side of the stem anthen maygrow over several nodesndat some point around the stem,
girdling it, which leads to wilting and deathof the plant(Figure1.4A). Lesonsof Southern
stem canker are more delimited aseldomgrow aroundhe stemBoth stem canker diseases
cause the foliar symptomslorosis and necrosis becauke fungi produce phytotoxinand
when plants dieleaves remain attached to the st@ralithaetal. 1989. The dead soybean
plants can be observad patchesin fields (Figurel.4B). The affected plants frequently
producefewer and smaller seedstem canker on susceptibdeltivars can lead to 3 yield

loss in favorable conditionsSometimes, a cankeris formed on the upper internodesy

Figure 1.4: Stem cankersymptoms.

A) Brick red ksiors form at the nodes on soybean stebaterthey may expand and gir@l the stem
and cause premature death of the plaBitdDiseased plantsan be foundn patches within fieldsC)

The cankers on upper nodes lead to top dieback of the glenégesdby Craig R.Gray University of
Wisconsifi Madison Crop protection netwé soybean disease management, €1PR6

Sometimes, however, the stem canker pathogen is growing in the plant but no lesions are

formed.

1.5.3. Pod and stem blight
Pod and stem blight is caused Dysojaeandthe infectionoften occursearly. The pathogen

initially lives in the plantvithout causing visible symptostbut when the plant isnaturing
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(R6 to R8)abundant black pycnidia on stertis linear rows)and pods(in diffused form)
appear as key disease sympto(Mueller etal. 2015)(Figure 1.5).

Figure 1.5: Pod and stem blight symptoms.
On infectedsoybeanstems and podpycnidia (black dotspare produced (Imageby Craig R. Grau,
University of WisconsinMadison, Crop protection network, a product of Land Grant Universities)

Due to thegrowth and acamuation of fungi the upper plant parts may show chlorosisand

die.Only if pods become infectedeed decay occsiandhas areffectonseed quality

1.6. Diaporthedisease cycle

The species ofhe genudDiaporthe overwinterin harvestresidua or in thesal for several

years. Weeds as alternative hosts couldlay a role for survival in the soil as well

(V r a n ceel 20052010 Thompsoretal. 2015. Infected soybeaseedsare considered as

the most important source of inoculumas they have the cagbiity to spread
Diaporthespecies tdfields that were previously free of these pathogdnsgal fruiting

bodies (pycnidia and peritheciayhich areformedon infested residuesoze sporg(conidia

and ascosporesgporesare spread by raigplash andvind early in thegrowing season and
infectyoungplants(Figure 1.6).

Cankers on stems normally do not appear during the vegetative stages of soybean growth but
only become visible upon entry of the plants into the reproductive stageses are produced

ard secondary infections are caused by th€hese ater infectionglo not have a significant
impact on disease developmehowever In case of pod and stem blight, the fungttacks

pods during the R5 and R6 growth stages and if the infection is séweseeds are decayed.
Once the plants move into the R7 growth stage, pod colonization declines drastically.

Despite the great importance Dfaporthe pathogens, many details regarding infection and
colonization of soybean are still unclear. Little iotWm about the penetration mechanism and
about virulence factors like phytotoxins or effectors, even information on which tissues are
colonized by which species and which symptoms are caused can still be unreliable since

molecular diagnosis of the speciagifferent tissues has been little applied so far.
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Lesions appear on the
plant during reproductive
6 24 growth stages

Rain splashes spores to
leaves and stems of
developing plants

. ., . A
The fungus overwinters in <5
crop residue and soil

Lesions may girdle stem
leading to wilting and
plant death

Figure 1.6: Northern stem canker disease cycle.

The disease is most problematicvimarm andhumid conditionsDuring the earlystagesof soybean
growth the fun@l sporesare spreadto lower tissuesof soybean stems causingtem canker
characteristicsSeeddecay taks place throughpod development (RB8) anddelayed harvestan

lead tomore severeseed infection. (https://cropprotectionwetk.org/encyclopedia/stemankerof-

soybeain

1.7. Diaporthemanagement

To prevent introduction and spread Dfaporthe pathogens in soybean production regions
diseasemanagement tacticsan beappled before and after soybean planting, which are
descritedbdow.

1.7.1. Before planting
Diaporthe species g seedbornepathogensSeverelydecayed seedway fail to germinate

Infected seeds can also germinate but the seedhgw/ dampingpff and theycannot
continue to gronand become mature plar(Sinclar, 1993). Therefore the first thing to do
for managemenof DSD, is seed health testinGonventional seetkstingmethodsinclude
seedexaminationby visual inspection selectiveculture media, seedling growut assayand
serological assaysAll of the® have restrictions like inefficiency andlow sensitivity
(Brill etal. 1994, Li, 2011, Kumar etal. 2020. Alternatively, molecular methods can be put
to use They can benore sensitive, specific, easy to implement, and FAstecular methods
have made gpd progressto detet Diaporthe spp.in seeds(Zhangetal. 1997,1998 1999
Santosetal. 2011). However, reattime PCR and multiplex PCRassayshave not been
developednto routineseedtesting methods labomatories.

Fungicides can be effectively wbdor sed treatmenwhen more than 13% of seeds are
infected(Hobbs etal. 1985 even though by current recommendations seed samples like this

should not be use&eed germination, and consequently seedling emergence and yield can be


https://content.ces.ncsu.edu/soybean-stem-canker
https://content.ces.ncsu.edu/soybean-stem-canker
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enhanced by applyinigingicide (Xue etal. 2007).The same study also showit reatment

of seed with Bradyrhizobiumjaponicumand the biocontrol agen€Clonostachysoseain
addition to the fungicidecanhave an additional effe¢Kue etal. 2007).

The most economicy effective, and environmentally friendlymethodto manageDSD is
selectingresistant soybean varieti€3acksonetal. 2M5; Li, 2011) Soybeancultivars exist
that have different levels of DSD resistance in different locatidapendingon weather
conditiors (Li and Chen, 2013Li etal. 20173). DSDresistance genes have also been
detected andthere is promise in breeding plansfor DSD-resistant soybean cultivars
(Jacksoretal. 2005, 2009.

Warm and wet conditions are faadiefor Diaporthereproduction Therefore,the possibility

of Diaportheinfectionis reducedby planting soybean cultivathat mature outside the most
humid period in the yedReicks 2017).

Consideringthe importance of croplebris as harbor dr Diaporthe pathogens in winter
conventond tillage canbe beneficialto accelerate the rate oésidue decompositioand
reduction of diseas@Vyler etal. 1983;Reicks,2017). It is necessary to remove crop residues
and soils from agricultural machines before using them in another fieléwenpthe transfer

of inoculum Backman eal. 1985 Rothetal. 2020.

Crop rotation can reduce tli@aportheinoculum.Rotations with orn or other cereal crops
that are nothosts are effective agairi3taporthestem canke(Li et al. 201%).

1.7.2. Duiing the growing season
The chance of seed decay would be higher when potassium is lacking. For that reason, the soil

must be fertilized regularly to keep sufficient quantity of potassiReicks,2017).

Proper irrigation and management of other diseaseslso important. Drought stress and
infestations with nematodes and soybean mosaic virus were found to enhance soybean
susceptibility taDiaporthepathogens (Backman at 1985; Koning eal. 2001,2003).

Spraying foliar fungicides during early vegetatigages of soybean plants which show mild

to moderate disease symptoms might be efficient ramluce disease severity
(Backmaretal. 1985)

Well-timed harvesing to prevent exposition of plants favoredconditions, will reduce the

risk of seed decay armmeserve seed quality (Rothadt 2020)

1.8. Identification of species dbiaporthe

Species recognition iiaporthe has long been based ohost associatignmorphology,

cultureappearanceand pathogeniacharacteristicsvan derAa etal. 1990;van Niekerk etal.
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2005). As shown byearly ITS sequencing in the genus (Rehner and Uetf64), ®me
Diaporthe spp. are not limited to just one ho$herefore, in these days the host has little

importanceo classification of these fungal pathogens

1.8.1. Morphological identification
The firstto reassess the genaporthe on a morphological basiwas Wehmeyer (1933).

Plating surface sterilizedsoybean seeden the surfaceof acidified potato dextrose agar
(APDA) plates and evaluation of fungal growtls sill a common method tdadentify
Diaporthespp.(Walcott 2003.

Black and thinperitheciacontainng asci(singular:ascu$ on fungal cultures or plant tissues

indicatethe Diaporthesexual state (teleomorph phaéépurel.7A).

Figure 1.7: Sexual andasexual form of Diaporthe species.

A) D. caulivora perithecia orFoeniculumvulgare stem in culture (CBS +20461).B) D. longicolla
pycnidia onF. vulgarestem in culture (CBS +20460).C) D. phaseolorumascus with 8 ascospores
andD) Ascospores (PSulf) D. phaseoloruni}conidiaon F. vulgarestem in culture (PS03) arf)
b-conidia (PS03). G) D.endocitricola (ZHKUCC 200012, Holotype) Gamma conidiaH)

D. endacitricola (ZHKUCC 200012, Holotype)conidiogenous cells andonidiophoresScale bars
(A, B) Imm, C, D, E, F) 5em, (G, H) 10em. (ImagesA, B, C, D, E, andF Santos eal. (2011),
imagesG andH Dong etal. (2021)

Asci are unitunicategllipsoid, widest at th centre and rounded towards the apices, w&ith
conspicuous refractive apical ring and they usuetipiain eight ascospores (Figuter C).
Ascospores are biseriate to uniseriate in the ascus, fusoid, ellipsoid to cylindrical, straight,
inequilateral or curved, septate, and hyaline (Figuf€,D) (Udayanga eal. 201). For
asexual reproduction (anamorphaseplack to dark brown pycnidigsingular: pycnidiumpr
pycnidial conidiomata (singular: conidiomaje formed(Figurel.7B). Conidiophores are
subcylindrical to cylindrical, hyalinesmooth, 13-celled, simple ooften branched andan

releasetwo kinds of conidia, which are hyaline and meeptate and known ag and
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b-conidia(Figurel.7H) (Rehner and Uecket994. Some speciesnay produce third type

of conidia which is called gamma Rosskopfetal. 2000) (Figurel.7G). U-conidia are
unicellular,aseptate, hyaline, fusiform and usually biguttulbi@wever,sometimed}-conidia

have no guttules and sometimeghey have morethan two (Figurel.7E). b-conidia are
aseptate and hyalinas well but they are filiform, straight or more often hamate and
eguttulate (Figurd..7F) (Sutton,1980. Gamma conidia are hyaline, multiguttulate, fusiform

to subcylindrical with an acute or rounded apex, while the base is sometimes truncate
(Figurel.7G) (Rodeva eal. 2009).

Because of overlain conidial sizeandsimilar condia andcolors and shapgof culturesit is
not reliableto delimit species oDiaporthe based on morphology alorf@antosetal. 2011
Udayanga eal. 2011 Gomes etl. 2013. Some characteristicéike color and shapeof
mycelium,growthrate, and typesf conidia,can even be differern different culturemedia
and depending otine length andonditionsof incubation(Brayford 1990).

Some species can aldme distinguished based on different aggressiven@ssmntitative
variation of pathogenicity or witence (Pariaud ell. 2009). Apart from species
identification knowledge about aggressiveness of different species is also important for
resistance breedinfKeeling,1988; Kontz etl. 2016; Ghimire eal. 2019) Aggressiveness
on soybean has been reded for D. caulivora D. aspalathj D. longicolla,
D. pseudolongicollaD. eres D. kongii, D. sojage D. ueckeraeD. unshiuensisD. bacilloides
D. flavescensand D. insulistromaisolates [i etal. 2010; Petrovicetal.2015,2018 2021,
Mena etal. 2@0).

1.8.2. Molecular identification
Fungi, like other species, can be classified based on sequence data. Molecular phylogenies

have been created for several important pathogenic ge(®hanoy etl. 2007
Caietal. 2011).

The polymerase chain reactioRGR)that was developeth the 1980sand its applications

have also been broadly usddr plant pathogen detectioflLau and Botella2017
Hariharanand Prasannath, 20R1

In PCR the DNA sequence that is defined by two primers is ampiifieitto. This nvolves a

series of temperature changes, first high temperatui®@9€) to separate the DNA strands
(denaturation), then lower temperature i@®°C) for primer binding and then 72 for
amplification by theTaqpolymerase, a heat insensitive enzymige PCR reaction generally
needs a DNA that includes the sequence of interest (the template), deoxynucleoside


https://link.springer.com/article/10.1007/s13225-011-0126-9#ref-CR221
https://link.springer.com/article/10.1007/s13225-011-0126-9#ref-CR271
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triphosphates (dNTPs), theaq polymerase or one of margiternative polymerases, the
already mentioned primers that are oligonucleotides witlyaesee that is complementary to
the target, and finally a buffer that makes everything wditke temperature sequence
described above is repeated in cycl@sly the sequence between the primers is amplified
because in later cycles the primers bind alsthéoproduct from the first cycles, which then
becomes dominant. Roughlghe amount of PCR product doubles with every cycle
(Figurel.8).
DD Debe stances

Q?l DNA

Denalurabon
l the double-stranded DNA is l
separated at high temperature
TITTTTTIITITIT L LLL T T
|
-LL' Annealing: .LLL
the primers bind to each of the two
DNA strands at a lower temperature

TR T

Extension: -
DNA polymerase uses the primers
to replicate both DNA strands

TTTTTTTT I WT_‘TT_"'*‘*‘ﬁ'—E

Subsequent cycles:
exponential amplification
of the target sequence
11 25458 165(0)

V'l‘\U‘ TTT I T | T T
‘ ~‘ 1 AL

T

T ‘\” LTI

Figure 1.8: Representation ofthe PCR reaction.

PCRis carried out in three stepdenaturation, annealing, and exsion The new DNA strandare
employed as a template for subsequepticationstepswhich leads to an amplification of the DNA
section between the primeighe amount of PCR product is increased nearly two times in each cycle
(https:/lwww.vetfolio.com/learn/article/polymerashkainreactiontestinterpretation

To ensure that the target DNA was amplified, agarose gel electrophoresis is run after
performing PCR. Then the PCR products can be sequenced using the same primers which
were used for amplification. The obtained sequences are analyzed by comparing with the
NCBI GenBank database (https://www.ncbi.nlm.nih.gov/) using BLAST analysis. The
species isdentified from the species tags attached to the sequences that were found by
BLAST.

Geneticdiversity in the Diaporthe genuswas exploredsuccessfully byapplying PCR assays
(Zhang etal. 1997,1998; Santosetal. 2011). The ruclear ribosomal internal traaribed
spacer region (ITS) as a fungal barcode used commonly for discrimination of
Diaporthespp.(van Rensburg eil. 2006 Santos and Phillip£009 Schoch eal. 2013. The
ITS regionhas also been employed to develop specific primers to igdénaporthe species.

Phom| and Phomll primers were designdohsed on ITS sequencesdfphaseolorumand


https://www.vetfolio.com/learn/article/polymerase-chain-reaction-test-interpretation
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D. longicolla to detect many Diaporthe spp. in soybean plants and seedsy
Zhangetal. (1997). The primers DphLe and DphRiwere developed to identify
D. phaseolorunvar. meridionalis in soybean seeds(Vechiato etal. 200§. Three
speciesspecific TagMan primeprobe sets P43, PL-5, and DPE3 were designed based on
ITS sequences to identifyD. longicolla, D.aspalathj D.caulivora and D. sojae
(Zhangetal. 199).

However, thereare species thatannot be reliablyesolvedwith only ITS sequence data
(Farretal. 2002;Santosetal. 2017). Distantly relatedaxa can be nicely delineated based on
ITS sequencesBut in comparisons omany species frommany hostsITS fails. Branches in
phylogenetic treeshoulddivide into two sukbranchesNodes like this can be assuméal be
resolved.In ITS phylograms oDiaporthewith large numbers of taxaodes with more than
two branches can be fourfsince thesequences are so similahere are ITS phylogenid¢kat
are probably incorrediFarr etal. 2002).Therefore assessing various genes individually or
combinedis necessary to categorize speciesDadporthe correctly. The combination of
translation elongatiofactor U TEF1), betatubulin (TUB), calmoduline CAL), histone3
(HIS), and large ribosomal subunit§U) can be usetbr differentiationof Diaporthespecies
(Udayanga eal. 2015 Petrovic etal. 2016 Chaisiri etal. 2020.

Several PCRbased diagnd® methods have been reportddr the identification of
Diaporthespp. Random amplified polymorphic DNA (RAPPPCRrestriction fragment
length polymorphism (RFLR andamplified fragmentengthpolymorphism (AFLP)methods
have been used thistinguishspecies oDiaporthe (Fernandeand Hanlin, 1996 Zhang etal.
1997, 1998;Moleleki etal. 2002 Brumer etal. 2018). The differences betweerthe

D. phaseolorunvarities caulivora, meridionalis andsojae(now defined as different species)
were foundusing RAPD (Fernandezand Hanlin, 1996). Zharg etal. (1997)implemented
PCRRFLP todistinguishD. longicolla, D. caulivora D. aspalathj andD. sojae

1.9. RealTime PCR (qPCR) as a tool for the diagnosis of plant
pathogens

PCR methods can heproved byreattime monitoring of amplificationof a targeted DNA
by a fluorescent signaluring the PCRThis eliminates the podPCR processing(running
agarose gels)reduces time significantlyand increases the throughpwbnsiderably In

addition qPCR also allowguantification (the g symbolizes this).

The amplification curve of a redilme PCRreactionhasthreephaseqFigure1.9A). In the

initiation phasethe PCR products are not accumulated endagimit a fluorescencesignal
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that is strong enough to lmkstinguished from thévackground, caused for example by the
template DNA.The background is measured as blaseline meaningthe signal level during
the early cycles typically 3 to 15 As the PCR process the additional fluorescences
doubled approximaty in every cycle. This phase is named exponential or log phase
PCR reagents are usghduallyby continuing of the reaction arlde reaction is slowed and

no increase in fluorescence is observHus last phasdefines ashe plateau phase.

A Amplification standard curve B Standard curve of dilutions
7000 L : Plateal:\ phase : : ] 26 + :
Z A
B eo000t D7 i S S Slope(-m)=ﬁ — -3.540: .1
=) )
@ = (-1/slope) . q _— v
E 5000 L 3 2 L. E=.10" 1.=91.6%...]
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>R~ < Ay
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5= : . - Ax
2 X 3000 105 /104 103 /10 10! 1 o T 1
= Q
] 16 1
.‘E 2000 + ) A Cq 3 :
E oo & xponential phase X Threshold ] 141
Initiation phase Baseline 21
0+ T T i i ; ;
0 10 20 30 40 4 5 6 7 8
Cycles Log concentration

Figure 1.9: RealTime PCR.

A) lllustration of realtime PCRamplification curvesAn optimal reattime (q)PCRplot consists of
three phasesinitiation, exponential and platealB) A reattime (q)PCR wndard curve for
guantification. The »axis represents cags of the DNA, and the cycldaresholdis shown on the
y-axis m = Slope of the regression line,/&he efficiency of PCR reaction (Own images).

The thresholdin reattime PCR is the point at whicthe fluorescere intensity risesclearly
abovethe backgound It is normally shown asn evenline. This line shouldintersectthe
amplification curve close tothe start of the exponential phase (FiguiedA). The cycle
threshold (Ct or quantification cycle(Cq) value is the number of cyclas takes the
fluorescewe irtensityto cross thehreshold If there is less target DNA it takes more cycles
for thefluorescence intensity to reach the threshold, so higher Cqg values represent less target
DNA than lower Cq values

The efficiency (EJn PCRmeanghe fraction of target molecules copied averycycle.PCR
efficiency is determined through standard curves. From standard curves alfmithef
detectioncan be readSvec efal. 2015).Building a standard curveneans to maka series of
solutions with known template concentrationgFigure1.9B). This is normally a dilution
series starting witla concentratedasnplewith 1:10 dilution steps. ThegPCRis run The
resulting Cqgs are used in linear regression agaitist target concentrations logarithmic
scale Ideally the slope ofthe resultingregression lingthe standard curveshould be-3.32
which represents 10% efficiency ordoubling of PCR producin eachcycle The efficiency
can depend on thiength, secondary structure, and GC content ofRB& poduct. PCR

inhibitors and primers and probatso influence efficiencySvec etal. 2015) Ironically the
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apparent efficiency that can be read from the standard curve may be higher tBamio0o

PCR inhibitors are present or primer dimers or otherautefare formed in the reaction.

Realtime PCR ca be used quantitativelps well (Hariharan and Prasannath, 2D2Eor
absolute quantificatioralso the standard curves neededSince this wasconstructed with
known target concentrations, the target cotre¢ions can also be read from it or rather
calculated using the graph formukor relative quantificatiorCq values of darget genare
normalized with the Cq values ofeference genf.ivak and Schmittgen, 2001To quantify
pathogens on or in plambaterial a third option is often usetthis is to put the amount of
fungal DNA into relation of either total DNA or plant DNA. If the pathogen DNA should be
relative to total DNA it is necessary to measure the DNA concentration in all samples that are
teged. To gain a value relative to plant DNA gPCR with a gene of the host plant needs to be
run in parallel. To calculate the amount of DNA a standard curve for the plant gene is also

necessary.

The mostfrequentlyusedreattime PCR methodarethe SYBF® Green dyebasedand the
TagManassay (Figurel.10).

SYBR® Green is dluorescentdye whichintercalaésinto the minor groove ofdsDNA. In

elongation stageof eachPCR cycle dsDNA is amplified andemissionof SYBR® Green
fluorescenceis increased(Figure1.10A) (Okubara etl.2005. SYBR® Green as an
intercalatingdye binds to any dsDNA noispecificallysoit can detect different targetshich

is an economical advantadéowever this advantagef SYBR® Greenis also adisadvantage

because ibinds to dl ampliconsequally andthe fluorescencesignalcancorrespond to both
nonspecific and specific productén the case of formation of nespecific productsghe
identification and quantificatiowould beincorrect(Giulietti etal. 2001).

In the TagManmethod in addition to two primers, another specdligonucleotidewhich is

known as probe is used. The probe is complemendagytarget DNAsequence between the

primers (Figure1.10B) . The probe is | abeled at t he 5N
fluorophore (asreportelye) and at t he 3Nj nuckE@uernchede wi t h a
When the polymerase reaches the pydbe probe is digested by theeXonuclease activity

of theTaqDNA polymerase. This wayhe reporter is cleaved from the quenchied there is

no longer energy transfer between the two dyes. After that fluorescence is 200 times stronger.
Because fluorescence of SYBRreen is only 20 fold when intercalated as opposed to free,

the greater difference makes the TagMan assay more genstie TagMan system is also

more specific than SYBRGreen, because the proban be designed to bind to a specific

sequencgOkubara eal. 2005). Furthermorehe possibility of labelingprobes withvarious
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fluorescent dyesallows the detection ofdifferent target DNAs in a single reaction

simultaneouslymultiplex RealTime PCR.

A B
SYBR Green detection TagMan detection
5 3 5 3
3 eessssssss—————— 5 3 5
Denaturation Denaturation
l Probe
5 3 l i&;}:oner F/\ CQuencher
5 3
3 5
Annealing 3 5
l Annealing
3 bl 5 l
Elongation and detection ; T 3 rrrr. .
l Elongation
7 oLl T T 5 l "
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| Bound SYBR Green Cleavage of probe and detection
F
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3 LRl 5

Quenched Fluorescence

| Detectable Fluorescence

Figure 1.10: Intercalating dye (SYBR® Green) and hydrolysisbased(TagMan) probe detection

A) SYBR® Green detectionrSYBR® Green as mintercalaing dye binds to dsDNA anih elongation
steps of each PCR cydby production of more amplicorffuorescentignalis increasd and detected
by the realtime PCRmachine B) TagMan probe detection: TagMan prolme designed tdind
downstream of the primerg/hen he polymeraseeaches the probe i& nucleaseligests it. Because
the fluorophore is ntongerclose tathe quencher moietjuorescence is emitteq@ddams 2020).

Ongoing interest in the availability eéattime PCR as a quick, sensitive, and quantitative
assayfor detction and/or quantitation of soybean pathogems planttissues soil, andseed
samples has resulted in the developmemany successful assaysartman eal. 2015. For
pathogens infecting more than one host-tiea¢ PCR detection assays can bedufse all
hosts. Only the preparation of DNA for the assay may need some modificdiiastng
reattime PCR assays based on SYB& Ev& Green and TagMan for detectirigngal
pathogenshat arerelevantin soybearproductionarelistedin Table1.4.



Introduction 19

Table 1.4: Realtime PCR assays for detecting fungal soybean pathogens (Hartmanatt2015)

Disease(s) Targeted pathogen RealTime PCR Reference
Assay type
Anthracnose Colletotrichumspp. Eve® Green Yang etal. 2015
Brown stem rot Phialophoragregata TagMan Malvick and Impullitti,
2007
Purple seed stai@krcospora Cercosporakikuchii TaqMan Chanda eal. 2014
leafblight
SYBR® Green Upchurch and Ramirez,
2010
Charcoal rot Macrophomingphaseolina  SYBR® Greenand Babu etal. 2011
TagMan
Diaportheseeddecay Diaporthelongicolla TagMan Zhang etal. 1999
Pod and stem blight D. sojae TaqMan Zhang eial. 1999
Stem canker D. caulivoraandD. aspalathi TagMan Zhang etal. 1999
D. aspalathi SYBR® Green Upchurch and Ramirez,
2010
Phytophthoraroot rot Phytophthorasojae SYBR® Green Bienapfl etal. 2011
Asian soybeanust Phakopsorgachyrhiziand  TagMan Frederick etl. 2002
P. meibomiae
P. pachyrhizi TagMan Barnes etl. 2009
Sclerotiniastem rot Sclerotinia sclerotiorum TagMan Chen etl. 2010
Sudcden death syndrome Fusariumvirguliforme TagMan Mbofung etal. 2011
Westphal etl. 2014
F. solanif. sp.glycines TagMan Gao etal. 2004;
Li etal. 2008

There are also existing gPCR assays to d&wgorthespp. on soybearThe firstreattime
PCR assayto detect and quantiffpiaporthe spp. from soybean seedsas developedby
Zhang etal. (1999). Three speciegpecific TagMan primeprobe sets P43, PL-5, and DPE3
were designed based on ITS sequences to iddbtifgngicolla, D. aspalathj D. caulivora,
andD. sojae This assay(PL-3 and DPG3) wasalso usedy Kontz etal. (2016)to quantify
the two stem canker pathogeis,caulivoraandD. longicollain plantsamplesand toassess
soybeamnresistancagainsthese pathogens.

Upchurch and Ramire2Q10 studied the expression of 15 soybean defealsted genesia
SYBR® Green reatime PCR assay by using specific primers (DPM)(Miller and
Huhndorf,2005 to detect and quantiffp. aspalathiin infected soybean tissues. Menalet
(2020) usedPM primers to quantify théungal biomass irstems ofsoybearplants infected
with D. caulivoraby performingSYBR® Green reatime PCRassays

1.10.0Dbjectives

Becausehere is demand for regionally grown soybeauritivation is expanitig in Germany.

The expasion of soybean cultivation harbors new risks for cultivatioms to be expected
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that soybean diseases and pathogens will increase in Germany in the near future, as has
already been observed in other parts of the wdideases caused by pathogensnfrthe
DiaporthdPhomopsisComplex (DPC) are of particular importandée DPC species cause

the most severe damages isoybeancultivation and theyappeared also in Germany.
Diaporthefungi growpartially endophyticandoften become pathogensly at the @d ofthe

plant growth. They are still relatively hard to diagnose and especially in orgamiging

had to combatTheDPC speciesare seedbornepathogens. Therefore, diagnosis is even more

important, because spreading of the disease can be avaideghappropriate screenisg

The overall aim of this project was to identify which species of the DPC occur in central
Europe, how widespread they aamd how frequently they occufhe findingsshould then
contribute to monitoring of the pathogens amshsequently lead to more efficient control.

The way to reach this goal was divided into three stages:

First DPC species occurring in central Eurcggieould be identifiedy testing contaminated
soybean seeds using the classical seed plating.ddsayifying the species that could be
isolated from these seedhecessitated the use of morphological features and molecular
phylogenies To ensure that the obtained isolates are true soybean pathogens also
pathogenicity tests needed to be performed.

To establish e incidence of the specjesn assay was needed that is able to specifically
diagnose and quantify all relevabDiaporthe pathogens. This assayas to be applied for
testing on a much grander scale and screening both soybean seed#) ptentield andhe

fields (soil and residues) themselves. This necessitated the establishment of a highly efficient
method for molecular diagnosis specific for the different spedies method of choice was
multiplex reakttime (@)PCR using TagMan probaice this endbs the detection of different
species in parallel. The specific aim of the second stage was to establish a multiplex gPCR
that can detect, distinguish, and quantify all relew@iaporthespecies in parallelThis assay
should be usable not onfgr the @pidemiological studies planned as stage three of this project
but also be applicable for standard testing of $etschnd investigating the aggressiveness of
different Diaporthe isolates on different soybean cultivars, so it can be used as a tool to
prevent epidemic spread and alasa tool in breedingOptimally the established gPCR based
method for diagnosis should be established as a new standard for identification of
Diaporthespeciesin Germany.Therefore, different strategies for optimal applicatajrthe
multiplex gPCR were also investigated.

This thesis describes in detail the isolation and identification of Doaporthe species and

the phylogenetic classification of all 32 isolates obtained. Improved species descriptions were
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prepared. Also datled are all steps in establishing a quadrupésattime (@QPCR assay to

detect and quantify these species in soybean plant msterial
The workon stage threes still ongoing. Wide screens of soybean seed are planned as well as

sampling of soybean fietdall over Germany.
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2 Material and Methods

2.1. Chemicals

The chemicals used in this work were obtained from the following manufacturers unless

otherwise noted in the text.

AppliChem AppliChem GmbH, Darmstadt, Germany

Merck Merck KGaA, Darmstadt, Germgn

ROTH Carl Roth GmbH-Co. KG, Karlsruhe, Germany

Rowa Becton Dickinson Rowa France, Le PaleClaix, France
SERVA SERVA Electrophoresis GmbH, Heidelberg, Germany
Th. Geyer Th. Geyer GmbH Co. KG, Renningen, Germany

2.2. Kits

The kits used in thigrork are shown in Tabl2.1.

Table 2.1: List of the kits, their application and manufacturers

Term Application Manufacturer

DNeasy Plant Mini Kit DNA extraction Qiagen, Hilden, Germany

peqGOLD CyclePure Kit PCR purification Peqglab GmbH, Erlangen, Gernyan

peqGOLD FungaDNA Mini Kit DNA extraction Peglab GmbH, Erlangen, Germany

Qubit DNA BR Assay Kit DNA quantification Thermo Fisher Scientific, Waltham, MA
USA

SensiFAST™ Probe NeROX Kit ReatTime PCR Bioline GmbH, London, UK

SensiFASTY SYBR No-ROX Kit RealTime PCR Bioline GmbH, London, UK

2.3. Plastic consumables

The plastic consumables used in this work are listed below and all except noted otherwise
provided by the comparfyarstedt (Sarstedt ABCo. KG, Nimbrecht, Germany).

- Petri dishes (2&hL per 9.cm)

- Micro tubes and micro screw tubes (1.5 amal2

- PCR tubes200pL, Multiply ®-pStrip Pro 8strip)

- Falcon tubes (501L, 115x28mm)

- Pipette tips (InL, 10, 20, and200uL) andBiospherg Filter tips (LmL, 10, 20, and
200pL)

- FrameStd? 96-Well Skirted PCR Plates (4titude, Brooks Automation, Chelmsford,
MA, USA)
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Sealing tape

- Parafilm Parafilm M Laboratory FilmBemisE PM996, USA)

- Lysing Matrix E tubes,

MP Biomedicals GmbH, Eschwege, Germany

- Container for plant tissue culture with lid (1mM&, sterile, Greiner BidOne GmbH,

Germany)

2.4. Technical devices

Technical equipment used in the present study is listed in 2ahle

Table 2.2: List of the devices

Technical device Application Origin

Cameras:

AxioCam HRc color microscope  Photogaphy Carl Zeiss AG, Oberkochen, Germany
camera

Camera G15 Photography Canon, Tokio, Japan

Centrifuges:

Centrifuge 541R

MPS 1000 Mini Plate Spinner
Centrifuge

Sprout Mini Centrifuge

Centrifugation ofcontents of EppendorfAG, Hamburg, Germany
tubes

Centrifugation of samples in Labnet International Inc., Edison NJ,
PCR plates USA

Centrifugation oftontents of Heathrow Scientifc LCC, Illinois, USA
tubes briefly

Counting chambers
(Hemocytometers):

Counting chambePaulMarienfeld

Counting chambefFuchsRosenthal

Determination of the PaulMarienfeld GmbH+Co KG.,
corcentration of spores LaudaKonigshofen, Germany
Determination of the BLAUBRAND®, GmbH+ CO KG,

concentration of spores Wertheim, Germany

DNA/RNA UV-Clearer

Providing protection against LTF Labortechnik GmbH Co. KG,

contamination Wasserburg, Germany
FastPrefi-24 homogenizer Homogenization of biologice MP Biomedicals GmbH, Eschwege,
materials Germany
Gel electrophoresis chamber Gel electrophoresis Wissenschaftliche Werkstatten,
Universtéat Konstanz, Konstanz,
Germany

Gel documentation syster@@antum
1100

Evaluation of agarose gels PEQLAB GmbH, Erlangen, Germany

IKAMAG ® RET basic magnetic  Stirring of solutions IKA®-Werke GmbH+ Co. KG, Staufen,
stirrer with heater Germany

LaminAir HB 2448 Sterile bench Heraeudnstruments, Hanau, Germany
Microscopes:

Primo Star Microscopy Carl Zeiss AG, Oberkochen, Germany
Axioskop 2 Microscopy Carl Zeiss AG, Oberkochen, Germany

Inverted microscope (no item name Single spore isolation Carl Zass AG, Oberkochen, Germany
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PCRCyclers:

Bio-Rad C1000 touch thermal cycle Amplification/PCR

Eppendorf 5331 Mastercycler

gradient thermal cycler

Amplification/PCR

CFX96E Red-Time PCR detection RT-(q)PCR

system

Bio-Rad Laboratories Inc., Hercules,
CA, USA

Eppendorf AG, Hamburg, Germany

Bio-Rad Laboratories Inc., Hercules,
CA, USA

Qubit® 2.0 Fluorometer

Quantification of nucleic
acids

Thermo Fisher Scientific, Waltham,
MA, USA

Rotational vacuum concentrator R\ For fast and efficient vacuur Martin Christ GmbH, Osterode am

2-18

concentration

Harz, Germany

Scales:
Sartoriusanalytical balance
(resolution up to 0.fng)

KERN KB 36002N
(resolution up to 361§)

Weighingmicro tubes
(2.5mL)

Weighting mediaagarose,
and chemicaiaterials

Gottingen, Germany

Kern and Sohn GmbH, Balingen,
Germany

Shaking incubatofrH25

Shaker Incubator

Edmund Bihler GmbH, Bodelshauser
Germany

Spectrometer:
BioPhotomete¥ plus

ncCuvett®® G1.0

Quantification of nucleic
acids

Sanple carrier

Eppendorf AG, Hamburg, Germany

Eppendorf AG, Hamburg, Germany

Stemi 200Minocular loupe

Observation of pycnidia and Carl Zeiss AG, Oberkochen, Germany

perithecia

Thermomixer comfort thL

Incubation of reaction
mixtures

EppendorfAG, Hamburg, Germany

Vortex-Genie 2

Mixing of Reaction mixtur

es Thermo Fisher Scientific, Waltham,
MA, USA

2.5. Software

Software used in this work to analyze the data is shown in Rahle

Table 2.3: List of the software

Software

Application

AxioVision (Release 4.8.3 Special EditionQarl Zdss AG,

Oberkochen, Germaiy

BioEdit (version 7.1.3.0; Hall,999)

CFX ManageE (Bio-Rad Laboratories Inc., Hercules, CA,

USA)

Gene Runner (Version®52x64 Beta,

http://www.generunner.net/)

GENTtle v. 1.9(http://gentle.magnusmanske.de/) and EditSeq
and SeqMan 5.06, Lasergene Software Packet (DNASTAR,

Madison, WI, USA)

MEGA-X, version 10.0.5Https://www.megasoftware.net/
Tamuraand Nei 1993; Kumar al. 2018)

Microsoft ExceP (Microsoft Corporation, Redmond, WAJSA) Relative quantification

Evaluation of pictures

Biological Sequence Alignment Editor

ReatTime PCR data acquisition al
analysis

Evaluation ofpotential secondary structur
of primers and probes

Editing of DNA sequences, assemblies

Construction of phylogenetic trees
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2.6. Culture media

PDA (Potato Dextrose Agar)

Potato dextrose agar 399
Distilled water 1,000mL

To make APDA Acidified Potato Dextrose Agamedium,the pH of PDA medium was
adjusted to 4.5 with lactic acid before atl&wing.

CJA (Carrot Juice Agar)

Carrotjuice 500mL
European Agar 15¢g
Distilled water 500mL

Carrot juice was obtained frodm-drogerie markt (Karlsruhe, Germany).

WA (Water Agar)
European Agar 209
Distilled water 1,000mL

PDA, APDA, CJA, and WAculture media were autoclaved 121°C and 1.Ddar for 25min
and then cooledo approximately 50C with stirring. They were poured into Petri dishes
under a sterile bench and allowmedsolidify at room temperature (ca. Z2) for 24h before

use.

2.7. Bufers

EDTA

EDTA 0.5M
pH (NaOH) 8.0

The solution was autoclaved and stored at room temperature.

Lysis buffer

Tris 400mM
EDTA 60mM
NacCl 150mM
SDS 1%(viv)

The solution was autoclaved and storetbatm temperature.

Potassium acetatmiffer

Potasaim acetate (B1) 60mL
Glacial aetic acid 11.5mL
Distilled water 28.5mL

pH 4.8
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The solution was autoclaved and stored‘°4at.4

TAE (50x)

Tris base 2429
Glacial aetic acid 57.1mL
EDTA disodium salt (0.M) 100mL
pH (NaOH) 8.0

For usethe bufer was diluted to 1:50 with ddi9.

2.8. Solutions
Carboxymethylcellulosé€CMC)1%

CMC 10g
Distilled water 1,000mL

The CMC powder was dissolved in water overnight by constantly stirring, and then the

solution was autoclaved and storedatm temperaire

CMC-Polysorbat@0

CMC1% 1L
Polysorbat@01% 1L

Thesolution was autoclaved and storedatm temperature.

Octoxinok9 (Triton X-100)1%

Triton 10mL
Distilled water 990mL

Thesolution was autoclaved and storedatm temperature.

Polysabate20 (Tween20)1%

Polysorbate 10mL
Distilled water 990mL

Thesolution was autoclaved and storedam temperature.

Potassium aceta{é& M)

Paassium acetate 490.75
Distilled water Up to 1,000mL

Thesolution was stored abom temperature.

Sodium hypochloriteNaOC) 1%

Commercial bleach (1%) 83mL
Distilled water 917mL

The solution was stored at@.
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2.9. Oligonucleotides

The primersused in this workor PCR experiments, sequencing, and-teaé PCR assays
are listed inTables2.4, 2.5, 2.6, and 2.7The TagMan primeprobe combinations for
reattime PCR experiments were designed as part of this work (ihil4r8.1) except for

PL-3 and DPG3, which were designed by Zhangaét (1999) All oligonucleotides were

synthesizedby Biomers.net GmbH (UIm, Germany).

Table 2.4: Oligonucleotides for amplification and sequencing of targets for species identification
and phylogenies

Target Primer Sequencgd 5aVY3a) Tm (°C) Fragment  Reference

region length (bp)

TS ITS1-F CTTGGTCATTTAGAGGAAGTAA 54 600 a
ITS4 TCCTCCGCTTATTGATATGC b
EF1-728F CATCGAGAAGTTCGAGAAGG

TEF1 58 350 ¢
EF1-986R TACTTGAAGGAACCCTTACC
Bt-2a GGTAACCAAATCGGTGCTGCTTTC

TUB 60 500 d
Bt-2b ACCCTCAGTGTAGTGACCCTTGG(

F=Forward primer, R Reverse primer
2Gardes and Bins (1993)° White etal. (1990) Carbone and Kohn (1999)Glass and Donaldson (1995)

Table 2.5: Oligonucleotides for SYBR Green-based realtime PCR assays

Gene symbol Primer Sequencg5 a Y 3 o) Tm (°C) Fragment Reference
length (bp)

UKN2F GCCTCTGGATACCTGCTCAAG
GmUKN2 80 79 a
UKNZ2R ACCTCCTCCTCAAACTCCTCTG

F=Forward primer, R Reverse primer
aHu etal. (2009)

Table 2.6: Oligonucleotides based on ITS sequencesBiaporthe isolatesfor TagMan real-time
PCR assays

Primer- Primer Sequencg 5aVY3a) Tm (°C) Reference
probe set  Probe
PL-3F CAGAGATTCACTGTAGAAACAAGAGTTT 54
PL-3 PL-3R CCGGCCTTTTGTGACAAA 54 a
PL-3P FAM-CGGGCTGCTCCCTGTCTCCABMN-Q535 63
DPCG3F TTTATGTTTATTTCTCAGAGTTTCAGTGTAA 54
DPG3 DPG3R GGCGCACCCAGAAACC 54 a
DPG3P Cy5-CGGGCTGCTCCCCGTCTCBMN-Q620 68
DPG3R GGCGCACCCAGAAACC 54 a
DPCE7 DE-7R TTATGTTTTGTGCTCAGAGTTTCAGTG 74 b
DPE37P ROX-CCGRCGGGCTGTCTCAACACEBMN-Q590 70 b
DPG3R GGCGCAGCCAGAAACC 54 a
DPCE3 DE-3R TTGTGCTCAGAGTTTCAGTG 58 b
DPE37P ROX-CCGRCGGGCTGTCTCAACACEBMN-Q590 70 b
DPG3R GGCGCAGCCAGAAACC 54 a
DPCE(1) DE-3R TTGTGCTCAGAGTTTCAGTG 58 b
DE-7R TTATGTTTTGTGCTCAGAGTTTCAGTG 74 b

DPE37P ROX-CCGRCGGGCTGTCTCAACACEBMN-Q590 70 b
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DPG3R GGCGCACCCAGAAACC 54 a
DPCN8 DPN-8R CAGAGTTTAGTTGGCCAC 54 b
DPN-8P FAM-CCAGGGGGCCTCAGTGAAGAGBMN-Q530 70 b
DPG3R GGCGCACCCAGAAACC 54 a
DPCN11 DPN-11R GATTCACCCTAAAAACAGAG 56 b
DPN-11P FAM-CTTCCGGGGGCGACCTCCTBMN-Q530 70 b

F=Forward primer, R Reverse primer, and-PTagMan Probe

2Zhang efl. (1999)° This work

The probes carry FAM, Cy5, or feOnfal dugleoide and BMI@SR5p r t er  a
BMN-Q620, or BMNQ590, respectively, as quencher attacheal  t-térmainalBnagcleotide.

ITS is the target region for all these TagMan pripearbe sets.

PL-3 and DPG3 are TagMan primeprobe sets, which were designed by Zhangl.e(1999)to detect

D. longicollaandD. caulivora, respectively. DPCE7 and DPCE3 are TagMan priptebe sets for detection of

D. eres DPCN8 and DPCN11 are primprobe setsdr detection oD. novem

The primerprobe set DPCE(1) is a mixture ofnreverse primers DBR, DE7R; primer DPG3R as forward

primer, and probe DPE3P.

Table 2.7: Oligonucleotides based onTEF1 sequences ofDiaporthe isolates for TagMan
real-time PCR assays

Primer- Primer Sequenced 5aVY3aq) Tm Reference

probe set  Probe (°C)
DPCL-F TGTCGCACCTTTACCACTG 58

DPCL DPCL-R GAACGATCCAAAAAGCTCTC 58 a
DPCL-P FAM-GCATCACTTTCATTCCCACTTTCTGBMN-Q535 72
DPCGF GCCTGCAAAACCCTGTTAC 58

DPCC DPCGR CATCATGCTTTAAAAATGGGG 58 a
DPCGP Cy5CTCTTACCACACCTGCCGTCEMN-Q620 68
DPCEF ACTCACTCAATCCTTGTCAC 58

DPCE DPCER GAGGGTCAGCATAATATTCG 58 a
DPCEP ROX-CCATCAACCCCATCGCCTCTTTEBMN-Q590 72
DPCNF AAAACCCTGCTGGCATTAAC 58

DPCN DPCNR TATTCTTGACAGTTCGTTTCG 58 a
DPCNP HEX-TCTACCACTTTCAACCCTATCAATCGBMN-Q535 70

F=Forward primer, R Reverse primer, and-PTagMan Probe

aThis work

The ppobes carry FAM, Cy5, ROX, or H E-términlaly reicleotidesandr e por t ¢

BMN-Q535, BMN-Q620, orBMNQ590 as quencher at-temndimudeottd® t he r especd
TEFL is the target region for all these TagMan prifpesbe sets.

DPCL, DPCC, DPE, and DP® are primefprobe sets for detection Bf longicolla, D. caulivora D. eres and

D. novem respectively.

2.10. Biological material

2.10.1. Soybean seeds.(may
Seed lotssuspected to contain infected seeds Midthporthe spp.from severallocations in

Germany,Austria, and France werebtained fromTaifun-Tofu GmbH (Freiburg, Germany)
andLandwirtschaftsbetrieb (LWB) Zschoche (Sudliches Anhalt, Germ@maple2.8).
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Healthy soybean seedisr controls and for inoculation experimsriapparentlyhealthy; .
Sultana and Anushka) weneceivedfrom the Landwirtschaftliches Technologiezentrum
(LTZ) Augustenberg (Karlsruhe, Germany).

Table 2.8: Infected soybean seeds were selected from this collection which is listed along with
geographc origins

Soybean cultivar Origin Region (city/parish)
Anushka2? Germany Sudliches Anhalt
Silvia PZO Austria Biedermannsdorf
Sigalia Austria Bruck/ Leitha
Primus Austria Buggingen
Sultana Austria Deutsch Wagram
Primus? Austria Dt. Jarndorf
Primus? Austria Ebergrassing
Sigalia Austria Engelhartsstetten
CH 22177 Austria Haslau

CH 22232 Austria Haslau

Silvia PZO Austria Haslau

Sigalia Austria Haslau Donau
Gallec Austria Konigstetten
Gallec Austria Neuaigen
Amadine Austria Oberdsterreich
Merlin Austria Oberdsterreich
Malaga Austria Oberosterreich
Primus? Austria Oberweiden
Korus Austria Seyring

Gallec Austria Wipfing

Gallec Austria Zeiselmauer
Sultan& Germany Rheinau

Pollux? France Voiron

a Seed samples from these seed lotsrewscreened in order to detect and quantify the amount of
Diaporthepathogens via redgime (q)PCR assays (under 2.14.10).

2.10.2. Soybean fungal pathogens
Plates withthe soybean pathoge&glerotiniasclerotiorum(Lib.), Colletotrichumtruncatum

(Schwein), Cercosporakikuchii T. Matsumoto &Tomoy., (1925)Fusarium tricinctum
El-Gholl (1978) and spores of three rust specieBhakopsora pachyrhizi (Syd.),
Uromycedabae(Bary ex Cooke), andromycesappendiculatugUnger) were selected from

the Universityof Hohenheim Phytopathology laboratory collectiéor S. sclerotiorumtwo
isolates were utilized'S. sclerotiorum DSM 1946 (GenBank Accession: MH857810.1;
DSMZ, Braunschweig, Germany) aBdsclerotiorumlZS (own isolate).

Pure cultures oFusariumsolani (Mart.), two isolates oAlternaria spp, and four strains of

the Diaporthe speciesD. longicolla, D. eres D. aspalathj and D. foeniculina (Table2.9)

were obtained r om Kri stina Petrovil (Il'nstitute of
Serbia).

The fungi were cultured on plates with acidified potato dextrose agar (APDA) or potato
dextrose agar (PDA) for 10 days at#25°C and then they were kept at AD. Agar plgs of
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the cultures were transferred to fresh plates regularly to preserve the Stransist fungi
were propagated on their different host plants.

Table 2.9: Diaporthe strains received from Institute of Field and Vegetable Crops in Serbia and
their corresponding GenBank accession numbers

Isolate no. Species GenBank Accession

ITS TEF1
PL-157a/ PDS157A D. longicolla JQ697845 JQ697858
PS74 D. eres JF430488 JF461474
DC-27(1) / 17DIA-034 D. aspalathi MK942646 MK941268
PS22 D. foeniculina JF430495 JF461481

2.10.3. Production of healthy soybean plants
2.10.3.1. Pretreatment of soybean seed samples

The surface of apparently healthy soybean séadsSultanaand Anushkaas disinfected
by rinsingin 1% NaOCI solution for 36. Then the seeds weveashedwith sterile distilled
water and ded on filter paper.

2.10.3.2 Planting soybeans

After surface sterilization, the seedsere incubatedn plastic boxes containing wet filter
papergRotilabd® germ test papeGarl Roth GmbH Co. KG, Karlsruhe, &many to obtain

high humidityat RT. After 7 days, healthy germinated seeds were selected and cultured in
pots (A) containing a mixture of 5% seedling substrate (KlasmaBeilmann GmbH,
Geeste, Germany) and B0soil (Gebr. Patzer GmbH, Sinntaltengronau,Germany). The

pots were kept in the greenhouse atQ&8nder a light/dark cycle of 1648

2.11. Isolation oDiaporthestrains

To isolate Diaporthe pathogens from infected seeds (Tabi), the method described by

Walcott(2003) with some modiftations was used.

2.11.1. Plating the seed samplescalturemedia
21 soybeans were selected randomly from each seed lot @.8pléhe surface sterilized

seeds were placed on the surface of APDA plates using stefdimeghs(7 seeds per plate).

2.112. Incubation
Plates were sealed with Parafiliafafim M Laboratory FilmBemisE PM996, USA) and

incubated at 241°C under a 18 light/dark regimeA small agar plug witleach putative
Diaportheisolate vastransferred ta fresh APDA plate These fates werancubated under

the same conditions for 3@0 days.
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2.11.3. Single spore isolates
For single spore isolates the method publishgdChoi etal. (1999)was used starting with

spore suspensionBruiting bodies oozing conidiascospores were r@ved from the surface

of aculture of the fungi using sterilized forceps and transferred into sterile water 200 i n a
1.5mL micro tube. The micro tube was then stirred with a vortex to obtain a homogeneous
spore suspension. Sixteen squares were marked on the reverse side of a WA plate to help with
locating the germinating spores later. Theng30 o f t Usgens®mpwratransfesred by
pipetting onto the surface of the WA plate and spread using a sterile glass rod. The plate was
incubated at RT and checked usengnicroscopevithin 12h and then every 2#to observe
germination.When germination of sporesasseen a small piece of agar medium with a
single germinated spowwas picked up witha sterilized syringeThis was put onto a fresh

APDA plate and incubated at 24°C under a 18 light/dark regime. The cultures were

checked after few days; if themeas no contamination, a pure culture was obtained

2.12.Morphological identification oDiaporthespecies

2.12.1. Colony appearance
Colony appearance of tli@iaportheisolates was compared Baporthespecies descriptions

in different publications Nitschke,1870; Athow and Caldwell1954; Kulik, 1984; Hobbs
etal. 1985.

2.12.2. Presence of pycnidia and perithecia on APDA cultures
The cultures were also examined with a Stemi 2000 binocular loupe or a Primo Star

microscope to check fguycnidiaand conidophores withU- andb-conidiaor perithecia with

asci and ascospores. For the preparation of microscope slides, lactophenol blue Sution (
Roth GmbH+Co. KG, Karlsruhe, Germahyvas used as staining ageRictures were taken
with an AxioCam HRC car camera and dimensions of conidia and ascospores were

evaluated with AxioVision software.

2.12.3.Evaluation of perithecia and pycnidia productionbpportheisolates
on soybean stems in vitro experiments
To promote the formation of perithecistens from fourweels-old healthy soybean plants

were cut into tm pieces and they were autoclawad121°C and 1.dar for 25min. The
autoclaved stem pieces were placed at the margin of WA plates (five stem pieces per plate).
Afterwards, 0.5 0.5cm agarplugs with fungal mycelium obDiaporthe isolateswere placed

in the center of the plateds control a sterile agar plug was put in the centeVéf plates



Material andViethods 32

along with five soybean stem piecddie plates were incubated 24+1°C under a 1A
light/dark regime.The experiment for each of tligaportheisolateswas done in triplicates
andproduction of perithecia and pycnidia was assessed constantly for two months.

2.12.4. Induction of perithecia Diaportheisolates on Carrot Juice Agar (CJA)
To induce sxual reproduction imiaportheisolates the Klittich and Leslie (1988) method

was used with some modification agar plug(0.5x 0.5cm) takenfrom a fresh culture of
Diaportheisolatewasputinto the cente ofa CJA plate The plates were seal@dth parafilm
andincubated at 2%C under UV light 256nm). When mycelium reached theargin of the
plates it wascarefullyscraped from the surfa@édth ascalpel. One mL % Triton X-100was
spread orthe surfacaisinga glass rodAgain the pateswere incubatedinderUV light using
the same conditiondMycelium growng back was again scraped from the plates once it
became visible Nformally once a week)At the same time the plates were checked for

perithecia/pycnidiaOnce reproductive structures weteservedhe treatment was stopped.

2.13. Pathogenicity test

2.13.1. Preparation of spore (conidia/ascospore) suspensions
To produce spores for eathaportheisolate, the method described un@et2.4 was used.

Once enoughpycnidia/perithecia oozing catia/ascospores eve visible on the plates, the
plates were used to prepare spore suspensiM€-Polysorbat@0 solution (50mL) was
spread on each petri plateith a culture of a Diaporthe isolate that was producing an
abundanceof spores.The mycelium, pycnidia/perithecia,and the spores were carefully
detached from the CJA medium usiagterilescalpel The suspension was filtered through a
funnel covered with four layers of sterile gauze (Paul Hartmann AG, Heidenheim, Germany)
to remove mycelia anché spore suspension was transferred int&id@nmeyer flaskOne
Erlenmeyer flaskwas also filled with 5&nL CMC-Polysorbat20 solution as control. The

tools used were previously autoclaved and carefully sterilized and flamed after each work

step.

2.13.2 Counting spores (conidia/ascospore) with a Hemocytometer
The number of spores in the spore suspensions were counted under the microscope using a

Paul Marienfeld Counting chamber (hemocytomet2@puL of the sporesuspension were
placed in each two recatgular grid structures (chambers) ground into the hemocytometer

slide in the lower and upper area. The slide was sealed with a cover glasssputdiia the
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five quadrants of each chamber were then counted under the microBoopela 2.1 was

used tacalculate the concentration gfhoresuspensions:

Formula 2.1: Calculation of the numberspiores per 1L spore suspension

number of spores

. ul = — -
SPOTes per i area (mm?®) * chamber depth (mm) * dilution

1 The area of the smallest square was 0.0025and the chamber depth was Buh.

2.13.3. Inoculation of soybean seeds with sgoisgensions
Prior to inoculation, 400 randomly selected Anushka seeds (apparently healthy) were

disinfected (under 2.10.3)land thertheywere incubated in humid chambers under the same
condition as described in 2.10.3&fter 7 days, healthy germinatesgeds were selected for
inoculation. For eacbhiaportheisolate, nine germinated seeds were inoculated by soaking in
50mL sporesuspension (4.40610 s p o r & GMCePblysorbat@0) in Erlenmeyer flasks

for 30min at RT. Also, nine healthy germinated seeds were transferred into the one
Erlenmeyer flask containing juSOmL CMC-Polysorbat@0 andsoaked for 3@nin at RT as

control treatments.

2.13.4. Fanting of the inoculated soybean seeds

The inoculated nine seeds for edzipaortheisolate were grouped into three groups of three
seeds anglantedinto pots (12.) with amixture of 50% seedling substrate and %@0soil. A
randomized complete block dgs was used for the pots.ré&nhouse&onditions were28°C
anda light/dark cycle of 16/B.

2.13.5. Evaluation of stem and pod disease
The plants were first checked formsptoms of stem and pot blight after 3 months agdin

one, twg and threeweeks léer. Stem and pod blight symptoms were gradsuohg the

selfmadedisease severity scalshown inTable2.10 andlable2.11.

Table 2.10: Stem disease severity scale
Disease severity scale
No symptoms
" 25% of the stem covered with pycnidia
26-50% infected area
51-75% infected area
76-100% fungal structures on almost the whole stem

A WNPFO

Table 2.11: Pod blight disease severity scale
Disease severity scale
0 no changing color
0.5 less than 506 appearance of brownish color areas orspod
1 . 50% brownish color areas on pods
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2.14. Molecular methods

2.14.1. DNA Extraction

2.14.1.1. DNA extraction from fungal strains

2.14.1.1.1DNA extraction from fungal strains using the protocol by Liale¢2000)

The single spore cultures of ti#aporthe strains isolated in this studidiaporthe isolates
obtained from Institute of Field and Vegetable Crops in Serbia (Tal®¢ andother
important soybean fungal pathogens (2.)0aZre used for DNA preparation. The isolation

of DNA was carried out basl on the protocol by Liu el. (2000).Mycelia were scraped
from tendays-old fungal cultures and transferred to rhl5 micro tubes containing a few
microbeads (Lysing Matrix E tubes)and 0@ | ysi s buf f er . The tube
for 10min and during this incubation time the mycelia were homogenized three times by
vortexing (3Gs). Since this method involves a potassium acetate precipitationg L50
potassium acetate buffer was addethe following step. The tubes were vortexed briefly and
centrifuged for Inin at 12,000cf. The supernatants were transferred to newnL.5ubes and
centrifuged again as described above. Then, the supernatants were transferred carefully to
new 1.5mL tubes and an equal volume of isopropyl alcohol ¢€6%0) w a sTheacdnteetd .

of the tubes were mixed by inversion briefly, centrifuged 2min at 10,000cf, and the
supernatants were discarded. drder to wash the resultant DNA pellets, 800 o% 7 0
ethanol were added and centrifuged fonid at 20,000rpm. The alcoholic supernatants were
removed carefully and the DNA pellets were dried form2® in a rotary vacuum
concentrator. Finally, the DNAs were dissolved ire30 o f.O ahdl they werstoredat
-20°C.

2.14.1.1.2. DNA extraction from fungstrains using the peqGOLD Fungal DNA Mini Kit

Genomic DNA was prepared froliaporthe isolates(Table2.12*) using the peqGOLD

Fungal DNA Mini Kitto test the TagMan primgarobe combinations.

Mycelia were scraped from tefays-old fungal cultures ahtransferred to 1L micro tubes

containing a few microbeads (Lysing Matrix E tubes) ande4dQ0 | ysi s buf fer F
15¢ L RNase A was pipetted into theThatabeso t ub
were incubated for 3@in at 65°C in the heating block(Thermomixer) and they were

vortexed 34 times for 1& during incubation. After cubation,100e L | ysi s buf fer
added, mixed by vortexing and the tubes were incubatedrfon ®n ice. The lysate was
centrifuged for 1@in at 20,000cf. The supernatant was pipetted into a Microfildrich

was placed in adL collection tube iad centrifuged for inin at 10,000cf. The flowthrough
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was transferred into a new Itk tube and 0.5 volumes (285L ) of DNA fwasndi ng
added and mixed well by pipettind\fterwards, the entire mixture was applied into a
PerfectBind DNA column Wwich was placed in ariL collection tube. This was followed by
centrifugation for Inin at 10,000cf. The flowthrough liquid and collection tube were
discarded and the column was placed into a new 2ollection tube and 6%0L D NA was h
buffer was add# It was centrifuged for rhin at 10,000cf and the flowthrough was
discarded. Another 650L DNA wash buffer was added to th
again for Imin at 10,000cf. After discarding the flowhrough, the empty column and
collectiontube set was centrifuged fonfin at 10,000cf to dry the column completely. In the

last step, the column was placed in a new sterilenlL.fube and to elute DNA, 30L dQd H

was pipetted into the column, incubated fomi@ at RT, and centrifuged formin at

6,000rcf. The DNA was stored a20°C until use.

Table 2.12: Diaporthe strains and their corresponding GenBank accession numberssed to test
the specificity and sensitivity of the TagMan primerprobe sets

Isolate no. Species GenBank Accession
ITS TEF1

DPC_HOH20@-4-¢ D. longicolla MK024695 MK099112
DPC_HOH28:¢ MK024703 MK099120
DPC_HOH2.b.c.d.e D. caulivora MK024677 MK099094
DPC_HOH3P D. eres MK024678 MK099095
DPC_HOHP c.d.e MK024682 MK099099
DPC_HOH& D. novem MK 024683 MK099100
DPC_HOH1®-c® MK024686 MK099103
DPC_HOH15"¢ MK024690 MK099107

a Extracted DNA frommycelium of theseDiaporthe isolates and also their PCR products was used to test the
specificity of the TagMan primgurobe sets in the reéime PCR assays

b Extracted DNA frommycelium of theseDiaporthe isolates was used to test the specificity of the TagMan
primerprobe sets in the quadruplex réiahe PCR assays

¢ Extracted DNA from different amounts afycelium of theseDiaporthe isolates wa subjected toealtime
(q)PCR reactionto construct standard curves for absolute quantification

4 Spore suspensions of theBm@mportheisolates were used in theattime (q)PCR assays to construct standard
curves for absolute quantification

¢ ExtractedDNA from mycelium of theseDiaporthe isolates was used in theaktime (q)PCR assays to
construct standard curves for relative quantification

2.14.1.1.3DNA extraction from fungal strains usitige DNeasy Plant Mini Kit

DNA from tendays-old cultures ofDiaportheisolates(Table2.12°) was extracted using the
DNeasy Plant Mini Kito prepare serial dilutions and make standard curves for quantification.
Mycelia were scraped from the fungal cultures, transferred to Lysing Matrix E tubes
containing 40@ Lbuffer AP1 and homogenized by vortexing. Thea 4 R Mawa®
pipetted into the micro tubes. The tubes were vortexed briefly and incubatednfon &0
65°C in the heating block Each tube was inverted three timdaring incubation. Then,
130e L b &3 vias added, mixed and the tubes were incubatedvor 6n ice. The lysate
was centrifuged for gin at 20,000cf. The supernatant was pipetted into a QIAshredder spin
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columnwhich was placed in arL collection tube and centrifuged fom#n at 20,00rcf.

The flowthrough was transferred into a new hb tube carefully without disturbing the

pellet. Then, 798 L buf fer AWIL, which corresponds to
was added to the lysate and mixed by pipettinghe next step, 650L of t heremi xt ui
transferred into a DNeasy Mini spin column which was placed imhk @ollection tube. This

was followed by centrifugation forriin at 6,000cf. The flowthrough was discarded and the
remaining amount of the mixture was added to the same DNeasy Mini spin ctiunas
centrifuged again for hin at 6,000cf and the flowthrough was discarded’he column was

placed into a new L collection tube and 560L buf fer AW2 was added.
for 1min at 6,000cf and the flowmthrough was discarded. Another 300 b uf f er A W2
added to the column and then centrifuged fonir2 at 20,000cf. The spin column was
removed from the collection tube caiy without coming into contact with the flothrough

and it was placed in a new sterile b tube. For elution, 26 L  dQdwis pipetted into the
column, incubated for ®in at RT, and centrifuged formiin at 6,000cf. This step was
repeated once me, resulting in a total of €L of solution and it was stored €20°C until

use.

2.14.1.2. DNA extraction fromplant material

Stem samples (eachch) were ground in liquid nitrogen using mortar and pestle2min.
Leaf s ald@niglewere froderfor 3min in liquid nitrogenin 2mL micro screw tubes
containing 2 steel spheres (4B, Niro, Sturm Préazision GmbH, Oberndorf am Neckar).
Then the tubes were inserted into the FastRBebhomogenizer. This was rdar 20s at

4 m/s To avoid heting of the material e tubes were returned to liquid nitrogen fomih.
Homogenizatiorand cooling was repeatédo more times.

For preparation of DNA from seeds, surfatisinfected soybean seeds wepoaked in water

for 20min andsqueezed to removédir seed coats. Seed coats were placed individually in
2mL micro screw tubes containing 2 steel spheres, frozenrfon 3 liquid nitrogen, and
homogenized using the FastPtep¥ homogenizer as described above. Uncoated soybean
seeds and whole seedsrevgound individually in liquid nitrogen by using mortar and pestle
for 3min.

Homogenized plant materigl @0mg) was transferred t@.5mL tubes containing 400 L
buffer AP and vortexed. The remainder of the preparation was done using the DNeasy Plant
Mini Kit as described ir2.14.1.13.
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2.14.1.3DNA extraction from rust pathogens

Spore samples (about B8@) of Phakopsorapachyrhizi(Syd.), Uromycesfabae (Bary ex
Cooke), andJ. appendiculatugUnger) were ground individually in liquid nitrogen forrn
using mortar and pestle amsblation of DNA was carried out based on the protocol (Liu
etal. 2000) byHeike Popovitsch.

2.14.2. PCR

2.14.2.1. PCR usind’husion DNA polymerase

Three genomic markers, the internal transcribed spacer (ITS) region of the nuclear ribosomal
DNA, parts of the translation elongation facteJ{TEF1) and beteaubulin (TUB) of single

spore Diaporthe strains isolated in this study, were amplified using the primer pairs
ITS1-F/ITS4, EF1728F/EF1986R, and BRa/Bt2b (Table2.4). PCR reactions were carried

out in aBio-Rad C1000 touch thermal dgc The amplification was performed in 4
reactionsand Phusion DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA) was
used for the amplification of target gene fragments for sequencing. The pipetting scheme and
the PCR program for PCR are shoin Table2.13 and Tabl@.14.

Table 2.13: Pipetting scheme for a 4QL PCR reaction with Phusion DNA polymerase
Reagents Volumes (L)

5x Phusion HF buffet 8
dNTPs (2nM)?2 4
ForwardP r i mé& B 6 ( Hniolkl0) 1
ReversePr i m& 5 6 () Bnfolkl0) 1
TemplateDNA 1
Phusion DNA polymerasg2U/eL) 0.4
ddH.0 24.6
Final volume 40

aThermo Fisher Scientific, Waltham, MA, USA

Table 2.14: PCR program for onePCR reaction with Phusion DNA polynerase

Phase Temperature (°C) Time (min:s)

ITS TEF1 TUB | ITS TEF1 TUB
1. Initial denaturation 98 98 98 0:30 0:30 0:30
2. Denaturation 98 98 98 0:10 0:10 0:10
3. Annealing 54 58 60 0:20 0:50 0:15
4. Elongation 72 72 72 0:35 0:35 0:15
5. Repetition from phase 24. 35 x
6. Final elongation 72 72 72 10:00 10:00 7:00
7. Final hold 8 8 8 indefinite indefinite indefinite

2.14.2.2. PCR using aq polymerase
ITS andTEF1regions were amplified using ITSHYITS4 and EFL728F/EF1986R primers

in individual reactions forD. longicolla, D. caulivora D. eres and D. novemisolates
(Tables2.4 and 2.19). PCR reactions were carried out irB&-Rad C1000 touch thermal
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cycler and theamplification was performed usinfaq polymerase in 2AL reactions.The
pipetting scheme arttie PCR program for PCR are shown in Tabl and Tabl@.16.
Table 2.15: Pipetting scheme for a 2plL PCR reaction with Tag polymerase

Reagents Volumes (L)
10x Taqgbuffer with (NH;).SO,2 2.5
MgCl. (25mM) 2.5
dNTPs (2nMm)?2 25
ForwardP r i mé& B8 6 ( pniolkl0) 1.25
ReversePr i m& 15 6 () pnjolklD) 1.25
TemplateDNA 1
TaqDNA polymerasé (1U/eL) 1
ddH0 13
Final volume 25

aThermo Fisher Scientific, Waltham, MA, USA

Table 2.16:PCR program for one PCR reaction with Tag polymerase

Phas Temperature (°C) Time (min:s)
1. Initial denaturation 95 3:00

2. Denaturation 95 0:30

3. Annealing 58 0:30

4. Elongation 72 0:30

5. Repetition from phase 2.4. 35 x

6. Final elongation 72 5:00

7. Final hold 8 indefinite

2.14.3. Agarose gel electrophoresis
The presence and the size of DNA fragments after amplification via PCR was determined by

gel electrophoresis. Depending on the expected size of the fragments /fiable be
determined, 2(w/v) agarose was suspended in TAE (1x), boiled in the micrewsth
repeated shaking until a homogeneous solution was formed. 6x LoadingalyeT¢iermo

Fisher Scientific, Waltham, MA, USA) was used to prepare DNA samplet BCR
products) for loading on the agarose gel in order to observe their separati@Rul@dM

100bp” DNA ladder (ZL, Thermo Fisher Scientific, Waltham, MA, USA) was used for
sizing and approximation of the DNA band#e electrophoretic separation of the DNA took
place at 10¥ for 45min. To make the DNA bands visible, the agarosewps staied in
0.0009% ethidium bromide solution for Iin and therdestainedin H>O for 15min. The
analysis and documentation of the separated DNA fragments was followed with the aid of a

Quantum 1100 gel documentation system under UV light.

2.14.4. Pufication of PCR products

PCR amplicons were purified using thpedcOLD CyclePure Kit, following the
recommendations of the manufacturer. PCR amplicon was transferred to a cleamiidso
tube and mixed with an equal volume of CP buffer. Then theungixivas pplied to a
PerfectBind DNA column assembled in a cleaml2 collection tube and centrifuged at
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10,000rcf for 1min at RT. The liquid was discarded and the PerfectBind DNA column was
washed twice with CG wash buffer (76Q ) . Af t er t1X0000¢f for Imingthen g a
liquid was discarded and the empty column was centrifugednfon 2t 10,000cf in order to

dry the column matrixo avoid transfer of salts in buffein the last step, the column was
placed into a clean 1BL micro tube an®0e LddH>O was pipetted directly onto the column

matrix and centrifugedrin at 5,000cf to elute DNA.

2.14.5. Measurement of DNA concentrations

2.14.5.1. Spectrophotometrical detection by BioPhotometeplus supplemented with
pCuvette®G1.0

The concentizon of all dsDNA which were extracted fromsingle spore isolate®f
Diaporthestrains, soybean fungal pathogens (2.14.1),Ipllant materials2.14.1.2), and rust
pathogens 2.14.1.3) was measured bthe BioPhotomet&rplus using the pCuvettes1.0
with anoptical path length of thm. First, the cuvette was cleaned by pipettipds 2dH.0 in
the middle of the marking on the sample carrfelding the cuvette together and wiping it
with a tissue (AB SOLUTE® laboratory; Th. Geyer GmbHCo. KG). Then ablank value
with 2uL ddH.O was generated. The same amoumptlL(2was taken from the DNAample
and pipetted on thgample carrier, inserted into tBeoPhotometét plus. DNA concentration
of the samples was determined by measuring the absorption atm26@a the
BioPhotometet plus. After each measurement, the cuvette was cleaned adthO as
described above

2.14.5.2 Fluorometrical detection by Qubit® 2.0 Fluorometer

The concentration of purified PCR productsDiéportheisolates (Tabl®.12% and DM of
Diaporthe isolates (Tabl®.12°) was detected Idorometrically by using a Qubif 2.0
Fluorometerin order to obtain a precise measurement. For this purpose, a'\Quiitking

solution was prepared by diluting the QiMiteagent 1:200 in QuBl buffer.

Two assay tubes for the standards (1 and 2) and one tube for each user sample were prepared:
Standard assay tube&0Oc L St and athe Qubiff dNA BR Assay Kit
(Invitrogen/Molecular probes by life technologies; USA90uL of Qubit™ working

solution

User sample assay tulsespL of sampler 199uL of Qubit™ working solution

Thin-wall, clear 0.3nL Qubit® assay tubs Thermo Fisher Scientificwere used to prepare

200pL of working solution for each standard and sample and then all tubes were dortexe

briefly and incubated for @in at RT. To calibrate the device, the tubes of standard 1 and
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standard 2 were initigll inserted ito the Qubi® Fluorometer, measured and a tpoint
standard calibration was created. All samples could then be measuraftesrt@ée other in
the device.

2.14.6. DNAsequencing
Purified PCR products of the single spore isolatE®iaporthe strainswere diluted with

ddHO according to the formula ddourceBioscience (Berlin) and Microsynth SEQLAB
(Gottingen), respectively, drsequenceth both directions

SourceBioscience:Purified PCR products and primers were prepared in a concentedtion

Ing/ €L ppeand 3PN | / € L, respectiLv dlry.m Afatcenr wdairl du
product were pipetted into In3_ individual micro tubes. Also, &L per reacti on f
forward and reverse primer were pipetted into separatsll.gicro tubes. Té prepared

samples and primers were sent for sequencing.

Microsynth SEQLAB:Purified PCR products were prepared img8er 10®p in a volume

of 12¢ L . The primer spmelr/eec LdhellZghleerdputr o f 1 6d PCR
solution and 3 L s eimgyrmercsolution were mixed within one micro tube in a volume
of15¢e L and the prepared samples were sent for
Forward and reverse sequences were assembledSegMarE Il and deposi ted in
GenBank.Introns and exons ifUB and TEF1 seqiences were determined by comparison

with previously submitted sequences.

2.14.7. Phylogenetic analysis
The DNA sequences for eaBhaportheisolate were alignedsing ClustalW as implemented

in BioEdit (version 7.1.3.0) (Hall1999) Multiple sequencalignments oDiaportheisolates
together with sequences of-gype speciesvere performedfor each geneThe concatenated
alignment was generated by fusing #dB, TEF1, and ITS alignments the Windows text
editor. Phylogenetic trees were constructesing MEGA-X (Tamura and Neil993; Kumar
etal. 2018). Herethe maximum composite likelihood method (Tamuralet2004)was
chosenwith default options: a robust test of 100 bootstraps, Ta#NeraModel, uniform
rates, all sites, nearest neighbor interchangeal tree by neighbor joining, no branch swap
filter, and 3 threads.

2.14.8. Reatime PCR
2.14.8.1Design of TagMan primer-probe sets

Thealignments othelTS andTEF1sequencesonstructedor the phylogeny analysis (under
2.14.7), were checked rl then sequence alignments of six four Diaporthe isolates
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respectively representing the full sequence diversity were selected to design the TagMan
primerprobe sets (Tabl2.17).

Table 2.17: Diaporthe strains and the corresponding GenBank accessionumbers for the ITS
and TEF1 sequencesised to design the TagMan primesfprobe sets

Isolate no. Species GenBank Accession
ITS TEF1

DPC_HOH1 D. longicolla MK024676 MK099093
DPC_HOH2 D. caulivora MKO024677 MK099094
DPC_HOH3 D. eres MK024678 MK099095
DPC_HOH7 MK024682 MK099099
DPC_HOHS8 D. novem MK024683 MK099100
DPC_HOH11 MK024686 MK099103

Melting temperatures (Tm) and potential secondary structures of the selected oligonucleotide
sequences were evaluated with Gene Runner (Version 6.5.52x64 Beg¢afluorogenic
reporters for TagMan probes were selected based on the capacity of the CFX96 detection
system to resolve overlapping spectrsl oligonucleotide primers and probes were

synthesized by Biomers.net GmbH (Ulm, Germany).

2.14.8.21n silico assesment of the specificity of the TagMan primerprobe sets

Specificity of the selected primers and probes baset@Edfil sequences (Tabkz7) and the

selected primers and probe based on ITS sequen@seoésisolates (Tabl®.6) was tested

usi ng NIG&BLAST (RABI; https://www.ncbi.nlm.nih.gov/tools/primdnast). In

APri mer Pair Specificity Checking Parameter s

Diaporthe Fungi PhytophthoraPythium andGlycine

2.14.8.3. Reatime PCR conditions

Reattime PCR was performed using a CFX96 REate PCR system using FrameStar
96-Well Skirted PCR Plates (4titude, Brooks Automation, Chelmsford, MA, USA) -titeal
PCR reactions were prepareding ready to use mixtures, either SensiFASProbe
No-ROX mix (2x) or SensiFAST SYBR NoROX mix (2x). All reactions were performed
with a final volume of 2@ L . Fi r-well platas ivere ppétted with the master mix and
then with the template DNAusing Filter tips under thesterile bench(DNA/RNA
UV-Clearer). The pipetted plates were sealed with sealing tgerstedt AGCo KG,
Numbrech}, centrifuged befly with the Mini plate spinner, placed in tHeFX96 RealTime
PCR systemand incubatedunder the protocol (Tab®18). The reatime PCR data were
analyzed using the CFX Manad¥rSoftware.


https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Table 2.18: PCR program for real-time PCR assays

Phase Temperature (°C) Time (min:s)
1. Initial denaturation 95 3:00
2. Denaturation 95 0:15
3. AnnealingElongation 60 0:45
+ Plate read

4. GOTO 2, 39x

2.14.8.4 Evaluation of the specificity and efficiency of the TagMan primerprobe sets
2.14.8.4.1Singleplex ral-time PCR assays

Numbers of copies of DNA of the purified PCR products for eBifiporthe isolate
(Table2.12%) were determined by the formula 2.2:

Formula 2.2: Determination of number of copies of DNA

Amount of DNA (ng) * Avogadro's constant
Length of DNA template (bp) * 660 {(g/(mol *bp)) * 1 x 10% (ng/g)

DNA copies number =

Amount of DNA (ng)=Concentration of PCR prods¢tvolume added to the reaction

Av ogadr o 6=%$.022xd0tmadlegutes/mol

Average mass of dp dsDNA=660g/(mol* bp)

Conversion factor for converting s x 10°ng/g

Subsequently, serial dilutions of PCR products containingtalD0*copies/|L and also
dilution series 1:10, 1:10Gand 1:1000 for the genomic DNA of th®iaporthe isolates
(Table2.12%) wereprepared and tested in singleplex +i@e PCR assays using the designed
TagMan primetprobe sets (Tables6 and 2.7).

The specificity & all TagMan primefprobe sed which were designed based aftF1
sequences (Tabk7) and the primeprobe set DPCE(1) [mixture awn reverse primers
DE-3R, DE7R; primer DPG3R as forward primerand probe DPE3ZP] (Table2.6), which
was designeddsed on ITS sequencesferesisolates, was tested with genomic DNA from
the nontarget Diaporthe species in singleplex reiime PCR assayslThe realtime PCR
program and the pipetting scheme for singleplex reactions are shown in2THbland
Table2.19.

Table 2.19: Pipetting scheme for singleplex redime PCR assays

Reagents Volumes (L)
2x SensiFAST Probe M# 10
ForwardP r i mé& B8 6 ( pniolkl0) 0.8
ReversePr i mé& K 6 () Bniolkl0) 0.8
TagManProbe (1(pmolkL) 0.2
ddH.O 6.2
TemplateDNA 2

Final volume 20

aBioline GmbH, London, UK
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2.14.8.4.2. Multiplex redaiime PCR assays

To assess the quadruplex reale PCR assayirst all four primerprobe sets DPCL, DPCC,
DPCE, and DPCN (Tabl2.7) were tested for specificity by adding just one DNA sample.
0.4ng DNA from target species (Tat®e12) or different amounts of DNA between 360
and 2.51g from nontarget species2(10.2), healthy soybean leaf, and healthy soybean ,stem
respectivelywere added to the mixvith all four primerprobe setsin the second and third
steps, two and three different DNA samples of speci@iagorthe(Table2.12°) were tested
together, espectively, and in the last st&\NA of all four species wagpplied The realtime
PCR program and the pipetting scheme for duplex and quadruplex reactions are shown in
Table2.18 and Tabl@.20.

Table 2.20: Pipetting scheme for duplex and quadruplex @-time PCR assays

Reagents Volumes (L)
2x SensiFAST Probe Mk 10
ForwardPrimer® ( %¥ & 6 ) pn{olk10) 0.4
ReversePrimer® ( ¥ & 6 ) pn(olElD) 0.4
TagManProbes (10pmolkL) 0.1
TemplateDNA 2
ddH,0 Variable?
Final volume 20

aBioline GmbH, London, UK

b From each four forward primand each five reverse primer QU4 were usedn reactions.
¢ From each four prob@.1uL were used in reactions.

4 The amount of water was variable based on the number of ppiroke sets used.

Standards were run in technical triplicateamplegesed for pathogen presence in technical

duplicatesNo-template controls were included all plates and for all mixes

2.14.9. Validation of the quadruplex re¢ahe PCR assay

2.14.9.1.Sampling of plant material

Stem samples were taken from four morthd symptomaticplants artificially inoculated
with D. longicollaisolategTable2.21) in the greenhouse pathogenicity test (2.13
Infected seed samples were selected from six seed lots @ 8fleand for each lot, thirty
seeds were chosen for DNA extraction.

Leaf and stem samples from foweels-old healthy soybean plants (2.10.Z&nd healthy
seedsdv. Sultana) were used as control.

Table 2.21: Infected stem samples obtained from diseased soybean plants which were inoculated
with D. longicollaisolates in the greenhouse pathogenicity test

Isolate na Species GenBank Accession

ITS TEF1
DPC_HOH17 MK024692 MK099109
DPC_HOH22 MK024697 MK099114
DPC_HOH25 D. longicolla MK024700 MK099117
DPC_HOH26 MK024701 MK099118

DPC_HOH29 MK024704 MK099121
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2.14.9.2. Evaluation of the quadruplex reatime PCR assay

To evaluate the ability othe quadruplex redlme PCR assay taletect DNA from
Diaporthespecies, the extracted DNAs from infected stem samples (Za&dlg and six
different seed lots (Tab8) under 2.14.1.2were added individually to the qmauplex
reactions including primeprobe sets DPCL, DPCC, DPCE, and DPCN. The extracted DNAs
from healthy stem samples and soybean seeds were tested as control @kewegltime
PCR program and the pipetting scheme for quadruplex reactions are shoaie2.18 and
Table2.20.

2.14.10. Quantification of the amount@iaportheDNA in soybean seeds

2.14.10.1. Standard curves for quantification

The DNA of theDiaporthe isolates (Tabl®.12°) was diluted 1:10 to 1:Powith 50eg/mL

DNA from healthy soybean tissiiieaves).To get standard curves for edokaportheisolate,
guadruplex reatime PCR assays withPCL, DPCC, DPCE, and DPCMere performed by
applying the dilution series using the reate PCR program and the pipey scheme for
guadruplex reactions (Talslg2.18 and2.20).

Also, to create a standard curve for plant DNA, DNA of healthy soybean tissue was diluted
1:10 to 1:16 with ddHO and the serial dilutions were applied 8¥BR® Greenbased
reattime PCR assayasing soybean primer&JKN2F and UKN2R (Table2.5. The
SYBR® Greenbased realime PCR reactionsvere prepared using a ready to use mixture,
SensiFASE SYBR NoROX mix (2x). The fnal volume of all reactions was20sL
(Table2.22).No-template controls were included for the assay. Samples were amplified using
the two step protocol shown in Taldel 8.

Table 2.22: Pipetting scheme for SYBR Green-based reaitime PCR assays

Reagents Volumes (L)
2x SensiFASE SYBR NoROX Mix 2 10
ForwardP r i m& 1B 6 ( PriolD) 0.4
ReversePr i m& 5 6 () PrijotkD) 0.4
TemplateDNA 2
ddH.O 72
Final volume 20

aBioline GmbH, London, UK

2.14.10.1.1. Actual quantification

The amount offungal DNA (ng) per plant DNA(ng) was gantified for DNAs from six
soybean seed lots (TaleB). For this,in addition to applying these DNA samples in the
quadruplex realime PCRassays to detect fungal DNA, SYBRSreenbased reatime PCR
reactions were carried oirt parallel to determinéhe amount of soybean DNAThe amount
of DNA of eachDiaporthespeciesandplant for each individual seed was calculaisthg the
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standard curves artie amount of fungal DNA was set in relation to the amount of plant
DNA.

2.14.10.2. Absolute quantificabn of fungal biomass

2.14.10.2.1Standard curves fromiaporthespecies mycelia

Mycelia were scraped from tedays-old cultures ofDiaporthe isolates (Tabl®.12° in
different amounts in individual micro tubes. The micro tubesniLpwere weighed fir$

when they were empty and then again after adding the mycelia uSagaiusanalytical
balanceThe mycelia were homogenized by vortexing using a few microbeads (Lysing Matrix
E tubes) in 506 L | ysi s buffer. DNA ext r aaded byn was
Liu etal. (2000) as described i2.14.1.1.1. DNA concentration was determined
spectrophotometricallgnd from each DNA sample, a 1:10 dilution was prep&@eddruplex
reattime PCR assys using primeprobe setsDPCL, DPCC, DPCE(1), and DPCiere
carried out with the DNA samples (diluted and undiluted DNA) to assign a Cq value to a
certain amount of mycelium. The quadruplex {tgale PCR assaysere performed using the
reattime PCR prgram and the pipetting scheme shown in T2hl8& and Tabl2.20.

2.14.10.2.2Standard curves froiaporthespeciespores

60 days-old plates of Diaporthe isolates (Tabl@.12%) with an abundance of
pycnidia/perithecia (under 2.12)4vere floodedwith 10mL Polysorbat@0 (0.01%). Spore
suspensions were prepared as described in 2dr&ilthey were transferred ifB@mL falcon
tubes.2mL of thesesporesuspensions were transferred toral2microcentrifuge tube and
conidial/ascospores concentratiomgere determined using &uchsRosenthal counting
chamber as described t113.2 Serial dilutions (18to 107) of the sporesuspensions were
prepared irPolysorbat@0 (0.01%) in 2mL volume.1mL suspension was removed from each
of the tubes of the Hlition series in order to carry out DNA extraction on $peresased on

the protocol by Liu eal. (2000) The suspensions were centrifuged fonid at 20,000cf.

Then 70QUL of the supernatarwere removeand discarded. To the pellet and the remainin
supernatant, 5L | y s i s a bew fmitrebeadsa(ltysing Matrix Byere added. This
was followed by 1@nin incubation. The further steps were carried out as described in
2.14.1.1.1

Quadruplex realime PCR assaysising primesprobe setsDPCL, DPCC, DPCE(1), and
DPCN, were performed with the serial dilutions of spore suspensions and also with the
extracted DNAs from each spore suspension for €iaporthe isolateusing the reatime

PCR program and the pipetting scheme in Tad®& and Tabl@.20.
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2.14.11. Seed soaig
One soybean seed Iafcultivar Anushka2, Table2.8) was used to test the seed soaking

method.In thefirst experimentiwo timesfive seeds were soakad sterile deionized wateat

a ratio of5 seed€BmL water, with different ratios of healthy andfectedseedgfive infected,

4 infected+ 1 healthy, 3 infectel2 healthy, 2 infecteél3 healthy, 1 infectetl4 healthy, and
5 healthy)in separate falcon tubes. The falcon tubes were sairdtC and from each of the
soaking solutions, @pL aliquas werecollectedat 0, 1, 2, 34, 5, 6 and7h. In the second
experimentthree times 100 seedgere soaked randomin sterile deionized water at a ratio
of 100seedsIO0OmL water in separate containe@nd from each of the soaking solutions,
1mL aliquotswere collected at 0, 1, 2nd3h. The aliquots werstoredat -20°C until use
2uL of thesealiquotswere used as template ithe quadruplexreattime PCR (Tables2.18
and2.20. Two technical replicates were conducted for eajuotandno-temgate controls

were included as well.
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3 Results

In this work, soybean seed lots wiplutative Diaporthe contamination were obtained from
several locations throughout Europe and examined in order to identify the dominant
Diaporthe species in Europe. Forishpurpose, DPC species should be isolated using the
conventional seeg@lating method The specie®f the single sporeisolates vas determined
based on their morpholggPhylogeires werebuilt from TUB, TEF1, and ITSsequenceand

also multtgene DNA sequece data were generated to get more reliable information to
classify the DPC species.

Specific TagMan primeprobe sets were designéal the detected specidmsed onTEFL
sequence alignments Bfiaportheisolates. The efficiency of the TagMan prir@obe ses

was evaluated by applying genomic DNA and PCR products oDidugortheisolates. The
specificity for each set was tested. The reliability of the resulting quadrupletimeaPCR
assay was tested. Standard curves for all four pathogens to dmgiblguiantification were

obtained.

3.1. Isolation oDiaporthestrains

The first step to elucidate which species of DRC are relevant in central Europe, was
classical isolation of the pathogens from soybean seeds)(2Skkds from Austria, France
andsouthern Germany were used in the isolation study.

32 fungal cultures could be attributed Baporthe spp. but also other pathogerike
Fusariumspp. andAlternaria spp.were found Single spore isolates were obtained frdra t
Diaporthe cultures and trse were identified based on morphological and molecular

identification criteria (Tabl8.1).

3.2. Morphological identification dDiaportheisolates

The 32Diaportheisolates were evaluated based on colony appearance andaohationof
anamorplor teleomorphstructures, type andimensionsof conidia and ascospores.i3put
theisolatesinto thespecied. longicolla, D. caulivora D. eres andD. novem

The morphological characteristics of the different species as observed by me are described
below. Mostly the characteristics conformed with earlier descriptions but nevertheless
new/updated species descriptions for the isolates in central Europe were generated. These
species descriptions have also been published (Hossaink€R0).
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Table 3.1: Diaporthe species isolated from European soybean seeds

Species Isolate no. Cultivar Origin GenBank accessions
ITS TEF1 TUB

D. longicolla DPC_HOH1 Sigalia Austria MK024676  MKO099093 MK161475
DPC_HOH5 CH 22232 Austria MKO024680 MKO099097 MK161479
DPC_HOHs  Gallec Austria MK024681  MK099098 MK161480
DPC_HOH9 Korus Austria MKO024684 MK099101 MK161483
DPC_HOH12 Silvia PZO  Austria MKO024687 MK099104 MK161486
DPC_HOH13 Gallec Austria MK024688 MK099105 MK161487
DPC_HOH17 Sigalia Austria MKO024692 MK099109 MK161491
DPC_HOH18 Primus Austria MK024693 MK099110 MK161492
DPC_HOH19 Primus Austria MKO024694  MK099111 MK161493
DPC_HOH20 Silvia PZO  Austria MK024695 MKO099112 MK161494
DPC_HOH21 Gallec Austria MK024696 MK099113 MK161495
DPC_HOH22 Sultana Germany MK024697 MK099114 MK161496
DPC_HOH23 Sultana Germany MK024698 MK099115 MK161497
DPC_HOH24 Sultana Germany MKO024699 MK099116 MK161498
DPC_HOH25 Merlin Austria MK024700 MK099117 MK161499
DPC_HOH26 Gallec Austria MK024701 MK099118 MK161500
DPC_HOH28 Malaga Austria MKO024703  MK099120 MK161502
DPC_HOH29 Gallec Austria MKO024704 MK099121 MK161503
DPC_HOH30 Silvia PZO  Austria MK024705 MK099122 MK161504
DPC_HOH31 Merlin Austria MKO024706 MK099123 MK161505
DPC_HOH32 CH 22177 Austria MKO024707 MK099124 MK161506

D. caulivora DPC_HOH2 Primus Austria MKO024677 MK099094 MK161476
DPC HOH4 Primus Austria MK024679 MK099096 MK161478

D. eres DPC_HOH3 CH 22177 Austria MKO024678 MKO099095 MK161477
DPC_HOH7 Amadine Austria MK024682 MK099099 MK161481
DPC_HOH10 Silvia PZO  Austria MKO024685 MK099102 MK161484
DPC_HOH14 Primus Austria MKO024689 MK099106 MK161488
DPC_HOH27 Sigalia Austria MKO024702 MK099119 MK161501

D. novem DPC_HOH8 Sultana Austria MKO024683 MK099100 MK161482
DPC_HOH11 Pollux France MKO024686 MK099103 MK161485
DPC_HOH15 Pollux France MK024690 MK099107 MK161489
DPC_HOH16 Sigalia Austria MK024691 MK099108 MK161490

3.2.1. Diaporthelongicolla( Hobbs) J. M. Santos, Vrand

Persoonia 27: 13 (2011).

PhomopsidongicollaHobbs, Mycologia 77: 542 (1985).

21 isolates (DPC_HOH1, DPC_HOH5, DPC_HOH6, DPC_HOH9, DPC_HOH12,

DPC_HOH13, DPC_HOH17, DPC_HOH18, DPC_HOH19, DPC_HOH20, DPC_HQOH2
DPC_HOH22, DPC_HOH23, DPC_HOH24, DPC_HOH25, DPC_HOH26, DPC_HOH28,
DPC_HOH29, DPC_HOH30, DPC_HOH31, and DPC_HOH32), which were isolated from

seed lots collected from variousfields in Austria and Germanyswere allocated to

D. longicolla. The morphologial characteristics of al). longicollaisolatesfit thedescription
of Hobbs etl. (1985)with the exception oDPC_HOH18 and DPC_HOH21.

Fluffy and dense aerial mycelium thegipearedvhite with greenish yellow are@gew onthe
APDA platesfor most of he D. longicolla isolates (Figur&.1A). From thebackside fresh
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cultures weravhite togreenish; yellow and black spappearedater Figure3.1B). Asexual
reproductivestructures, pycnidia containirigconidia, were developed on the surface of the
cultures on APDA and ormpiecesof soybean stems (FiguglC,D). In contrast to the
D. novemisolates in this study, this species produceahny stromata with long pycnidial
beaks Hyaline and biguttulateJ-conidia (5.51 7.4x2.0i 2.4em) with oval shag were
released fromthe pycnidial ostiole in yellowish or creamy drogEigure3.1C,F).

D. longicolla produced smaller and widekconidia tharD. novemas well.
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Figure 3.1: Macro- and micrographs ofD. longicolla (isolate DPC_HOH28).

A) Surface view of the cultures on APDA afteme month. B) Backside view of the culture€)
Conidiomata sporulating on APD®) Pycnidia on soybean stem on WHE). Conidiogenous cells and
conidiophoresF) -cthidia. @, B) Diameter of the digts 9.@&m. Scale bar¢C, D) 500 m ,E, F)
10e m

3.2.2. Diaporthe caulivora ( At how & Cal dwel | ) J . M.

A.J.L. Phillips, Persoonia 27: 13 (2011).
Basionym: Diaporthe phaseolorumvar. caulivora Athow & Caldwell, Phytopathology 44:

323 (1952

Isolates DPC_HOH2 and DPC_HOH4, which were isolated #aoistrian soybean lots, were
groupedas D. caulivora Morphologically, both isolatefit the description ofAthow and
Caldwell (1954.

N
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Fluffy mycelia ofD. caulivoraisolates on APDAwere firstwhite or whiteyellow andlater
yellow-ochre (Figure8.2A). From the backside the mycelium appealigtit ochre to tan,
light yellow, or yellow (Figure3.2B). The isolates reproduced sexualRerithecia were
formed after 30-40 days (Figur&.2C) on APDA platesand after two monthson soybean
stem pieceson WA (Figure3.2D). Formation of perithecia most clearly distinguishes
D. caulivora from the other species found in central Europke perithecishad black and
straight neckeinddevelopedaloneor in groups oftwo or threg(Figure3.2C,D). Asci (30.6
43.0x7.01 9.5em) with eight ellipsoid ascospores, were enlarged in the middle had
obvious apical ringgowards the vertices (FiguB2E). The acospores (8i1311.0x1.77
2.9em) were translucent, ellipsoidal to fusoiand septate They hadfour guttules,two
guttules pecell and the guttules towards the septum weidest (Figure3.2F).

Figure 3.2: Macro- and micrographs ofD. caulivora (isolate DPC_HOH?2).

A) Surface view of the cultures on APDA afteme month. B) Backside view bthe cultures.C)
Perithecial necks on APDAD) Perithecial necks on soybean stem on VEA.Asci (arrow) and
ascospores (arrowhead}) Ascospores. A, B) Diameter of the dishes &th. Scale barsQ, D)
500¢ m E) 20 m(F) 10e¢ m

3.2.3.DiaportheeresNitschke, Pyrenomycetes Germanici 2: 245 (1870).

Isolates DPC_HOH3, DPC_HOH7, DPC_HOH10, DPC_HOH14, and DPC_HdiHe
descriptionfor D. eresprovided by Nitschke (187@&nd they could be isolated from Arian

soybean seed lats
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D. eresisolatesgrew as whiteaerial fluffy myceliawith dark pigmentation spat#\lso large
black stromata were producéBigure3.3A). On the backsidef the plates themycelium
appearedyrayish (Figure3.3B). Reproduction ofthe isolates was asexual aadoulk with

numerousU-conidia andb-conidia protruded from the pycnidia (Figur8.3C,D). In the
generation ob-conidiaD. eresdiffers fromD. longicolla andD. novem U-conidia were oval
and 5.7 8.2x1.31 2.5em in size(Figure3.3F). b-conidia were unicellular, astgie, hyaline,

filiform, curved at one endind 22.4 31.6x1.47 1.7em big (Figure3.3F).
¥

Figure 3.3: Macro- and micrographs ofD. eres(isolate DPC_HOH3).

A) Surface view of the cultures on APDA aftene month. B) Backsde view of the culturesC)
Conidiomata sporulating on APD®) Pycnidia on soybean stem on WE). Conidiogenous cells and
conidiophoresF) -clb n i d i -eonichan(airowp. A, B) Diameter of the dishes . Scale bars
(C) 200em, (D) 500em, (E) 20em, (F) 10em

3.2.4.Diaporthenovemd . M. Santos, Vrandelil & A.J
13 (2011).
Anamorph:Phomopsisp. 9 van Rensburg at StudMycol 55: 65 (2006).

Etymology: Latin for nine,refers toPhomopsissp. 9,the provisionalnameof the species
from 2006 {anRensburg eal. 2006).

The D. novemisolatesDPC_HOH8, DPC_HOH11, DPC_HOH15, and DPC_HOHhéne

from soybean seeds from France and Austria.
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D. novemisolates produced white colonies on APDA, except for the central part that on the
suface and back sideere between colorless txhre (Figure.4A, B). The asexual form of

this species could be observed. Pycnidia were developed in a huge amount and they exuded
abundantlyU-conidia as yellow drops (Figurg.4D). In comparison toD. longicolla and

D. eres D. novemU-conidia were longer5.8i 7.9x1.8i 2.3em) and they werehyaline,

unicellular, often biguttulate, and ellipsoid (FigdF).

Figure 3.4: Macro- and micrographs ofD. novem(isolate DPC_HOH16).

A) Surface view of the cultures on APDA afteme month. B) Backside view of the culture€)
Conidiomata on APDA.D) Pycnidia on soybean stem on WAK) Conidiogenous cells and
conidioplores stained with lactophenol blue soluti®i). -cthidia. @, B) Diameter of the dishes
9.0cm. Scale bargg, D) 500e m E) 20e m F) 10 m

3.3. Molecular identificatiof Diaporthespecies

Due to similarity and intrgpecies variability in the geniBiaporthe morphological features
are not adegpte for species delimitatiorvgn der Aa et al. 1990 Santosetal. 2011;
Udayanga eal. 201). Therefore, DNA sequence datare needed to classify the
Diaporthespecies precisely

Indeed, determining the species based on morphologfeahcteristics waproblematicfor
DPC_HOH18 and DPC_HOHZ21 that differ from the common morpholodgy. édngicolla
(3.2.1). Therefore, molecular tools were applied to confirm the morphological grouping.

Even the use of molecular dataaddition to morphologynly yieldsunambiguous results
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with multi-gene DNA sequence dafddayanga eal. 2012) Thus, multigene DNA sequence
data were created as well.

3.3.1. Amplification of ITSTEF1, andTUB DNA
Amplification of the molecular markersvorked for all 32 Diaporthe isolates. The PCR

products of ITSTEF1, andTUB were about 600, 350, and 388in size, respectively.

3.3.2. Sequence analysis and identification by BLASTN

The three gene regions were sequenced in both directions for all isolates. The isolates were

again clasgied to the four specieb. longicolla, D. caulivora D. eres andD. novemby
BLASTN based on the sequenc d&%idemity)Glidenr&alta k
matched with the morphological identification. The sequences of the isolatesdeposed

in GenBankunder he accession numbek$K024676to MK024707 for ITS, MK099093 to
MKO099124 forTEF1, and MK161475 to MK161506 farUB (Table3.1).

The TEFL, ITS, andTUB sequences of the 21. longicolla isolates were very simila991
100%) to the sequences fronD. longicolla isolates from soybean in Korea and Serbia
(Table3.2). The sequences of the fille eresisolates were highly homologous tD. eres
strainsfrom different host and various locatiofi@able3.2).

Table 3.2: Highly homologous sguences found when BLASTing the sequences from the new
Diaportheisolates from soybean seedgx-type strains in bold)

Target Species GenBank accessions
region
ITS D. longicolla HQ333500, HQ333502, HR333504M347700 (CBS127267)

D. eres KC343074 KC343075,KJ210516DQ491514KJ210518,JF430487,
JF430493MG281083(CPC 30111) MG281047(CPC 29825)
MG281103 (CPC30135) MG281099(CPC 30131)

D. caulivora KC343046,JF418936,F418934EU622854HM625752,HM347712(CBS 127268

D.novem  KC343155KC343157,GQ250225DQ286285,JQ697841,JQ697843,
JF704181HM347710(CBS 127271) HM347708(CBS 127269)
HM347709(CBS 127270)

TEF1 D. longicolla AF398896,HM347685(CBS 127267)

D. eres KC343801,KJ210553KJ210540KJ210541KJ210551KJI210549,
JF461473M G28160Qt (CPC 30111) MG281568(CPC 29825)
MG281624 (CPC30135) MG281620(CPC 30131)

D. caulivora JF461465HM347691(CBS 127268)

D.novem  KC343881HM347697,0Q286259,GQ250363,JQ697854,)Q697856,
JF704182HM347693(CBS 127269) HM347695(CBS 127271),
HM347696 (CBS 127270)

TUB D. longicolla HQ333510 (strain SSL-R), HQ333512 (strain SSLB)

D. eres KJ420823KJ420810KJ420785KJI420822KI420800KJI420783,
MG281256(CPC 30111) MG281220(CPC 29825) MG281276(CPC 30135)
MG281272(CPC 30131)

D. caulivora HQ333513KC344013(CBS 127268)

D.novem  KC344123(CBS127269) KC344125(CBS127271)

The sequences of the tw. caulivora isolateswere very similar to those oD. caulivora

strainsfrom soybean in Serbia, Croat@nd Korea (Tabl8.2).Last, thesequences of the four

( hi
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D. novem isolates were highly homologous toD.novem Phomopsisp.9, and

D. pseudolongicollasolatesfrom soybean irCroatia and Serbia (Tab82).

3.3.3 Phylogenetic analysis
Multiple sequencalignmentsfor the 32Diaporthe isolatesincluding sequencesf ex-type

strainsfor each specie¢Table3.2) obtained from NCBiwere cratedfor TUB, TEF1, and
ITS using ClustalWA concatenated alignment was generated by fusingetheences

All D. longicolla sequencesvere idental (Figures3.5,3.6,and3.7). The TEF1 and TUB
sequencef the two D. caulivora isolateswere identical but in ITS few baseswvere
different (Figures3.5,3.6,and3.7). The sequencdsr the D. eresisolates showed a few
differencesn all markers(Figures3.5,3.6,and3.7). The sequences ddolates DPC_HOH10
and DPC_HOH27 arélentical as well as those dDPC_HOH3 and DPC_HOH14yhile
DPC_HOHT7is separateSequencavise, D. novemisolates showed the biggest differences
(Figures3.5,3.6,and3.7). DPC_HOH15 and DPC_HOH1#&re identical but DPC_HOH8Is
different fromthe others imTUB (Figure3.7).

Phylogenetic trees were constructeddibalignmentgFigures3.5,3.6,and3.7).

Figure 3.5: Maximum DPC_HOH 31
. . . DPC_HOH 32
likelihood  phylogenetic DPC_HOH30
analysis of the Diaporthe P
species associated witl DPC-HOHZS
DPC_HOH25
soybearbased on ITS. DPC_HOH 24
Bootstrap number: DPC_HOH23
DPG_HOH 22
represent percent of 1C 53 | DPC_HOH 21 Diaporthe longicolla
replicates. For each specie o
the extype strain sequence pPo_onte
were included by thei DPC_HOH 13
H DPC_HOH 12
accession _ number o e Hone
followed by strain name: DPC_HOHE
DPC_-HOHS
and the sequences of tl HM347700 (GBS 127267)
new Diaporthe isdates pPC_HOHT
R . HM347709 (CBS 127270 ; 4-27i3-1)
were included by thei [ HM347708 (CBS 127269 ; 5-27/3-1)
|SO|ate numberscale bal’ N g:&:{lagﬁlﬁﬁﬂ?ﬂt5074?3! Diapon:he novem
0.02 substitutions per sit P _HoHs
TreeBASE accessior ; DPC_HOM11
. HM347712 (CBS 127288; Dpcl)
TB2:524730. 97?? DPC_HOH2 ’ Diaporthe caulivora
DPC_HOH4
- DPC_HOHT
MG281047 (CPC 29825)
93 DPC_HOH3
73 DPC_HOH14
MG281083 (CPC 30111) Diaporthe eres

8| DPC_HOH27
DPC_HOH10
B2 | MG281103 (CPC 30135)
MG281099 (CPC 30131}

0.020
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Figure 3.6: Maximum
likelihood phylogenetic
analysis of theDiaporthe
species associated witl
soybeanbased onTEF1.

Bootstrap numbers
represent percent of 1C
replicates. For eac
species, theex-type strain
sequences weréncluded
by their accessionumbers
followed by strainnames
and the sequences of tl
new Diaporthe isolates
were included by their
isolate number. Scale bg
0.05 sultitutions per site

TreeBASE accessior
TB2:524720.

Figure 3.7: Maximum
likelihood phylogenetic

analysis of theDiaporthe
species associated witl
soybearbased onTUB.
Bootstrap numbers
represent percent of 1C
replicates. For eac
species, theex-type strain
sequences weréncluded
by their accessionumbers
followed by strainnames
and the sequences of tl
new Diaporthe isolates
were included by their
isolate number. Scale bs
0.02 substitutions per sitt
TreeBASE accessior
TB2:S24724.
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Overall, the isolates were grouped the same in the phylogeniesl §rTEF1, and TUB
(Figures3.5,3.6,and3.7). This is once more corroborated in the combined phylogeny
(Figure3.8).

DPC _ HOH1
DPC _HOHS
DPC _ HOH6
DPC _ HOH9
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Figure 3.8: Maximum likelihood phylogenetic analysis of theDiaporthe specie associated with
soybean based on the combined thregene sequencalignment (TUB, TEF1, and ITS).

Bootstrap numbers represent peroa@l00 replicates. For each species, théypr strain sequences
wereincluded by their strain names. The sequencabehewDiaportheisolateswere included by
their isolate number. Nex-type strain for which all threeequences were available could be identified
for D. longicolla. Scale bar: 0.02 substitutions per slteeeBASE accession: TB2:524723.

Interestingly, solate DPC_HOH1had an ITS sequence thats differentfrom all others
(Figure3.5). In BLASTN against NCBIt was most similato Phomopsisp. (98% identity)
thenD. pseudolongicolld91% identity) and onlythen(90% identity) to D. novem The TUB
sguence oDPC_HOH11is identical toDPC_HOHRB and theTEF sequence highly similar to
all three otherD. novemisolates. This also brings tHe. novemisolates together in the
combined phylogenyFigure3.8). Morphologically DPC_HOH11clearly also isD. novem

but the sequence differencdl are making it something special
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3.4. Pathogenicity of thBiaportheisolates

To ensure that the DPC_HOHN isolates are pathogens of soybean, soybean seeds were
inoculated with spore suspensions (as described in deail ).

The pathogenicity of all 3Riaportheisolatescould beproven by performing this experiment
(Figure3.9A, B).

Figure 3.9: Disease symptoms on soybean plants.
A) Pod and stem blight symptoms on soybean plants causedlbggicolla (isolate DPC_HOH28).
B) Black pycnidia on soybean stems cause®bipngicolla (isolate DPC_HOH28).

All Diaporthe isolates caugkepod blight oninoculated soybean plantghen they reached
maturity. No considerable differencesere noticed between them by evaluatimg the

discoloration of podéFigure3.10).

Checking the formation of black pycnidia on the stems of mature soybean plants revealed
some differences between the isolates and the species (BifjijeThe highest scores for
coverage of the stem with pydm were reached by.longicolla isolates, particularly
DPC_HOH32, DPC_HOH28, and DPC_HOH26. Among Ehenovemisolates, just a few
pycnidia could be observed on the inoculated plants with DPC_HOH11 and DPC_HOH16.

D. caulivoraandD. eresisolates did nbshow any pycnidia formation.
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Figure 3.10: Evaluation of pod blight disease on soybean plants which were inoculated $pyore
suspensios of the 32Diaportheisolates
Columns represent the average disease score based on four evaluations of ninaghlé2th3e5.)
The species of the different isolates are indicated by the column patterns.
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Figure 3.11: Evaluation of accumulation of black pycnidia on soybean stemwhich were
inoculated by sporesuspensios of the 32Diaportheisolates

Columns repremt the average disease score based on four evaluations of nine plar{ts Eabtb)
The species of the different isolates imdicated by the column patterns.

3.5. Detection oDiaporthespecies via regime PCR

When theDiaportheisolates were adeqtedy characterized and after it was clear from above
results that the four speciBs longicolla, D. caulivora D. eres andD. novemare relevant in

central Europe, the next stage of this thesis came into focus. This was to establish a method
for molecula diagnosis to specifically identify these four species. Consequently,
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primerprobe sets were identified, their specificity was assessed and the applicability of the

system for seed testing was checked.

3.5.1. Design of TagMan prim@robe sets
ITS andTEFL sequences of the IAaportheisolates along with sequences oftgge species

were aligned but identical sequences were eliminated to recognize which segments of the
sequences are conserved and which are variable. Then, the TagManppobeesets were
designed based on thed&S and TEF1 sequence alignments dbiaporthe isolates
(Table2.17, Figure3.12A, B).

To detectD. eresandD. novemspecifically, two reverse primers BER and DE7R and one
wobble probe DPE3P based on ITS sequences of tlvoeresisolates DPCHOH3 and

DPC HOH7; and also two reverse primers DBR and DPN11R and two probes DRPRP

and DPN11P based on ITS sequences of tib novem isolates DPCHOH8 and

DPC HOH11 were designede novo (Figure3.12A). These were combinedithr primers
published by Zhang etl. (1999). Since the reverse primer BBR designed by Zhang at.

(1999) lies on a sequence stretch that is identical for all four species in this study, it was used
as a forward primer for DPCE3, DPCE7, DPCNS8, and BPTprimerprobe combinations.

After it became clear in duplex assays (see 3.5.2.2. below) that above-probersets
cannot be combined in multiplex reactions and efforts to design additional primers and probes
in the ITS region showed that there is Babugh sequence divergence in ITS to design four
primerprobe combinations for multiplex PCR, tepeciesspecific primerprobe sets DPCL,
DPCC, DPCE, and DPCN were designed base@Hkifil sequences. These primers can detect
and distinguishD. longicolla, D. caulivorg D. eres and D. novem respectively, in a

guadruplex reactiorF{gure3.12B, chapter 3.5.3f).
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Diaporthe Alignment of ITS sequences of Diaporthe species
(Species/Isolate)

'ITI|I1IT|TITI|ITI|||III‘H1I‘II’IT|1ITI|ITI||\I|I|Flfl|I'IITII'ITI|ITI|||III‘HTI‘II‘ITlTITIlITIlllI!I|FlflllTl'lII'lTlll'llllllll|HTI|II'IT|TI'II‘ITIll|III|IITI|ITI1|TITI|I

60 70 80 90 100 110 120 130 140 130 160 170 180 190 200 210 220

CTC-GECOCACCCAGRAACCCTTIGTGAACTTATACC - ACTE PTG CICa6CGCAGHECRGCCTTTTGTGACARABGCCCETRGAGACAGGGAGCAGCCCapCaaCEECCAACRAACTCTIGTTICTACAGTGAATCTC TG GTACAAAACA TARATGAAY
P AP A (L el NAE PP FPUTRPRTRTY STPTRPPPN:X JOPPRRRRR: St TP YRR 1 | SPPPPTIOT] IO

D. longicolla/ DPC-HOH1

D. caulivora/DPC-HOH2 | .CC.A . .cvvviiinnas
D. eresDPC-HOH3 | L0 covvvvviiinni i ol T T L0, L 6L GECCCCT AL 4 4 b CUBTETTLAGR s v v v e vw b v v e Covvvvnnn s T G B BT e
D. eress/DPC-HOH7 [CCAL iiiiiiniiiadinininiin N Tevinrns CCC.TG.GGCCCCT. AL .4 CJB. TCTT.AGR s v v v s Y A Tevirinnnans T..|..C....A ....... C....| ...... 1 ......
D. novem/DPC-HOHS ++++Therverversirredsinsinnininin, G ST RPN bBe, S TTTIYS FYTITTTRS SYPIT) (RITTTITPORPOOOS B,
D. 110vem/DPC-HOHI1L |v+r+poreriaiiniiniadininiiiin C-iiviie T e T.-..C.CC.H..GG.G.T.G...CC.GA.GF...T ...... Baviriinnnnes MC...|...-....T..GG ....... | ....... D

Diaporthe Alignment of TEF1 sequences of Diaporthe species
(Species/Isolate)
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Figure 3.12: Primer and probe specificity based on alignment.
A) Position of TagMan primeprobe combination RB (blue frames), DP@ (puple frames), DPCE3 and DPCE7 (orange frames), DPCN8 and DPCN11 (green

frames) in the alignment of ITS sequencedDdporthe species; andB) Position of TagMan primegorobe combinations DPCL (blue frames), DPCC (purple
frames), DPCE (orange frames) and DP@reen frames) in the alignmentTEF1sequences ddiaporthespecies.

Identical nucleotides and gaps are represented by dots and,daspestively.

The sequences in the alignment were chosen from all sequences obtained in order to representspdcific polymorphisms, identical sequences were

removed.
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3.5.2. Evaluation of the specificity and efficiency of the TagMan prpnebe
sets PL3, DPG3, DPCE3, DPCE7, DPCNand DPCN11

The experiments for resime PCR detection of the four speciemrged with testing
primerprobe sets found in the literature and additional primers designed to add to the
specificities othe published sets.

From work performed by Zhang &t (1999) the primeprobe sets, Pb, PL-3, and DPC3

based on ITS were avallle. Here P15 gives an amplification with DNA frorD. longicolla,

D. caulivora D. phaseolorunvar. sojag or D. phaseolorunmvar. meridionalis On the other

hand PL3 is specific foD. longicollaand DPC3 for D. caulivora Therefore, the specificity

ard efficiency of PL3 and DPGE3 primerprobe sets were checked fDr longicolla and

D. caulivora isolates in this study. Likewise, the specificity and efficiency of the
seltdesigned primeprobe sets DPCE3, DPCE7, DPCN8, and DPCN11 were assessed for

D. eresandD. novemisolates.

3.5.2.1. Singleplexeal-time PCR assays

The efficiency of the primeprobe sets P13 and DPE3 was checked with serial dilutions of
ITS PCR products 1 to 10*copies/ul) and genomic DNA undiluted, 1:10, 1:1Q0and
1:1,000 of D. longicolla isolate DPCHOH20 andD. caulivora isolate DPC_HOHZ2,
respectively, in singleplex reime PCR assays (Tab®3). DPCE3, DPCE7, DPCNS, and
DPCNL11 were also tested for efficiency in singleplex-tma¢ PCR assays with similar serial
dilutions of ITS PCR products and genomic DNA of isolates DHROH3, DPCHOH7,
DPC HOH8, and DPCHOH11, respectively (Tablg.3). The efficiencies for the serial
dilutions of ITS PCR products and the genomic DNAs were satisfying for all pprobe
sets (Tabls.3).

Table 3.3: TagMan primer-probe combinations based on ITSsequences for detectionand
distinguishing D. longicolla, D. caulivora, D. eres and D. novem

Primer-probe Primer . L b Fragment Efficiency (%)
set/specificity Probe Target isolate | Position® (bp) | length (bp) ITS PCR Genomic DNA
product
PL-3F 174201
PL-32/DL PL-3R DPC_HOH20 1161133 86 87.0 82.2
PL-3P 1401160
DPG3F 186 217
DPG32/DC DPG3R DPC_HOH2 621 77 156 89.0 90.8
DPG3P 142160
DPCG3R 621 77
DPCE7/DE DE-7R DPC_HOH3 188 208 147 94.9
DPE37P 143 163
DPG3R 62177
DPCE7/DE DE-7R DPC_HOH7 189 215 154 91.7
DPE37P 144164
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DPG3R 621 77

DPCE3/DE DE-3R DPC_HOH3 188 201 140 95.0
DPE37P 143163
DPCG3R 62177

DPCE3/DE DE-3R DPC_HOH7 189 208 147 97.0
DPE37P 144164
DPCG3R 62177

" DE-7R 188 208

DPCE(1)/DE DE3R DPC_HOH3 188 201 140 98.2 98.6
DPE37P 143163
DPG3R 621 77

" DE-7R 189215

DPCE(1)/DE DE-3R DPC_HOH 189 208 154 98.3 94.9
DPE37P 144164
DPCG3R 611 76

DPCN&8/DN DPN-8R DPC_HOHS8 1641182 77 97.4 85.9
DPN-8 P 1211142
DPG3R 61i 76

DPCN11Z/ DN DPN-11R DPC_HOH11 1771197 77 97.6
DPN-11P 1281147

F=Forward primer, R Reverse primer, and-PTagMan Probe

a TagMan primeiprobe combinationBL-3 and DPE3, which were designed by Zhanga¢t(1999 to detect
D. longicolla and D. caulivora species, respectivel\in the sequence®f the Diaporthe spp in this study,
DPC-3R is oriented in forward directionhis is why the primeiprobe combinationsontaining it all have an
additional reverse primer.

b Positions of primers and probagithin ITS

" The primerprobe set DPCE(1) is a mixture ofvn reverg primers DE3R, DE7R; primer DPG3R as

forward primer and probe DPEJ P.

DL =D. longicolla, DC=D. caulivora DE=D. eres andDN=D. novem

3.5.2.2. Duplex realime PCR assays

Duplex realtime PCR assays were performed using Zharay. €1999) primerprobe sets
PL-3 and DPGE3 and the thremewy designed primeprobe sets DPCE(1), N8, and
DPCN11 to test their specificity by applying serial dilutions of ITS PCR products
(10 to 10*copies/pL) of theDiaportheisolates. In the duplex assaystwihe combination of
primerprobe sets PI3/DPG3, when just PCR products of tiie longicolla isolate or just
PCR products of th®. caulivoraisolate were added to the reactions and it was expected to
see just one signal frofL-3P orDPG-3P, both sighals could be observed, which indicates
that the specificity that these primrqarobe sets have in singleplex reactions is lost in duplex
reactions. As reason for this phenomenon it watablished that the probes-BP and
DPG-3P bind to the same sequencrhis way it beaae clear that these probes cannot be
used together in a duplex reaction (Fig8re3A, B). The same was observed for tthaplex
assays with the combination of prirf@obe sets PI3/DPCE3,when justPCR products of
the D. eresisolate vere applied to the reactions, the signal from priebe&P could be seen
(after 36 cycles) along with the signal from probe DRE3(Figure3.13C,D). The results of

the duplex assays for the combination of priperbe sets DPCG3/DPCE3, and
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DPGC-3/DPCNS, proved the specificity of each of the pringgobe sets, while the
primerprobe sets DP@, DPCE3, and DPCN8 specifically detected just the DNA of
D. caulivora D. eres andD. novemisolates, respectivelyr{gure3.13E,F,G,H).
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Figure 3.13: Duplex reattime PCR assays using dilution series of ITS PCR products
(10° to 10*copies/uL) of theDiaportheisolates.

A) Dilution series of ITS PCR products @. longicolla isolate DPC_HOH20 in the mix with
primerprobe sets PL3/DPG3, B) Dilution series of I'5 PCR products oD. caulivora isolate
DPC_HOH2 in the mix with primeprobe sets PA3/DPG3, C) Dilution series of ITS PCR products
of D. longicolla isolate DPC_HOH20 in the mix with prim@robe sets Pi3/DPCE3,D) Dilution
series of ITS PCR products @. eresisolate DPC_HOH3 in the mix with prim@robe sets
PL-3/DPCES,E) Dilution series of ITS PCR products bf caulivoraisolate DPC_HOH?2 in the mix
with primerprobe sets DP@G/DPCE3,F) Dilution series of ITS PCR products BX. eresisolate
DPC_HOH3in the mix with primefprobe sets DPG/DPCE3, G) Dilution series of ITS PCR
products ofD. caulivoraisolate DPC_HOH2 in the mix with primgrobe sets DPG/DPCNS8,H)
Dilution series of ITS PCR products Bt novemisolate DPC_HOHS8 in the mix with primg@robe
sets DPE3/DPCNS8,I) Dilution series of ITS PCR products bf eresisolate DPC_HOH3 in the mix
with primerprobe sets DPCE3/DPCEJ) Dilution series of ITS PCR products Bf. eresisolate
DPC_HOH7 in the mix with primeprobe sets DPCE3/DPCEK) Dilution series of ITS PCR
products ofD. novemisolate DPC_HOHS8 in the mix with prim@robe sets DPCN8/DPCN1L)
Dilution series of ITS PCR products bf novemisolate DPC_HOH11 in the mix with primerobe
sets DPCN8/DPCN11.

Interestingly, in the dupx assays for theombination of primeprobe set©DPCE3/DPCE?,
both D. eresisolates DPC_HOH7 and DPC_HOHS3 could be identifieidre3.13l, J) and
also applyingwo reverse primers DBR and DE7R along with primer DPEGR asforward
primerand prole DPE37P in these duplex assays using serial dilutions of ITS PCR products

and also genomic DNA of botD. eresisolates revealed that the efficiency increased
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compared to when these reverse primers were used alone in-probersets DPCE3 and
DPCE7(Table3.3). Therefore, in the next redme PCR assayBE-3R, DE7R, DPG3R,
and DPE37P was usedas primesprobe seDPCE(1) to detecD. eres The combination of
primerprobe sets DPCN8/DPCN11 showed timatnovemisolate DPC_HOHS8 could be
identified but for DPC_HOH11 the curves were strariggure3.13K, L).

Most importantly, the results showed that the priprabe sets P13 and DPG3 are only
specific when used in singleplex reactionsiofher rason why the primegprobe sets could
not be usedagether formultiplex reactions was thathe probes of the two primerobe sets
DPCN8 and DPCN11 to detebt novemwere designed with the same reporting dye (FAM)
as the probe RBP in PL:3 for identification ofD. longicolla. Therefore, to establish a
guadruplex realime PCR to specifically identify all foubiaporthespecies simultaneously in

one realtime PCR reaction, new prim@robe sets were needed.

3.5.3. New TagMan primegsrobe sets based GiEF1
By further assessments of the ITS sequencermalant ofDiaportheisolates, it became clear

that it is not possible to design sets for more than one species in the ITS region because the
sequences are too similar. Due to this, only DPCE(1)gwprobe set designed f@. eres

located in the ITS regioremained in use with the two reverse primersIREand DE7R

along with DPG3R (one of the primers reported by Zhan@kt1999), and DPEZP. In this

special case the lower divergence between sequences in the ITS region was an advantage,
since the pmer-probe set can detect bofh. eresstrains DPC_HOH3 and DPC_HOH7
which differ in their ITS sequences.

By alignment of TEF1 sequences oDiaporthe isolates, more sequence regions could be
found to design specific primgrobe setqFigure3.12B). Firg¢ only DPCL, DPCC, and

DPCN were used, while DPCE(1) based on ITS was kept. Only later also DPCE was designed
based onTEF1, especially to improve on the comparability of quantification results of the
four species. Because of that, both [P and DPCE & considered in several of the

following sections.

Primers and probes which were desighaded oimEF1sequences dbiaportheisolates and
primerprobe set DPCE(1) based on ITS sequenceB.dres isolates,were checked for
specificity using PrimeBLAST. Because the specificity checking only works with primer
pairs, not with single oligonucleotides, the test was run three times for all goier sets,
combining forward primer with reverse primer (FR), reverse primer and probe (RP), and

forward primerand probe (FP). The output species were noted for all three combinations;
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only species returned by both FR and RP were considered to be detected by the set. These
species are listed belaw Table3.4.

Table 3.4: In silico assessing of the specificity ohe TagMan primer-probe sets
Primer-probe set/ specificity Output species

DPCL/DL Diaporthelongicolla, Diaporthesojag Diaportheunshiuensis
Diaporthesp.isolate G.04Diaporthephaseolorum
Diaporthesp. Strain SAUCC194.63Diaporthetectonendopjtica

DPCC/DC Diaporthe caulivora, Diaporthephaseolorunvar. caulivora

DPCE(1YDE Diaportheeres Phomopsivelatag Diaporthenobilis,
Diaporthecitrichinensis Diaporthemelonis Phomopsigukushii
Phomopsisnali, Diaportherosicola, Diaportheamygdali,
Diaporthe phaseolorumDiaportheoraccinii

DPCE/DE Diaporthe eres Diaporthevacuae Diaporthemahothocarpus
Diaporthenobilis, Diaporthefukushii Diaportheperniciosa
Diaporthelonicerae Diaporthecastaneaanollisimae Diaporthebicincta,
Diaportheneilliag, Diaporthebiguttusis Diaporthecotoneastr;
DiaporthephaseolorumDiaportherosicola Diaportheellipicola,
Diaporthecelastrina,Diaporthealneg Diaporthenitschkei

DPCN/DN Diaporthe novem DiaporthepseudolongicollaPhomopsisp.ER 1657,
Phomopsisp.ER 1639 Phomopsisp.IJMS-2010g,Phomopsisp.JMS-2010e
Phomopsisp.CBS 117165Diaporthesp.AG-2020c,Diaporthegulyae
Diaporthestewartii Diaporthecucurbitag Diaporthesubordinarig
Diaportheangelicag Phomopsisp.DAR73811,Diaporthesp. YPT-2011a

aSpecies names are generally kept as in the RBhAST output, only obvious synonyms were removed.
DL =D. longicolla, DC=D. caulivora, DE=D. eres andDN=D. novem

These predictions strongly indicate that the priprabe combinations can discriminate
between the foubDiaporthe speciesof interestand do notlead to amplification withother
soybearpathogens occurring icentral Europe.

3.5.4. Evaluation of the specificity and efficiency of the TagMan prppnebe
sds DPCL, DPCC, DPCE, and DPCN
The same testing strategy as described above (3via® applied to DPCL, DPCC, DPCE,

and DPCN.
3.5.4.1. Singleplexeal-time PCR assays

Primer efficiency was tested initially by using serial dilutionsT&F1 PCR products ofhe
Diaportheisolates to avoid problems with inhibitors. To supplement this, primer efficiency
was also examined with serial dilutions of genomic DNA to chemiditionsthat are more
similar to the actualscreen forDiaporthe Efficienciesfor both condions were satisfying
(Table3.5, Figure3.14), though surprising differences also occurred. From the results with

TEF1PCR products it could also be concluded that as few as ten copies or less are detectable.
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Table 35: TagMan primer -probe combinations based onTEF1 sequences for detection and
distinguishing D. longicolla, D. caulivora, D. eres and D. novem

Primer-probe [Primer Fragment Efficiency (%)
. RV
set/specificity |Probe Target isolate |Position® (bp)| length (bp) | TEF1PCR Genomic DNA
product
DPCL-F 199217
DPCL/DL DPCL-R DPC_HOH20| 269288 90 98.2 81.0
DPCL-P 239 263
DPCGF 186i 204
DPCC/DC DPCGR DPC_HOH2 285305 120 97.7 90.0
DPCGP 237-257
DPCEF 208 227
DPCE/DE DPCER DPC_HOH3 288 307 100
DPCEP 244 266
DPCEF 208 227 82.4 92.2
DPCE/DE DPCER DPC_HOH7 289 308 101
DPCEP 245 267
DPCN-F 192211
DPCN/DN DPCNR DPC_HOHS8 2701290 99 94.5 93.0
DPCN-P 238 262
DPCN-F 193212
DPCN/DN DPCNR DPC_HOH11| 2711291 99 95.5 84.2
DPCN-P 239 263

F=Forward primer, R Reverse primer, and¥TagMan Probe
a Positions of primers and probegthin TEF1
DL =D. longicolla, DC=D. caulivora DE=D. eres andDN=D. novem
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Figure 3.14: Standard curves to determine the efficiency of the primeiprobe sets DPCL, DPCC,
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(10to 10" or 1(° copies) A, C, E, G, I) or genomic DNA (undiluted, 1:10, 1:10énd 1:1,000) on the
x-axis B,D,F,H,J) for D. longicolla isolate DPCHOH20 (A andB), D. caulivora isolate
DPC HOH2 (C andD), D. eresisolate DPCHOH7 (E andF), andD. novemisolates DPCHOHS

(G andH) and DPCHOH11 ( andJ).
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The primerprobe sets DPCL, DPCC, DPCE(1), DPCE, and Dm&ketestedfor specificity
with DNA from thetarget species anabntargetDiaporthe species (Figur8.15).No signal
wasobservedvith nontarget speciewhich indicategood speiicity.
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Figure 3.15: Specificity test for each TagMan primerprobe set with Diaporthe species.
Primerprobe set#\) DPCL,B) DPCC,C) DPCE(1),D) DPCE, andz) DPCN were tested with DNA
from D. longicolla, D. caulivora D. eres andD. novem(from left to right), respectively.

3.5.4.2 Multiplex real -time PCR assays

3.5.4.2.1. Duplexombinations

Tess were performeébr all possiblecombinations otwo primerprobe setdbased onrEF1
sequences (Tabk7) and also for primeprobe set DPCE(1) in combination with DPCL,
DPCC, and DPCN primeprobe sets toecordthe efficiencies of the TagMan primgrobe

sets induplex reactionsAll combinatiors were testedwith parallel concentrations oDNA
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from the twospeciesThe observedsfficienciesfor the duplex reactionwere still acceptable
(Table3.6). Also, for undiluted (2ig) and 1:1,000 diluted genomic DNA from both species
in individual reactions §values were recorded (Tal3¢).

Table 3.6: Duplex real-time PCR assays

Cq Cq Cq Cq

20ng 20pg 20ngand 20pgand
DNAP DNA° 20pg DNA920ng DNA®

Duplex Template DNA Primer-Probe a High conc. of DNA of

o E(%) Same ; .
PCR Specied Target Isolate sets : one species combinec
concentration of
with a low conc. ofDNA

DNA of both .
species of the o'gher species an
vice versa

Set 1 D. caulivo__ra'r DPC_HOH2 DPCC 85.7 17.9 30.0 18.2 28.7
D. eresi DPC_HOH7 DPCE 80.6 18.6  30.2 30.1 18.5

Set 2 D. caulivorai DPC_HOH2 DPCC 85.7 176 293 17.7 28.5
D. novemi DPC_HOH15 DPCN 97.4 14.2 24.6 24.2 14.4

Set 3 D. eres'l'" DPC_HOH7 DPCE 80.6 18.1 30.0 18.2 30.0
D. novemi DPC_HOH15 DPCN 97.4 13.9 24.7 23.9 14.3

Set 4 D. longicollai DPC_HOH28 DPCL 88.4 178 304 16.7 28.9
D. caulivorai DPC_HOH2 DPCC 85.7 17.7 29.5 28.6 17.9

Set5 D. longicdlai DPC_HOH28 DPCL 88.4 17.2 29.5 17.7 28.3
D. eresi DPC_HOH7 DPCE 80.6 182  29.9 29.8 18.2

Set 6 D. longicollai DPC_HOH28 DPCL 88.4 16.0 28.2 17.5 28.8
D. novemi DPC_HOH15 DPCN 97.4 14.1 24.5 24.2 14.2

Set 7 D. eresi DPC_HOH7 DPCE(Q) 2636.4 20.2 22 24.9 25.6
D. caulivorai DPC_HOH2 DPCC 94.4 204 288 32.0 18.5

Set 8 D. novemi DPC_HOH15 DPCN 92.1 19.3 26.5 19.7 255
D. eresi DPC_HOH7 DPCE(1) 89.3 15.9 23.1 22.7 155

Set 9 D. longicollai DPC_HOH28 DPCL 96.5 23.1 288 23.4 30.4
D. eresi DPC_HOH7 DPCE(1) 85.6 164 23.7 24.1 16.5

Each quantification cycle @ value is the average of technical duplicates.

a Efficiencies of primetprobe sets in the duplex reactions. Dilution series of both species were used; the same
dilution for both species.

b Cq values measured in reactions where undiluted DNA from both of species was used.

¢ Cq values measured in reactions where 1:1,000 diluted DNA from both of species was used.

4 Cg values measured in reactions where DNA from the figeties in the set was undiluted and DNA from the
second species of the set was diluted 1:1,000.

€ Cq values measured in reactions where DNA from the first species in the set was diluted 1:1,000 and DNA
from the second species of the set was undiluted.

To establish how detrimental high concentrations of a different template would be to the
reaction, extra experiments were carried out where low concentrations of one template were
combined with high concentrations of the other. Agaimj ¥alues were documented
(Table3.6). These tests prove the capability of the primebe sets to discriminate two
species oDiaporthein parallel. Applying two different templates does not have a significant
effect on the performance of the assay even if the other, competinate was present in
much higher concentration than the target template (Taf)le A surprising result was
recorded foD. eresin combination withD. caulivora when the two primeprobe sets DPCC

and DPCE(1) were used in duplesattime PCR reaction Here the Q measured for the

undiluted DNA was much higher than expected. This also resulted in a very high calculated
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efficiency. It is assumed that the reason for this result was a polymerase inhibitor, but it is not
clear where it came from, espetyabecause the same effect did not appear with any of the
other combinations. These results for DPCE(1) also contributed to the later decision to replace
it by DPCE.

3.5.4.2.2. Quadruplereattime PCR assays

The first test for the full assay was once mareest for specificityDNA from the different
specieswas added individually to theeaction mixture with the primerprobe sets DPCL,
DPCC, DPCE, and DPCNn all cases, only a signal from the specific reporting dye was
obtained (Figur&.16A-D). D. longicolla andD. eresisolates from another collectiomere
alsotested Here also ampli@iation could be seefit. can be concludethatthe primerprobe

setk only amplify DNA from theirown target speciesTwo nontargetDiaporthe spp., eight
other soybeapathogens, and three additional rust fungal species tested neDatkdrom
healthy soybean leaves stemsalsowas not amplified (Figur8.16E). Overall this shows

goodspecificity of thewholequadruplex assay.

_A B - _C D

cccccc

Figure 3.16: Specificity of the quadruplex reattime PCR assay using primeiprobe sets DPCL,
DPCC, DPCE, and DPCN.

Since the graphs for different isolates of the target species and also of radinttazget species are
highly similar, only one representative grajghshown each. 0”g DNA from A) D. longicolla
DPC_HOH28B) D. caulivoraDPC_HOH2,C) D. eresDPC_HOH3, and) D. novemDPC_HOH15
was added individually to the mix that contained@lir primerprobe setsk) Shows the result for the
nonttarget species D. aspalathj D. foeniculing C. kikuchii, F.solani Alternariasp.,
S sclerotiorumDSMZ, or S sclerotiorumlZS, C. truncatum F. tricinctum, P. pachyrhizj U. fabae
U. appendiculatus healthy soybean leaf, and healthy soybean stem. For these spetiedsa
D. longicolla isolate PL157aandD. eresisolate PS74 DNA amounts varied between 3% and

2.5pg.
When DNA samples ofwo or threedifferent Diaporthe specieswere testedtogether,the

guadruplex assay still had itsll specificity andcorrecty discriminaed the presenspecies
(Figure3.17A-J).
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As a final test, DNA fronD. longicolla, D. caulivora D. eres andD. novemwas applied to
the same PCR reaction. Signals from all four probes can be seen @igig which
proves that the assagn detect all fouDiaporthespecies in parallel.
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Figure 3.17: Specificity of the quadruplex realtime PCR assay using primesprobe sets DPCL,
DPCC, DPCE, and DPCN.

Parallel detection of twoA-F), three G-J), or all four K) different Diaporthe species in the
guadruplex realime PCR assay using primprobe sets DPCL, DPCC, DPCE, and DPCN.ng.4
DNA from A) D. longicolla (blue) andD. caulivora (purple),B) D. longicolla andD. eres(orange),
C) D. longicollaandD. novem(green),D) D. caulivoraandD. eres E) D. caulivoraandD. novemF)

D. eresandD. novemG) D. longicolla, D. caulivora andD. eres H) D. longicolla, D. caulivora and

D. novem 1) D. longicolla, D. eres andD. novem J) D. caulivora D. novem andD. eres andK)

D. longicolla, D. caulivora D. eres andD. novemwere added to the mix that contained all four
primerprobe sets.

The mixture of the four primeprobe sets DPCL, DPCC, DPCE(1), and DPCN was tested the
same way as described above for DPOPCC, DPCE, and DPCN. This combination can
also detecD. longicolla, D. caulivorg D. eres andD. novemin parallelin one PCR reaction
(Appendix7.1., Figure7.1).
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3.5.5. Validation of the quadruplex rdahe PCR assay
Thewhole assay was designed fdetectingDiaporthein infected plant tissue3.0 show that

this is possibleDNAs from artificially infected stem samples (TaBl21) and soybean seed
samples known to be infected withaporthe(Table2.8) were tested in quadruplex réiahe
PCR reactins with the primeprobe sets DPCL, DPCC, DPCE, and DPCN.

3.5.5.1. Infected soybean stems

D. longicolla DNA was detectedh all symptomatic samplgéigure3.18A,C). Forsamples
from healthy stems thessay gave no sign@igure3.18B,D).
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Figure 3.18: Validation of the quadruplex reattime PCR assay.

A) Soybean stem sample inoculated withlongicolla isolate DPC_HOH26B) Healthy soybean
stem sample,C andD) Quadruplex reatime PCR on the stem samples shown ArandB,
respectively.

3.5.5.2. Screening soybean seeds

SinceDiaporthe spp.are seedorne,screening of seed lots will probably becothe most
usefulapplication forthis reaitime PCR assay. Thereforig,was tested fodetection of the
Diaporthe pathogens irDNA from soybeanseeds. First, DNA preparation was tested from
whole seeds, seed coats, and uncoated seeds (each infected and healthy) in order to compare
the quality of extracted DNAs for successful amplificatidbseresand D. novemcould be

detected \a the quadruplex redgime PCR assays in all DNAs prepared from infected seeds,
while no amplification was seen for healthy seeds (Fi@ut8). Also, these trials confirmed

the perception that homogenization of seed coats can be accomplished easastearttien

that of whole seeds and uncoated seb&dshe following experiments, DNA was extracted

from seed coats of soybeans which were sampled from six different seed lots. These DNAs
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were tested in the quadruplex réahe PCR assay. This resulted iretdetection of all four
Diaporthespecies from different samplesspectively (Figur8.21).
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Figure 3.19: Screening soybean seeds via the quadruplex re¢mhe PCR assay.

D. eresandD. novemwere detected in extracted DNA A) Infected seed coaB) Infected uncoated
seed, andC) Whole infected seed. No amplification was observediprHealthy seed coag)
Healthy uncoated seed, aRgiWhole healthy seed.

3.5.6. Quantification of the amount DfaportheDNA in soybean seeds
Diaporthe speciesare seedorne p#éhogens, which means that they grow in the seeds, but

sometimes, especially when the seeds are severely infected, parts of fungal structures,
including mycelium or spores, can be observed on the surface of the seadfor€hén
principle, there are two possible ways for seed sampling and quantification of the amount of
these fungal pathogens: Quantification of fungabporthe DNA relative to plant (soybean)

DNA, and absolute quantification of fungal biomass.

3.5.6.1 Quantification relative to plant DNA

3.5.6.1.1. Standard curves for quantification relative to plant DNA

Since it is common to describe the strength of an infestation of seeds with pathogens in ng
fungal DNA per ng plant DNA,DNA dilution seriesfor four representative isolates
(Table3.7) werepreparedThetargeed DNA amounts for the dilution series we@ng, 2ng,

200pg, 20pg, 2pg, 0.20g, and 0.0pg DNA per reactionThe actual concentrations were
measured precisely using fluorometry and déteslightly To mimic the actual assay, the



Results 74

fungal DNA wasdiluted with soybeanDNA. In addition a dilution series \as created with
soybean DNA using 2fly, 2ng, 20Qpbg, 20pg, 2pg, 0.20g, and 0.0pg DNA per reaction
This DNA wasdiluted with ddHO. With the help of thee standard curvesFigure3.20

Table3.7) the amount oDiaportheDNA can be calculated from the Cq values.
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Figure 3.20: Standard curves for quantification ofDiaporthe spp. using the quadruplex gPCR
assay.

A) Graph and data of theandard curve fobD. longicolla. The highest starting amount was 18gt
The fluorescence threshold was set atREQ. B) Graph and data of the standard curve for
D. caulivora The highesstarting amount was 17n4. The fluorescence threshold was $685RFU.

C) Graph and data of the standard curveDoreres The highest starting amount was 2ig4 The
fluorescence threshold was set aR¥4J. D) Graph and data of the standatdvefor D. novem The
highest starting amount was 18gl The fluoresence threshold was set atRI2U. E) Graph and data
of the standard curve for soybean DNA. The fluorescence threshold was set at R&QA.70

Table 3.7: Functions and additional information derived from standard curves

Species Isolate? Function® [Cq] LOD®[pg] Cq cutoff d
D. longicolla DPC_HOH20 =23.63.4x 0.2>X>0.02 36 >X>39
D. caulivora DPC_HOH2 =22.83.6x 0.2>X>0.02 35>X>38
D. eres DPC_HOH7 =22.23.5x 0.2>X>0.02 33>X>36
D. novem DPC_HOH11 =22.835x 2°> X >0.02 32> X>37
Soybean - = 30.9i 3.6x - -

a]solate from which DNA was prepared for the standard curve experiment.
b Function describing the standard curve.lag10 starting quantity in ng.

¢ Estimate for the limit of detection showing the DNA amount from taedsdrd curve experiment that still gave
an amplification and the first amount that did not give amplification.0regrovemone of the reactions at hg

was also negative; this is responsible for the very wide range in this case.

d Estimate for the cutbfderived from the LOD: Cq corresponding to the amount still giving amplification and
the calculated virtual Cq where no amplification was seen.
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Exactly determining the limit of detection (LOD) and a Cq cutoff requires samples with DNA
concentrations clost® the LOD and several repealdese experiments have not yet been
done. The values presented Table3.7 are rough estimates derived from the existing

standard curves.

3.5.6.1.2. Actual quantification

Thequadruplex realime PCR assay and a parall&/BR® Greenbased realime PCR assay
for soybean DNAwere appliedo six differentsoybean seed lot3he amount of DNA of
eachDiaporthe speciesand plant for each individual seed was calculatesthg the standard
curves(Table3.7) and therthe amount ofungal DNA (ng) was set in relation to the amount

of plant DNA(ng).
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Figure 3.21: Sampling soybean seed lots via the quadruplex reiiine PCR assay.

A) Seed lot from a field in Oberweiden, Austria; 27 seeds from 30 seed samples were infesilgd, mo
with D. caulivora(purple) and rarely witD. longicolla (blue) andD. novem(green).B) Seed lot from

a field in Ebergassing, Austria; 17 seeds from 30 seed samples were infected. Six of the seeds were
infected with the threBiaporthespp.D. caulivora, D. novem andD. eres(orange) and just one of the

seed was infected witlD. longicolla. Bars represent nDiaporthe DNA/ng soybean DNA; because

of the strong variation a logarithmic scale was chosen. The numbers oraiie rgpresent the

30 seedghat were individually tested.
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All seed lots contained seeds infected vidilaporthe spp. and some of the seeds were even
infected with more than ori@iaporthespecieswhile other seeds were free of the pathogens.
Figure3.21 showsthe results from samplg two different seed lots and the results from
sampling the other four seed lots are provided in AppendixFigure7.2.

The fungal biomass found in different seeds was highly variabdee kthe assay clearly
showed its capacity: it allows discriminagi infections of seeds with different
Diaporthespecies and it allows the identification of double infections, something that was
quite impossible previously.

Establishment of the quadruplex réiahe PCR assay for the detection and quatification of the
four Diaporthe speciesD. longicolla, D. caulivorg D. eres andD. novem has also been
published (Hosseini etl. 2021).

3.5.6.2. Absolute quantification

Fungal structures (mycelium or spores) that only adhere to the surface of the seeds can be
detected vih less effort. A defined number of seeds can be simply soaked or washed in water
and then this water can be used directly in thetieed PCR assay without the need for DNA
extraction Ramiroetal.2019) When wusing 6bag&i mgbduiecathduits ab d o
of fungal biomass has to be determined. Since the amount of DNA per fungal structures that
can be detected in this assay is unknown, providing results in ng fungal DNA per reaction is

not very informative. Likewise, absolute quantification isessary for all samples that do not

contain living plant material, for example soil samples or samples of runoff water. Therefore,
experiments were performed to create a different set of standard curves for each

Diaporthespecies.

3.5.6.2.1 Standard curvefor Diaporthespecies mycelia

To quantify the mass ddiaporthespp. mycelia, different amounts of mycelia were scraped
from cultures of eaclDiaporthe species; these were weighted in individual tubes and
homogenized. DNA extraction was performed by ggime protocol by Liu edl. (2000),the
DNAs were dissolved in 30 L o 0 addthe concentration of DNA for each sample was
recorded (Tabl8.8). Although it was expected that the DNA concentration increases with
increasing mycelial mass, this was titg case for all samples.

Using these samplesyugdruplex reatime PCR was performei obtain standard curves for
each fungal species. DNA samples were applied undiluted and diluted 1:10
(Figures 3.221 3.25).
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Table 3.8: Mass (n mg) and DNA concentration (i n

D. caulivora, D. eres and D. novem

d_py of mycelium from D. longicolla,

D. longicolla D. caulivora D. eres D. novem
Sample Mass DNA Mass DNA Mass DNA Mass DNA
concentration concentration concentration concentration

1 3 - 7 2 6 20 7 25

2 4 2 11 293 11 30 12 117

3 8 11 18 425 16 53 13 5

4 12 4.3 24 19 19 80 20 293

5 14 24.8 27 46 25 81 22 332

6 15 38 30 59 28 101 25 323

7 20 38 40 44 37 200 31 507

8 22 82.6 43 131 45 112 42 935

9 26 156 53 392 56 1284

10 29 117 61 370

11 35 93.8

12 52 110

13 90 128

14 131 203

Figure3.22A shows the standard curve Or longicolla applying the undiluted samples, with

an efficiency of E43.9% and a correlation of & 0.715. An edited version is shown in
Figure3.22B. Removed was sample 1 (referring to the order in TaB)efrom a mycelium

mass of 3ng, because the concentration of DNA could not be measured what indicates a poor
yield in the DNA preparation of small amounts of mycelium. Also samples 10 to 14 were
ddeted because the values did not fit the standard cufxesumably, this was due to
inhibitors, which were a problem with higher mycelium amouifisis curve shows an
efficiency of E=21.4% but a much improved correlation of 0.965.Figure3.22C stows

the standard curve applying the 1:10 diluted samples with an efficiency91.F% and a
correlation of R=0.731. This standard curve was edited as well by deleting samples 1 and
10to 14 (Figure3.22D). The resulting curve showed=R26.2% andR?=0.923.Figure3.22E

shows the standard curve witteB9.4% and R=0.885 for the undiluted and diluted samples
with ng DNA as starting quantity in theaxis. Compared to Figurd.22A and Figure3.22C,

the correlation of the curve based on DNiaunt is much better and also the efficiency is
close to what was observed with the original standard curve (RBg208). This indicates

that the problems recorded in the other curves are due to inconsistent efficiencies of DNA

preparation from differdaramounts of mycelium rather than any issues with qPCR.

The standard curve for the DNA froBw caulivora mycelium has E38.6% and R=0.810
for the undiluted samples (FiguBe23A). For the 1:10 diluted samples=R5.2% and
R?=0.766 could be obtaed, which were worse than those of the undiluted samples

(Figure3.23B). Whereng DNA was put instead of g mycelium in theaxis, the resulting
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standard curve using the DNA of tlie caulivora mycelium has E76.9% and R=0.935
(Figure3.23C).
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Figure 3.22: Standard curves from extracted DNA of D. longicolla (isolate DPC_HOH28)
mycelium.

A, C) For the undiluted and 1:10 diluted samples, respectively, without edin®) For the
undiluted and 1:10 diluted samples, respectively, after editi)gior the diluted and undiluted
samples oDNA from mycelium of theD. longicollaisolate DPC_HOH28.

Log Starting Quantity i\, B, C, andD corresponds to the amount of mycelium in g.

Log Starting Quantity ific corresponds to the amount of fungal DNA fromaglium in ng.

The threshold iM, B, C, andD was set to RF3 20 and inE was set to RF* 29 based on the
autofunction of the CFX Managér software (BieRad Laboratories Inc.).
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Figure 3.23: Standard curves from extracted DNA of D. caulivora (isolate DPC_HOH2)
mycelium.

A) For the undiluted sample®&) For the 1:10 diluted samples, a@g For the diluted and undiluted
samples oDNA from mycelium of theD. caulivoraisolate DPC_HOH2.

Log Starting Quantity i\ andB corresponds to the amount of myaoeti in g.

Log Starting Quantity i€ corresponds to the amount of fungal DNA from mycelium in ng.

The threshold for the data frob. caulivorain A andB was set to RFB70 and inC was set to
RFU=67 based on the aufonction of the CFX Managé softwae (Bio-Rad Laboratories Inc.).
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For most samples dD. eres DNA concentrations increased with the mass of mycelium
(Table3.8). A correlation of R=0.832 and an efficiency of #1.1% was determined in
gPCR (Figure8.24A). In spite of the higher stang quantity, the last samples did not have
lower Cg values, which again suggested inhibitors in the samples with large amounts of
mycelium (samples 8,,%nd 10).Sample 10 was deleted in editing what resulted in a curve
with R?=0.838 and E68.4% (Figure3.24B). In the graph for the 1:10 diluted samples
(Figure3.24C) the possible effect of the inhibitors was less visible than with the undiluted

samples and an efficiency oFB6.6% and R=0.870 were determined.
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Figure 3.24: Standard curvesfr om extracted DNA of D. eres(isolate DPC_HOH7) mycelium

A) For the undiluted sample®3) For the undiluted samples after editin@) For the 1:10 diluted
samplesD, E) For the diluted and undiluted samples@¥A from mycelium of theD. eresisolate
DPC HOHY7 before and after editing, respectively.

Log Starting Quantity i\, B, andC corresponds to the amount of mycelium in g.

Log Starting Quantity i andE corresponds to the amount of fungal DNA from mycelium in ng.
The threshold for the data frobh eresin A, B, andC was set to RFB 250 and irD andE was set to
RFU=573 based on the audfonction of the CFX Managé software (BieRad Laboratories Inc.).

Figure3.24D and E shows the unedited and edited standard curves, respectively, for the
undiluted and diluted samples witly DNA in the xaxis. An efficiency of E292.7% and a
correlation of R=0.889 resulted from the unedited standard curve, which is near to the
efficiency which was observed for the original standard curve (FRAGC), and an
efficiency of E=83.3% and a correlation of 3 0.949 resulted from the edited standard

curve, where Cq values of samples 1, 9, and 10 were deleted.

The DNA concentrations @. novemmycelia were in a relatively constantly increasing order
with the exception of sample 3, in which DNA concentration was very low. The standard
curve for the undiluted samples had an efficiency ®2F.2% and a correlation of3&0.557
(Figure3.25A). The standard curve for the 1:10 diluted samples hai8E1% and B=0.555
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(Figure3.25C). Due to sample 3, which had Cq values in the range ef26@ because of a
low DNA concentration, the standard curves of the mycelium Dofnovem in
Figure3.25B, D, and F were editedn addition, sample 9 was also delet(Figure3.25B),

since the Cq value appeared to be too high in relation to the log starting quEmstynay
have been caused by inhibitors due to a mycelium massmof).56his is supported by the
fact that the 1:10 dilution of sample 9 fits wellanthe standard curve of the 1:10 diluted
samples. After fading out these values, an efficiency of3£3% and R=0.954 was
observed (Figur8.25B). The standard curve of the 1:10 diluted samples looked a little better
after editing (removal of samp8) with E=40% and R=0.980 (Figure3.25D).
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Figure 3.25: Standard curvesfrom extracted DNA of D. novem(isolate DPC_HOH11) mycelium
A, C) For the undiluted and 1:10 diluted samples, respectively, without ediBn@) For the
undiluted and 1:1@liluted samples, respectively, after edititig);F) For the diluted and undiluted
samples ofDNA from mycelium of theD. novemisolate DPC_HOH11 before and after editing,
respectively.

Log Starting Quantity i\, B, C, andD corresponds to the amount of cgjium in g.

Log Starting Quantity ifc andF corresponds to the amount of fungal DNA from mycelium in ng.
The threshold imA, B, C, andD was set to RFB 100 and inE andF was set to RF& 147 based on
the autefunction of the CFX Manag& software (Bo-Rad Laboratories Inc.).

Figure3.25E and F shows the unedited and edited standard curves, respectively, for the
undiluted and diluted samples, witly DNA in the xaxis. An efficiency of E=72.6% and a
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correlation of R=0.958 resulted from the unéell standard curve and an efficiency of
E=88.4% and a correlation of40.989 resulted from the edited standard curve.

Again, the curves based on DNA amount were much better than those based on mycelial
mass, indicating that the problem with estaldighstandard curves based on mycelial mass
lies with DNA preparation. Since this problem can occur in any experimental setting it can be

concluded that this kind of standard curve may not be useful at all.

3.5.6.2.2Standard curves fddiaporthespeciespores

During the experiments described in 3.5.6.2tlbecame obvious that different DNA
preparation efficiencies for different amounts of fungal material can have a strongly distorting
effect on the correlations between fungal mass and Cq values. Tbthigproblem, it was
tested whether it is possible to directly add fungal structures into the gPCR reactions. Conidia
or spores in general are the fungal structures that allow for the best quantification because
they can be counted in suspension.

Spore suspensions were prepared from edgiaporthe speciesto quantify these fungi
Sevenconcentrationserial dilutionswere made with defined amounts of spores. Serial
dilutions of sporesuspensiorwere addedndividually into the quadruplex redgime PCR

ass&s and in another experiment DNA preparation was carried out ospibresuspensions
(3.5.6.2.3) and the extracted DNAs were added into the quadruplexinealPCR assays.

With this method for absolute quantification, a number of spores can be assighedCq

values obtained.

A first standard curve fasporesuspensions d. longicolla with three sampleéwith 8,550;

855; and 85spores/pL), had an efficiency of E227.8% and R=0.959, while for further
dilutions the thermal cycler could not detemy fluorescence that exceeded the threshold at
RFU=30 (Appendix7.3., Figure7.3A). Since an efficiency of more than 1%0is not
realistic, a new serial di | utspoeiul)wastnadel : 2
and then the qPCR assay wiase by applying tse new serial dilutions (Figurd.26A). An
efficiency of E=83.9% and R=0.959 was obtained for the standard curamging from
17,100 down to 267 sporéseven samples).

The initial standard curve fdd. caulivoraincluding four amples(with 98; 10; 1; less than
onespordul) had an efficiency of E140.7% and R=0.906 (Appendix’.3., Figure7.3B).

A new serial dilution (98, 49, 25, 12, 6, 3, 2sdore/uL) was prepared and the gPCR assay
was done again. The standard cunasvedited because the samples with most spores had
noticeably high Cq values. It was supposed that inhibitors were effective in these samples.
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The curve on the remaining samples showed an efficiency=00E2%, which was rated as
good (RFU-=20) (Figure3.26B). The correlation was low % 0.858, which was caused by
the large differences between two values of one sample. These differences exist with the

strong dilutions, which was to be expected. If there is one or less thasporeper 2 L

sample, here is a certain probability as to whether thmorewill be picked up during

pipetting or not.
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Figure 3.26: Standard curves forDiaporthe speciespores
A) D. longicolla isolate DPC_HOH20, standard curve for undiluted (17sp@®esin 2uL) to 1:64

diluted (267%&poresin 2uL) samplesB) D. caulivora isolate DPC_HOH2, standard curve for 1:4

(49sporedn 2uL) to 1:256 diluted (less tharsfporein 2uL) samplesC) D. eresisolate DPC_HOH?7,
standard curve for undiluted (13,1sf#bresn 2uL) to 1:1,024 diluted (18poresn 2uL) samplesD)
D. novemisolate DPC_HOH15, standard curve for undiluted (5sf@@esn 2uL) to 2sporesn 2L
samples. Log Starting Quantity corresponds to the numisgooés

For D. eresan initial standat curve with a low efficiency E45.1% and R=0.936 resulted

(Appendix7.3., Figure7.3C) .
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(Figure3.26C). The efftiency E=55.9% and the correlation & 0.962 were increased a

little bit for the standard curve.

The initial spore suspensions oD. novemgave a standard curve with=B1.4% and
R2=0.991 (threshold at RF&30) (Appendix7.3., Figure7.3D). This indicates good

efficiency for D. novem
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more dilutions might have been useful whereadfocaulivoraa fully new spore syension

would have been necessary to get to higher numbers.

3.5.6.2.3Standard curves from extracted DNAdDaporthespeciesspores

In addition to applying thespore suspensionsof Diaporthe speciesdirectly into the
guadruplex realime PCR assays teetectspore DNA extraction was carried oby using the

protocol by Liu efal. (2000)for each sample of the dilution series of the four diffespure
suspensionslThe extracted DNAs were dissolved ine3Q o 0 adddthé concentration of

each samplevas measured using spectrometry and recorded (AppérdixTable7.1). To
createthe standard curves, the DNA samples were addgdadruplex reatime PCR assays.

Thus the number of spores or the corresponding number of genomes can be assigned to the
Cqg values obtained during an analysis such as the previous method. The results are explained
in Appendix7.4., Figures7.4 and7.5.

Overall it needs to be stated that the curves with DNA prepared from spore suspensions gave
little information. It seems obwus that the problem with different DNA extraction
efficiencies for different amounts of fungal material was very much the same for spores as for
mycelium. Therefore, the only useful standards for absolute quantification are spore dilutions

directly appliel to gPCR reactions. Fortunately, these can nicely be applied for seed soaking.

3.5.7. Seed soaking

The seed soaking method that can be used to detect fungal material sticking to the seed
surface was also tested. Here seeds are just washed with or soakaidn and this water

then used directly in resime PCR reactions. The procedure used (2.14.11.) was based on the
description by Ramiro etl. (2019).

By using 2uL aliquots of the soaking watdafter 33h) of five seed as template in the
guadruplexassay signals forD. eres and D. novemcould be found (Figure3.27A-D).
Consideringthe Cgcutoffs (Table3.7), some of the signal&ere considered false positives
(Table3.9, gray numbers) The test could show that the seeds were infected with these two
DiaporthespeciegTable3.9, orange and green numbers)

By using UL aliquots of the soaking water of another sample of five seeds with the same
mixes of infected and healthy seeds as above (afidn)Ono signals could be observed
(Figure3.27E).

The use of aliquots of the soaking wat@fter 03h) of seed samplesvith 100 seeds
sometimes allowed for the retiine PCR detection dDiaporthespecies but sometimes from

the same sample nothing was dete¢teédure3.27F,G,H). This resultseemed rashom and it
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was assumedhat when the seeds are soaked, no DNA is releagsdagsumed by
Ramiroetal. (2019), but fungal structures (spores and mycelium parts) are transferred
directly into thereakttime PCR reactionsSince it is possible thati 2 either do contain a

spore or do not contain a spore, this would explain the apparent randomness of some of these
results.

It was also discovered that with larger amounts of fungal structures, inhibitors can cause a

problem forthereattime PCR assay.

hhhhh B —

Figure 3.27: Quadruplex real-time PCR results from applying aliquots of soaking water
(cv. Anushka?2).

A-E) Seed soaking results for the experiment with five sekd3) First sampleE) Second sample.
A) Using aliquots of the soaking water aften,®) Using diquots of the soaking water afteih1C)
Using aliquots of the soaking water aftdr, D) Using aliquots of the soaking water aftér. &,G,H)
Seed soaking results for the experiment with 100 seeds.

Table 3.9: Seed soaking results for the experimenwith five seeds.The table shows all Cq values
below the cutofin color.

Sampling D. eres D. novem
time 5H* 11 2| 3l 4] 51 5H 1 2I 3l 4] 51
oh - - 34253544 - 3458 - - - 2407 - -
1h - - 3539 - - - 34.07 32.77 39.97
- - - 33.32 - - - 35.14 33.30 33.13
- - - - - 27.0830.30 - 28.84
2h
- - - 3457 - - - - - - -
3h - - - 33.50 33.08 - - 3141 - 33.02 32.07
- - - - - - - - - 3021 -

*5H: healtty control, 1I: one infected seedfour healthy, 2I: two infectedt three healthy, 3I: three
infected+ two healthy, 41: four infecteét one healthy, and 5I: five infected seeds.

This approach represents an easy and quick diagnostic methtw @retcomehe problems
that were encounteretl must be pursued by using more seeds, resoltheginhibitors
problem and developinguitableabsolute quantification methotike dilution series of spore

suspensions
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3.6.Experiments covering additionaspects oDiaporthespecies

The Diaporthe spp. (Table3.1) were examined in some additional experiments. These extra
researches we beyond the core aintdf this studyHere | shortly present these experiments.

They are presented only here; they are not mentianether parts of this thesis.

3.6.1. Further characterization of tbeaportheisolatesbased ormatingtypes
MAT1-1 andMAT1-2

The matingtype (MAT) locus has a key role for sexual reproduction in ascomycete fungi
(Santos eal. 2010).The MAT genescan ke usefulfor matingtype diagnosis imanyspecies

in genusDiaporthe (Kanematsuetal. 2007; Santos ai.201Q 2011). The matingtypes
MAT1-1 and MAT1-2 vary in one geneMAT1-1-1 and MAT1-2-1, respectively.PCR
diagnosis of matingypes was done for 3iaporthe isolates. Primers MAT1-1FW
(5-GCA AMI GTK TIK ACT CAC A-3) and MATL1-1RV (5-GTC TMT GAC CAR GAC

CAT G3') for t he ampl i ficati oMAT14d-1 gemea and of
MAT1-2-1FW (5-GCC CKC CYA AYC CAT TCA TG3') and MAT12-1RV (5-TTG ACY

TCA GAA GAC TTG CGT G3') for the amplification of part of the HMG domain from
MAT1-2-1 gene were used followgnthe protocol of Santos at (2010).

Both mating types were found in different isolateDinlongicolla, but never both mating
types in the same isolate (Talld0). This pattern indicates thBt longicollais heterothallic.

This is surprising in apecies for which no sexual structures have been observed so far. It is
also in contrast to results by Santosle{2011), which indicated that both matitypes were
present in each of the testBdlongicollaisolatesD. eresalso appears to be hetdrallic and

D. novem as well (Table8.10). In the D. caulivora isolate just MAT1-2 was found
(Table3.10).

To corroborate the PCR findings, heterothallic isolates (T&RG) from the same species

with opposite matingypes are being mated for teleomorptuctionin vitro. Control crosses

are included where each isolate is paired with itself. A mating interaction is recorded as
negative if no perithecia are formed and successful mating is regarded when perithecia are
observed. The method of Brayford (D99with slight modifications is used to mate the
isolates. Isolates grown on PDA and BPBBA (Table3.109), are inoculated on % WA or
synthetic medium (Westergaard and Mitchell, 199l4}eswith pieces of healthy autoclaved
soybean stems, and incubated three months under different conditioreg 25°C in the

dark, at 25C in the light, at 28C in 12:12h light/dark, at 28C under UV light, for three
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days in darkness and then at’€5in 12:12h light/dark). Each mating experiment is done in
two replications.

Table 3.10: Mating -type diagnosis of the European isolates @iaporthe species

Species

Isolate no.

MAT1-1-1

MAT1-2-1

D. longicolla

DPC_HOH1
DPC_HOH5

DPC_HOH6

DPC_HOH9

DPC_HOH12
DPC_HOH13
DPC_HOH17
DPC_HOH18
DPC_HOH19
DPC_HOH20
DPC_HOH21
DPC_HOH22
DPC_HOH23
DPC_HOH24
DPC_HOH25
DPC_HOH26
DPC_HOH28
DPC_HOH29
DPC_HOH30
DPC_HOH31
DPC_HOH32

+

+

+

Co+

G+

D. caulivora

DPC HOH22

D. eres

DPC_HOH3
DPC_HOH?7
DPC_HOH1G
DPC_HOH14
DPC_HOH27

+

+

+ o[+ A+

o+

D. novem

DPC_HOH1E
DPC_HOH1%
DPC_HOH16

+
+

+

aHeterothallic isolates with opposite matitygpes, which are selected for teleomorph induciiowitro.

So fag for D. longicolla, no fertile perithecia formed under any condition, except for isolates

DPC HOH29 (MAT1-1) and DPCHOH17 (MAT1-2) just once, which were incubated at

25°C in the dark condition and it was not repeatable. This of course is andaocce with

earlier experiments but a first description of the sexual phase of this highly important

pathogen would be very interesting in mycology.

Perithecia were formed in cultures for caulivoraisolates.Only the matingtype MAT1-2

wasdetectedn D. caulivoraisolatesbut the isolates are sefértile. Therefore, this species is

considered to be homothalli@he samewas found for their D. cauliovra isolates by

Santosetal. (2011).
The D. novemand D. eres isolates were diagnosed as heterothallis, in the case of

D. longicolla. Perithecia did not form in culture. By Santosalet(2011) for the first time

ferti

e

perithecia

coul

d Dbnevenosblaes.r v e d

by

The difference between my results irlongicollaand thosef Santos eal. (2011) might be

cCros

explained by either false negatives by me or a false positive by them. However, my results
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were highly consistent with many isolates. So, it might be concluded that Saatog@61.1)

either had a true false positive bey did not have a pure isolate.

Most critical was the finding for th®. caulivora isolate This species is sefertile, so it
should haveMAT1-1-1. Probably thegenesequence is differenh this specieso that the
primers do not amplifySantos eal. (2011) had the same problem in this case. In order to get

more reliable informatioto further refine the phylogenies, this study still in progress.

3.6.2. Testing of various Hdmgical control agents (BCAs) against
Diaporthespeciesn vitro
The aim of his research was the identification of suitable antagonists, which could be used in

future as biological fungicides to contiiaporthediseases.

Two different strains oPseudomonafiluorescensand one strain each &acillus subtilis
Trichoderma harzianum T. asperellum and Clonostachysrosea were tested against
D. longicolla, D. caulivora, D. eres and D. novem(Isolates: DPCHOH20, DPCHOH?2,
DPC HOH7, and DPCHOH15) by performing dual culture, cellophane diffusion,
MTT activity, and bioautography tss In the course of this work, the two strains
T. harzianumT-16 andT. asperellumr-23 were proven to be effective antagonists against
D. longicolla and D. caulivora using the cellophane diffusion test. Both strains of
P. fluorescenslso showed a recogable inhibition forD. longicollaandD. caulivorain the
dual culture experiment, but this was not significdd. antagonistic behavior @. rosea
againstDiaporthe spp. could be detected. So far, these experiments only constitute initial
screens anddditional experiments are required.

Antifungal activities of the four Bacillus velezensis strains ESA02, EFSO204
(Akintayoetal. 2022), FZB42Krebs etal. 1999, and QST713Chenetal. 20(07) that are
established and characterized lipopeptide (LPYyecong strains were tested by dual culture
tests in vitro against the fourDiaporthe spp. (Isolates: DPGHOH20, DPCHOH2,

DPC HOH7, and DPCHOH15). Inhibition of the growth of théiaporthe spp. was
determined relative to the control experiment in whick fangal pathogens were not
antagonized by thBacillus strains. The results showed that all four strains were most potent
in inhibiting D. caulivora compared with the other test&laporthe spp. Fungal mycelia

were taken from the region of inhibition amekamined microscopically. Morphological
abnormalities such as enlargement of the hyphae, swellings, formation of bulbs, or complete
disruption of mycelia could be observed, which could be matched with the results of other

studies. LP amounts (includingrfactin, fengycin, and iturin/bacillomycin) were quantified
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in the inhibition zones with an HPTLC system (CAMAG, Muttenz, Switzerland) to determine
the impact ofD. longicolla (DPC HOH20) interaction with theBacillus strains on LP
synthesis. Accumulatiolf surfactin could be seen in the inhibition zone of H£3land
EFS0204 strains, which is evidence for induction of surfactin synthesis in the strains by the
presence obD. longicolla. Increase of bacillomycih albeit to a lesser degree was induced in
strain EFSO204. With respect to fengycin, increased synthesis was induced in QST713 and
FZB42 on interaction witlD. longicolla. In continuation of this work, proteome analysis of

B. velezensi€E£S102 in response to ecultivation with D. longicolla (DPC HOH20) was
performed. 148 protein groups showed significant differential expression in th€®@ZES1
co-cultured with D. longicolla compared with ESD2 cultured alone under the same
conditions. This research is written in detail as a manuscript with théBitleontrol activity,
including surfactin induction and proteomic response ofipopeptide producing
Bacillusvelezensistrainsto fungal plant pathogensDiaporthesppo  aitnisdsubmitted to

the journal of Environmental MicrobiologgndEnvironmental MerobiologyReports
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4 Discussion

Soybearis one of thévestandmostaffordablevegetariarsourcedor proteins andat andhas

been broadly cultivated faeveralutilizations, especially for animal and human consumption
(Hatman etal. 2015.

Demand forsoybean in Europe as well as in other countisegrowing However, most
soybean used in Europe is imporfeam thebiggestproducersand domestic production has
only grownslightly and especiallyin the southeasterand easterpartsof the EU (IDH and

IUCN NL, 2019; Coleman «dl. 2021;0mari etal. 2022). Europé&s making an effort toase
soybearproduction todiminish its dependenogn importsand to produce ne@M soybean

for human nutrition and animal foddeiAt the same timemore legume produdbn can
minimize negative environmentabnsequenceassociated witltontinuouscereal production

by diversifying the cropping systems aretiugng the need fonitrogenfertilization (IDH and

IUCN NL, 2019;Hufnagel etal. 2020).

When moresoybeans grown in central Europeit can besupposedhat soybearpathogens

that are destructive othersoybean production areadl gain importance therégo.
DiaporthdPhomopsisComplex (DPC) species cause serious soybean diseases leading to
significant losses ityield and quality of seed&dman etal. 1985. However, no studies

have been performed for detection of these species on soybean seeds in central Europe.
Therefore,as part of a effort to determire the dominant soybeamathogens in central
Europe, thgenusDiaporthewas analyzed in this thesis.

Starting with thencubation of DP&@lamaged soybeans on APP22 Diaporthestrainswere
isolated The strains werassessethased on their morpholggand molecular phylogenies,

and they could ballocatedto the four speciedD. longicolla, D. caulivora D. eres and

D. novem

Morphological featuresused for species determination are highhariable within
Diaporthespp. and can overlap between different specigscurate, specific, robust, and
rapid species idéification is essentiato optimizecontrolof the DiaporthepathogensAlso, a

large scale monitoring effort was planned that needs species identification. Hence, a
guadruplex reatime (q)PCR using TagMan probes was established to detect, distinguish, an

guantify these foubiaporthespecies simultaneously as a quick and specific method.
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4.1. Isolation and identification dbiaporthe species from European
soybeans

32 Diaporthe strains were isolated from 483 examined soybeans (21 seR8sseed lots),

which were plated on the surface of APDA plates (3.Ilhe sampling scheme was designed

to cover as large as possible an area and with plating only symptomatic seeds to achieve the
highest possible diversity @iaportheisolates as possible with limitedsources. Due to the

broad distribution of sampling sites and the randomness of sampling inside the seed lots, the

isolates were assumed to be representative fdiqgorthepopulation in central Europe.

Because of theverlapping morphological charaasgics of Diaporthe species, theseamot
be consistently distinguishedorphologcally. Thereforemolecular toolshave been sl to
discriminate among Diaporthe species andor phylogenes of these fungi(Santos and
Phillips, 2009,Udayanga eal. 2012;Gomes etl. 2013).

TheisolatedDiaporthespecies were studigdorphologicallybased orthe shape and color of

their cultures on APDA, production of sexual and asexual structures, and tygenemdions

of sporesThe identification oDiaporthespeciedased only on ITS sequences is not reliable.

This is because the sequences are too similar, there are still sequences missing for many
species and unfortunately quite frequently sequences have been entered intG&lE2Nk

with incorrect species annatats. The latter entries may either be old or come from surveys,
where authors only sequenced ITS themselves and did not corroborate their results. Therefore,
in addition to ITS he DNA sequencgof thegenesTEF1andTUB were usedBy considering

the reslis from morphological and molecular identificatighe 32Diaportheisolateswere

assignedo thefour DiaporthespeciesD. longicolla, D. caulivora D. eres andD. novem

D. longicollais the maincausal agendf soybearseed decayHobbs etl. 1985, andit was
also most frequentlyisolated from soybean in this studyregarding morphologyit is also
consistentwith earlier publicationgSantos eal. 2011;Divilov, 2014) thatmy D. longicolla
isolates did not produce b-conidia Compared tothe other D. longicolla isolates
DPC_HOH18 and DPC_HOH2grew slower andhad shorternecks on their pycnidia.
Similarities could be observdaetweencolony appearances ofdbe twoisolatesandisolate
IL12-Ds-2 described by Divilov (2014)According to his desgotions Qivilov, 2014) this
isolateis moresimilar toD. sojaethanto D. longicolla. However, fromITS, TEF1, andTUB
sequenes he classifiedit asD. longioolla and concluded that this molecular classification
should be the correct onkly resultsappear quite similar and am also quite convinceithat

all these isolates belong to the saspecies It is possible thamany isolatesformerly
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identified as D. sojae should be reassignetb D. longicolla. Apparently the colony

appearance dd. longicollacan be very different between isolates

D. caulivora did not produceany pycnidiain this study neither cultures on APDA nor on
soybean stems. This goes together with the first description that claini3. tbalivora is
lacking an anamorph state (Athowda@aldwell, 1954) and alsmore recentepors from
Croatia andArgentina Santosetal. 2011 Grijalba and Ridao, 2012Dthers havebserved
that D. caulivora can produce pycnidiearely (Kmetz etal. 1978; Kulik,1984). It has been
reported that somB. caulivoraisolates produced pycnidia withconidia(Frosheiser1957;
Chao and Glawel,985, b-conidia(Kmetz etal. 1978, or both kinds of conidiaHernandez
and Hanlin 1996.

The presence d. eresin Europehasalreadybeenshown since it was founah various hosts
other than soybeaim Austria, France, Italy, Latviaand Netherlands(Gomesetal. 2013;
Udayanga eal.2014). NeverthelessD. eres was reported as DSD causing agent from
soybeansn Serbiafirst ( P e t r al.v201B. The D. eresisolates fromthis studyprobably
represent té first report othe species osoybean in Austria.

D. novemhas beenpreviously known asPhomopsissp.9 from earlierinvestigatiors on
sunflower, grapevine, and rooibd2gkab etl. 2004;van Niekerk etal. 2005;van Rensburg
etal. 2006). The namB. novem(novem=nine, Latin)was proposed by Santosadt (2011).
They established thdd. novemis a heterothallic fungus and for this reason formation of
perithecia occurs rarely and when they crossed isolates with opposite-typgsgn culture
perithecia could be observed.

In this studyD. novemisolatesonly produced pycnidialhe U-conidia ofmy isolates were the
same size ashoseof the D. novemisolatesfrom Santos eal. (2011)and longer than
D. longicolla and D. eresU-conidia They were hyalihe, unicellularsome had one but most
two guttules andhadoval to cylindricalform as observed for thB. novemisolates in the
study by Santos ai. (2011).

Therewere dfferencesbetween the BLAST results for thigferent markersequence Most

of these are probablyecausef inconsistencies in the annotations of sequences in the NCBI
database However, for isolate DPC_HOH1l1la clear discrepancy was foun&or this

D. novemisolate,there isa completely separate clade in #i& phylogenyand this nust
have natural reasongherecouldhave beeralargemutation eventthatchangdmanybases

in the ITSsequence at the same tim@other likely alternative ithathybridizationhappened

betweena D. novemspecimenand one fromanotherDiaporthe speces Since the sequence
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section that was changed is not similabtdongicolla, D. eres or D. caulivorait seems that
this hybridization was with yet another speci€be recent findings of Hilario et. (2021)
suggest recombination events among strain®. novem rather than hybridization between
species. However, hybridizatioevents between Diaporthe species could be a nice
explanation forthe overlapping morphologiesvithin the species complexnter-species
hybridizations and with that the emergenof new species might also contribute to the
difficulties that have been encountered in resolving the DPC.

The Diaporthe speciesfound on soybeanin central Europein this study were already
identified assoybeanpathogensn southern andoutheasterreurope (Santos etl. 2011,

Gomes etl. 2013). In Serbid®. foeniculing D. rudis ( P e t r alv2016), and. sojae

( Kr s ma nal.v2040) werealso found. In the study byKr s ma n oal i(2020) e t

D. longicolla emergedas most frequenDiaporthe specis followed byD. caulivora On the

other handtheyfound noD. foeniculinaandD. rudis. From this it seems th&. foeniculina

andD. rudis play a minor rolel did notfind any of these three speciescentral EuropeThis

may not prove that they aretroccurring here, but at least they seem to have a low incidence.

In contrast to the opening sentences of this section it can be argued that 483 seeds or
32isolates, respectively cannot be enough to support the statement that these four
Diaporthespecis are the only ones relevant in central Europe and Rhdbngicolla is
dominating.Testing a large number of seeds from more samples and other sites of infected
soybean plants will be necessary to gain more depth of the data. Applying a combination of
the quadruplex redime PCR assay and seglating, it will be decided what is the dominant
species and it can be made sure that no other species are present or were introduced in the
meantime. In this context also another (Q)PCR based assay to Dieteatthe spp. without

species specificity (see below) can be usefuli#fporthespp. is detected in a sample but not

D. longicolla, D. caulivora D. eres or D. novem,anotherDiaporthespecies must be present

and steps can be initiated to isolate and détect

4.2. Pathogenicity of thBiaportheisolates

Several management strategies have been recommended for the control chdp§ing
practial control methods like crop rotation and tillage caneffective for reduction of the
level of infection, but nbto avoid the diseasg®ackmanetal. 1985; Roth etal. 20D).
Fungicides either for seed treatment or foliar sprayan also beuseful for control of
Diaporthe diseases. Howevett, is unresolved how they can deactivate tipathogenicity of

the Diaporthe pathogens(Ghimire etal. 2019. Because of thedestructive effects of
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fungicides on theecosystemand resistance of the pathogenfingicide use should be
minimized (Hartman and Sinclaif,992. Sources of resistance Baporthe seed decay and

stem caker diseases have bednteted (Pioli etal. 2003;Li et al. 201%; Chang etl. 2016)

but information about resistance genes current soybean cultivarss scarce(Ghimire

etal. 2019).Virulence studies of a pathogen different strain@gainst diférent cultivas of

its host plant can determine differences in the pathogenicity of the strains and on the other
hand cultivars with broad resistance against the pathogen can be found.

In this study a pathogenicity test wasnduced by inoculation of hedhy germinated
soybeans in spore suspensions of theD&porthe isolates All the 32 Diaporthe isolates

could cause diseasso none of the isolates was found on soybean by random ckang®d

blight the disease score was similar for all isolates betet were differences in pycnidia
formation on soybean stems.

Since the sole aim of this test was to corroborate pathogenicity, only cultivar Anushka was
used. To gain additional information for choosing resistant cultivars for Germany, virulence
tests ofthe Diaportheisolates on several different cultivars would be useful. Differences in
virulence between the species and the isolates may only occur in some cultivars. The findings
for virulence of the different species on different cultivars should be ioachbwith the

finding about the incidence of the species to make decisions for cultivar choice.

4.3. Establishment of a quadruplex rgale PCR for detection of
Diaporthespecies

All studies testing the incidence and relevanceDwporthe species in Eungge so far as
mentioned aboveynly tested aelatively small number of seedSonsequently also only few
isolatesof the differentspeciesxist Regardingepidemiological incidence and relevance, and
for monitoring these studies have little true informativalue. Therefore, a more
comprehensivetgdy with much wider samplings necessarin European soybean producing
areas.This should also helf restrictthe distributionof Diaporthe pathogensFor this a fast
and accurate diagnostic assayeeded

TagMan eaktime PCR was chosen for parallel detectionhaf fourspecies. Especially with
the large sample numbemsxpected for the epidemiological studiesultiplexing can save
time andmoney. But specificity in multiplex reatime PCR is quite difficli to achieve.
While normally the probenly gives additionakpecificity to the reaction that is already
specific because dhe primersin a multiplex the probes have to be specific by themselves

because otherwise they also detect the other species assay. Still the primers also have to
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be specific, otherwise unspecific amplification could reduce sensitivity. So, to have specificity

in a quadruplex assay, twelve specific oligonucleotides are needed.

Since PCR assays to det&eaporthespecies alrady existed, usingrimers that were already
established was deemed more efficient thamovodesign. So, first primeprobe sets were
extracted from literatureThese were the the sets, P15, PL-3, and DPE3 developed by
Zhang etal. (1999) PL-5 detets D. longicolla, D. caulivora, D. sojag and D. aspalathi
together butPL-3 is specific forD. longicolla and DPGC3 is specific forD. caulivora By
performing singleplex and duplex reaahe PCR assays to test the specificity of the3Pdnd
DPG3 it became apparent that the sets are only specific when arseteir own This is
mainly becausé¢he probes P3P and DPE3P are identical Since all three components of
primerprobe sets need to be specific as mentioned above, it might have been a migsake t
the previously published primesrobe sets P43 and DPE3 before checkingn silico (using
PrimerBLAST). Also, with regard to integration into a quadruplex #t@ak PCR, it would
have been better to design just one pripr@be setde novofor D. novemwith a different
reporting dye instead of two primprobe sets with FAM. It could be learned that assessment
of the relevant sequence alignment should be done before testing any-poberset

(published odenovg in in vitro assays.

After facing these challenges finallyhe four speciespecific TagMan primeprobe sets
DPCL, DPCC, DPCE, and DPCN could be designed basedTBR1 sequences of
Diaportheisolates. In the first step the specificity of the sets was prosieg PrimeiBLAST
and then thir specificity and efficiency were checked in réale PCR. Thee experiments
clearly provedthat the newprimerprobe set havethe specificity needed to test for the
Diaporthespecies ircentral Europe

D. longicolla could also be detected by the newadruplex reatime PCR assay instem
sampleghat had beemoculated with this specigthe pathogenicity testYhis was the first

experiment showing that the assay can work with infected plant material.

Standard curves for quantification were creatgddituting the fungal DNA with soybean
DNA. Though an LOD still needs to be determinial all speciesit could be already
estimated that they should be quite lswthe assay has high sensitivity.

Since seed screening was supposed to be the main &ppliohthe assay, this was tested.
The fist tested seeds were infected vidtheresandD. novem Both species could be detected

in DNA prepared from different parts of the seeHisis showed thatestingthe seed coas
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sufficient for testing seeds, wdhi is advantageousecause ircontrast to whole seedsed

coatscaneasily bebroken down for DNA preparation using a common lab homogenizer

The application of the assay to sdets showed its full potentialt becameclear that the
different speciesan be found in seeds. Different amounts of the pathogens were found in
different seeds and the pathogens were found in the seeds in different combination. These are
data that could not have been achieved with any of the classical assays [for examplei (Petro
etal . 2016 ; Klr 2020W. Mlav individual tseedsn have different infections

shows the necessity to sample several seeds per lot. Concrete sampling schemes will have to

be elaborated.

The seed soakingmethod seems an easy and intengstinethod to detect seedborne
pathogenslin this methodNA extractionfrom the samples is not requiresbeds are soaked

in water, and then thsoaking wateiis directly added to the PCR reacti@daccoudrilho

etal. 2002). More recently lis techniquewvas applied tosoybean seeds Brazil to detect

S. sclerotiorum(Grabicoski etl. 2015). Another study in Brazil was done by Ramiralet
(2019) to detecDiaporthespp. andS. sclerotiorumin parallel by soaking soybean seeds and
applying the aliquots$o reattime PCR assayssing TagMan primeprobe sets designed by
Zhang etl. (1999 andChen etal. (2010). My results from soaking or 100 seeds revealed

that use of the soaking water sometimes allowed for thetireal PCR detection of
Diaporthespedes but sometimes from the same sample nothing was detected. Thus, the
results were assumed to be random (but not false) and it can be concluded that when the seeds
are soaked, no DNA is released from the seadsaésumed by Ramiro @t (2019), but

fungal structures (spores and mycelium parts) are transferred directly and randomly into the
reattime PCR reactionsThe seed soaking liquidalso seemed to contain a high amount of
PCR inhibitors, which is in accordance with other repovtélligms etal. 2001, Freeman

etal. 2003. To solve this problem, performing DNA extraction prior R&€R has been
suggested by Grabicoski @t (2015),although, in their own study DNA extraction was not
required andhey could detedhe fungus in seed samples was fdusesvenwhen only few
seeds were infecte@oaking the target samples for a short time may be useful to test seeds
(CarvalheVieira and Machado, 2002This could avoid the release of inhibitors like lipids
polyphenols, and cellulosthat aresolubilized during long soaking (Rossen eal. 1992;
Schrader eal. 2012). With larger amounts of fungal strucgjn@hibitors can cause a problem

for reattime PCR assays as welnother reasoffior negative results can heo little fungal

DNA. On the other handhe random results can be due to the low number of tested seeds. It

is recommended that 400 seeds woulcebheughfor seed sanitation tests 8fsclerotiorum
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but with very little pathogen present still more seeds may be required for effdeti®etion
(Ramiro etal. 2019).Following from this it could be determined if this incidence is below of
what can be tolerated anyway; in this case the detection would still be sensitive enough.
However,the reduction of labor presented by this approach constituséesray advantage.
Hence, it should be pursuédtherby using more seeds, resolving the inhibitor problems, and

developing absolute quantification methods.

Absolute quantification is another important aspect that should be considered in developing a
seedsoaking methodSince in seed soaking no DNA preparation is performed, the standard
curves, which were obtained by using serial dilutions of genomic DNBAigdortheisolates

are not informative. Therefore, experiments were performed building on this tetget a
different set of standard curves for ea&haporthe species to carry out absolute
guantification.

Standard curves could be created by applgrgacted DNAs from different amounts of
mycelium of eaclDiaportheisolate in reatime PCR assays.NA extraction worked well in
practice but some samples had unsuitable DNA concentrations. It can be assumed that the
amounts of some mycelium samples were too small or too big. The small samples could be
lost during DNA extraction and yielded less DNA thexpected with a poor quality. For
example, foD. longicolla, DNA concentration could not be measured for sample one with a
mass of3mg. Presence of inhibitors in the extracted DNAs of samples with larger amounts of
mycelium, led to high Cqg values, whichd not fit the standard curves and led to too high
efficiency. The results revealed tHaNA preparation and different efficiencies for different
amounts of fungal material can have a strongly distorting effect on the correlations between
fungal mass an€q values. To avoid this problem, it was tested whether it is possible to
directly add sporesas fungal structures into theeattime PCR reactions, also directly
representing what happens in seed soaking.

Serial dilutions ofspore suspension of eacBiaporthe specieswere prepared and added
individually into the reattime gPCR assays. The resulting standard curveDfdiongicolla

had an efficiency of BE100%, which is theoretically impossible. The Cq values of the
undiluted suspension and partially thid0 diluted suspension were too high, which could be
due to contamination or inhibitors that interfere with the gPCR or the large amouspts e

in the undiluted suspension. Hence, #pore suspensions oD. longicolla were diluted
further and the gBR assay was performed again and acceptable efficiency could be observed.
For D. caulivora, due to a small number spores few suspensions were prepared. The Cq

values for the suspensions with more spores were high, maybe because of the inhibitors,
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which could come from residual components of the mycelium, which was not completely
retained by the filter. Thus, the high Cq values were deleted and a good efficiency could be
achieved. The created standard curve uspagesuspensions dd. ereshad a low diciency,
probably because of an impurity in the undiluted suspension. The suspensions were diluted
further and applied to the gPCR but the efficiency did not increase significantly. The standard
curve ofD. novemwas the best one. The data points werefarodutside of the linear, which

was reflected in a good correlation.

In another experiment, DNA preparation was carried out onsfftee suspensions and
additional standard curves were creatBahfortunately the standard curves, which were
created fromunprocessed sporediad low efficiencies andalso the correlations of the
standard curves for all foldiaporthespecies were lowlherefore, DNA extraction seems to
have a negative effect on linearity. Possible improvements could be countsmpteemore
precisely. Also, in order to exclude contamination and impurity, a better system for filtering
thesporesuspension should be used.

The standard curves for absolute quantification @Bporthe pathogens still need
improvement. In some cases, detectibrih@ pathogen without quantification is enough to
judge the batch of seed#\ctually, the current certification methods that are dependent on
seed plating do not call for quantification but for certification a percentage of infected seeds is
defined.For potentially destructivgpathogens like&s. sclerotiorumthat can lead to epidemies,
guarantinewith zero tolerancéds used inseed certification in Brazi{Botelho etal. 2015).
Sampling schemes and the issue of the number of seeds to be tested willlbedisdossed

with seed companies and people involved in seed certification. Since the new assay offers
more information about the pathogens in an individual seed than classical seed plating it may,
for example, be possible to reduce the number of seatlbahe to be tested for every seed

lot. Together with the same people it should be clarified if the amount of pathogen in the
seeds should be a criterion in judging a seed lot. It may well be that additional experiments
will be necessary to establish figre is a connection between the amount of pathogen in a

seed and the disease outcome in the field.

In conclusion, this established quadruplex-steak PCR assay is a tiredfective and specific
method for direct detection quantification, and identificabn of four important
Diaporthespeciesn plant tissuesin current seed testing the species is not routinely identified
becausethat would involve producing pure cultures of the pathogens. Thus, d@ssay
provides additional information and camprove laboratory diagnosis oDiaporthe spp,

serve the breeders, seed producers, farmers and the processing industry
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5 Outlook

The quadruplex redalme PCR assay established in this research is a promising method to
improve seed testinglistinguish and quaify the Diaporthespecies and thus determine their
incidence and their contribution to damages. Howewgplementation of the assay in regular
seed testing and comprehensive surveys throughout soybean producing areas are still under
way.

Soybean seeds asesceptible mainly td. longicolla (Li et al. 2017, Petrovic efal. 2021).
However, different Diaporthe speciessuch asD. sojae D. caulivora D. eres D. novem

D. aspalathj D. foeniculing and D. rudis were also reported as associated with
Diaporthe seed decay (Li, 2011; Petrovic &t 2015,2016 2021). On the other handhe
incidence of theDiaporthe speciesdiffers. D. aspalathj for example, wadirst found on
soybean inthe southeastern USAFernandez and Hanliri996) but not in Croatia (Sdos

etal. 2011). This means that the spread of some species can still be restricted by seed
screening.Thus, screening of soybearsn largescale is planned as well as sampling of
soybean fields all over Germany. The gPCR based method for diagnosisishestablished

as a new standard for identification@Bporthespp. in Germany.

During the work the problems posed biaporthespp. became more apparent. So additional
aims that should be pursued in the future are: Additional basic research to clzardlote
lifestyle of the different species; developing a seed soaking method and improving standard
curves for absolute quantification; developing detection and quantification of the
Diaporthespp. in soil, plant material, and seeds; designing one spgeiiR probe to detect

the genusDiaporthe identifying resistant cultivars; characterization of patheigeiiced
defense reactions in soybean genotypes; screens for mycotoxin production; and biocontrol

methods. In the following these goals are explaineddre details.

5.1. Further characterization of theiaporthe isolates based on
matingtypesMAT1-1 andMAT1-2

In order to confirm PCR results to determine the mating typ&sagfortheisolates precisely
(3.6.1) and to get more reliable information tarther refine the phylogenies, the sequences
of the matingtype genes of the differeltiaportheisolates are checked. Specific primers are
being designed and additional PCR to corrobogatéerresults and further sequencing of the
MAT genes is under waThe genome sequences[of longicolla (Li etal. 2017) and the
recently published genome Bf caulivora(Mena etal. 2022)arevaluable resources here.
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Also, the mating experiments will be performedvitro once more using the method of
Hilario eta. (2021). The heterothallicDiaporthe isolates will bematedon 2% WA and
1/4 PDA plateswith fennel sticksandpine needlesA number of different light conditions are

planned for the incubation that should last at ldasiemonths.

5.2. Improving se@& 0aking and absolute quantification

The seed soaking method along with the quadruplextirmal PCR would be a further
improvement in testing seed lots making the procedure easier and quicker. The randomness of
results of our preliminary experiments shemthat probably no DNA is released during
soaking, but only later during PCR. PCR inhibitors may pose a problem with larger amounts
of fungal structures.

Therefore, it is planned to improve this approach by testing different amounts of seeds from
varioussanplesand try to avoid PCR inhibitors

Another important aspect of using seed soaking is the necessity of absolute quantification.
Standard curves baseuh dilution series of spores proved to be the best approximation to
absolute quantification. Howevehese still need to be improved, adding more dilutions and a
limit of detection in number of spora®action needs to be established.

5.3. Detection and quantification of thi&aporthe species in plant
material

In preliminary testsPiaporthedetecion in stems and pods of infected soybean plants using
the quadruplex redlme PCR assawas successfuHowever, in podst worked less well,

since inhibitors for the PCR are present here. More plant parts (healtlyfecteéd) will be
tested in further ex@riments. Until now, DNA preparation from plant material was carried out
using the DNeasy Plant Mini Kit. In order to solve the problem with the inhibitors, further
methods of DNA preparation are being tested. An obvious possibility would be to use the
DNeasy Plant Pro Kit (Qiagen), which, according to the description, promises a particularly
efficient removal of inhibitors such as polyphenols and polysaccharides. Another possibility is
to further purify the already prepared DNA by additional precipitagigos. It would be then

possible to use the optimal method for DNA purification for the laboratory experiments.

Another aspec¢twhich needs to be considered, is the course of the disease, which has so far
hardly been investigated f@iaporthe species. lis still almost completely unclear how and
when the pathogens spread in the plant. To close this knowledge gap, it is planned to take

samples at different times and from different locations on the stems, leaves, or later also on
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the pods from inoculated qois. These samples can then be tested for the presence of the
pathogen using microscopy and reéale PCR. These results are then important for the choice
of sample sites for the evaluation of virulence tests.

5.4. Detection and quantification of tBéaporthe species in soil

Another agricultural control measure is evaluation of the soil of fields to determine the
inoculum of plant pathogenk.is likely thatinfested plant residues in the soil act as primary
source of inoculunto infect young plants. Thefore, it makes sense to also check the soil of
fields on which soybeans are to be cultivated before sowing, or before making a decision
about sowing. In addition, sampling from soil represents a good additional possibility for
investigating the distribidn of the DPC species. Hence, an adaptation of the quadruplex
reattime PCR method for the detection of DPC pathogens in soil is necessary. Here, DNA
preparation from soil samples needs to be established. The primary tests can be carried out
with artificially inoculated soil. Again, standard curves for absolute quantification and limits
of detection need to be established, though the existing standard curves created with DNA
from fungal cultures can be used in parallel to specify the DPC load in the sgilDPC

DNA per g soil. The procedure will later be extended to samples from fields contaminated
with DPC.

5.5. Analysis of the distribution of ti&iaporthespecies in Germany

Analyzing the species spectrum of the DPC in central Europe in this resessahbig step
towards a more comprehensive study of the distribution of the species in Europe, especially in
Germany. It was established thatlongicolla, D. caulivora D. eres andD. novemoccur in
Germany, Austria, and France. For all four species ahdbolates, the pathogenicity on
soybean was also shown, therefore, all can be considered rel@\aurthe species in
Europe. In continuation of this work the frequency of occurrence of the species will be
investigated. Even though most of the isdaiethis study wer®. longicolla, the conclusion

thatD. longicollais dominant in Germany is based on very little data. Much more extensive
studies are required, using the quadruplex qPCR assay. Since soybean cultivation is
expanding in Germany and thdimate is changing, it can be expected that further
DPCspecies will appear in Germany. Therefore, there is a need for more isolation attempts on
more samples from all over Germany to record Deaporthespp. or the species that would

otherwise be overliked.



Outlook 101

5.6.Detection ofDiaporthewith a genusspecificprimerprobe set

Soybeans can be infected dther seedorne pathogensesideDiaporthespp.. In this study

in the seed platingssays (3.}, pathogens lik\lternaria spp. and~usariumspp. couldbe
identified. Also, according to results of the pathogenicity test)(3t4Zould be that there are

no significant differences in virulence or the course of the disease between the different
Diaporthespp.. Thus, a gentspecific detection should alse lastablished by designing just

one genuspecific primefprobe set. Genuspecific detection oDiaporthe will be cheaper

and simpler than quadruplex gPCR and can be integrated into multiplex detection of various
soybean pathogens.

5.7. Virulence tests odifferent soybean varieties

The ability to cause a disease and the severity of disease are important factors to differentiate
pathogenic species. Also, pathogenicity affeiseasemanagemen{Mathew etal. 201%).

Here, the 3Diaportheisolates weredsed for their pathogenicity on cultivar Anushka by
seed inoculation (3.4 The throughput othis method is very limited because it takes very
long. Pathogenicity of some of these isolates should be tested on other soybean varieties
currently availablein Germany $ojaforderring, 2021 by different methods.Which
inoculation method and which disease evaluation method should be used, is an important
guestion.Different inoculation techniquetr Diaporthe spp. exist (Ghimire etal. 2019).

Most important ee the toothpick methodKeeling, 1982 Lu etal. 201Q Campbell etl.

2017), the stemvound method (Mathew el. 2015,b; Mathew efal. 2018), the mycelium
contact method (Thompsonat 2011), and the spore injection method (Kmetal.e1979
Chenetal. 2009. All methods conform in the growth state and the organateatnoculated

V2-V3 and stemsda50mm below the nodef the first trifolium For the toothpick method,
autoclaved toothpicksvergrownwith Diaporthe are inserted intdhe stemsAs the term
stemwound methodmplies the stems woundedand a agarplug with myceliumis placed

into the wound Mycelium contact reans thaén agar plug withmyceliumiis fixed tothe stem
without any woundingFor the spore injection method, a spore suspension is prepared from
colonized broad toothpickw/hichis injected intastemsusing asyringe with nedle.

Using one of these methods, the pathogen is introduced into the stem of a growing plant.
Starting from there, the virulence can be quantified by measuring how fast the pathogen
spreads through the plant or what biomass can be measured at a cedgwoititnThis is

much faster than evaluating the plant after months of growth.
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An even higher throughput can be reached by using detached leaves. However, since growth
of Diaporthethrough the plant is little documented so far, optimal time points argl feite
sampling (other than the point of inoculation) still need to be established.

Visual diseaseating is commorfor identifying Diaporthe resistantsoybean varietiebut
selection is difficult because the disease symptoms are expressed very inctnsishent
guadruplex reatime (q)PCR can complement the visual disease ratingulaytificationof

the pathogeeven withoutisible symptoms

In addition, pathogenicity studies of these isolates not only as individual isolates but also as
mixtures should & considered. Also, studies should compare greenhouse and field screening

for Diaportheresistance in soybean.

5.8. Characterization of pathogemuced defense reactions in
soybean genotypes

Plants are able to fight pathogens with several strategies.ovimgr knowledge of
plantpathogen interactions is important fesistance breeding

Soybean interactions withiaporthepathogens have not been molecularly characterized very
extensively Induction ofa protein inhibiing fungal endopolygalacturonasée D. caulivora
infection indicatesctive plant defense againgant cell walldegrading enzyme$CWDES$
(Favaron eal. 2000). Li etal. (2017) identified severalgenes encodinCWDEsin the

D. longicolla genomeand suggestethem as putativeirulence factors. Menatal. (2020)
observedblant cellwall degradatiorby D. caulivoraandan increase of phenolic compounds
incorporated into the cell walls amodification related to defense infected tissuesBy
analyzing the promotor region of some defe genes it could be discovered that abscisic acid,
jasmonic acid, ethylene, salicylic aciénd auxin are involved in signalingagainst

D. caulivora

Further analyses are required to gain insight into the mechanisms in combating
DPCpathogens in soybegrlants.Using the proper inoculation method cultivars which will

be proven to bdighly resistant in 5.7and cultivars that are particularly susceptibldl be
compared for differential expression of defense related genes in different tissues. Since the
whole plant is infected and defense responses might be expressed differently in different
tissues this could yield interesting information and ensure that no responses are missed by
chance because the wrong tissue was sampled.

Sincethe complete soybeanmEmeis available and we expect to fisdybearcultivars with
resistance t®iaporthespp.it should be possible to fingenes involved in defense responses
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againstDiaporthe spp.. As part of a collaborative project concerned with the effects of
fertilizing soybean with arginine phosphétesed product arGrow Granulate, which is
performed at the Swedish University of Agricultural Sciences with our colledyyuéegina
Gratz and Dr. Justine Colowe will use RNAseq analysit® find differentially regulate

genes irDiaportheinfected soybean plants

5.9. Biological control oDiaporthespecies

Application of microbial biological control agents (BCAs) has increased, mainly for its
potential to replace synthetic organic fungicides and pesticides, and cem$gcgas an
environmentally friendly control strategylfambugala edl. 202Q Lahlali etal. 2023. Using
BCAs to control diseasdsas been testeidd many economically important crops especially
soybean Begum etal. 2008 Wagner etl. 201§. Trichodermaspp. are widely known
because of their antagonistic capabilagainst manypathogenic fungi inseveralplants
(SanchezaMontesinos etl. 202). The nonpathogenic plarassociatedbacterial genera
PseudomonasBurkholderig Bacillus, Streptomycesand Searatia, are antagonistic against
many pathogens They provide most BCAs for protection of thkizosphere Compant
etal. 2005 Ciancio etal. 2019. Any of these still need to be testadainstDiaporthe spp.
(Roth etal. 2020). Just one study descrife®arzianumas a potential antagonist to suppress
D. sojaein the field (Begum eal. 2008).

Potential antagonistare commonlyscreeedin vitro beforethey are tested on plants or in the
field (Merrimam and Russell, 1980Preliminary in vitro screeningof different BCAswas
performed as part of this projedthis preselection of potential antagonists is plannedédo
confirmed by further in vitro experiments. It would be of great interest to test the
effectiveness of these antagonigtspecially T. haraanum and T. asperellumin in vivo

greenhouse tests and subsequently in field trials.

5.10. Determination of mycotoxins formed by tb&aporthespecies

Due to causingdamageson their hostsDiaporthe spp. have been studietbr secondary
metabolites(Chephkrui and Stadler, 2017)They produce several compounds withlow
molecular weight chiefly polyketides particularly cytochalasins, which areonsidered
mycotoxins Horn etal. 1995 Pornpakakul eal. 2007. Phomopsisleptostromiformis
(teleomorph:Diaporthe toxica) infects lupine by forming phomopsins. Phomopsins eaus

lupinosis in sheepthrough liver toxicity (van Warmelo etal. 1970). The physiological
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function of the mycotoxins identified so far is often unclear, it is assumed that they act as
either pghogenicity factors or contribute to host colonization as virulence factors.

Studies reporting on mycotoxin determination in DiRfésted soybean seeds are rather
limited. This is surprising sinceEDPC-damaged soybeans may be contaminated with
mycotoxins ad cause food safety concerns. My knowledge, still nothing is known about
mycotoxin production for the four speciBslongicolla, D. caulivora D. eres andD. novem

Thus, it should be worthwhile to include identification of mycotoxin(s) produced dgeth

DPC species in future studies and establish standards to test seed quality by determining

mycotoxin content.
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7 Appendix

7.1. Quadruplexreattime PCR assays by using the mixture of
primer-probe set®PCL, DPCC, DPCE(1), and DPCN

The mixture ofthe four primerprobe sets DPCL, DPCC, DPCE(1), and DPCN was tested
the quadruplex redlme PCR assaythe sameway as described (se8.5.4.2.2) for DPCL,
DPCC, DPCE, and DPCNIlhis combinatia can alsodetectD. longicolla, D. caulivora,

D. eres andD. novemn parallelin one PCR reactiorF{gure7.1).
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Figure 7.1 (previous page) Specificity of the quadruplex reattime PCR assay using
primer -probe sets DPCL, DPCCDPCE(1), and DPCN.

Since the graphs for different isolates of the target species and also of radinttazget species are
highly similar, only one representative graph is shown eachngd0BNA from A) D. longicolla
DPC_HOH28B) D. caulivoraDPC_HOH2,C) D. eresDPC_HOH3, and) D. novemDPC_HOH15
was added individually to the mix that contained@lir primerprobe setsE) Shows the result for the
norttarget speciesD. aspalathj D. foeniculing C. kikuchii F. solani Alternaria sp,

S sclerotiorunDSMZ, or S. sclerotiorumlZS, C. truncatum F. tricinctum, P. pachyrhizj U. fabae

U. appendiculatus healthy soybean leaf, and healthy soybean stem. For these species and also
D. longicolla isolate Pl157aandD. eresisolate PS74 DNA amounts varieddiween 35(g and
2.5ug. Parallel detection of twd~(K), three [-O), or all four @) differentDiaporthespecies irthe
guadruplex reatime PCR assay using primprobe sets DPCL, DPCC, DPCE(1), and DPGOM.ng
DNA from F) D. longicolla (blue) andD. caulivora (purple),G) D. longicolla andD. eres(orange),
H) D. longicollaandD. novem(green),l) D. caulivoraandD. eres J) D. caulivoraandD. novemK)

D. eresandD. novemL) D. longicolla, D. caulivora, andD. eres M) D. longicolla, D. caulivora, and

D. novem N) D. longicolla, D. eres andD. novem O) D. caulivora D. novem andD. eres andP)

D. longicolla, D. caulivorg D. eres and D. novemwere added to the mix that contained all four
primerprobe sets.

7.2. Quantification of the amounf @iaportheDNA in soybean seeds

In addition to Figure.21A,B (in 3.5.6.1.2.), which shows the results from sampling two
different seed lots, the results from sampling the other four seed lots are provided below
(Figure7.2).

Figure 7.2 (following page) Sampling soybean seed lots via the quadruplex retime PCR assay.

A) Seed lot from a field irRheinau, Germanyhalf of the seed samples was infecteith mainly

D. longicollaand a few withD. novem B) Seed lot from a field ilDt. Jarndorf Austria; n this seed
samples just two of the seeds were infected Witltaulivorain a low amountC) Seed lot from a

field in Voiron, France; from 30 seed samples, three seeds were infectdd. wikiemand two seeds

were infected witlD. eres D) Seed lot froma field in Sidliches Anhalt, Germany; 25 of the seeds
were infected withD. eres or with D. eres and D. novem simultaneously. Bars represent ng
DiaportheDNA/ng soybean DNA,; because of the strong variation a logarithmic scale was chosen.
The numbers on theaxisrepresent the 30 seeds that were individually tested.
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7.3. Standard curves f@iaporthespeciespores

Standard curve resuling from performing gqPCR assaydor spore suspensions

(serialdilutions 10 to 107) of Diaporthe spp. are shown below (Figufe8A-D).
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Figure 7.3: Standard curves fa Diaporthe speciesspores

A) D. longicollaisolate DPC_HOHZ20, standard curve for undiluted (17sk@esin 2uL) to 1:100
diluted (171sporesin 2uL) samples.B) D. caulivora isolate DPC_HOH2, standard curve for
undiluted (19%poresin 2uL) to 1:1,000 diluted (less than orsporein 2uL) samplesC) D. eres
isolate DPC_HOH7, standard curve for 1:103@7sporesin 2pL) to 1:1000 diluted {3 sporesin

2pL) samplesD) D. novemisolate DPC_HOH15, standard curve for undiluted80sporesn 2puL)

to 1:1,000 diluted 6 sporesin 2uL) samples. Log Starting Quantity corresponds to the number of
spores

7.4. Standard curves from extracted DNAs Dfaporthe species
spores

Concertration of the extractedNAs was measured using spectrometry anecorded
(Table7.1). To createthe standard curvethe DNA samples were added quadryplex

reattime PCR assay3d he resulting standard curves are shown befkigufes7.4 and7.5).
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Table 7.1: DNA concentration of serial dilutions ofspore suspensios from Diaporthespecies

D. longicolla D. caulivora
Serial
Spores DNA Spores DNA
dilution . ,
(in1mL) | concentration | (in 1mL) | concentration
Undiluted 8,550,000 71 98,500 508
10? 855,000 7 9,850 247
10? 85,500 12 985 5
103 8,550 8 99 0
104 550 10 12
D. eres D. novem
Serial
Spores DNA Spores DNA
dilution _ _
(in1mL) | concentration | (in 1mL) | concentration
Undiluted 6,587,000 6 2,865,000 9
10t 658,700 19 286,500 8
10? 65,870 7 28,650 5
103 6,587 6 2,865 10
104 659 9 287 0

The standard curve of ttsporeDNA of D. longicollawas determined just frovo sample

(undiluted and diluted 1:1qFigure7.4A, B), since only these curves intersect the threshold
at RFU=30. For the further dilutionsno DNA could be detectedHowever, the Cq values of
the secondsample are still quite lowThe resulting efficiency with E78.4% and the
correlation with R=0.997 are not bad, but samples with low DNA concentrations were not
used(Figure7.4A). Whereng DNA was put instead of number gforesin the xaxis, the
resulting standard curve from theattime qPCR assajas E=79.0% and R=0.997
(Figure7.4B).

Four sampleswere used for the standard cureé the spore DNA of D. caulivora in
Figure7.4C,D; since the 1:19dilution probably contained todttle DNA for detection.The
software determined £47% and R=0.964 (RFU=30), which does not correspond to an
optimal regressiorThe 110° dilution of the DNA preparation woed worse because of small
amounts of thespores as was previously the case with small amounts of myceMihere
ng DNA was put instead of number sporesn the xaxis, the resulting standard curve from
thereattime qPCR assalyas E=52.3% and R=0.979 (Figure7.4D).
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Figure 7.4: Standard curves from extracted DNAs of Diaporthe species spores A, B)
D. longicollaisolate DPC_HOH20.C, D) D. caulivoraisolate DPC_HOH2.

Log Starting Quantity i\ andC corresponds to theumber ofspores

Log Starting Quantity i8 andD corresponds to th@mount of fungal DNA fronsporesn ng.

The efficiencyand correlatiorof the standard curvaf the conidial DNAof D. eresE=37.6%

and R=0.961 were obtainedRFU=31) (Figure7.5A). According to the resulting standard
curve (Figure7.5A), the DNA concentration for the 1:10 diluted sample was not correct
(Table7.1). Whereng DNA put instead of number afporesin the xaxis, the resulting
standard curve from theeattime qPCR asayhas E=344.9% and R=0.003 (Figure7.5B).

The values are very low, which again suggests poor DNA preparations from samples with

little biomass

The efficiency of tle standard curvef the sporeDNA of D. novemwas E=66.8% and the
correlation wa R?=0.993(RFU=30) (Figure7.5C). Compared to the standard straight curve,
which was created from unprocessed spores8gEL%), this was somewhat worse and
speaks against a DNA preparativvihereng DNA was put instead of numbergsgoresn the
x-axis, the resulting standard curve from theattime gPCR assajas E=2.7% and
R%=0.993(Figure7.5D).
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Figure 7.5: Standard curves from extracted DNAs ofDiaporthe speciesspores A, B) D. eres
isolate DPC_HOH7 C, D) D. novemisolate DPC_HOH15.

Log Starting Quantity i\ andC corresponds to theumber ofspores

Log Starting Quantity i8 andD corresponds to th@mount of fungal DNA fronsporesn ng.



