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Zusammenfassung

ZUSAMMENFASSUNG

Im Rahmen dieser Arbeit wurden verschiedene Verfahren zur effizienten Zichtung neuer
Erdbeersorten untersucht, die sowohl obstbauliche Merkmale wie Frihzeitigkeit und Ertrag als auch
die Widerstandsfahigkeit gegenliber den fir den Erdbeeranbau bedeutenden Krankheitserregern
Botrytis cinerea und Xanthomonas fragariae umfassen. Hoher Ertrag und eine Ausdehnung der
Reifezeit im extrem friih- bzw. spétreifenden Segment stellen in erster Linie die Grundlagen fir
einen wirtschaftlich erfolgreichen Anbau dar, die in Kombination mit hoher Widerstandsfahigkeit
gegenliber Krankheiten auch in Zukunft zu einem konkurrenzfdhigen und nachhaltigen
Erdbeeranbau in Deutschland beitragen konnen. In einem klassischen diallelen Kreuzungsversuch
mit 13 Erdbeersorten entstanden 144 F1-Nachkommenschaften, die in einem zweijahrigen
Feldversuch hinsichtlich ihrer obstbaulichen Merkmale evaluiert wurden, um die allgemeine und
spezifische Kombinationseignung der Kreuzungseltern hinsichtlich der Merkmale Ertrag und
Reifezeit zu ermitteln. Hierzu wurde im Rahmen dieser Arbeit ein statistisches Modell entwickelt,
mit dem die Komponenten der genetischen Varianz erklart werden konnen und der zichterische
Wert der Kreuzungseltern auf Basis der Kombinationseignungen wiedergegeben wird. Hierbei
zeigte sich zunédchst, dass es keine Auswirkung auf die Nachkommenschaft hat, ob eine Sorte als
Kreuzungsmutter oder Kreuzungsvater verwendet wird. Die genetische Varianz im
Kreuzungsversuch basiert hauptsachlich auf der allgemeinen Kombinationseignung (GCA) der
verwendeten Sorten (additive Effekte). Spezifische und reziproke Kombinationseignungen (nicht-
additive Effekte) erwiesen sich als weniger relevant. Die Sorten ‘Clery’ bzw. ‘Yamaska’ eignen
sich somit am besten, um besonders frih- bzw. spétreifende Nachkommenschaften zu erhalten.
Kreuzungen mit der Sorte ‘Polka’ ergeben Nachkommenschaften mit besonders hohem
marktfdhigem Ertrag. Diese Ergebnisse flielen in die weitere Entwicklung des Zuchtprogramms
ein, bei dem, neben den obstbaulichen Merkmalen, die gezielte Einkreuzung von Resistenzen
gegenuiber der Grauschimmelfaule und der eckigen Blattfleckenkrankheit im Vordergrund steht.
Die Grauschimmelféule, verursacht durch den nekrotrophen Pilz Botrytis cinerea Pers. [teleomorph
Botryotinia fuckeliana (de Bary) Whetzel], ist die wichtigste Pilzkrankheit im Erdbeeranbau und
erfordert einen  hdufigen  Einsatz  chemischer  Pflanzenschutzmittel. Die  eckige
Blattfleckenkrankheit, die durch den Erreger Xanthomonas fragariae Kennedy & King verursacht
wird, ist die weltweit bedeutendste bakterielle Krankheit im Erdbeeranbau und es gibt derzeit in der
EU keine geeigneten chemischen Pflanzenschutzmittel zur Beka&mpfung. Der Anbau
widerstandsfahiger Sorten gilt als wichtige Grundlage einer erfolgreichen Bekampfungsstrategie
und die Ergebnisse dieser Arbeit sollen zur gezielten Zichtung geeigneter Sorten beitragen. Fur

jede der beiden Krankheiten wurden zundchst Resistenztests etabliert, die unter kontrollierten
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Zusammenfassung

Bedingungen mittels kunstlicher Inokulation und geeigneter Boniturskalen reproduzierbare
Ergebnisse uber die Widerstandsfahigkeit verschiedener Genotypen liefern. So konnten im Laufe
von drei Versuchsjahren insgesamt mehr als 100 Erdbeersorten, Wildartenakzessionen und
Zuchtklone aus dem Bestand der Obstgenbank des JKI in Dresden-Pillnitz evaluiert werden. Als
teilweise resistent gegentiber B. cinerea konnten die folgenden fiinf Genotypen identifiziert werden:
Die Sorten ‘Diana’, ‘Joerica’ und ‘Kimberly’ sowie die Wildartenakzessionen F. virginiana
‘Wildmare Creek® und F. vesca subsp. bracteata. Parallel dazu wurden sechs teilweise resistente
Genotypen gegentber X. fragariae identifiziert: Die aus den USA eingefuihrten Zuchtklone US4808
und US4809, sowie die Wildartenakzessionen Fragaria vesca f.alba, Fragaria nilgerrensis
“Yunnan’, F.vesca ‘Illa Martin’ und F. moschata ‘Bauwens’. Vollstandig resistente Genotypen
wurden bislang nicht gefunden. Im Zusammenhang mit dem Xanthomonas-Resistenztest wurde
zudem die systemische Ausbreitung des bakteriellen Erregers innerhalb der Pflanzen mit
molekularbiologischen Methoden untersucht. Zum einen wurde mittels eines sensitiven nested-PCR
Verfahrens das Vorhandensein des Erregers in unterschiedlichen Gewebeproben inokulierter
Pflanzen anfalliger und widerstandsfahiger Sorten zu unterschiedlichen Zeitpunkten nachgewiesen.
Zudem wurde ein virulenter, GFP-markierter X. fragariae-Stamm erzeugt, mit dem ebenfalls
Inokulationsversuche an unterschiedlichen Erdbeergenotypen durchgefiihrt werden konnten. Die
systemische Ausbreitung des Erregers wurde anschliefend im Fluoreszenzmikroskop visualisiert
und durch die Ergebnisse des nested-PCR Nachweises bestétigt. Bereits zum Zeitpunkt drei Tage
nach Inokulation verbreitet sich X. fragariae in der gesamten Wirtspflanze und kann in allen
Gewebeproben nachgewiesen werden. Sowohl in widerstandsfahigen als auch in anfalligen
Genotypen ist der Erreger bereits 3 Tage nach Inokulation in allen Pflanzenteilen zu finden. Aus
den Ergebnissen der Resistenztests kdnnen einerseits Empfehlungen zur Sortenwahl abgeleitet
werden und andererseits konnen die identifizierten widerstandsfahigen Genotypen nun fur die
gezielte Zichtung neuer, widerstandsfahiger Sorten eingesetzt werden. Die Ergebnisse der
vorliegenden Arbeit zeigen Wege und Strategien auf, um Zuchtprogramme effektiver zu gestalten
und damit die Erfolgschancen bei der Zichtung neuer Sorten fiir den deutschen Erwerbsobstbau zu
erh6hen, um auch in Zukunft eine wettbewerbsfdhige und nachhaltige Erdbeerproduktion zu

ermoglichen.



Summary

SUMMARY

In this thesis, different approaches aimed on efficient breeding of new strawberry cultivars were
investigated that comprise horticultural traits such as earliness and yield potential as well as
resistance traits against two of the most important pathogens in strawberry cultivation, Botrytis
cinerea and Xanthomonas fragariae. High yield potential and an extended ripening period in
combination with disease resistance form the basis for economic success and contribute to a
competitive and sustainable strawberry cultivation in Germany. In a traditional diallel cross
breeding experiment, a set of 13 strawberry cultivars were crossed in a reciprocal way. The
crossings resulted in a total of 144 F1-populations which were evaluated in a field trial over two
years with regards to their horticultural traits in order to investigate the general and specific
combining abilities of the parental cultivars concerning the traits earliness and marketable yield.
Within this thesis, a statistical model was developed to explain the components of genetic variance
and the breeding value of the parental cultivars based on their calculated combining abilities. It was
demonstrated that there is no reciprocal effect on the progeny and it is practically irrelevant whether
a cultivar is used as mother or father in the crossing experiment. The genetic variance in the
breeding experiment is mainly based on the general combining ability (GCA) of the parental
cultivars (additive effects). Specific and reciprocal combining abilities (non-additive effects)
appeared less relevant. Crossings with the cultivars ‘Clery’ and ‘Yamaska’ lead to very early
(‘Clery’) and very late (‘Yamaska’) ripening progeny. Crossings with ‘Polka’ lead to progeny with
higher marketable yield. These findings are taken into account for the further development of the
breeding approach which has also a main focus on resistance towards the grey mold disease and the
angular leaf spot disease. The grey mold disease, caused by the necrotrophic fungus Botrytis
cinerea Pers. [teleomorph Botryotinia fuckeliana (de Bary) Whetzel], is the most important fungal
disease in strawberries and requires frequent applications of chemical plant protection products. The
angular leafspot disease, caused by Xanthomonas fragariae Kennedy & King, is the most important
bacterial disease in strawberry cultivation worldwide and there are currently no plant protection
products available within the EU for an effective control of the disease. In a successful control
strategy, the cultivation of resistant cultivars is of fundamental importance and the results of this
thesis will contribute to the development of a targeted breeding approach. Initially, resistance tests
were established for both diseases. Reproducible results concerning the resistance characteristics of
different cultivars were achieved in artificial inoculation experiments and adapted evaluation scales.
With this approach, more than 100 strawberry cultivars, wild-types and breeding clones from the
collection of the German Fruit Gene Bank of the JKI in Dresden-Pillnitz were evaluated in three

years of testing. Concerning B. cinerea, a total of five genotypes were identified as partially
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Summary

resistant: the cultivars ‘Diana’, ‘Joerica’ and ‘Kimberly’ and the wild-types F. virginiana
‘Wildmare Creek’ and F. vesca subsp. bracteata. In parallel, six partially resistant genotypes were
found towards X. fragariae: The US breeding clones US4808 and US4809 and the wild-types
Fragaria vesca f. alba, Fragaria nilgerrensis ‘Yunnan’, F. vesca ‘Illa Martin’ and F. moschata
‘Bauwens’. No completely resistant genotyped were identified until now. Additionally to the
resistance test against X. fragariae, the systemic dispersal of the bacteria within the plant was
further investigated with molecular-biological methods. On the one hand, bacterial DNA was
detected by a sensitive nested-PCR method in different plant tissues of inoculated plants from
partially resistant and susceptible cultivars at different time points. Additionally, a GFP-tagged
virulent X. fragariae strain was produced and used for inoculation experiments in different
strawberry genotypes as well. The systemic dispersal of the bacteria was visualized under the
fluorescent microscope and the results were confirmed by the nested-PCR detection method.
Already three days after the inoculation, X. fragariae spreads systemically throughout the entire
host plant and can be detected in all plant tissue samples. The bacteria were detected in all plant
parts of partially resistant cultivars after three days post-inoculation as well. The results from the
resistance tests lead to direct recommendations for the choice of cultivars on the one hand and on
the other hand, the identified partially resistant genotypes can be used in further targeted breeding
approaches. The results of this thesis show new ways and strategies for the improvement of
strawberry breeding programs. They increase the success for targeted breeding of new cultivars for
strawberry cultivation in Germany in order to maintain a competitive and sustainable strawberry

production in the future.
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Abkiirzungen

ABKURZUNGEN
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Einleitung

1 EINLEITUNG

Die Herausforderungen im nachhaltigen und zukunftsorientierten Obstbau steigen unmittelbar mit
den Erwartungen des Handels und der Verbraucher an makellose Optik und gleichbleibend hohe
Qualitat der Frichte bei gleichzeitig moglichst geringen Pestizidrickstanden. Hinzu kommt die in
den letzten Jahren steigende Nachfrage nach hochqualitativem Obst zu jeder Jahreszeit, was in
Zukunft auch im deutschen Erdbeeranbau eine wichtige Rolle spielen wird. Um diesen Ansprichen
gerecht zu werden, sind unweigerlich neue Strategien zur weiteren Verbesserung der Qualitat und
Wirtschaftlichkeit im Obstanbau notwendig. Die vorliegende Arbeit beschaftigt sich insbesondere
mit einem effizienten zichterischen Ansatz, um ertragreiche und krankheitsresistente Sorten mit
erweiterter Reifezeit zu entwickeln. Der Ansatz, der in dieser kumulativen Dissertation présentiert
wird, untergliedert sich in drei Teile, die einen wesentlichen Beitrag flrr einen nachhaltigen und
zukunftsorientierten Erdbeeranbau liefern. Zunachst wurde mittels einer Methodik der klassischen
Kreuzungszichtung in einem volistdndigen Diallel die Vererbung von Ertragsleistung und
Erntezeitpunkt untersucht, um geeignete Kreuzungseltern als Basis flr die gezielte Sortenziichtung
zu identifizieren. Die Ergebnisse aus dem diallelen Kreuzungsversuch mit insgesamt 144
Kreuzungspopulationen wurden unter dem Titel ,,A diallel crossing approach aimed on selection for
ripening time and yield in breeding of new strawberry (Fragaria xananassa Duch.) cultivars*
veroffentlicht und bilden den ersten Teil der kumulativen Arbeit (Bestfleisch et al., 2014). Die
Widerstandsfahigkeit von Erdbeersorten gegeniiber der mit Abstand wichtigsten Pilzkrankheit im
Erdbeeranbau, der Grauschimmelféaule, die durch Botrytis cinerea verursacht wird, ist Bestandteil
des zweiten Teils mit dem Titel ,,Evaluation of strawberry (Fragaria L.) genetic resources on
resistance to Botrytis cinerea“ (Bestfleisch et al., 2015a). Hierbei wurde ein einfacher und
reproduzierbarer Resistenztest entwickelt und mehr als 100 Erdbeergenotypen evaluiert, darunter
ein Spektrum aus historischen Sorten und Wildartenakzessionen, sowie den aktuell im Anbau
verbreiteten Sorten. In mehrjdhrigen Versuchen konnten hierbei besonders widerstandsfahige
Genotypen identifiziert werden, die teilweise schon heute im Anbau eingesetzt werden kdnnen,
sowie als Kreuzungseltern fur die Zichtung neuer, widerstandsfahiger Sorten Verwendung finden.
Parallel dazu wurde im dritten Teil der Arbeit ein weiterer Resistenztest gegeniiber der an
Bedeutung immer mehr zunehmenden eckigen Blattfleckenkrankheit etabliert, die durch den
hochspezifischen Erreger Xanthomonas fragariae hervorgerufen wird. Auch hier konnten tber 100
Sorten, Wildarten und Zuchtklone in Gewdchshausversuchen hinsichtlich ihrer Resistenz untersucht
werden. Darlber hinaus wurden Versuche zur systemischen Ausbreitung des Erregers innerhalb der
Pflanzen durchgefiihrt und mittels eines GFP-markierten Erregerstammes visualisiert. Dadurch
konnte die schnelle Ausbreitung des Erregers innerhalb der Pflanze nachgewiesen werden und die
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Einleitung

fluoreszenzmikroskopische Auswertung erlaubt Rickschlisse auf die Verbreitungswege. Die
Ergebnisse werden in der Publikation ,,Resistance and systemic dispersal of Xanthomonas fragariae
in strawberry germplasm (Fragaria L.)” vorgestellt (Bestfleisch et al., 2015b). Im Hinblick auf eine
zukiinftige Anschlussfahigkeit der Versuchsergebnisse behandelt die Diskussion die direkte
Nutzbarkeit im Anbau, sowie die zukinftige ziichterische Nutzbarkeit und Erfolgsaussichten zur

gezielten Zichtung neuer, widerstandsfahiger Erdbeersorten.

1.1 MOTIVATION UND ZIELSETZUNG DIESER ARBEIT

Langfristig dienen die durch das VVorhaben gewonnenen Ergebnisse zur gezielten Ziichtung neuer
resistenter Erdbeersorten, wodurch insbesondere im 6kologischen Landbau stabilere Ertrdge und
héhere Fruchtqualitdat unter reduziertem Einsatz von Pflanzenschutzmitteln den Anbau in

Deutschland nachhaltig und langfristig sichern.

Kurzfristig werden durch die Evaluierung neue Informationen Uber Sorten, Wildtypen und

Zuchtklone gewonnen, welche vom Anbauer und von Zichtern direkt genutzt werden kénnen.

1.2 BEDEUTUNG VON ERTRAG UND AUSDEHNUNG DER REIFEZEIT ALS ZUCHTZIELE
FUR DEN ERDBEERANBAU

Die aus einer eher zuféalligen Hybridisierung der Wildarten F. virginiana und F. chiloensis
entstandene Kulturerdbeere Fragaria xananassa Duch. zahlt derzeit zu den wirtschaftlich
bedeutendsten Beerenobstarten (Hummer und Hancock, 2009) und wird heute in Gber 70 L&ndern
weltweit angebaut. Insgesamt werden jahrlich Erntemengen von schéatzungsweise 4.1 Millionen
Tonnen produziert (Flachowsky et al., 2011). Die groRe wirtschaftliche Bedeutung, der weltweit
steigende Wettbewerbsdruck, die sich verandernden Umweltbedingungen und die Vermarktung der
Frichte, sowohl auf dem Frischmarkt als auch in der verarbeitenden Industrie fuhren zum weiterhin
steigenden Bedarf an neuen Erdbeersorten mit verbesserten Eigenschaften. In gleichem Mafe wie
die Anzahl neuer Sorten jahrlich rapide zunimmt, steigen auch die Anforderungen, die an moderne
Sorten gestellt werden. Derzeit liegen die wichtigsten Schwerpunkte der Erdbeerziichtung auf
komplexen Eigenschaften wie der Ertragsmenge, der Fruchtqualitdt in Bezug auf Geschmack,
Festigkeit, Farbe, GroRe, Gesamterscheinung und Transportfahigkeit. Zudem wird die
Widerstandsfahigkeit gegentiber Schédlingen, Krankheiten und abiotischem Stress ein immer
wichtigeres Kriterium bei der Sortenwahl. Eines der 6konomisch interessantesten Zuchtziele liegt in
der Ausdehnung der Reifezeit durch ein breites Spektrum an mdglichst friih, beziehungsweise
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moglichst spat reifenden Sorten. In Deutschland werden im Mittel ca. 80% der Erdbeeren auf dem
Frischmarkt in den Monaten Juni und Juli verkauft, was in dieser Zeit niedrige Marktpreise von im
Mittel ca. 150€ pro 100kg zur Folge hat. Besonders zu Beginn der Saison in den Monaten April/
Mai werden deutlich bessere Preise erzielt, die um das 2.5-Fache hoéher liegen kénnen (Behr, 2012).
Aber auch zum Ende der Saison im August steigen die Marktpreise wieder, daher ist die gezielte
Zuchtung von extrem frih und extrem spat reifenden Sorten von besonderem Okonomischem
Interesse. Um dieser Problematik gezielt zu begegnen, beschaftigt sich die vorliegende Arbeit mit
einem Ansatz aus dem Bereich der klassischen Kreuzungsziichtung, der héufig als sogenannter
dialleler Kreuzungsversuch bezeichnet wird. Dieser relativ aufwéndige Versuchsansatz dient dazu,
die Vererbung komplexer Eigenschaften der als Kreuzungseltern verwendeten Sorten an die
Nachkommenschaften zu untersuchen, was eine wichtige Voraussetzung zur gezielten
Sortenziichtung darstellt und Ruckschlisse auf die zlichterische Verwertbarkeit einzelner
Elternsorten in Zuchtungsprogrammen zuldsst. Zur Untersuchung der beiden Eigenschaften
Ertragsmenge und Reifezeit wurden hierfur 13 im Anbau verbreitete Erdbeersorten als
Kreuzungseltern ausgewahlt, die das gesamte Reifespektrum abdecken und mittlere bis gute Ertréage
liefern. Als friih reifende Sorten wurden ‘Antea’, ‘Clery’, ‘Daroyal’, ‘Darselect’, und ‘Madeleine’
ausgewahlt, fiir den mittleren Reifezeitraum ‘Arosa’, ‘Elsanta’, ‘Galia’, ‘Marmolada’, und ‘Sonata’
und die spét reifenden Sorten ‘Florence’, ‘Polka’ und ‘Yamaska’. Aus diesen 13 Sorten gingen nach
reziproker Kreuzung 144 F1-Populationen hervor, die unter Freilandbedingungen auf den
Versuchsflachen in Dresden-Pillnitz Uber 2 Jahre hinweg evaluiert wurden. Der Erfolg von
Zuchtungsprogrammen wird maligeblich durch die Wahl der geeignetsten Kreuzungseltern fiir die
zuvor definierten Zlchtungsziele beeinflusst und grundlegende Kenntnisse Uber die Eigenschaften
einzelner Sorten und ihrer Vererbbarkeit werden zu einer wichtigen Voraussetzung. Hierbei kdnnen
diallele Kreuzungen durchgefuhrt werden, um sowohl die Vererbbarkeit einzelner Eigenschaften zu
untersuchen und Uberlegene Genotypen als Eltern fur nachfolgende Kreuzungen zu identifizieren.
Mit Erdbeeren wurde dieser Versuchsansatz schon mehrmals durchgefiihrt. Die Vererbung von
quantitativen Eigenschaften wie marktféhiger Ertrag, Einzelfruchtgewicht, Anfalligkeit gegentber
Grauschimmel, Fruchtfarbe und Fruchtfestigkeit (Masny et al., 2005, 2008), die Vererbung der
Reifezeit (Zurawicz et al., 2006) und Ertrag (Aalders und Craig, 1974; Zurawicz et al., 1995) wurde
schon haufiger in diallelen Kreuzungsversuchen untersucht. Weitere diallele Kreuzungsversuche
(Davik und Honne, 2005; Gimenez und Ballington, 2002; Melville et al., 1980) beschéftigten sich
mit der Vererbung von Krankheitsresistenzen gegentiber Colletotrichum acutatum, Sphaerotheca
macularis und Phytophthora fragariae. Jedoch ist der hier durchgefiihrte Versuch durch die grofie

Anzahl an Kreuzungen, sowie die weiterentwickelte statistische Auswertung in einem Mixed-
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Model Ansatz, der im Statistikprogramm SAS 9.3 implementiert wurde und zur zuverlassigeren
Berechnung der spezifischen (SCA) und allgemeinen Kombinationseignung (GCA) fuhrt, bislang
einmalig in der Erdbeerziichtung. Der klassische diallele Kreuzungsversuch, der in dieser Arbeit
prasentiert wird, liefert statistisch gesicherte Ergebnisse, die direkt von Erdbeerziichtern praktisch
angewendet werden konnen. Flr die Eigenschaften ,,marktfahiger Ertrag” und ,,Reifezeit von
Erdbeeren ist die Selektion vielversprechender Kreuzungseltern auf Basis ihrer GCA-Werte eine

zuverlassige Methode.

1.3 BOTRYTIS CINEREA — AUSBREITUNG, VERLAUF UND MOGLICHE
RESISTENZQUELLEN GEGEN DIE GRAUSCHIMMELFAULE

Die Grauschimmelfaule wird durch den nekrotrophen Pilz Botrytis cinerea Pers. [teleomorph
Botryotinia fuckeliana (de Bary) Whetzel] ausgeldst, der groRe Schaden in mehr als 200
verschiedenen Wirtspflanzenarten hervorruft (Dean et al., 2012; Williamson et al., 2007). Die
Krankheit l&sst sich nur schwer kontrollieren, da der Pilz mehrere unspezifische Infektionswege
nutzt (Williamson et al., 2007). Die Applikation von Fungiziden ist nach wie vor die effektivste Art
der Bekdmpfung in den meisten wirtschaftlich bedeutenden Wirtspflanzen (Dean et al., 2012),
jedoch sind Fungizidapplikationen sehr kostenintensiv und das Auftreten von Fungizidresistenzen
nimmt immer mehr zu, wie schon haufig wissenschaftlich belegt wurde (Amiri et al., 2012; Leroch
et al., 2011; Leroch et al., 2013; Leroux et al., 2010; Veloukas et al., 2011). Allein im Jahr 2001
wurden die Gesamtkosten fiir Botrytizide mit 540 Mio. € veranschlagt, was in etwa 10% des
weltweiten Fungizidmarktes ausmachte (Dean et al., 2012). Fur den 6kologischen Anbau sind
zurzeit keine wirksamen Botrytizide zugelassen. Hier wird vor allem mit Kupfer- und
Schwefelspritzungen sowie mit indirekten MalRnahmen, wie einem ein- statt zweireihigen
Pflanzsystem oder durch konsequentes Entfernen verdorrter Blatter im Fruhjahr und fauler Friichte
wahrend der Ernte aus der Anlage versucht, den Befallsdruck zu minimieren. Ein Ausweg aus
dieser Situation wird vor allem im Anbau resistenter/toleranter Sorten gesehen. Die Infektion mit
Grauschimmelféule erfolgt hauptsachlich schon im Feld (Braun und Sutton, 1987), wo
abgestorbenes Laub und befallene Friichte und Bluten Quellen fir das natirliche Inokulum sind.
Die Sporulation des Pilzes findet ihren Ursprung in infiziertem Pflanzengewebe und wird durch
kihle, feuchte Witterung im Fruhjahr beglnstigt (Bulger et al., 1987; Sosaalvarez et al., 1995). Die
Konidien werden durch Wind und Spritzwasser verbreitet und fiihren zu Primarinfektionen in den
Bluten, wobei die Kron- und Staubblétter vom Pilz besiedelt werden. Anschlielend wachst das
Pilzmycel in die sich entwickelnde Frucht, wo es quieszent bleibt bis zur Fruchtreife. Die
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Sekundarinfektionen gehen von bereits infizierten Blattern oder Frichten aus, die benachbarte
Pflanzenteile durch den direkten Kontakt mit dem Pilz infizieren.

Fur den Verlauf der Infektion wahrend der Reifephase der Friichte spielen die biochemischen
Vorgange innerhalb der Frucht eine entscheidende Rolle. Wéhrend der Fruchtreife steht die
Zunahme von Einfachzuckern, dem Anthocyangehalt, und fliichtiger Aromastoffe der Abnahme
von organischen Sauren und Phenolen gegentiber (Nunes, 2009). In der Nachernte-Periode geht die
abnehmende Fruchtfestigkeit einher mit dem Abbau von Zellwandbestandteilen im Kortexgewebe
(Koh und Melton, 2002). AufRerdem kommt es wéhrend der Reife zu Veranderungen in der
Flavonoidstruktur  (Halbwirth et al., 2006). In den frihen Entwicklungsstadien der
Fruchtentwicklung finden sich groRere Mengen verschiedener 3°, 4’-hydroxylierter Flavan 3-ole
und daraus hervorgegangene Proanthocyanidine, die im Gewebe akkumuliert werden. Es wird
angenommen, dass dadurch das Wachstum des Botrytis-Mycels in ein Ruhestadium versetzt wird,
welches bis zur Fruchtreife anhalt (Jersch et al., 1989). Bei fortschreitender Fruchtreife werden die
Erdbeeren hellrot bis dunkelrot, was durch die unterschiedlichen Anthocyanidin-Derivate
Pelargonidin und Cyanidin hervorgerufen wird, den wichtigsten Pigmenten bei Erdbeeren.
Flavonole werden in diesen Reifestadien ebenfalls gebildet und dienen als Co-Pigmente (Henning,
1981; Hertog et al., 1992; Hakkinen und Auriola, 1998; Hakkinen und Torronen, 2000; Olsson et
al., 2004). Gleichzeitig kommt es zu einem signifikanten Abbau der 3°, 4’-hydroxylierten Flavan 3-
ole und der Proanthocynidine. Diese strukturellen und biochemischen Veranderungen flhren zu
optimalen Bedingungen fir die weitere Entwicklung des Schaderregers Botrytis cinerea und starker
Auspragung der Grauschimmelkrankheit. Es wird angenommen, dass hierin eine mogliche Ursache
fur die grolRen Sortenunterschiede hinsichtlich der Krankheitsanfalligkeit liegt.

Auch wenn es bei den heute verbreiteten Erdbeersorten grofle Sortenunterschiede bei der
Anfalligkeit gibt, so ist derzeit trotzdem noch keine vollstandig resistente Sorte verfiigbar (Droby
und Lichter, 2004; Maas, 1998). Hohe Widerstandsfahigkeit mit nur 3.3 - 3.6% befallener
Oberflache pro Frucht/Blatt durch den Pilz wurden fiir die Erdbeerwildart Fragaria chiloensis
beschrieben (Gonzalez et al., 2009). Jedoch gibt es noch keine beschriebene Resistenz gegeniiber B.
cinerea, die spezifisch in Form einer Gen-fur-Gen Interaktion nutzbar sein konnte. Die
Widerstandsfahigkeit gegendiber B. cinerea zeigt sich insgesamt als stark umweltabhangig und eher
unspezifisch. Es wurden in der Vergangenheit zahlreiche Studien zur Charakterisierung von
verschiedenen Erdbeergenotypen hinsichtlich der Resistenz gegentiber B. cinerea durchgefiihrt
(Barritt, 1980; Bestfleisch et al., 2013; Bristow et al., 1986; Chandler et al., 2006; Irvine und
Fulton, 1959; Jarvis, 1962; Seijo et al., 2008; Simpson, 1991). Die Studien fanden gréR3tenteils unter

Freilandbedingungen unter dem dort herrschenden nattrlichen Infektionsdruck statt, wodurch die
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Vergleichbarkeit der Ergebnisse schwierig ist. Es herrschen unterschiedliche Umweltbedingungen
mit diversen Quellen und Konzentrationen des Inokulums vor. Aus diesem Grund hat die
vorliegende Studie das Ziel, ein mdglichst grofes Spektrum an Erdbeergenotypen unter
kontrollierten Bedingungen mittels einer standardisierten Testmethodik zu evaluieren, welche im
Rahmen der Arbeit etabliert wurde. In diesen Inokulationsversuchen konnten im Laufe von 3 Jahren
82 Erdbeersorten, 11 Wildartenakzessionen und 14 Zuchtklone auf ihre Anfalligkeit gegentber B.
cinerea untersucht werden, was als Grundlage fir Sortenempfehlungen und weitere

Zuchtungsexperimente dient.

1.4 XANTHOMONAS FRAGARIAE — DIE ZUNEHMENDE BEDEUTUNG DER ECKIGEN
BLATTFLECKENKRANKHEIT IM ERDBEERANBAU

Die derzeit bedeutendste bakterielle Krankheit im Erdbeeranbau ist die eckige
Blattfleckenkrankheit, die durch den Erreger Xanthomonas fragariae Kennedy & King verursacht
wird und sich schnell verbreitet, sodass diese Krankheit mittlerweile ein weltweites Problem
darstellt (Maas, 1998). Seit der Erstbeschreibung (Kennedy und King, 1962a) und der
taxonomischen Klassifizierung (Kennedy und King, 1962b) in Nordamerika hat sich X. fragariae
weltweit durch den Handel mit Jungpflanzen (ber nahezu alle Erdbeer-Anbaugebiete ausgebreitet.
Hierbei stellen latente, nicht sichtbare Infektionen ein schwer zu kontrollierendes Risiko dar, daher
ist die eckige Blattfleckenkrankheit mittlerweile eine grofRe Herausforderung in der

Jungpflanzenproduktion (Jamieson et al., 2013).

Trotz der Bestrebungen der Pflanzenschutzorganisationen in Europa und den USA, die weitere
Ausbreitung einzudammen, findet das erstmalig in Nordamerika beschriebene Pathogen X.
fragariae zunehmende Verbreitung (Epstein, 1966; Howard, 1971; Kennedy und King, 1962a, b;
Mahuku und Goodwin, 1997; Ritchie et al., 1993). Seit den 1970er Jahren treten Befallsherde auch
in Europa auf (EPPO, 2006; Ustun et al., 2007; Zimmermann et al., 2004) und mittlerweile wurde
X. fragariae auch in Erdbeerbestdnden in Australien diagnostiziert (Gillings et al., 1998; Young et
al., 2011). Vor diesem Hintergrund kommt der Entwicklung von Nachweisverfahren, insbesondere
an aullerlich symptomfreien Pflanzen, eine besondere Bedeutung zu. In den vergangenen Jahren
wurden die molekularbiologischen Verfahren hierzu stdndig weiterentwickelt, beginnend mit
spezifischen ,,Enzyme Linked Immunoabsorbent Assays* (ELISA) iiber konventionelle Polymerase
Kettenreaktionen (PCR) hin zu hochsensitiven nested-PCR Methoden, welche aktuell in
standardisierten Resistenzscreenings verwendet werden (Civerolo et al., 1997; Hildebrand et al.,
1990; Hsu et al., 2006; Podishetty et al., 2011; Roberts et al., 1998; Rowhani et al., 1994; Stoger

und Ruppitsch, 2004; Turechek et al., 2008; Vandroemme et al., 2008; Zimmermann et al., 2004).
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Der Krankheitsverlauf der eckigen Blattfleckenkrankheit beginnt mit dem Eintritt der X. fragariae-
Bakterien in die Wirtspflanze durch natirliche Offnungen, wie den Stomata und Hydathoden oder
durch verwundetes Pflanzengewebe. Die Bakterien besiedeln den Interzellularraum, vermehren sich
dort und binden, unterstiitzt durch die Bildung von Exopolysacchariden, an die Wirtszellen. Einer
der wichtigsten Mechanismen, den die Bakterien zur Manipulation der Wirtszellen einsetzen, ist das
Typ-3-Sekretionssystem (T3SS), welches die Zellwand sowie die Zellmembran durchdringt. Es
dient als eine Art Tunnel, um die mehr als 25 Effektorproteine in das Cytosol einzuschleusen (Kay
und Bonas, 2009). Die ersten sichtbaren Symptome sind waéssrige, bakterielle L&sionen mit einem
Durchmesser von 0.5 — 2 mm, die im frihen Stadium von kleinen Blattadern begrenzt werden und
daher durch einen eckigen Umriss charakteristisch identifizierbar sind. Im weiteren Verlauf der
Krankheit verbreiten sich diese Lasionen Uber das gesamte Laub und bilden groRere nekrotische
Stellen. Letztlich erleiden die infizierten Pflanzen einen vaskularen Kollaps (Hildebrand et al.,
1967). Die Frichte sind zwar meist nicht direkt durch die Bakterien betroffen, jedoch nimmt der
Anteil marktfahiger Frichte durch braunliche Verfarbungen der Kelchblatter ab und es kommt zu
Ertragsverlusten, die durch eine generelle Schwichung der Pflanzen bedingt sind. Uber das AusmaR
der Ertragsverluste durch X. fragariae berichten Studien in GréRenordnungen von 8% (Roberts et
al., 1997) bis zu 80% (Epstein, 1966) in Nordamerika, jedoch gibt es derzeit keine exakten Daten,
in denen die wirtschaftlichen Verluste genauer quantifiziert wurden. Die Bekampfung des
Krankheitserregers durch chemische Pflanzenschutzmittel gestaltet sich nach wie vor
problematisch. Behandlungen mit antibiotischen Wirkstoffen wie Streptomycin und Oxytetracyclin
sind zwar wirksam gegen das Pathogen in vivo, jedoch besteht unter Feldbedingungen ein hohes
Risiko der Resistenzbildung und die Wirkstoffe sind im Erdbeeranbau nicht zugelassen (Roberts et
al., 1997). Mischungen aus Kupferverbindungen und dem fungiziden Wirkstoff Mancozeb zeigten
sich als wirksam gegen X. fragariae, jedoch traten bei diesen Anwendungen phytotoxische
Symptome auf (Conover und Gerhold, 1981; Marco und Stall, 1983; Roberts et al., 1997). Derzeit
gibt es auf dem weltweiten Markt kein Pflanzenschutzmittel, das wirksam gegen X. fragariae an
Erdbeeren ist. Eine vielversprechende Alternative liegt im Anbau widerstandsfahiger Erdbeersorten.
Leider sind derzeit alle Sorten, die auf dem europdischen Markt erhaltlich sind, mehr oder weniger
anféllig gegentiber der eckigen Blattfleckenkrankheit. Die Zuchtung neuer, widerstandsfahiger
Sorten mit gleichzeitig hoher Fruchtqualitét ist daher von grof3er Bedeutung. Der Erfolg solcher
Zuchtprogramme héngt ab von der Verfligbarkeit geeigneter, resistenter Kreuzungseltern, welche
die Resistenzeigenschaften zuverldssig an eine hohe Zahl der Nachkommen weitervererben. In
diesem Zusammenhang wurden bereits zahlreiche Sorten, Wildartenakzessionen und Zuchtklone
hinsichtlich ihrer Widerstandsfahigkeit untersucht (Hildebrand et al., 2005; Jamieson et al., 2013;
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Maas et al., 2002; Maas et al., 2000; Perez-Jimenez et al., 2012; Roberts et al., 1997; Xue et al.,
2005). Dabei wurden vom USDA National Germplasm Repository zwei resistente, oktoploide
Genotypen identifiziert, US4808 und US4809 (Hartung et al., 2003). Neuere Zichtungsexperimente
mit diesen Genotypen haben ergeben, dass die Resistenzeigenschaft genetisch auf drei bis vier
unabhéngige Loci verteilt ist (Lewers et al., 2003). Vermutlich ist dies ein Grund, warum die
Resistenz nur an einen kleinen Anteil an Kreuzungsnachkommen weitervererbt werden kann. Um
nun die genetische Ausgangsbasis fir die weitere gezielte Ziichtung widerstandsfahiger Sorten mit
pyramidisierten Resistenzeigenschaften zu erweitern, ist die weitere Identifikation wvon
Resistenzgebern in oktoploidem Zuchtmaterial eine wichtige VVoraussetzung. In der vorliegenden
Arbeit wird eine grofle Anzahl an Erdbeersorten, Wildartenakzessionen und Zuchtklonen
hinsichtlich ihrer Resistenz-Eigenschaften gegentiber X. fragariae evaluiert und zudem die

systemische Ausbreitung des Krankheitserregers innerhalb der Pflanzen genauer untersucht.
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Kurzfassung:

Die Ausweitung der Reifezeit von Erdbeeren im Freilandanbau ist fir die Anbauer von hoher
wirtschaftlicher Bedeutung. Daher ist die gezielte Zichtung extrem friih- bzw. spatreifender
Erdbeersorten mit hohem Ertragspotential von besonderem Interesse. Dreizehn Erdbeersorten
wurden reziprok ohne Selbstungen miteinander gekreuzt und die daraus resultierenden 144 F1-
Populationen wurden in einem Feldversuch in zwei aufeinanderfolgenden Versuchsjahren evaluiert.
Die Versuchsdaten wurden mit Hilfe eines Mixed-Model Ansatzes unter SAS 9.3 statistisch
ausgewertet, der hier fir diallele Kreuzungsversuche angepasst wurde. Die Variabilitdt im
Kreuzungsversuch basiert hauptsachlich auf der allgemeinen Kombinationseignung (GCA) der
verwendeten Sorten (additive Effekte). Spezifische und reziproke Kombinationseignungen (nicht-
additive Effekte) erwiesen sich als weniger relevant. Die hochsten GCA’s fiir die Eigenschaft
,Marktfahiger Ertrag wurden fiir die Sorten ‘Polka’ und ‘Yamaska’ ermittelt. Die Eigenschaft
,Frihzeitigkeit” ist bilateral mit signifikant niedrigen GCA’s fiir die friih reifenden Sorten ‘Clery’
und ‘Daroyal’ sowie signifikant hohen GCA’s fiir die spdt reifenden Sorten ‘Yamaska’ und
‘Florence’. Kreuzungen mit diesen Sorten ergeben mit hoher Wahrscheinlichkeit

Nachkommenschaften mit hohem Ertragspotenzial und ausgedehnter Reifezeit.
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Abstract

The extension of the ripening season in open field production is of high
economic interest for strawberry growers. Therefore, targeted breeding
for extreme early or late ripening cultivars with high yield potential is of
particular interest. Thirteen strawberry cultivars were crossed in a reci-
procal way without selfing, and the 144 resulting F, populations were
evaluated in a field trial over a period of two consecutive years. The data
were analysed using a mixed-model approach adapted for diallel crossing
designs using SAS 9.3. The variability in the crossing approach is mainly
based on the general combining ability (GCA) of the cultivars (additive
effects). Specific and reciprocal combining abilities (non-additive effects)
appear less important. The highest GCAs for the trait Marketable Yield
were found for the cultivars ‘Polka’ and “Yamaska’. The trait Earliness
is bilateral with significantly low GCAs for early ripening in ‘Clery’ and
‘Daroyal’ and significantly high GCAs for late ripening in ‘Yamaska’
and ‘Florence’. Crosses with these cultivars are likely to deliver popula-
tions with both high yield and an extended ripening period.

Key words: Fragaria — ripening period — yield — general
combining ability — specific combining ability

The cultivated strawberry Fragaria x ananassa Duch., arisen
from accidental hybridization between F. virginiana and
F. chiloensis (Darrow 1966), is the economically most important
berry fruit crop today (Hummer and Hancock 2009). Strawber-
ries are produced in more than 70 countries worldwide with a
yearly fruit yield of approximately 4.1 Million metric tons
(Flachowsky et al. 2011). Resulting from its economic impor-
tance, the pressure of competition on the marketplace, environ-
mental conditions and production systems used in a given area
as well as the utilization of fruit for fresh market or processing
always increase the demand for new strawberry cultivars with
improved traits. Breeders around the globe are focused onto a
huge number of traits or trait complexes such as yield capacity,
fruit quality (fruit appearance, size, colour, shipping quality,
shelf life and flavour), and resistance or tolerance towards
important pests, pathogens and abiotic stress conditions
(Flachowsky et al. 2011). One of the economically most
important objectives is the extension of the ripening season. In
Germany, most strawberries are sold between June and July
(74% and 85% in 2009 and 2010, respectively) where only mini-
mum prices (141 to 193 € per 100 kg) can be realized. Better
prices can be realized at the beginning (April/May) of the season
and in August. In April/May, prices up to 2.5-fold are possible
(Behr 2012). Therefore, breeding of cultivars, which ripen very
early or very late in the season, is of particular interest.

Since the early eighteenth century when strawberry breeding
started on a more scientific basis, crosses and selections were
made in a rather experimental way, which took an enormous
amount of manpower, spatial resources and time, leaving a good
lot of breeding progress by chance. The success of breeding
depends strongly on the selection of the best suitable breeding
parents to achieve the formerly defined goals. Fundamental
knowledge about cultivars (genotypes) and their traits as well as
the heritability of individual traits is therefore indispensable.
Diallel crosses can be performed to determine the inheritance of
specific traits and to identify superior parents among a number
of genotypes. In strawberry, such diallel crosses have been
conducted to study the inheritance of quantitative traits such as
marketable fruit yield, fruit weight, susceptibility to grey mould,
fruit colour and fruit firmness (Masny et al. 2005). Further
diallel crosses were performed to study the inheritance of late
ripening time (Zurawicz et al. 2006), fruit yield and related
factors (Aalders and Craig 1974, Zurawicz et al. 1995), and
resistance to Colletotrichum acutatum, powdery mildew caused
by Sphaerotheca macularis, and Phytophthora fragariae
(Melville et al. 1980, Gimenez and Ballington 2002, Davik and
Honne 2005).

In the present study, a diallel was established to evaluate 13
commonly used strawberry cultivars for their combining abilities
and reciprocal combining abilities. The study was aimed on
providing knowledge for the selection of parental varieties to be
incorporated into future programmes for the improvement of
strawberry breeding. The diallel cross included early ripening
cultivars (‘Antea’, ‘Clery’, ‘Daroyal’, ‘Darselect’ and ‘Madeleine’)
as well as middle ripening cultivars (‘Arosa’, ‘Elsanta’, ‘Galia’,
‘Marmolada’ and ‘Sonata’) and late ripening cultivars (‘Florence’,
‘Polka’ and ‘Yamaska’). Twelve cultivars are hermaphrodite,
whereas the cultivar “Yamaska’ has female flowers. The 13 culti-
vars were crossed in all possible combinations to provide a total of
144 F; hybrids (including reciprocals). These hybrids were grown
in the experimental field at the Julius Kuehn-Institute in Dresden-
Pillnitz (Germany) for two consecutive years and were evaluated
for a number of traits. Special attention has been paid to fruit yield
and ripening time as well.

Materials and Methods
Procedure of crossing: Thirteen cultivars of the species Fragaria x
ananassa Duch. were selected as parents for the diallel crossing
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approach. They are commonly cultivated in an open field production in
Germany, and they cover a wide range of the ripening season. The 13
cultivars were crossed in all possible combinations to provide a total of
144 F, populations. The diallel crosses with the cultivars ‘Antea’,
‘Arosa’, ‘Clery’, ‘Daroyal’, ‘Darselect’, ‘Elsanta’, ‘Florence’, ‘Galia’,
‘Madeleine’, ‘Marmolada’, ‘Polka’, ‘Sonata’ and ‘Yamaska’ were carried
out in March 2009 in the greenhouse. Prior to crossing, the potted plants
were raised and overwintered in an unheated sand bed compartment to
provide the obligatory frost stimulus needed for flower formation. In
January, the plants designated to be used as fathers were induced to
flowering in a heated compartment with 20°C (day), 18°C (night) and
minimal light requirements of 160 kLh/day. Pollen was collected four
weeks later by picking the anthers manually with forceps, air-dried at
room temperature and stored in glass vials. With two weeks retard, the
mother plants were induced to flowering, too. To prevent self-
fertilization in the hermaphrodite flowers, the anthers were removed at
BBCH 59, when the flowers reached the balloon stage. After a targeted
brush-pollination with the respective pollen, the plants were covered with
fine-meshed domes in order to prevent them from any other unintended
pollination. Subsequently, the seed-containing outer layers of the fully
ripened fruits were peeled and dried on filter paper, so that the seeds for
each cross could be collected easily. They were sown into boxes with
potting substrate and stratified for two weeks at 2°C under high
humidity. Hundred seeds of each combination were planted, and the
number of germinated seedlings was recorded. If necessary, planting of
seeds continued to generate the required number of plants. The seedlings
were raised in the greenhouse, and 30 randomly selected plants per
combination were transplanted in the field in August 2009. These 30
plants form one F, population.

Experimental set-up: The field trial area was located near Dresden,
Germany at an altitude of 113-118 m above sea level, an average
temperature of 9.2°C and 647 mm average annual precipitation. The soil
belongs to the soil class Luvisol, and the soil type can be characterized
as a sandy loam with a pH of 6.0 (2010) and an average soil value of
65. The previous crops were a grass mixture followed by Tagetes. The
experimental plots were fertilized by 30 t/ha manure in spring 2010 and
supplemented with 60 kg/ha P (TSP) and 40 kg/ha N (CAN) in spring
2011. The plant protection strategy followed the guidelines of integrated
pest management. In 2011, fungicides were avoided to evaluate fungal
diseases in the experimental plots.

For each cross, 30 seedlings were planted in a randomized complete
block design with two replicates and 15 plants per plot. Plots were
arranged in five columns with 68 rows in columns one to four and 16
rows in column five. The columns were separated into two subcolumns
by a path between row 31 and 32. The parental cultivars were also
planted in a close-by plot with 15 plants per cultivar, except for
‘Madeleine’ and ‘Marmolada’. These cultivars were not included in this
investigation, because of the inappropriate plant quality of the parental
plant material at that time. Total yield, marketable yield and the harvest
period have been measured and evaluated in 2010 and 2011. Marketable
yield is a part of the total yield with fruit diameter >18 mm, regular
external appearance and without pest or disease infestations. Additionally
in 2011, the common leaf spot disease caused by Mycosphaerella fraga-
riae and the red spot disease caused by Diplocarpon earliana were eval-
uated for each plant on a score from 1 (0-0.5% coverage) to 9 (>64%
coverage).

Plots were harvested up to 15 times in the period from 11th June to
6th July 2010 and up to 13 times in the period from 31st May to 30th
June in 2011.

Statistical modelling: As diallel crossing systems are a widely used
approach in plant breeding (Christie and Shattuck 2010), different
designs of crossing have been approved and lead to the calculation of
general and specific combining abilities. The general combining ability
(GCA) describes the performance of the parents used for the crosses for
specific traits (Hayman 1954, Griffing 1956ab, Vieira et al. 2009).
General combining ability effects can be interpreted as additive genetic

effects. We used each parent both as mother and as father. The
combination between two parental cultivars occurs in two possible
crosses, denoted as cross and reciprocal cross. The specific combining
ability (SCA) effect is the difference of a combination from its expected
theoretical value calculated from parental GCA values. It can be
interpreted as the non-additive genetic effect.

In our experiment, n parents are being crossed using each parent both
as mother and as father in a reciprocal way. The total number of crosses
made is summed up by (n* — n)/2 crosses and (n* — n)/2 reciprocal
crosses. Neither the parents themselves nor inbred lines of selfed parents
are included, so this corresponds to Griffings Method 3 (Griffing 1956a).
An anomaly occurs due to the fact that one of the parental strawberry
cultivars, ‘Yamaska’, forms exclusively female flowers and therefore can-
not be used as father. Hence, the total number is partitioned into 78
crosses (n = 13), and 66 reciprocal crosses (n = 12). For analysing the
data, we used the mixed-model approach (model 2) presented by
Mohring et al. (2011) for each year and across years. For the first, we
treated traits of different years as different traits, because traits in the first
year describe the potential in establishing plants while in the second year
the traits characterize mature strawberry plants. For the latter, we assume
that traits of different years are identical traits. In both cases, the mixed-
model approach allows a separation of additive and non-additive effects.
For the analysis, we added effects for the randomization process [repli-
cate (R)] and physical units within the field [column (C), subcolumn
(SO)]. The model for the single-year analysis in the syntax of Patterson
(1997) is given by:

R+R-C: R-C-SC+ GCA,, + GCA¢ (1)
+ SCAr + RGCA,, — RGCA; + RSCA¢
where R, C and SC denoted factors replicate, column und subcolumn.
We assumed that the effects GCA; ~ N(O, O'ZGCA), RGCA; ~ N(O,
0”raea)s SCAme ~ N(O, 6”sca) and RSCA ¢ ~ N(O, 0”gsca). Observa-
tions were weighted by the inverse number of growing plants per plot.
For the analysis across years model [1] is extended to:

R+R-J+R-C+R-C-J:R-C-SC+R-C-SC-J+ GCA,
+ GCA, - J + GCAf + GCAf - J + SCA s + SCAps -J
+ RGCA,, + RGCA,, - ] — RGCA; — RGCAy - J 4+ RSCA ¢
+RSCA¢-J

2

where J is the effect of the year and all other effects are denoted as in
model [1]. While we use non-transformed yield data for both years, we
decided to use a square root transformation across years. In this case,
given values were back-transformed for presentation only, and the delta
method is used to get the standard error. Both models were implemented
into SAS code (Table 1).

Germination of the seeds was analysed using [1] with the MIXED
procedure in SAS 9.3 (SAS Institute Inc. 2011) on logit-transformated
data. For this case, residual variance and RSCA variance were con-
founded, and one is dropped from the model. Presented values were

Table 1: Implementation of the single-year diallel model into SAS pro-
gram code

proc mixed data=al

class sca rsca wdh column subcolumn plot;
model y=wdh column*wdh/ddfm=kr;
random gcal-gcal3/type=toep(1);

random rgcal-rgcal3/type=toep(1);

random sca rsca;

random subcolumn;

weight w;

repeated plot/sub=subcolumn;

run;
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back-transformed for presentation only. Variances were back-transformed
using the delta method.

As dependent variables, the traits Marketable Yield and Earliness were
chosen. The Marketable Yield is defined as the total amount of market-
able fruits over all harvest dates of one year and one plot, whereas Earli-
ness equates to the point of time when 50% of the marketable yield of
one plot in one year is attained. The exact day is calculated by interpo-
lating linearly between the last date with less than 50% and the first date
with more than 50%.

Results

The practical outcome of the intraspecific crosses made by 13
strawberry cultivars was assessed for the fertility of the resulting
seeds. Moreover, a closer look onto the yield structure and
finally the comprehensive study of the general and specific com-
bining abilities form the main objectives of the investigation.

Seed germination in intraspecific crosses

We observed different germination rates of the analysed popula-
tions. Intraspecific crossing using 13 strawberry cultivars
revealed differences in the percentage of seeds that successfully
emerged to seedlings. Due to the design of the investigation, an
estimation of reciprocal SCA effects is impossible. Therefore,
reciprocal crosses got the same estimate. The range of observa-
tions went from 3% in the cross ‘Madeleine’ x ‘Sonata’ up to
100% in the crosses ‘Antea’ x ‘Daroyal’, ‘Arosa’ x ‘Daroyal’,
‘Daroyal’ x ‘Darselect’, ‘Darselect” x ‘Galia’, ‘Darselect’
x ‘Florence’ and ‘Polka’ x ‘Florence’. The overall mean of
germination was 77%, and 121 of 144 crosses reached germina-
tion rates >50%. We found difference in maternal germination
rates (Fig. 1), for example, cultivars ‘Madeleine’ and ‘Marmola-
da’ used as mothers led to a mean germination rate of only
43.6% and 50.4% which is significantly lower at 0.05 level of
probability compared to the crosses with ‘Polka’ as maternal par-
ent, where 90.1% of the seedlings emerged. No significant dif-
ferences were found between cultivars used as pollen donors.

Yield structure in the field experiment

In contrast to other crops, the yield structure for strawberry har-
vest is more complicated. During the ripening period, the plants
were harvested every 1 to 3 days, that is, not only on one partic-
ular date. Naturally, the strawberry yield per harvest date
increases to a maximum and declines until the end of the season.
Figure 2 gives an overview of the quantity and the scatter of the
yield at the particular day of harvest for the years 2010 and
2011. In comparison with the year 2010, the harvest period was
10 days earlier and 5 days longer in 2011. Additionally, we
found a harvest maximum on 15th June, where the graph points
out that the variance on this harvest day is remarkably wide.
The graph for year 2010 was less characterized by a maximum
of yield, whereas quantity and variance were more or less con-
stant. The yield per plot ranged from 0.13 kg up to 8.86 kg and
from 10 to 1106 strawberries. In 2011, the highest yields per
plant were obtained by the crosses ‘Yamaska” x ‘Polka’ (460 g/
plant), ‘“Yamaska’ x ‘Daroyal’ (425 g/plant) and ‘Polka’ x ‘Da-
royal’ (381 g/plant).

Elements of the genetic variance

As previously described, the total genetic variance is divided
into four components: GCA, RGCA, SCA and RSCA. The rela-
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Fig. 1: Comparison of germination rates in a diallel crossing design with
(a) 13 strawberry cultivars used as mothers and (b) 12 cultivars used as
fathers, respectively. The respective mean values indicated with the same
letters are not significantly different (F-Test, P = 0.05)

tive importance of these components for the traits Marketable
Yield and Earliness is shown in Table 2. In the first year of cul-
tivation, 44% of the total variance of Marketable Yield can be
explained by GCA and 32% by SCA. Furthermore, the GCA
effects explain 71% of the variance in the second year of cultiva-
tion whereas the contribution of SCA declines to only 11%. The
components RGCA and RSCA appear less important of this trait.
Assessing the variance components for Earliness, the GCA
explains 63% of the variance in 2010 and 86% in 2011. The
RSCA explains 31% in 2010 to 12% in 2011, whereas the
impact of SCA and RGCA is down to zero.

Breeding value of the parental strawberry cultivars

Because of the finding that the genetic variance is mainly
explained by GCA, the breeding value of the parental strawberry
cultivars can be centralized by their GCA values. In Table 3, the
GCA effects for the traits Marketable Yield and Earliness are
presented for the years 2010 and 2011. The GCA values for the
trait Marketable Yield were calculated in g/plant and indicated a
positive or negative effect on the yield in crosses with a particu-
lar parent. We found only a few cultivars which crosses pro-
duced significant results for both consecutive years. The
combined analysis over both years resulted in non-significant
GCA values. In detail, with the cultivar ‘Polka’ as parent, we
found an average of 68.9 g higher yield per plant compared to
the total mean of all crosses in 2010 and 107.4 g per plant in
2011. The highest positive effect on the yield was observed in
crosses with the cultivar ‘Yamaska’ in the year 2011 with a ben-
efit of 144.7 g/plant. In contrast to this, the same cross reached
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Fig. 2: Progress of harvest in field trial in the years (a) 2010 and (b)
2011. Outliers are plotted with a circle.

a not significant GCA value of only 5.6 g/plant in the year
2010. A non-significant correlation between yields of the two
consecutive years is found (r = 0.296).

Besides the GCA effects, we also found single combinations
with significant SCA values in 2011. The combinations
‘Sonata’ x ‘Arosa’” with a SCA of —46.1 g/plant and
‘Sonata’ x ‘Darselect” with —50.0 g/plant, respectively, have
significantly lower yields than estimated by the GCA values of
their parents.

The trait Earliness was specified as the day of 50% of total
yield and refers to the importance of an extended ripening per-
iod. Therefore, highly negative as well as positive GCA values

can be interesting for further breeding progress. In opposition to
the yield data, the GCA values Earliness for 2010 and 2011 cor-
related strongly (r = 0.848). For early ripening, the cultivars
‘Daroyal’ and ‘Madeleine’ seemed to be the most promising
breeding parents due to their significant and very low GCA
values in both years. In 2010, crosses with ‘Daroyal’ reached the
point of 50% yield 2.4 days earlier and ‘Madeleine’ 1.7 days
earlier than the average. Comparably, crosses with ‘Florence’
and “Yamaska’ resulted in a very late ripening progeny indicated
by highly significant positive values in both trial years. All
crosses with ‘Yamaska’ reached 50% of the total yield more
than 4 days later than the other combinations in 2011. The
earliest combination was ‘Clery’ x ‘Daroyal’ which reached
50% yield at 3rd June 2011. In contrast, the latest combination
was ‘Yamaska’ x ‘Florence’, where the point of 50% yield was
reached 13 days later on 16th June 2011 (Fig. 3). At the
research site in Dresden-Pillnitz, the date of 50% yield of 2011
for ‘Elsanta’ was 6th of June, for ‘Clery’ 3rd of June and for
“Yamaska’ and ‘Florence’ 9th of June. For the additionally eval-
uated traits fruit firmness, leaf health, position of inflorescences
and fruit colour the differences between the populations were
negligibly small (data not shown), as well as for the common
leaf spot disease caused by Mycosphaerella fragariae and the
red spot disease caused by Diplocarpon earliana. Besides, the
avoidance of fungicides in 2011 did not cause visibly clear
symptoms of grey mould (Botrytis cinerea) and mildew
(Sphaerotheca macularis) on plants and fruits. Therefore, this
study shows no relevant breeding values for those traits.

Discussion

The classical diallel crossing approach used in this study delivers
good applicable results that can be directly used by strawberry
breeders. For the traits Marketable Yield and Earliness in straw-
berries, the selection of promising breeding parents on the basis
of GCA values is reasonable.

Implications about the ripening time based on GCA values

As shown in Table 3, the cultivars ‘Clery’ and ‘Daroyal’ have
significantly negative GCA values of —2.5 and —2.4 for the trait
Earliness in 2011, which means that crosses with these cultivars
will result in progeny that ripen 2.5 or 2.4 days earlier in theory.
As a matter of fact, the combination ‘Clery’ x ‘Daroyal’ (25) is
the earliest combination in the diallel, where the point of 50%
yield is 4.6 days earlier than the average. Together with the
analysis of the variance components (Table 2), this leads to the
assumption that the trait Earliness was almost exclusively inher-

Table 2: Variance components for the traits Marketable Yield and Earliness in the years 2010 and 2011 and in a combined analysis over both years

Marketable Yield (g/plant)

Earliness (days to 50% harvest)

Source 2010 2011 Combined analysis 2010 2011 Combined analysis
GCA 1015.34 4927.65 462.10 3.41 3.23 4.04
RGCA 50.27 10.56 88.21 0.00 0.00 0.00
SCA 742.35 731.75 447.75 0.24 0.00 0.00
RSCA 0.00 0.00 0.00 1.70 0.44 0.00
Subcolumn 115.64 1075.85 0.06 0.08

Residual Error 388.86 217.93 0.04 0.01

GCA x year 1841.71 0.01
RGCA x year 0.00 0.00
SCA x year 602.95 0.60
RSCA x year 316.61 0.83

13



Publikationen

Strawberry diallel for ripening time and yield

Table 3: General combining abilities (GCAs) for the traits Marketable Yield and Earliness of 13 strawberry cultivars used as parents in a diallel cross

GCA-effects

Marketable Yield (g/plant)

Earliness (days to 50% harvest)

Parent 2010 SE 2011 SE Combined analysis'  SE' 2010 SE 2011 SE Combined analysis SE
‘Antea’ 4.0 147 —46.5 23.0 —-5.4 336 —1.13 071 —0.52 0.72 —0.85 0.65
‘Arosa’ 11.2 151 —182 232 0.3 343 1.59*% 0.73 0.90 0.73 1.20 0.66
‘Clery’ —224 144 241 232 -52 336 —1.42 0.70 —2.48* 0.73 —2.08* 0.65
‘Daroyal’ —-8.3 14.6 64.3* 239 —6.2 335 —-163* 071 237 0.76 —2.06% 0.66
‘Darselect’ 52 150 —77.1% 23.0 9.1 352 —143 0.74 —1.01 0.73 —1.27 0.66
‘Elsanta’ 7.6 149 -8l.6* 228 -9.6 33.0 0.01 071 -1.37 0.72 —0.85 0.65
‘Florence’ —32.5% 145 16.5 235 —11.1 329 2.89% 0.73 3.45%  0.74 3.32% 0.66
‘Galia’ —55.5% 142 5.6 23.2 -2.9 33.9 1.29 0.71 1.88* 0.73 1.70* 0.65
‘Madeleine’ -79 146  —502% 228 -9.2 332 179 070 —1.67* 0.72 —1.78* 0.65
‘Marmolada’ -38 146 —41.6 23.0 —9.5 33.1  —0.09 0.71  —0.30 0.72 —0.20 0.65
‘Polka’ 68.9% 16.0  107.4* 247 27.9 372 -0.73 076 —0.59 0.78 —0.71 0.68
‘Sonata’ 232 15.4 0.8 233 4.1 346 —043 0.74 —036 0.74 —0.42 0.66
“Yamaska’ 10.2 175  144.7% 278 20.6 36.6 2.87%  0.90 4.44% 092 4.00* 0.77

bold values: suggested recommendation for further breeding experiments.
'Includes Transformation.

*P < 0.05.

SE, Standard error.

ited due to additive genetic effects which is consistent over the
two consecutive years and can also be found in the combined
analysis.

A comparison of the harvest progress of the earliest combina-
tion 25 with the weekly average market price for strawberries in
Germany is shown in Fig. 3. The point of 50% yield is already
reached in the beginning of the season when the prices are high.
Assuming that this is just the basis population from where the
best individuals will still be selected, we can already guess the
potential of the approach. Furthermore, cultivation techniques
such as the application of plastic mulch preponed the ripening
season on the field for several days (Hancock 1999) and can be
combined with early ripening cultivars in order to hit the most
profitable period.

For late ripening time, the cultivars “Yamaska’ and ‘Florence’
show he highest GCA values. In fact, the combination
“Yamaska” x ‘Florence’ (140) is the latest ripening family in the
diallel with 50% yield on 16th June which is 8 days later than
the overall average. The calculated SCA for this population is
very small with —0.07 and indicates that the theoretical sum of
GCAForence and GCAyamaska With 7.89 is mainly influenced by
additive genetic effects of the parents which corresponds to the
analysis of variance components (Table 2) and the results for

Yield [kg] Price [€/kg]
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Fig. 3: Progress of yield for the earliest (‘Clery’ x ‘Daroyal’) and latest
(‘Yamaska’ x ‘Galia’) combinations in 2011 in relation to the German
market price for strawberries (BLE 2011)

early ripening. Eleven of the 13 parental cultivars have been
tested for their ‘per se performance’ in plots of 15 plants each in

a field trial in the year 2011. There is a strong positive correla-

tion (r = 0.80; P =0.003) for the trait earliness between the

GCA and the per se performance. In contrast to this, there is no
significant correlation for the trait marketable yield. These find-

ings strongly meet the theory of Masny et al. (2008), who found
the highest heritability for the trait Ripening Time among a range
of traits studied in strawberry. Growers can profit by combining
late ripening cultivars with cultivation techniques for a later rip-
ening period (Rowley et al. 2011).

Implications about the yield potential based on GCA values

Furthermore, we found that crosses with the cultivars ‘Yamaska’
and ‘Polka’ lead to progeny with significantly increased yield
potential in the two consecutive years but not in the combined
analysis. For targeted selection of early ripening cultivars with
high yield potential, a combination of the cultivars ‘Daroyal’ and
‘Polka’ might lead to the most promising success. For late ripen-
ing in combination with high yield we assume the best chances
for combinations based on cultivars ‘Yamaska’ and ‘Polka’,
respectively. The compatibility of these cultivars in crosses is
proved by good germination rates between 77% and 90%,
whereas crosses with the cultivars ‘Marmolada’ and ‘Madeleine’
as mothers show lower compatibility due to significantly lower
germination rates (Fig. 1).

Consequences for further breeding approaches

The aim of an extended ripening season can be reached by
selection of very early and very late ripening cultivars. Crosses
with the cultivars ‘Clery’ and ‘Daroyal’ lead to early ripening
progeny, and crosses with “Yamaska’ and ‘Florence’ deliver late
ripening populations that form a basis for the site-specific selec-
tion of new strawberry cultivars. Significantly, higher yields can
be obtained in crosses with ‘Yamaska’ and ‘Polka’. ‘Yamaska’
was also used as parent in the diallel approach of Davik and
Honne (2005) and showed good results for resistance against
powdery mildew (Sphaerotheca macularis).
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Table 4: Parentage of the selected strawberry cultivars for the diallel
crossing approach

Cultivar Parentage (Faedi et al. 2009)
‘Antea’ FB6L-3 x ‘Marmolada’
‘Arosa’ No information available
‘Clery’ ‘Sweet Charlie’ x ‘Marmolada’
‘Daroyal’ ‘Elsanta’ x ‘Parker’
‘Darselect’ ‘Elsanta’ x ‘Parker’
‘Elsanta’ ‘Gorella” x ‘Holiday’
‘Florence’ {‘Tioga’ x [‘Redgauntlet’
x (‘Wiltguard’ x ‘Gorella’)]} x (‘Providence’ x self)
‘Galia’ No information available
‘Madeleine’ No information available
‘Marmolada”  ‘Gorella’ x Sel. Salvi n.15
‘Polka’ ‘Induka’ x ‘Sivetta’
‘Sonata’ ‘Polka’ x ‘Elsanta’
“Yamaska’ ‘Pandora’ x ‘Bogota’

Considering the sources of variance, there are only little
reciprocal effects. The traits Earliness and Marketable Yield are
mainly based upon the main genetic effects (GCA). Therefore, it
is less important if the hermaphrodite crossing partners are either
used as mother or father in the crossing process. As flowers of
“Yamaska’ are typically female, crosses with this cultivar could
only be carried out in one direction. For strawberries, it can be
regarded as sufficient to design further diallel crossing approaches
as a half diallel without reciprocal crosses like it has been done in
previous approaches (Davik and Honne 2005, Masny et al. 2005,
2008, Shim et al. 2007). Further proof for this assumption could
be given by extended field trials at different locations.

Until now, the cultivar ‘Elsanta’ is dominating strawberry pro-
duction in Europe (Hancock et al. 2008) but it is unlikely, that
crosses with this cultivar raise the breeding success due to its
mostly insignificant GCA values (Table 3). A look on the par-
entage of the cultivars used in the diallel approach reveals that
‘Daroyal’ and ‘Darselect’ are offspring from the same crossing
of ‘Elsanta’ x ‘Parker’ (Table 4), but ‘Daroyal’ has a higher
value for further breeding progress concerning its GCA values
(Table 3). The improved statistical analysis presented in this
study delivered reliable results and can be easily adapted to other
diallel crossing experiments as shown in Mohring et al. (2011).
Despite of the high efforts concerning spatial and human
resources, a diallel approach can still be seen as a targeted and
effective element in temporary strawberry breeding.
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Kurzfassung:

Die Grauschimmelkrankheit, verursacht durch Botrytis cinerea, fihrt weltweit zu substanziellen
wirtschaftlichen Verlusten im Erdbeeranbau. Die Bekampfung der Krankheit erfordert einen hohen
Einsatz an Fungiziden, die in wechselnden Wirkstoffkombinationen angewendet werden, da das
Pathogen sehr schnell Resistenzen gegeniber einzelnen Aktivsubstanzen entwickelt. Der Anbau
widerstandsfahiger Sorten scheint eine erfolgversprechende Alternative zu sein. Jedoch gibt es
derzeit keine Sorten auf dem Markt, die Widerstandsfahigkeit gegenliber B. cinerea mit guten
obstbaulichen Merkmalen verbinden. Die Zlichtung neuer Sorten erfordert eine effektive Methode
zur ldentifikation widerstandsfahiger Erdbeergenotypen. Die vorliegende Studie hat zum Ziel,
obstgenetische Ressourcen der Erdbeere unter standardisierten Bedingungen zu evaluieren. Hierzu
wurde eine kinstliche Inokulationsmethode entwickelt, bei der reife Friichte mit einer definierten
Sporensuspension unter Laborbedingungen inokuliert werden. Die Ergebnisse zeigen, dass diese
Methode schnell und einfach durchzufiihren ist und zu reproduzierbaren Ergebnissen fiihrt, die mit
Feldversuchen korrelieren. Uber drei Jahre hinweg wurden insgesamt 107 Erdbeergenotypen der
Deutschen Genbank Obst am JKI Dresden-Pillnitz hinsichtlich ihrer Widerstandsféhigkeit evaluiert.
Funf teilresistente Genotypen konnten identifiziert werden: die Sorten ‘Diana’, ‘Joerica’ und
‘Kimberly’ sowie die Wildartenakzessionen F. virginiana ‘Wildmare Creek’ und F. vesca subsp.
bracteata. Diese Genotypen weisen zum Zeitpunkt sechs Tage nach Inokulation einen
Krankheitsbefall von < 20% auf. Die erzielten Ergebnisse werden diskutiert im Hinblick auf ihre
Nutzbarkeit in zukunftigen Zlichtungsversuchen.
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Evaluation of strawberry (Fragaria L.) genetic resources for
resistance to Botrytis cinerea

M. Bestfleisch®, M. Luderer-Pflimpfl°, M. Hofer?® E. Schulte®, J. N. Wiinsche®,
M.-V. Hanke® and H. Flachowsky®*

2Julius Kuehn-Institute, Institute for Breeding Research on Fruit Crops, Federal Research Centre for Cultivated Plants, Pillnitzer Platz 3a,
01326 Dresden; Pinstitute of Crop Science, Section of Crop Physiology of Specialty Crops (340f), University of Hohenheim, Emil-Wolff
Stale 25, 70593 Stuttgart; “Faculty of Landscape Architecture, Horticulture and Forestry, University of Applied Sciences Erfurt, Leipziger
Stralle 77, 99085 Erfurt; and dTesting Station Wurzen for Fruits and Gene Bank, Federal Plant Variety Office, Torgauer Strafle 100, 04808
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The grey mould disease caused by Botrytis cinerea leads to substantial economic losses in strawberry production all
over the world. Control of the disease requires an extensive amount of fungicide that is applied in varying complexes
because the pathogen easily develops resistance against the active compounds. Planting of resistant cultivars seems to
be a promising alternative for fruit growers, but there are currently no cultivars available combining resistance to
B. cinerea with attractive horticultural traits. Breeding of new cultivars requires the effective identification of resistant
strawberry genotypes; therefore the current study was aimed at the evaluation of strawberry genetic resources under
controlled conditions by establishing an artificial inoculation assay. The method presented in this study is an artificial
inoculation of ripe fruits with a defined spore suspension under laboratory conditions. The results show that this assay
is fast and simple and leads to reproducible results that correlate with field observations. Over 3 years a total of 107
strawberry genotypes of the German National Fruit Genebank at the JKI in Dresden-Pillnitz were evaluated. Five partly
resistant genotypes, cultivars Diana, Joerica and Kimberly, and Fragaria virginiana ‘Wildmare Creek’ and F. vesca
subsp. bracteata, were identified with mean disease levels of <20% at 6 days post-inoculation. The obtained results are

discussed with regard to future breeding activities.

Keywords: Botrytis, grey mould, postharvest disease, resistance, strawberry

Introduction

The cultivated strawberry Fragaria 9 ananassa is one of
the most important fruit crops worldwide. It ranked
first within berry crops with a worldwide fruit yield of
c. 4-1 million tonnes per year (Flachowsky et al., 2011).
Srawberries are produced in more than 70 countries and
organic fruit production is becoming increasingly impor-
tant (Wilbois et al., 2012). Srawberry production is
mostly hampered by plant diseases, one of the most
important being grey mould disease. Grey mould is an
airborne disease, caused by the necrotrophic fungus
Botrytis cinerea (teleomorph Botryotinia fuckeliana),
which causes severe damage in more than 200 host plant
species (Williamson et al., 2007; Dean et al., 2012). The
disease is difficult to control because the grey mould
fungus has several modes of attack (Williamson et al.,
2007). The application of fungicides is still the method
of choice to control B. cinerea in most of the commer-
cially important host species (Dean et al., 2012), but
fungicide applications are expensive and fungicide resis-
tance has been found several times (Leroux et al., 2010;

*E-mail: henryk.flachowsky@ki.bund.de

@ 2014 British Society for Plant Pathology

Leroch et al., 2011, 2013; Veloukas et al., 2011; Amiri
et al., 2012a,b). In 2001 the total costs for botryticides
were calculated to be c. €540 million, representing 10%
of the world fungicide market (Dean et al., 2012).

Botrytis fruit rot is one of the most important prehar-
vest diseases, but it is also an important postharvest con-
cern (Freeman & Pepin, 1977; Williamson et al., 2007;
Lewers et al., 2012). Botrytis fruit rot is mainly initiated
in the field (Braun & Sutton, 1987). Senescent foliage as
well as diseased flowers and fruits are sources of inocu-
lum. Sorulation takes place on infected plant tissue and
the infection of flowers is favoured by cool wet condi-
tions in spring (Bulger et al., 1987; Sosa-Alvarez et al.,
1995). The conidia are spread by wind and water and
primary infestation takes place when petals and stamens
are colonized. Subsequently, the fungus grows into the
developing fruit where it remains quiescent until the fruit
becomes ripe. Secondary infestation results from infected
fruits or leaves that infect neighbouring intact fruits by
the dispersal of conidia and direct contact.

Although grey mould is one of the economically most
important diseases in strawberry production and many
strawberry breeding programmes are aimed at breeding
cultivars with improved resistance to B. cinerea (Roudeil-
lac, 2003), thereiscurrently no standard test for resistance

17



Publikationen

2 M. Bestfleisch et al.

available, which would allow more goal-oriented breed-
ing. Until now, genotypes were often classified by visual
scoring of their susceptibility to B. cinerea in the field.
Most of the published studies have been performed
under different environmental conditions and at different
field trial sites. In many cultivar descriptions, grey mould
susceptibility is only mentioned as an additional observa-
tion. The main focus of cultivar testing is mostly related to
traits such as yield and ripening time. Therefore, the
results of most of these studies and cultivar descriptions
cannot be properly compared and some are even contra-
dictory. Most field experiments have only led to the identi-
fication of very susceptible genotypes, whereas tolerant
genotypes were often overlooked due to overall low infec-
tion levels. In a field trial by Seijo et al. (2008), the authors
observed an infestation of Botrytis fruits that ranged from
5 to 38% in the first year and from 0-3 to 8% in the
second year. Based on their results, Seijo et al. (2008)
concluded that the identification of resistant genotypes
within the tested material was difficult. Thus, field experi-
ments have only a limited suitability for a standardized
evaluation of genetic material because of high variation in
environmental conditions in the field. Research that con-
siders spatial, temporal and personnel resources is neces-
sary to conduct trials in which genotypes can be accurately
compared.

Grey mould disease is of increasing importance partic-
ularly in organic strawberry production where pesticides
are not permitted and alternative indirect plant protec-
tion measures, such as cultivation methods and the appli-
cation of plant strengthening products, show only a
limited efficacy (Balci & Demirsoy, 2008). Under such
conditions, planting of resistant cultivars seems to be the
most promising strategy. Although commercially culti-
vated strawberry cultivars differ in their susceptibility to
this disease, no fully resistant cultivars are currently
available on the market (Maas et al., 2000; Droby &
Lichter, 2004). Highly tolerant genotypes with 3-3-3-6%
fruit/leaf surface coverage by the pathogen were recently
described for Fragaria chiloensis (Gonzélez et al., 2009),
but no resistance to B. cinerea in strawberry has been
described that acts specifically in a gene-for-gene manner
(Chandler et al., 2006). Several reasons for this, such as
the narrow genetic basis of Fragaria x ananassa, the
number of factors affecting the disease progress and the
unspecific way in which the pathogen reacts, have been
considered.

Numerous studies have been published which focus
on characterization of strawberry genetic resources and
breeding material for their resistances towards Botrytis
fruit rot (Irvine & Fulton, 1959; Jarvis & Borecka,
1968; Barritt, 1980; Bristow et al., 1986; Simpson,
1991; Chandler et al., 2006; Seijo et al., 2008; Best-
fleisch et al., 2013). Most of these investigations have
used natural infections in the field; meaning their
comparability is very limited. For example, the studies
were performed under different climatic and/or environ-
mental conditions, with different sources and concentra-
tions of inoculum. Therefore, the current study aimed

to evaluate strawberry genetic resources for resistance
to B. cinerea under controlled conditions. This required
the establishment of an artificial fruit inoculation assay,
which was efficient and reproducible, so that isolates of
B. cinerea, which varied in their virulence and fungicide
resistance, could be used to evaluate strawberry culti-
vars, wild species accessions and advanced breeding
clones. In addition, a field trial was performed where
strawberry genotypes were grown for 2 years without
any fungicide treatments and evaluated for disease
symptoms caused by B. cinerea. The obtained results
are discussed in relation to the potential for increasing
resistance to B. cinerea when breeding new strawberry
cultivars.

Materials and methods

Plant material and experimental field plot design

Strawberry plants were propagated as misted tips from the col-
lection of the German Fruit Gene Bank in Dresden Pillnitz.
The misted tips were cut from runners of the mother plants in
July 2010/2011/2012 and planted in Quick-Pot 35 potting
plates in a Brill Typel substrate mixed with sand in a 4:1
ratio for rooting. After 3-4 weeks in the greenhouse, the
strawberry plants were transplanted into the open field near
Dresden, Germany at an altitude of 113-118 m a.s.l. The soil
type was characterized as a sandy loam with a pH of 60
(measured in 2010). The average annual precipitation is
647 mm with an average yearly temperature of 9-2°C. The
previous crops were a grass mixture followed by Tagetes. The
experimental plots were fertilized with 60 kg ha™" P (triple
superphosphate) and 40 kg ha™' N (calcium ammonium
nitrate) in spring. The plants for the artificial fruit inoculation
were planted fresh each year. The plant protection strategy
followed the guidelines of integrated pest management. For
artificial inoculation of fruits, 15 plants per genotype were
planted into the field. The characterization of fungal isolates
was carried out on cultivars Clery, Elsanta, Florence, Darselect
and Senga Sengana. A total of 107 strawberry genotypes from
the fruit gene bank in Pillnitz were evaluated for their resis-
tance to B. cinerea. The genotypes consisted of 11 strawberry
wildtype accessions of the species Fragaria moschata, Fragaria
nilgerrensis, Fragaria vesca, Fragaria virginiana and Fragaria
viridis and, 96 genotypes of the species Fragaria x ananassa
with 14 breeding clones from the Pillnitz strawberry breeding
programme and 82 cultivars, including both modern and his-
torical genotypes. The evaluation was carried out cumulatively
over 3 years; a set of 14 genotypes was tested every year
including the economically important cultivars Arosa, Clery,
Darselect, Elsanta, Florence, Galia and Honeoye, the cultivars
Mieze Schindler and Senga Sengana, which are known to be
susceptible towards numerous fungal diseases, and the
advanced breeding clones P7201, P8024, P8043, P8049 and
P9042. In addition, a field trial with 60 genotypes was per-
formed for two consecutive years in an open field production
system without application of fungicides. The field trial was
conducted in a randomized complete block design with two
blocks, where one block represents one replication. The blocks
were arranged lengthwise on a plot of 3 x 180 m with five
rows at a distance of 0-5 m from each other. One block con-
sisted of 60 units, one for each genotype, with 30 plants per
genotype that were planted over five rows with a planting
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distance of 0-25 m, resulting in 120 units of 3 x 1-5 m. For
each harvest date, the weight and number of marketable fruits,
B. cinerea-infected fruits and residual fruits were recorded for
each unit and the proportions of fruit with typical symptoms
of B. cinerea were subsequently calculated for each genotype.

Fungal isolates

For the artificial inoculation, a B. cinerea strain collection with
different single spore isolates from different years and locations
was established. In total, 24 isolates were collected of which
five strains (Bc62083, Bc62084, Bc62085, Bc62086, Bc68731)
were donated by Professor Deml (JKI, Braunschweig, Ger-
many), four strains (Bc63444, Bc63451, Bc63453, Bc63592)
were donated by Dr Stammler (BASF, Limburgerhof, Ger-
many), two strains were field isolates from the year 2011
(Bc111 and Bc112) and 13 strains were field isolates from the
year 2012 (Bc1G1, Bc2G2, Bc3G2, Bc4G2, Bc5G2, Be6G2,
Bc7G3, Bc8G3, BcIG3, Bc10G3, Bcl1G3, Bcl12G4, Bcl13G4).
All strains originated from strawberries. The strains were culti-
vated in plastic Petri dishes on potato dextrose agar (PDA) and
transferred onto new medium every 2 months. For sporulation,
the freshly transplanted spores were allowed to colonize the
plate at 18°C in darkness for 8 days followed by UV-exposure
for 24 h and a sporulation period of 7 days. To produce inoc-
ulum, the spores were washed from the plates with 10 mL
sterile tap water, filtered with 50 wm-mesh sieves, adjusted to
a concentration of 10”7 conidia mL™" with a Neubauer haemo-
cytometer and stored for several days at 7°C until inoculations
took place. Previous to use for inoculation, the spore suspen-
sions were vortexed thoroughly to ensure the homogeneous
dispersal of conidia in the solution. Additionally, the conidial
concentrations were checked directly before inoculations took
place and corrected if necessary. The strains Bc111, Bc62084,
Bc63453 Bc68731 and Bc9G3, which cover a wide range of
origins, were used to investigate cultivar x isolate effects. To
evaluate strawberry genotypes for resistance to B. cinerea, an
inoculum mixture with equal proportions of the strains
Bc62084, Bc111 and Bc9G3 was used in all three years of
the study and was prepared freshly each year prior to the
inoculation.

Molecular characterization

For DNA extraction, 40-80 mg of mycelium was harvested
from fully colonized PDA plates of each strain. The genomic
DNA was extracted using the DNeasy Plant Mini kit (QIA-
GEN). Nucleic acid concentrations were measured with a Nano-
Drop 2000c UV-Vis spectrophotometer (Thermo Fisher
Scientific Inc.) and adjusted to a concentration of 10 ng uL ™.
The molecular identification of B. cinerea was carried out with
primer pair C729+/— (Rigotti et al., 2002) with slightly modi-
fied PCR conditions. The strains were tested for benzimidazole
resistance with Bcf and BctubR primers and the products were
digested with Bsal as described by Malandrakis et al. (2011).
The strains were tested for multidrug resistance (MDR1) accord-
ing to Leroch etal. (2013) with primers BcHch262 and
BcHch520L and Hbal digestion. The MDR1 resistance group
includes fenhexamid resistance. Resistance to boscalid was
tested with the method described by Veloukas et al. (2011)
using primers H272R-fw and H272-reve followed by Hbal
digestion. All digested amplification products were separated by
agarose gel electrophoresis in 2% agarose gels for 1-5 h at
125 V.
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Artificial inoculation

As a standardized method for the determination of resistance of
strawberries towards B. cinerea, the method previously
described by Bestfleisch ef al. (2013) was modified for high
throughput and exact daily measurement of fruits and fungal
infestation. The fruits that had fully ripened, according to Com-
mission Regulations (EU) No. 543/2011 and (EEC) No. 1234/
2007 where quality standards for trade class ‘Extra’ are speci-
fied, were harvested. Non-uniform, unripe and overripe straw-
berries were discarded. Fruits from strawberry wildtype
accessions were selected for the resistance test as soon as the
fruit colour indicated the ideal ripening stage had been reached.
The degree of ripeness was crucial for the experiment due to
inhibition of Botrytis fruit rot in immature fruits and an unde-
sirable increase of other mould fungi in overripe fruits (Nunes,
2009). After harvest and acclimatization at 15°C, the sepals
were removed and the fruits were surface-sterilized in 1%
sodium hypochlorite (NaClO) and washed three times with fresh
double distilled H,O under sterile laboratory conditions. For
inoculation, the fruits were placed into aluminium boxes on fil-
ter paper.

Inoculation was performed on 12-30 fully ripened fruits per
genotype by pipetting a 5 uL. droplet of inoculum on the fruit
surface, without damaging the exocarp. Afterwards the boxes
were covered with transparent plastic lids and the inoculated
fruits were incubated at 20°C (14 h light/10 h dark) in a climate
cabinet for up to 9 days. One box contained up to six inocu-
lated strawberries and constituted one replicate. The boxes were
randomized and their positions changed within the cabinet. In
the first year, the degree of fruit rot by B. cinerea was evaluated
on a scale from 0 (no symptoms), 1 (symptoms <10%), 2 (symp-
toms 11-25%), 3 (fruit rot 26-50%) to 4 (full fruit rot >50%).
For better comparison, these scale values were recalculated into
percentage of grey mould per fruit. In the following two years,
the grey mould infestation was assessed by daily measurement
of each lesion with a caliper. Additionally, the diameter of each
fruit was recorded and the proportion of infestation (DI, disease
infestation) was calculated with the following formula:

DI = Ap/As

where Ag, is the area of the B. cinerea expansion zone and Ag is
the strawberry surface area. The fruit surface and the expansion
zones of the B. cinerea lesions were estimated with the presump-
tion of a circular shape, which was the best approximation in
most cases.

Statistical analysis

Statistical analyses were carried out using the software package
SAS ENTERPRISE GUIDE v. 4.3 (SAS Institute). The disease infestation
values from the artificial inoculation experiments were analysed
with an analysis of variance using ANova with an overall level of
probability of 0-05. Variance components were calculated for
the factors ‘cultivar’ and ‘isolate’ in the virulence test with the
MIXED procedure and the comparison of the mean values was
carried out using Fisher’s least significant difference (LSD) test
with & = 0-05. The data from the evaluation of strawberry geno-
types was analysed with the Newman-Keul’s method (SNK test,
o = 0-05) and with Duncan’s test (¢ = 0-05) to identify signifi-
cant differences. Correlations were calculated with the corr pro-
cedure using Spearman’s rank correlation coefficient .
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Results

Molecular characterization of fungal isolates

The objectives of this characterization were to demon-
strate the widespread occurrence of fungicide resistance
within the collection of isolates and to confirm that the
isolates used for the inoculation experiments were
B. cinerea. The results showed that 23 out of the 24 fun-
gal strains belonged to the species B. cinerea, whereas
strain Bc68731 was identified as Botrytis pseudocinerea.

All isolates were tested for resistance to different fun-
gicides. The B. pseudocinerea strain Bc68731 was found
to carry multidrug resistance of the MDR1 type and
Bc63444 was resistant towards boscalid. Furthermore,
resistance towards the benzimidazole fungicide, carben-
dazim, was found in Bc111, Bc112, Bc62084, Bc62086,
Bc63451, Bc63453 and Bc63444.

Characterization of fungal isolates for virulence

To evaluate the virulence of different B. cinerea isolates
and to study whether the virulence depended on a spe-
cific genotype x isolate interaction, the strains Bcl11,
Bc62084, Bc63453, Bc68731 and Bc9G3 were used in
artificial inoculation experiments with the strawberry
cultivars Darselect, Elsanta and Senga Sengana. The
fruits were also inoculated with double distilled H,O as
a negative control. There were no statistically significant
differences in the virulence of the different strains in gen-
eral (Fig. 1). However, disease symptoms were always
greater after inoculation of Darselect and Elsanta with
Bc62084 and Bc68731 compared to the control,
although differences were not statistically significant.
This contrasts with the highly susceptible cultivar Senga
Sengana, where disease symptoms after artificial inocula-
tion were always statistically significantly different from
the control. Surprisingly, individual fruits of the negative
controls also showed slight disease symptoms 9 days
after inoculation, which was assumed to be a result of
contamination or natural infection of flowers that had
occurred previously in the open field.

The analysis of variance components (Table 1) showed
that the cultivar effect is 19 times higher than the isolate
effect. A genotype x isolate interaction was not found.
The residual error is still remarkably high for the investi-
gation.

Determination of the best time point for measuring
disease symptoms

Under laboratory conditions the method of artificial
inoculation of fruits resulted in development of typical
disease symptoms. With an incubation temperature of
20°C, the first visible symptoms were recorded on inocu-
lated fruits 1-2 days post-inoculation (dpi), depending
on the genotype. The growth of the lesions increased
rapidly during the first week and reached a plateau of
full fruit rot at 8 dpi. During this time, the lesions spread
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Figure 1 Virulence of the Botrytis cinerea strains Bc9G3, Bc111,
Bc62084, Bc63453 and Bc68731 tested on three different strawberry
cultivars. Infestation is shown as the percentage of grey mould-
infected fruit surface at 6 days post-inoculation. Results are presented
combined for all cultivars (Total) and as individual cultivars. Error bars
show standard error of the mean. Different letters above bars indicate
a statistically significant difference in the mean percentage of grey
mould infestation at o = 0-05 using Fisher’s least significant difference
(LSD) test.
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Table 1 Variance components in an artificial inoculation experiment
with the strawberry cultivars Clery, Darselect, Elsanta, Florence and
Senga Sengana, and Botrytis cinerea isolates Bc111, Bc112, Bc62084,
Bc63453, Bc68731 and Bc9G3, 6 days post-inoculation

Variance component

Parameter Estimate
Cultivar 0-0247
Isolate 0-0013
Cultivar x Isolate 0
Residual Error 0-0603

in a circular shape, beginning from the centre of the
inoculation droplet, all over the fruit of susceptible culti-
vars. Figure 2 shows the typical curve of the overall
mean B. cinerea infestations in the experiment. The dif-
ferences between the strawberry genotypes were greatest
at 6 dpi (Fig. 2). Therefore, this time point was chosen
as ideal for measuring the disease symptoms and further
comparison experiments were carried out at 6 dpi.

The overall mean of Botrytis fruit rot was 61% of the
fruit surface with a mean standard error of 0-24 and a
coefficient of determination of 0-52. Comparison of four
selected strawberry genotypes revealed the characteristic
infection process for susceptible and tolerant genotypes
(Fig. 2). For the highly susceptible cultivar Polka,
B. cinerea infestations of >50% were found as early as 4
dpi. Full fruit rot of >80% occurred only 1 day later. In
contrast, the symptoms on F. vesca subsp. bracteata
remained <20% throughout the whole experiment. The
more tolerant cultivar Joerica showed comparably low
disease infestation until 6 dpi then increased rapidly at 7
and 8 dpi.

Evaluation of genetic resources for resistance to
B. cinerea

Table 2 shows the results for the resistance screening of
all genotypes. The highest infestation was found for the
cultivars Konigin Luise and Marloun as well as for the
advanced breeding clones P8093, P9017 and P5072,
which are not significantly different from each other and

100 1

Figure 2 Development of Botrytis cinerea
infection on strawberries after artificial
inoculation of fruits under laboratory
conditions. Infestation was measured daily
as the percentage of grey mould-infected
fruit surface. Error bars show standard error
of the mean. The graph shows overall means
of 107 different strawberry genotypes for
each day post-inoculation and the differential
infestation progress of four selected
strawberry genotypes: Polka and Elsanta
(highly susceptible), Joerica (tolerant) and

F. vesca subsp. bracteata (partly resistant).
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form the group of highly susceptible genotypes. The cul-
tivars Crimson King, Mrak, Rosella, Diana, Joerica,
Kimberly and the wildtype accessions F. virginiana
‘Wildmare Creek’ and F. vesca subsp. bracteata showed
significantly less symptoms than the group of highly sus-
ceptible genotypes. From the 107 genotypes investigated,
47 had an infestation >70% and were considered to be
highly susceptible, 42 were classified as susceptible (fun-
gal infestation of >40%), and at least 18 had a mean dis-
ease infestation of <40% (less susceptible). There were
no completely resistant genotypes found, but the wild-
type accessions F. virginiana ‘Wildmare Creek’ and
F. vesca subsp. bracteata and the cultivars Diana, Joerica
and Kimberly could be regarded as partly resistant geno-
types due to their mean disease infestation of <20%.

The number of genotypes per infestation class was nei-
ther spread equally nor followed a normal distribution
(Fig. 3). There were considerably more highly susceptible
cultivars than those classified as tolerant. None of the
advanced breeding clones were classified as tolerant. Cul-
tivars and wildtypes were found in nearly all infestation
classes.

Fourteen lines (nine cultivars and five advanced breed-
ing clones) were evaluated each year (Fig. 4). The overall
mean at 6 dpi was 60-2% grey mould decay with a
range from 30-8% for Arosa to 93:2% for Senga Seng-
ana. Besides Arosa, the cultivars Florence (36-:5%) and
Darselect (38-:9%) and the breeding clone P8043 were
less susceptible towards B. cinerea. The cultivars Senga
Sengana (93-2%), Mieze Schindler (91-4%), Honeoye
(77%) and Elsanta (75-9%) and the breeding clone
P8024 (76-7%) showed the greatest disease infestation
and were therefore categorized as highly susceptible. The
comparison of the mean values indicates that there is no
significant difference (Duncan’s test, P < 0-05) within the
highly susceptible genotypes. This was also true for the
less susceptible genotypes, whereas the two groups dif-
fered significantly in their mean disease infestation
(Fig. 4). Comparative analysis over the three years
showed that the results from year three were significantly
correlated with year 2 (rs = 0-55, P < 0-05) and year 1
(rs = 0-81, P < 0-05).

Days post-inoculation (dpi)
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Table 2 Disease rating of strawberry genotypes inoculated with
Botrytis cinerea in laboratory artificial inoculation experiments

Type Genotype n® DI mean + SEM®  SNK°

C Konigin Luise 6 1.00 £+ 0-00 a

C Marloun 4 1.00 + 0-00 a

P P8093 2 1.00 + 0-00 a

P P9017 2 1.00 £ 0-00 a

P P5072 2 098 + 0-02 a

W Fragaria 5 098 + 0-01 ab
moschata ‘Capron’

C Avant Tout 2 098 £ 002 ab

C Templar 2 097 £ 003 abc

C Spate Leopold 8 094 + 004 abcd

C Polka 4 093 £ 0-03 abcd

C Prinz Julius Ernst 4 092+ 004 abcd

C Tufts 5 092 £ 004 abcd

C Wunder von Kothen 2 091+ 009 abcd

P P6241 2 090 + 010 abcd

C Peltata 4 090 + 0-06 abcde

C Cambridge Late Pine 6 0-89 &+ 0.07 abcdef

C Sweet Eve 3 089 +010 abcdef

C Hansa 3 088 +£ 0.07 abcdefg

P P7095 4 087 £ 0.08 acbdefgh

C Senga Sengana 8 087 £ 005 acbdefgh

C Mieze Schindler 8 0.86 + 0-:05 acbdefgh

C Yamaska 5 086 &+ 0.07 abcdefghi

C Papa Lange 5 085+ 005 abcdefghi

P P9016 6 0-85 + 0-09 abcdefghi

C Panther 5 0-83 £ 0-09 abcdefghi

P P8024 7 082 +£0.08 abcdefghi

W F. moschata ‘Franken’ 14 082 +£ 0-07 abcdefghi

C Solotaya 5 082 £ 008 abcdefghi

W F. moschata 5 082 + 0-04 abcdefghi
‘Marie Charlotte’

C Juline 6 081+ 005 abcdefghi

C Elsanta 14 0-81 + 0-06 abcdefghi

C Mara des Bois 7 0-80 £+ 0-06 abcdefghi

C Cambridge 4 079 £ 0-06 abcdefghi
Pricewinner

C Sturms ZuckersuBe 5 079 £ 0-09 abcdefghi

C Benamil 4 078 + 0-08 abcdefghi

W F. moschata ‘Bauwens’ 10 078 £ 0-10 abcdefghi

W Fragaria 5 077 +£ 0-09 abcdefghi
vesca ‘llla Martin’

C Aroma 5 075 +012 abcdefghi

C Mainperle 5 075+ 005 abcdefghi

C Duretta 3 074 +£014 abcdefghi

C Everest 7 073 £ 007 abcdefghi

C Red Coat 4 073 £ 0-00 abcdefghi

C Vikat 5 072+ 002 abcdefghi

C Antea 6 071+ 010 abcdefghi

C Senga Dulcita 3 071 +£005 abcdefghi

C Honeoye 10 070 + 0-07 abcdefghi

C Frabella 3 070 £ 0-11 abcdefghi

C Oberschlesien 5 069 £ 0-06 abcdefghi

C Arista 5 069 £ 015 abcdefghi

C Fructarina 4 068 + 0-21 abcdefghi

C Pyretta 2 068+ 005 abcdefghi

C Karla 4 066 + 016 abcdefghi

C Rheingold 5 066 + 007 abcdefghi

C Heidekind 3 065+ 0:33 abcdefghi

C Georg Soltwedel 7 065 +013 abcdefghi

C Prelude 4 064 + 010 abcdefghi

(continued)

Table 2 (continued)

Type Genotype n® Dl mean + SEMP  SNK°®
C Symphony 3 064+ 025 abcdefghi
P P9036 2 064 +016 abcdefghi
C Joly 3 060+ 020 abcdefghi
P P7077 5 060+ 0-13 abcdefghi
C Clery 18 0:56 £+ 0-08 abcdefghi
P P8049 7 056+ 011 abcdefghi
C Charlotte 8 055 + 0-08 abcdefghi
C Sentinel 3 054 +015 abcdefghi
P P7188 11 053 £+ 0-09 abcdefghi
C Bella 2 052 + 002 abcdefghi
P P7201 12 052 + 0-08 abcdefghi
C Paula 2 050 £+ 0-20 abcdefghi
C Dorena 6 050 + 0-08 abcdefghi
C Alba 3 049 +025 abcdefghi
C Galia 9 048 +0-10 abcdefghi
C Eve’s Delight 5 048 £ 015 abcdefghi
C Salsa 2 047 £ 012 abcdefghi
C Florence 16 047 + 0-08 abcdefghi
W Fragaria 5 046 + 010 abcdefghi
nilgerrensis ‘FRA078’
C Lambada 3 046 +£0.04 abcdefghi
W F. nilgerrensis "Yunnan’ 5 046 + 007 abcdefghi
C Asia 4 0.45 £+ 0-.06 abcdefghi
P P8043 10 044 £+ 0-09 abcdefghi
C Albion 3 044 +022 abcdefghi
P P8071 3 044 +£020 abcdefghi
C Sieger 3 044 +014 abcdefghi
C Macherauchs Frihernte 2 044 £ 021 abcdefghi
C Roxana 5 042+012 abcdefghi
P P9042 7 042 £ 008 abcdefghi
C Elianny 3 041+ 008 abcdefghi
C Apetita 5 040+ 011 abcdefghi
C Fraroma 4 040 + 0-08 abcdefghi
C Malwina 6 040 + 010 abcdefghi
W F. vesca f. alba 13 0:39 £+ 0-09 abcdefghi
C Daroyal 4 039 +017 abcdefghi
C Darselect 13  0:38 + 0-08 abcdefghi
C Dely 3 037 £ 009 abcdefghi
w F. viridis ‘Neddesitz’ 5 0-37 £ 009 abcdefghi
C Viktoriana 8 0-36 + 0-05 abcdefghi
C Reusraths Allerfriheste 3 035+012 abcdefghi
C Arosa 12 035 + 0-08 abcdefghi
C Donna 7 033 +013 abcdefghi
C Figaro 7 029 £ 0-09 abcdefghi
C Crimson King 3 027 + 007 bcdefghi
C Mrak 4 026 + 003 cdefghi
C Rosella 3 024 £0.083 defghi
C Diana 8 019 £ 0.07 efghi
C Joerica 7 019 £ 004 fghi
W F. virginiana 5 017 £ 010 ghi
‘Wildmare Creek’
C Kimberly 4 017 £ 0.07 hi
w F. vesca subsp. 5 015+ 0-08 i
bracteata

C, cultivar; P, Pillnitz breeding clone; W, strawberry wildtype acces-
sion.

#Number of replicates, where one replicate consists of six inoculated
fruits.

®Mean B. cinerea fruit rot disease infestation over all replications + SE
of the mean.

°Significance according to the SNK test, where mean values with the
same letters are not significantly different.
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Figure 3 Distribution of strawberry genotypes after artificial inoculation
with Botrytis cinerea, 6 days post-inoculation. Genotypes were classed
according to the level of infestation observed. The number of wild type,
breeding clones and cultivars in each class are shown. Total n = 107
genotypes.

Field experiments

The susceptibility of 60 genotypes towards B. cinerea
was assessed in a 2-year field experiment under natural
conditions. At each harvest date, the harvested strawber-
ries of each unit were counted, weighed and grouped
into the three categories: marketable, B. cinerea-infected,
and waste. Figure 5 shows the percentage of Boirytis-
infected fruits per genotype for the first year of the
trial. The disease severity in year 1 resulted in a mean
B. cinerea infestation of 11-5%, whereas in the second
year it was only 4-9%. The correlation analysis revealed
that disease infestation levels for year 2 did not correlate
with the results from year 1 (rs = 0-11, P = 0-5). In early
summer of year 2, just before beginning of the harvest
season, there was a big flood in Dresden and the field
was partially affected by the increased level of ground
water for c. 2 weeks followed by a subsequent period of
drought. Due to the abnormal weather conditions and
the insufficient overall disease expression in year 2, fur-
ther data analyses were carried out with the results from
year 1. The highest infestation was found in cultivars Vi-
kat (26%), Georg Soltwedel (26%), Panther (32%),
Mainperle (36%) and Papa Lange (44%). More than
half of the 60 genotypes (33) showed disease symptoms
<10%. Cultivars Segal and Hood, and breeding clones
P8043 and P5518, showed only minor symptoms with
<5%. Furthermore, a significant medium linear correla-
tion (rg=0-53, P <0:001) was found between the
results obtained by artificial inoculation and those
obtained from the field experiment in year 1. All geno-
types from the field trial that were classified as highly
susceptible also showed high infestation rates in the arti-
ficial inoculation experiment. In contrast, not all of the
less susceptible genotypes of the open field experiment

Plant Pathology (2014)

also had low disease infestation values in the inoculation
experiment.

Discussion

A standardized test under laboratory conditions can lead
to more reproducible data and can therefore be used
effectively for evaluation of strawberry germplasm and
cultivar descriptions. Different inoculation methods and
incubation conditions tested revealed that the best repro-
ducible results could be obtained by artificial inoculation
of fruits under laboratory conditions (Bestfleisch et al.,
2013). The resistance to B. cinerea is quantitative and
influenced by environmental factors as well as by general
plant and fruit robustness. To compare the resistance of
different genotypes, it is essential to use only fruits that
are at the ideal ripening stage. During the ripening of
strawberry fruits, an increase in simple sugars, anthocya-
nin contents, red colour pigments and aroma volatiles
contrasts with a decrease in organic acids and phenolics
(Nunes, 2009). In the postharvest period, the softening
of strawberry fruits is accompanied by the loss of cell
wall material, which seems to be more pronounced in
the cortical tissue than in the pith tissue (Heng Koh &
Melton, 2002). During fruit ripening there is also a two-
phase and dual mode flavonoid biosynthesis (Halbwirth
et al., 2006) resulting in a significant shift in the amount
of different flavonoid classes. During early stages of fruit
development large amounts of different 3',4'-hydroxyl-
ated flavan-3-ols and proanthocyanidin derivatives accu-
mulate. They are thought to suppress the grey mould
pathogen, which remains quiescent after infecting the
flower until fruit ripening (Schlosser, 1994). At later
stages of fruit development, strawberry fruits become
bright to dark red, coloured by different derivatives of
the anthocyanidins pelargonidin and cyanidin, which are
the main pigments of strawberry fruits (Goiffon et al.,
1999; Nyman & Kumpulainen, 2001; Andersen et al.,
2004). Flavonols are also formed at these stages, which
were shown to serve as co-pigments (Henning, 1981;
Hertog et al., 1992; Hakkinen & Auriola, 1998; Hakki-
nen & Torronen, 2000; Olsson et al., 2004). At the same
time there is a significant decrease of 3’,4’-hydroxylated
flavan-3-ols and proanthocyanidins. These biochemical
and structural changes lead to optimal conditions for the
development of the grey mould fungus. They are thought
to be responsible for the differences in susceptibility of
the strawberry genotypes.

An artificial test of strawberry genetic resources for
resistance to B. cinerea was successfully established
within the present study. This test was shown to be
reproducible and gave results that were comparable to
results obtained in the field. The field trial results
included both primary and secondary infections with
B. cinerea, whereas the artificial inoculations simulated
secondary infections. Secondary infections are becoming
more important because they can occur during transpor-
tation, storage and trade of fruits. Furthermore, the test
is simple and can be used for high-throughput screening.
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mean. Shading indication according to the results from a 3-year artificial inoculation experiment: grey, highly susceptible genotypes; white, less

susceptible genotypes.

The artificial test was used to evaluate 107 strawberry
genotypes of the National Fruit Genebank belonging to
the Julius Kihn-Institute in Dresden (Germany). Most
strawberry cultivars were susceptible or highly suscepti-
ble towards grey mould, but there were less susceptible
cultivars such as Joerica, Arosa, Florence and Darselect
with adequate fruit size and yield that can be recom-
mended for strawberry cultivation in Europe to reduce
losses due to B. cinerea and which might be profitable
for both organic and conventional farming. As B. cinerea
can rapidly develop resistance against fungicides, often
as a result of point mutations at the fungicide target site,
the strategy of breeding resistant strawberry cultivars is
of high importance. The difference in susceptibility of
the genotypes in the study is extremely pronounced and
there is high potential in the genetic pool of strawberry.
However, there was no evidence from the present study

for monogenic resistance, which presents a challenge for
targeted breeding of new resistant cultivars. The partly
resistant wildtype accession F. vesca subsp. bracteata
might be the best donor for resistance within the mate-
rial investigated but, because of its diploid nature, it
could not be used directly for crossing with the octoploid
F. x ananassa. Interspecific hybridization of F. vesca
subsp. bracteata with F. x vescana (decaploid) could
result in a number of hexaploid progeny, which could
then be used for backcrossing with F. x vescana again
to obtain octoploids. As the fruits of the wildtype acces-
sion F. vesca subsp. bracteata are very small (1-0-1-5 cm
diameter), many backcrosses may be necessary to obtain
fruits of marketable size and quality. Positive traits such
as the superior taste and aroma of F. vesca subsp. bracte-
ata fruits could possibly be lost during such a long breed-
ing procedure. It is questionable whether such a breeding

Plant Pathology (2014)
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strategy is wise and/or feasible. Therefore, future experi-
ments will include further strawberry wildtype accessions
of the octoploid species F. virginiana and F. chiloensis.
However, the enhancement of the genetic pool of culti-
vated strawberry using F. vesca subsp. bracteata could
potentially be of benefit for both resistance and the
aroma of strawberry.

Further evaluation of more than 300 additional straw-
berry genotypes from the collection in the fruit gene
bank of Dresden Pillnitz will continue. Test crossings
with the partly resistant genotypes have already been
conducted in order to study the inheritance of the resis-
tance trait.
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Kurzfassung:

Die eckige Blattfleckenkrankheit, verursacht durch Xanthomonas fragariae, ist eine wichtige
Pflanzenkrankheit mit gravierenden Auswirkungen auf die Erdbeer-Jungpflanzenproduktion. Zur
Zeit ist kein chemisches Pflanzenschutzmittel verfligbar, um die Krankheit effektiv zu bekdmpfen.
Der Anbau widerstandsfahiger Sorten scheint eine erfolgversprechende Strategie zu sein, jedoch
sind alle kommerziell angebauten Sorten anféllig und es konnte noch kein potenzieller
Resistenzdonor identifiziert werden. Daher wurden im Rahmen dieser Studie insgesamt 145
Genotypen aus der Sammlung der Obst-Genbank des JKI in Dresden-Pillnitz mittels kinstlicher
Inokulation hinsichtlich ihrer Resistenz gegeniiber X. fragariae evaluiert. Davon wurden sechs
Genotypen als teilweise resistent eingestuft, von denen zwei Zuchtklone (US4808 und US4809)
oktoploid sind. Fragaria vesca f. alba, Fragaria nilgerrensis ‘Yunnan’, F. vesca ‘Illa Martin’ und
F. moschata ‘Bauwens’ wurden ebenso als teilweise resistent eingestuft, konnen aber aufgrund
ihres Ploidiegrades nur bedingt in Zuchtprogrammen verwendet werden. Vollig resistente
Genotypen wurden nicht gefunden. Die systemische Ausbreitung der Bakterien in der Pflanze
wurde nach einer Inokulation der Blatter mit den Stdmmen XF3.9.C und dem GPF-markierten
Stamm XF3.9.Cpkan) untersucht. Die systemische Ausbreitung wurde an 3, 7, 14 und 28 Tagen
nach Inokulation mit einem nested-PCR Nachweis und mittels Fluoreszenzmikroskopie genauer
untersucht. Bereits drei Tage nach Inokulation konnte X. fragariae in allen getesteten
Gewebeproben des inokulierten Blattes, dessen Blattstiel, dem Rhizom, der Herzknospe, bis hin

26



Publikationen

zum jlngsten vollstandig entfalteten Blatt und dessen Blattstiel nachgewiesen werden. Die
systemische Ausbreitung konnte auch in den teilweise resistenten Genotypen nachgewiesen werden.
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Resistance and systemic dispersal of Xanthomonas fragariae
in strawberry germplasm (Fragaria L.)
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The angular leaf spot disease caused by Xanthomonas fragariae is an important plant disease with major impact for
the strawberry nursery industry. Currently there is no plant protection product available for controlling the disease
effectively. Planting of resistant cultivars seems to be promising, but all commercially used cultivars are susceptible and
no donor with a high level of resistance has yet been found. Therefore, a total of 145 genotypes from the Fruit Gene-
bank Dresden (Germany) were evaluated for resistance to X. fragariae by artificial inoculation. Sx genotypes were
classified as partly resistant, out of which only two (U808 and U$4809) are octoploid. Fragaria vesca f. alba,
Fragaria nilgerrensis ‘“Yunnan’, F. vesca ‘llla Martin’ and F. moschata ‘Bauwens were also classified as partially resis-
tant, but they are only of limited use for breeding because of their variable ploidy level. Fully resistant genotypes could
not be detected. The systemic dispersal of the bacteria in strawberry plants was investigated after inoculation of leaves
with X. fragariae strain XF3.9.C and the GFP-tagged strain XF3.9.Ckany). The systemic spread was evaluated after 3,
7, 14 and 28 days post-inoculation (dpi) by nested PCR and fluorescence microscopy. After 3 dpi, X. fragariae could
be found in all tissues tested including the inoculated leaf, its petiole, the rhizome, the heart bud up to the youngest

fully expanded leaf and its petiole. The systemic spread was also detectable in partially resistant genotypes.

Keywords: angular leaf spot, Fragaria, resistance, strawberry, Xanthomonas fragariae

Introduction

In the cultivation of strawberries (Fragaria 9 ananassa),
the angular leaf spot disease caused by Xanthomonas
fragariae is currently the most important and widespread
bacterial disease worldwide (Maas, 1998). Snce its first
description (Kennedy & King, 1962a) and taxonomic
classification (Kennedy & King, 1962b) in North Amer-
ica, X. fragariae has spread worldwide among the straw-
berry growing regions by trade of runner plants with
latent invisible infections. Angular leaf spot disease is
now of great concern to the strawberry nursery industry
(Jamieson et al., 2013). Even though plant protection
organizations have tried to prevent further increase of
the disease, X. fragariae is till spreading, originally
starting from North America (Kennedy & King, 1962a;
Epstein, 1966; Howard, 1971; Ritchie et al., 1993;
Mahuku & Goodwin, 1997), to all over Europe during
the 1970s (Zimmermann et al., 2004; EPPO, 2006;
Ustun et al., 2007), and is now present even in Australia
(Gillings et al., 1998; Young et al., 2011). Detection of

*E-mail: henryk.flachowsky@jki.bund.de

2 2014 British Society for Plant Pathology

the pathogen in symptomless plants is therefore of high
importance and has been improved in numerous molecu-
lar investigations with enzyme-linked immunosorbent
assays (ELISA), conventional polymerase chain reactions
(PCR) and highly sensitive nested PCR methods, which
are used in standardized screening to date (Hildebrand
et al., 1990; Rowhani et al., 1994; Civerolo et al., 1997;
Roberts et al., 1998; Soger & Ruppitsch, 2004; Zim-
mermann et al., 2004; Hsu et al., 2006; Turechek et al.,
2008; Vandroemme et al., 2008; Kumar et al., 2012).
Disease progress of angular leaf spot begins with the
invasion of X. fragariae through natural openings, such
as stomata and hydathodes or wounds. The bacteria
enter the intercellular space for multiplication and bind
to host cells, supported by exopolysaccharides. One of
the most important mechanisms for the manipulation of
host cells is the type 3 secretion system (T3SS) which
penetrates the host cell wall and cell membrane. It serves
as a hollow needle-like structure to infiltrate more than
25 effector proteins into the host cytosol (Kay & Bonas,
2009). The first visible symptoms occur as water-soaked
bacterial lesions of 0-5-2 mm diameter, which are
restricted by small leaf veins in early stages and appear
angular in shape. Later, these lesions spread over the
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foliage and form larger necrotic spots. Finally, plants suf-
fer from vascular collapse (Hildebrand ez al., 1967).
Fruits are not primarily affected by the bacteria, but their
marketability can suffer from discolouration of the calyx
and vyield loss through constitutional weakness of the
plants. Yield losses due to X. fragariae have been repo-
rted to range from 8% (Roberts et al., 1997) up to 80%
(Epstein, 1966) in North America, but exact data for the
quantification of economic losses are not available at
present. Chemical control of the disease is difficult.
Treatments with streptomycin and oxytetracycline were
effective against the pathogen in vivo, but there is a risk
of formation of resistant populations under field condi-
tions and the antibiotics are not registered for use in
strawberry production (Roberts et al., 1997). Mixtures
of copper compounds and the fungicide mancozeb
were found to be effective against Xanthomonas but
they show/can show phytotoxicity (Conover & Gerhold,
1981; Marco & Stall, 1983; Roberts et al., 1997). Cur-
rently there is no plant protection product on the market
that is effective against X. fragariae in strawberries and
therefore the planting of resistant cultivars represents an
important alternative strategy. Unfortunately, all culti-
vars currently available on the European market are
more or less susceptible to the disease. Therefore, breed-
ing of durable resistant cultivars with excellent fruit
quality is urgently needed. The success of such breeding
programmes depends on the availability of resistance
donors that pass on the trait effectively and to a high
number of progeny.

Numerous cultivars, wild species and advanced breed-
ing clones from different strawberry breeding pro-
grammes have been evaluated for resistance (Roberts
et al., 1997; Maas et al., 2000, 2002; Hildebrand et al.,
2005; Xue et al., 2005; Perez-Jimenez et al., 2012; Ja-
mieson et al., 2013), but until now only two resistant
octoploid genotypes, designated as US4808 and US4809,
have been detected by the USDA national germplasm
repository (Hartung ef al., 2003). Recent breeding exp-
eriments with these genotypes showed that their resis-
tance is based on three or four unlinked loci (Lewers
et al., 2003). Therefore, the resistance can be inherited
by only a small percentage of the progeny. To broaden
the availability of durable resistant cultivars by pyramid-
ing different resistance mechanisms, further resistance
donors in octoploid breeding material are urgently
required.

The main objective of this study was therefore the
evaluation of strawberry genotypes for resistance to
X. fragariae within the strawberry germplasm collection
of the National Fruit Genebank at the Julius Kuehn-Insti-
tute (JKI) in Dresden-Pillnitz, Germany. In experiments
with potted plants inoculated and grown under green-
house conditions, a total of 119 cultivars, eight wildtype
accessions and 18 advanced breeding clones from the
Pillnitz strawberry breeding programme were evaluated
over three years. In addition, the US breeding clones
US4808 and US4809 were included in the resistance
screening to confirm their formerly described resistance.

To provide more detailed information on pathogen
development and spread within its host plant, inocula-
tion with a fluorescent reporter strain of X. fragariae
and detection by PCR were also used. Different plant tis-
sues, with and without symptoms, were analysed sepa-
rately and over time by fluorescence microscopy and
nested PCR (Zimmermann et al., 2004).

Materials and methods

Plant material

The strawberry genotypes used in this study (Table S1) were
selected from the collection of the National Fruit Genebank at
the Institute for Breeding Research on Fruit Crops Dresden-Pill-
nitz, Germany. For each genotype, 10 healthy runner-plants
were propagated and transplanted to the field in August 2010/
2011 as mother plants. The plants for resistance screening in the
greenhouse were propagated from these mother plants grown in
the experimental field, which is located near Dresden-Pillnitz.
The average temperature at the location is 9-2°C with 647 mm
of annual average precipitation at an altitude of 113-118 m
a.s.l. and the soil is a sandy loam Luvisol with a pH of 6-0
(2010). The mother plants were treated according to the rules of
integrated pest management. Before the experiments, plants
were examined randomly for the latent presence of X. fragariae
by nested PCR.

In total, 145 strawberry genotypes were evaluated, including
119 cultivars (Fragaria x ananassa). The cultivar selection
included the currently commercially available cultivars as well
as a large number of cultivars that were released in past centu-
ries. Furthermore, eight wildtype accessions of Fragaria mosch-
ata, Fragaria nilgerrensis, Fragaria vesca, Fragaria virginiana
and Fragaria viridis as well as 18 advanced breeding clones (Fra-
garia x ananassa) from the Dresden-Pillnitz strawberry breeding
programme were tested. The cultivars Elsanta, Clery, Honeoye
and Galia were tested in three subsequent years and a further
48 genotypes were tested repeatedly in 2 years.

For the investigation of the spatial and temporal distribution
of X. fragariae within individual strawberry plants, a set of
selected genotypes was used including 16 plants each of Elsanta,
Clery, F. moschata ‘Bauwens’ (FRA0048) and F. vesca f. alba
(FRA0185).

Cultivation of bacteria and artificial inoculation

Artificial inoculation of strawberry plants was performed with
the X. fragariae strains Xf3.9.C, Xf3.9.F and strain 315 from
the strain collection of the Julius Kiihn-Institute, Institute for
Resistance Research and Stress Tolerance (Quedlinburg, Ger-
many). All strains originate from strawberry plantations in
southwest Germany. The bacteria were cultivated on YDC med-
ium containing 2% glucose, 1% yeast extract, 1-5% agar and
2% calcium carbonate diluted in sterile tap water with a pH of
7-0. Inoculum was prepared from YDC plates after 7 days’ incu-
bation by resuspending the bacteria in 5 mL sterile tap water
and adjusting the cell density in a haemocytometer to a concen-
tration of 10° colony-forming units (CFU) per mL.

Potted strawberry plants were inoculated 3-4 weeks after
planting, when they had developed at least three fully expanded
trifoliate leaves. Different inoculation techniques were compared
in the first year of the investigation. All plants were inoculated
both by brushing the abaxial sides of the leaves with a paint-
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brush dipped in inoculum and by cutting one leaf per plant with
scissors that had been dipped into inoculum before. In the sec-
ond and third year of the investigation all plants were inocu-
lated with a customary pressure sprayer (Prima 5 Type 39 TE,
GLORIA®, Witten, Germany) at 200-300 kPa. The spray was
held at a distance of 20-30 cm from the leaves to achieve good
coverage.

For a separate experiment investigating the systemic dispersal
of X. fragariae within individual plants, only the youngest fully
expanded trifoliate leaf of each plant was inoculated on the abax-
ial side with a dipped paintbrush and labelled with a coated wire.

All inoculation experiments were conducted under greenhouse
conditions. Directly after inoculation, the plants were covered
with plastic tunnels and the humidity was increased by flooding
the irrigation mats on the tables for several minutes. The rela-
tively high daytime temperatures of 25°C were lowered to 10°C
overnight to induce guttation in the plants, which opens the
hydathodes, a natural entrance for the bacteria. After 3-5 days,
the plastic tunnels were removed and the plants were cultivated
under normal greenhouse conditions with plant protection mea-
sures following the guidelines of integrated pest management.

Symptom evaluation and statistical analysis

The plants were evaluated for symptom severity on a scale from
1 to 9. The rating was based upon the percentage of visible leaf
area with symptoms from 1 (0-0-5%), 2 (0-5-1%), 3 (1-2%), 4
(2-4%), 5 (4-8%), 6 (8-16%), 7 (16-32%), 8 (32-64%) to 9
(64-100%). Plants were evaluated 21, 28, 35, 42 and 112 days
post-inoculation (dpi). Each experiment was arranged in a fully
randomized complete block design with three repetitions, with a
single repetition consisting of 3-10 plants per genotype. Evalua-
tion data were analysed with the statistical software package sas
ENTERPRISE GUIDE v. 4.3 (SAS Institute). Analysis of variance was
also carried out with the aNova procedure. For the comparison
of means, the LSD test with o = 0-05 was chosen. Correlations
were computed within the COrrR procedure using Spearman’s
rank correlation coefficient 7.

Sample preparation and analysis with nested PCR

For investigation of systemic dispersal of X. fragariae, four
plants of each genotype were sampled, once before inoculation
and subsequently after 3, 7 and 14 days. Plants were dissected
in the laboratory under sterile conditions. All instruments such
as scissors, forceps, scalpels and razor blades that were used for
preparation were sterilized by flaming with 99% ethanol before
and after each sample was taken. From each plant, 80-90 mg of
the following parts were removed, transferred into 2-mL reac-
tion tubes and frozen in liquid nitrogen: a 1-1-5 cm circular
piece from the middle of both the youngest fully expanded leaf
without visible symptoms and from the inoculated leaf, a 1-
2 cm piece of petiole from the same leaves, the inner part of the
heart bud and the inner part of the peeled rhizome.

Genomic DNA was isolated from the samples using the
DNeasy Plant Mini kit (QIAGEN) to remove PCR inhibitors,
quantified with a NanoDrop 2000c UV-vis spectrophotometer
(Thermo Fisher Scientific Inc.) and adjusted to a concentration
of 10 ng mL™" for further analysis.

Detection of X. fragariae DNA in the samples was carried out
with nested PCR (Zimmermann et al., 2004) using the primers
245A, 245B, 245.5 and 245.267 that result in the amplification
of a 286 bp product. The PCR conditions were slightly modified
using Phusion high-fidelity DNA polymerase (New England
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Biolabs) and separating the amplification products by gel elec-
trophoresis with 1-5% agarose gels for 2 h at 120 V. The PCR
analysis was repeated three times to prevent the risk of picking
contaminated samples.

Analysis of X. fragariae spread using a GFP-tagged
reporter strain

Electrocompetent cells of Xf3.9.C were produced according to
the following method. Bacteria were cultivated on YDC agar
and incubated at 28°C for 6 days. From these plates, the bacte-
ria were densely restreaked on YDC medium and incubated at
28°C for 48 h to obtain a reasonable amount of fresh cells.
Cells were washed from the plates with 6 mL sterile ddH,O and
harvested by centrifugation at 4°C at 18 407 g for 5 min. Pellets
were washed twice in 3 mL ice-cold sterile ddH,O and once in
1 mL ice-cold sterile 15% glycerol. Finally, the pellets were
resuspended in 100 pL ice-cold 15% glycerol. The electrocom-
petent cells were stored until use at —80°C. A fluorescent repor-
ter strain of X. fragariae was created by transformation with the
GFP expression plasmid pKAN (Joyner & Lindow, 2000).
Aliquots of 40 uL of cells were electroporated with 1 uL plas-
mid preparation. After electroporation with pKAN, cells were
incubated at 28°C for 2 h and plated on YDC medium contain-
ing 50 ug mL™! kanamycin. Transformants were selected after
5 days’ incubation at 28°C for their ability to grow on kanamy-
cin and expression of GFP. Positive colonies were verified as
X. fragariae with nested PCR. Fifteen positive colonies were
evaluated for fluorescence intensity by fluorescence microscopy
and strain Xf3.9.Cxan)_11 was selected for subsequent plant
experiments. The strain was cultivated further for 6 months on
YDC agar and periodically examined visually under the fluores-
cence microscope. During this time, no obvious decline in the
flurorescence intensity could be observed. It was therefore con-
cluded that the plasmid could be considered stable. Plants were
inoculated and incubated as described above. After 4, 7, 14 and
28 days, four samples of six tissues were analysed for visual flu-
orescence of Xf3.9.Ckan)_11 by reflected-light fluorescence
microscopy.

Results

Infection progress of X. fragariae with different
artificial inoculation techniques

The artificial inoculation of young strawberry plants
under greenhouse conditions resulted in development of
typical symptoms in all three years of the experiment. In
year 1, different inoculation methods were compared
and inoculation by brushing the abaxial side of the
leaves with inoculum led to a more reliable infection of
the plants. Cutting leaves with inoculum-bearing scissors
caused necrosis at the wounds of the injured leaves, but
successful infections were observed infrequently. Spray
inoculation of the plants turned out to be the most effi-
cient technique as it produced typical disease symptoms
(Fig. 1) and was applicable in large screening experi-
ments. The disease progress in the 40 commercially
available cultivars was assessed in year 1 after 15, 21, 35
and 62 days. First symptoms appeared after 15 days and
the mean disease incidence at that time point was 2-7
progressing up to 3-6 at 21 dpi, 4-9 at 35 dpi and 6-4 at
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Figure 1 Typical disease symptoms of Xanthomonas fragariae in
artificial inoculation experiments at 35 days post-inoculation, cultivar
Darselect.

62 dpi tested in year 1. The time point 35 dpi was
selected as the best time point for the detection of
differences in the disease incidence between genotypes
with a range from 2-5 to 6-2 on the evaluation scale. In
years 2 and 3, the respective sets of 96 and 69 genotypes
were assessed for disease progress. The first symptoms
appeared after 21 dpi and the mean disease incidences at
35 dpi were lower than in year 1, with 2-8 in year 2 and
2-4 in year 3.

Screening for resistance to X. fragariae in strawberry
germplasm

In the three years of the artificial inoculation experiments
a total of 145 strawberry genotypes were evaluated for
their susceptibility to X. fragariae. According to their
mean disease incidence at 35 dpi, the genotypes were
classified as partly resistant, medium resistant, susceptible
and highly susceptible, as shown in Table 1. Statistical
analysis revealed significant differences in the mean dis-
ease incidence between all resistance classes (P < 0-05).
A total of six genotypes were found to be partly resistant
to X. fragariae. In particular, these included the US
breeding clones US4808 and US4809 with mean disease
incidences of 1-0 and the four strawberry wildtype acces-
sions F. vesca f. alba (FRA0185) (1-3), F. nilgerrensis
“Yunnan’ (FRA0080) (1-5), F. vesca ‘Illa Martin’
(ERB0438) (1-5) and F. moschata ‘Bauwens’ (FRA0048)
(1-5). The highest infection rates were found for the culti-
vars Salsa (5-6), Korona (5-6), Asia (5-7), Evi2 (5-8), Polka
(6-1) and Berneck1 (6-2) with heavy symptoms of angular
leaf spot disease all over the inoculated plants. The
complete results for the evaluation of all 145 genotypes
are given in Table S1.

Moreover, 48 genotypes were evaluated in two subse-
quent years. The results from both years show a medium
linear correlation (rp = 0-48, P < 0-05), which is signifi-
cant. Figure 2 shows their mean disease incidence in
ascending order from the least susceptible genotypes
F. vesca f. alba and F. moschata ‘Bauwens’ to the highly

Table 1 Number of strawberry genotypes according to their resistance
to Xanthomonas fragariae (Xf) in artificial inoculation experiments, 35
days post-inoculation

Strawberry

genotype®
Resistance class® C B w Total Mean Xf LSD°
R (1-0-1-5) 0 2 4 6 1.30 a
MR (1-6-2-5) 31 5 4 40 223 b
S (2:6-3-5) 52 7 0 59 2-89 o]
HS (>3:6) 36 4 0 40 4.75 d
Total 119 18 8 145 3-16

@Classes are given according to the mean value of disease incidence
evaluation from 1 = no symptoms to 9 = fully necrotic leaves. R, partly
resistant; MR, medium resistant; S, susceptible; HS, highly susceptible.
°C, cultivar of Fragaria x ananassa; B, breeding clone; W, strawberry
wildtype accession.

°Significant differences between the resistance classes are indicated
by different letters (LSD test, « = 0-05).

susceptible genotypes Zarathustra and Salut. The mean
disease incidence for this set of genotypes was 2-6 on the
evaluation scale with a standard deviation of 0-32.
Among these genotypes, the majority can be classified as
susceptible.

During the further course of the experiment in year
2, a set of 32 genotypes was investigated up to 112
dpi. The final evaluation showed a noticeable change in
the disease progress. While the primarily inoculated
leaves were withered away, not all of the young leaves
showed symptoms as well. The difference in the pro-
portion of plants with symptoms per genotype is shown
in Figure 3 in combination with the mean disease of
the plants with symptoms after 112 dpi. While the
evaluation of the mean disease incidence of plants with
typical symptoms ranges between 2 and 3 for most
genotypes, the proportion of plants with symptoms per
genotype ranges from 0% for F. vesca f.alba and
F. moschata ‘Bauwens’ up to 100% for Arosa and Jo-
erica. Altogether, the disease incidence decreased com-
pared to the previous evaluation at 35 dpi. In most
cases, the originally inoculated leaves were withered
away at that time point and not all of the young leaves
showed symptoms.

Investigations of systemic dispersal of X. fragariae
within strawberry plants

A detailed analysis of the systemic dispersal of
X. fragariae within the plant tissue after artificial inocu-
lation was carried out with specific molecular detection
and by visualizing the disease progress in living plant
material after inoculation with the strains XF3.9.C and
X£3.9.Cpran_11.

Figure 4 shows the abaxial side of leaf samples of the
highly susceptible cultivar Darselect under the reflected-
light microscope and with UV light in comparison at 4
dpi with Xf3.9.C,xan)_11. At that time point, the plants
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Strawberry genotypes (Fragaria L.)

Figure 2 Disease incidence on 48 different strawberry genotypes at 35 days post-inoculation with Xanthomonas fragariae in artificial inoculation
experiments over two consecutive years. The scale for disease incidence evaluation is from 1 (no symptoms) to 9 (fully necrotic leaves). For each
genotype, 20-30 plants were evaluated. Error bars show the standard error of the mean.

had not yet developed any visible symptoms. Presence of
GFP-tagged X. fragariae is visualized by strong fluores-
cence in the leaf veins in Figure 4a. In contrast, there is
no fluorescence in the leaf veins of the water- inoculated
control in Figure 4b. The higher magnification of the sto-
matal area in Figure 4c shows green fluorescence of the
bacteria in the stomata, the adjacent guard cells and in
the intercellular space of epidermal cells.

The results of the PCR detection of the pathogen in
samples of the inoculated leaf and its petiole, the rhi-
zome, heart bud and the youngest fully expanded unin-
oculated leaf and its petiole are represented in Figure 5.
No X. fragariae infection could be detected in the sam-
ples before inoculation. At 3 dpi, X. fragariae DNA
could be found in all tissue samples. Also at 7 dpi and
14 dpi X. fragariae DNA was present in all samples.
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The plants of Darselect developed typical symptoms of
angular leaf spot disease on their leaves around 28 dpi.
The GFP-tagged X. fragariae strain Xf3.9.Cpxan_11
showed the same virulence as the X. fragariae wildtype
strain, resulting in translucent bacterial lesions, bounded
by small leaf veins, that appeared in the typical angular
shape. The first lesions were visible along the main leaf
vein as shown in Figure 6a. The lesions and parts of the
leaf veins were filled completely with the bacteria result-
ing in strong fluorescence under UV light (Fig. 6b). Fig-
ure 6¢ shows an area of high lesion density between two
main leaf veins with a high amount of fluorescence activ-
ity (Fig. 6d). A higher magnification of an emerging
lesion adjacent to a leaf vein, seen under white light, is
shown in Figure 6e. The same lesion under UV light
(Fig. 6€) shows high densities of green fluorescing X. fra-
gariae cells in the leaf vein and also in tissue adjacent to
the visible lesion, where no symptoms are visible under
white light. Molecular diagnostics with the nested PCR
verified the presence of X. fragariae DNA in all samples
at 28 dpi. Moreover, there is no difference in the pres-
ence of the bacteria in the plant tissues of different sus-
ceptible and partly resistant genotypes, as shown in
Figure 7. The typical 286 bp fragments indicate the pres-
ence of X. fragariae DNA in all samples of the cultivars
Clery and Elsanta and the wildtype accessions F. vesca
f. alba and F. moschata ‘Bauwens’.

Discussion

This study has investigated a total of 145 genotypes
belonging to the collection of strawberry genetic
resources at JKI Dresden (Germany) for resistance to
X. fragariae in artificial inoculation experiments. Most
of the genotypes that were evaluated in this study had

never been investigated for resistance to angular leaf spot
disease. The spray inoculation led to very strong symp-
tom development in highly susceptible plants, apparent
lesion occurrence in susceptible plants, minor disease
incidence in medium resistant plants and absent or rare
appearance of angular leaf spots in partly resistant
genotypes. Hypersensitive reactions as a consequence of
inoculation with the pathogen as described in Xue ez al.
(2005) for the Fragaria pentaphylla accession Pen-5
could not be observed for any of the genotypes investi-
gated in this study. Using spray inoculation, Elsanta was
classified as susceptible, which is in agreement with the
findings of Kastelein et al. (2013). Also the two breeding
clones US4808 and US4809, which were described as
resistant by Maas ef al. (2002), appeared at least partly
resistant in the current experiments.

Compared to the methodology in previous inoculation
experiments with X. fragariae, where inoculum is infil-
trated by syringe (Maas et al., 2000; Xue et al., 2005),
the approach described here is easier and applicable for
large experiments with more than 2000 plants. As shown
in a repetition of inoculation in two subsequent years
with the same genotypes, the inoculation method leads
to reproducible results.

A similar approach was chosen by Kastelein et al.
(2013) who showed, that the pathogen invades the plant
tissue rapidly through the stomata on the abaxial side of
the leaves but can hardly survive on the leaf surface. The
results of the present investigation show that the
X. fragariae bacteria not only invade the leaves rapidly
but also spread systemically in the whole plant within 3
dpi. Observations under the UV light stereomicroscope
of a GFP-tagged X. fragariae strain enabled a closer
examination of the bacterial invasion within the first 4
dpi. From the results (Fig. 4), it can be confirmed that

Figure 4 Histological investigations of
systemic dispersal of Xanthomonas fragariae
(X.f.) in strawberry cultivar Darselect with the
GFP-tagged strain Xf3.9.C(pkan)_11 at

4 days post-inoculation (dpi). (b, d) the
abaxial sides of different water-inoculated
leaves under the reflected light microscope;
(a, c) leaves inoculated with Xf3.9.Cpran_11
viewed by reflected light fluorescence
microcopy. UV light activates the GFP
fluorophores.

H,O 4 dpi
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Figure 5 Molecular detection of Xanthomonas fragariae (X.f.) in different plant tissues of strawberry cultivar Darselect at time points before inoculation
and 3, 7, 14 days post-inoculation (dpi). Molecular size standard of a 100 bp ladder and a non-template H,O control were applied in lanes 1 and 2.
Lanes 3 and 4 are samples from previously tested X.f.-positive and X.f.-negative strawberry plants. The samples in lanes 5-25 were taken from the
different tissues of the inoculated plant. Amplification products were obtained in a nested PCR with primer pairs 245A, 245B and 245.5, 245.267 as
described in Zimmermann et al. (2004) and were separated via agarose gel electrophoresis. Fragments of 286 bp indicate presence of X.f. DNA.

the pathogen invades through the stomata, colonizes the nas species has been carried out in previous investiga-
intercellular space for multiplication and spreads systemi- tions for the purpose of specific detection of the
cally throughout the whole plant via the leaf veins. pathogen (Atkins et al., 1987; Yang et al., 1991). In a
Electroporation with plasmid DNA on other Xanthomo- previous study with GFP-tagged X. fragariae by Kaste-

]
2 X.f. GFP 28 dpi

Figure 6 Histological investigations of
systemic dispersal of Xanthomonas fragariae
(X.f.) in strawberry cultivar Darselect with
GFP-tagged strain Xf3.9.C(pkan)_11 in
artificial inoculation experiments, 28 days
post-inoculation (dpi). (a, c, e) the abaxial
sides of different leaves with typical
symptoms of X.f. under the reflected light
microscope; (b, d, f) the same image
sections with UV light, which activates the ' N
GFP fluorophores. T Xf. GFP 28 dpi
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Figure 7 Molecular detection of Xanthomonas fragariae (X.f.) in different plant tissues of strawberry cultivars Clery, Elsanta and wildtype accessions
Fragaria vesca f. alba and Fragaria moschata ‘Bauwens’ after artificial inoculation, 28 days post-inoculation (dpi). Molecular size standard of a 100 bp
ladder and a non-template H,O control were applied in lanes 1 and 2. Lanes 3 and 4 are samples from previously tested X.f.-positive and X f.-
negative strawberry plants. The samples in lanes 5-29 were taken from different tissues of inoculated plants. Additionally, 1-2 stolons from the
wildtype accessions were analysed. Amplification products were obtained in a nested PCR with primer pairs 245A, 245B and 245.5, 245.267 as
described in Zimmermann et al. (2004) and were separated via agarose gel electrophoresis. Fragments of 286 bp indicate presence of X.f. bacteria.

lein et al. (2013), a slightly lower virulence of the tagged
strain was reported, but this was not found in the cur-
rent investigation. The advantage of this approach over
simply staining bacteria is that the plant material can be
investigated in a non-destructive and immediate way.
However, the autofluorescence of remaining chlorophyll
and cell wall compounds can disturb the identification of
true GFP fluorescence. The subsequent molecular detec-
tion with nested PCR in different plant tissues of inocu-
lated plants revealed clearly the rapid systemic dispersal
within plants both with and without symptoms. The
experiment on the systemic dispersal was carried out
with very susceptible as well as putatively resistant geno-
types, but no differences in the rapidity and systemic dis-
persal of bacteria were found.

The results obtained at 112 dpi (Fig. 3) lead to the
assumption of a putative genotype-dependent adult plant
resistance. At this time point, leaves that had been
inoculated had withered away and none of the wildtype
accessions F. vesca f. alba and F. moschata ‘Bauwens’
developed symptoms typical of angular leaf spot disease.
In contrast, all plants of the cultivars Arosa and Joerica
had symptoms. Molecular detection by nested PCR at
112 dpi (data not shown) revealed that the bacteria had
spread systemically in the inoculated plants of all geno-
types. Ontogenic resistance has been previously described
for Xanthomonas campestris pv. oryzae in different
genotypes of rice (Qi & Mew, 1984). This mechanism is
very common in numerous pathosystems (Develey-Rivi-
ere & Galiana, 2007) and may be important for growers
because in many annual production systems strawberry
plants are very susceptible to X. fragariae in the first
year of cultivation. Further trials with inoculation of
resistant and susceptible strawberry genotypes at differ-
ent developmental stages might yield further useful infor-
mation about this type of resistance.

The findings of this study have important implications
for both direct use in strawberry cultivation and for tar-
geted breeding of new resistant cultivars. Although there
was no completely resistant cultivar among the set of
genotypes in this evaluation, at least 31 cultivars were
found to be of medium resistance towards X. fragariae.
For targeted resistance breeding, the availability of octo-
ploid plant material is important. An octoploid could be
obtained by interspecific hybridization of the hexaploid
F. moschata ‘Bauwens’ and the diploid F. vesca f. alba.
However, such an approach would require a very large
crossing population and the transfer of resistance traits
through this process is of low probability. Therefore,
cross breeding with the currently available octoploid
resistance sources in the breeding clones US4808 and
US4809, which were confirmed in this investigation,
seems to be the most promising strategy in creating resis-
tant cultivars. In the previous breeding experiments of
Jamieson et al. (2013), crossings of US4808 x Rosie
(susceptible) led to 5-5% resistant F; seedlings. In theory,
cross breeding of the US breeding clones with medium
resistant cultivars described in this study should lead to a
higher proportion of genotypes with improved resistance
to X. fragariae in addition to attractive horticultural
traits. The medium resistant genotypes found in this
study also cover a wide phenotypical range from early to
late ripening. As the ripening time trait is inherited as a
main effect directly from the breeding parents to the
progeny (Bestfleisch et al., 2014), it is feasible to create
genotypes that are less susceptible to X. fragariae with
an extended ripening period.

Future research activities will continue the evaluation
of further strawberry genotypes in the collection of the
Fruit Genebank in Dresden-Pillnitz for resistance
towards angular leaf spot disease and other important
diseases. Although it is a challenge to integrate the
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resistance traits into the cultivated strawberry Fragar-
ia x ananmassa, it is of great interest to further breeding
experiments as broadening the genetic diversity of
strawberry may also lead to the improvement of fruit
quality.
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3 DISKUSSION

3.1 ZUCHTUNGSERFOLG MIT KLASSISCHEN KREUZUNGSMETHODEN FUR HOHEREN ERTRAG UND
EINEN ERWEITERTEN ERNTEZEITRAUM IM ERDBEERANBAU

Die vorliegenden Untersuchungen im diallelen Kreuzungsexperiment haben gezeigt, dass diese
Methode der Kklassischen Kreuzungsziichtung zuverldssige Ergebnisse im Hinblick auf die
wichtigen Zuchtziele der friihzeitigen Reife und Ertragssteigerung liefert. Die Ausdehnung des
Reifezeitraums kann durch die gezielte Selektion besonders friih- bzw. spétreifender Sorten als
Kreuzungseltern mit grofRer Zuverl&ssigkeit erreicht werden, wie die Analyse der allgemeinen
(GCA) und spezifischen (SCA) Kombinationseignung zeigt. Hierbei spielt es nach den
vorliegenden Ergebnissen letztendlich keine Rolle, ob eine Sorte als ,,Mutter oder ,,Vater* in der
Kreuzung verwendet wurde. Kreuzungen mit den Sorten ‘Clery’ und ‘Daroyal’ fiihrten zu
besonders friihzeitig reifenden Nachkommen, wohingegen die Kreuzungen mit ‘Yamaska’ zu
besonders spat reifenden Nachkommenschaften fiihrten. Diese Kreuzungspopulationen konnten
bereits als Basis zur weiteren Selektion neuer Sorten verwendet werden. Statistisch signifikant
héhere Ertrage konnten mit den Sorten ‘Yamaska’ und ‘Polka’ als Kreuzungseltern erreicht werden.
“Yamaska’ wurde auch schon in friiheren diallelen Kreuzungsversuchen bei Davik und Honne
(2005) verwendet, wobei hier zudem gute Eigenschaften hinsichtlich der Widerstandsféhigkeit
gegenuiber Sphaerotheca macularis zu beobachten waren. Dies spricht dafur, diese Sorte in weitere
Zichtungsprogramme mit einzubeziehen. Bis heute ist die Sorte ‘Elsanta’ europaweit die am
haufigsten angebaute Erdbeersorte (Hancock et al., 2008), doch es ist unwahrscheinlich, dass
Kreuzungen mit dieser Sorte den Zuchtungserfolg steigern, wie die vorliegenden Versuche gezeigt
haben, da hier keine signifikanten Werte fir die allgemeine und spezifische Kombinationseignung

feststellbar waren.

Die verbesserte statistische Analyse des diallelen Kreuzungsversuchs, die in dieser Arbeit
vorgestellt wird, kann auch auf Kreuzungsversuche in anderen Kulturen angewendet werden
(Mohring et al., 2011). Trotz des relativ groRen zeitlichen, rdumlichen und personellen Aufwands
kann ein dialleler Kreuzungsversuch auch aus heutiger Sicht noch immer als wichtiges Element in
einer zielgerichteten und effizienten Zuchtungsstrategie bei Erdbeeren eingesetzt werden. Der
Versuchsansatz zeigte praktisch verwertbare Ergebnisse, die direkt in der Erdbeerziichtung
verwertet werden kénnen. Fur die ziichterisch wertvollen Eigenschaften Reifezeit und Ertrag von
Erdbeeren ist die Selektion geeigneter Kreuzungseltern auf Basis ihrer allgemeinen

Kombinationseignung (GCA) eine erfolgversprechende Herangehensweise.
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3.2 EVALUIERUNG VON GENOTYPEN ZUR IDENTIFIZIERUNG VON RESISTENZEN GEGENUBER
BOTRYTIS CINEREA UND XANTHOMONAS FRAGARIAE

Neben den wichtigen Zuchtzielen Reifezeit und Ertrag wurden als phytopathologische Aspekte die
Resistenzeigenschaften verschiedener Sorten und Wildarten gegenuber zwei bedeutender
Krankheiten in die Arbeit mit einbezogen und hinsichtlich des ziichterischen Nutzens bewertet.
Nach der Entwicklung, Etablierung und Optimierung der Resistenztests gegenutiber den Erregern
Xanthomonas fragariae und Botrytis cinerea sollten jeweils Gber 100 Sorten und
Wildartenakzessionen innerhalb von drei Jahren auf ihre Resistenzeigenschaften hin untersucht
werden. Aus den daraus gewonnenen Erkenntnissen sollen einerseits direkt Empfehlungen zur
Sortenwahl abgeleitet werden kdnnen, andererseits dient die Identifizierung resistenter Genotypen
als Basis zur gezielten Ziichtung neuer und widerstandsfahiger Sorten. Mit diesen Zielvorstellungen
im Hintergrund wurden die Anforderungen an die Entwicklung und Optimierung der Resistenztests
klar definiert. Die Schwerpunkte wurden hierbei auf hohe Replizierbarkeit sowie hohen Durchsatz
an Proben bei begrenztem Personalaufwand gelegt. Im Falle des Resistenztests gegeniiber B.
cinerea musste ein solcher Test erst entwickelt werden, beginnend mit dem Aufbau einer
Erregerstammsammlung. Da B. cinerea - Stdamme sich lokal schnell verdndern kénnen und sich
beispielsweise durch Punktmutationen rasch fungizidresistente Populationen durchsetzen kdnnen,
ist die Auswahl geeigneter Isolate fur die Durchfihrung des Resistenztests eine besondere
Herausforderung. Im Rahmen dieser Arbeit wurden finf Isolate unterschiedlicher geographischer
Herkunft verwendet und es konnte statistisch keine Genotyp X Isolat — Interaktion festgestellt
werden. Die kinstliche Inokulation der Frichte erfolgte anschlielend mit Inokulum aus einem
Gemisch dieser Staimme. Fur die weitere Durchfihrung des Resistenzscreenings stellt dies jedoch
einen Kompromiss dar zwischen moglichst guter Replizierbarkeit, welche mit einer geringeren
Anzahl verschiedener Isolate besser zu realisieren ware, und einer moglichst hohen Diversitat an
Isolaten, um insgesamt die Aussagekraft des Tests zu erhohen. Mit der gewéhlten Methodik
konnten innerhalb der untersuchten Genotypen groRe Unterschiede in der Widerstandsfahigkeit
ermittelt werden, wie der Vergleich zwischen der im Mittel tber drei Jahre widerstandsfahigsten
Sorte ‘Arosa’ mit der anfalligsten Sorte ‘Senga Sengana’ zeigt. Eine Uberprifung der
Testergebnisse wurde zudem uber 2 Jahre hinweg in einem Feldversuch ohne Fungizid-Applikation
mit insgesamt 60 Genotypen durchgefihrt, wobei auch hier grol3e Unterschiede zwischen anfélligen
und widerstandsfahigen Genotypen festgestellt wurden und die im Labor anhand der
Fruchtinokulationen ermittelten Testergebnisse insgesamt bestatigt werden konnten. So zeigte der
GroRteil der als widerstandsfahig getesteten Sorten, wie z.B. ‘Arosa’, ‘Florence’, ‘Darselect’ sowie

die Zuchtklone P8043 und P5518 auch im Feldversuch sehr geringen Befall und umgekehrt fanden
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sich in der Gruppe der anfalligen Sorten des Feldversuchs auch die im Resistenztest als anfallig
getesteten Sorten ‘Senga Sengana’, ‘Cambridge Late Pine’, ‘Papa Lange’ und ‘Sonata’.

Im Falle des Xanthomonas-Resistenztests wurden drei unterschiedliche Bakterienisolate verwendet,
wobei hier von einer deutlich geringeren regionalen Diversitat der Isolate ausgegangen werden
kann, eine dhnlich schnelle genetische Veranderung der Populationen, wie beispielsweise bei B.
cinerea, ist hier bisher nicht bekannt.

Die Inokulationstechnik wurde bei beiden Resistenztests an das Ziel eines mdglichst hohen
Pflanzendurchsatzes angepasst, um in einem Versuchsjahr mdoglichst viele unterschiedliche
Genotypen untersuchen zu kénnen. Fir den Botrytis-Resistenztest zeigte sich, dass die Auswahl
geeigneter Fruchte im korrekt definierten Reifestadium hier eine grofRere Bedeutung hat als die
Inokulationstechnik.

Fur den Xanthomonas-Resistenztest wurde ebenfalls ein Verfahren gewdhlt, das geeignet ist fir
einen  moglichst hohen Durchsatz an Versuchspflanzen. Eine &hnliche Methode der
Spruhinokulation wurde auch von (Jamieson et al., 2013) verwendet und lieferte deutliche
Krankheitssymptome in anfélligen Pflanzen. Die dadurch gewonnenen Ergebnisse weisen eine gute
Reproduzierbarkeit auf, begrindet durch eine statistisch signifikante mittlere lineare Korrelation
von r = 0.48 Uber zwei Versuchsjahre. Die Sorte ‘Elsanta’ wurde als hochanfallig eingestuft, was
die Ergebnisse friherer Studien (Kastelein et al., 2013) bestatigt. Ebenso wurden die zuvor als
resistent beschriebenen Zuchtklone US4808 und US4809 (Maas et al., 2002) hier als teilweise
resistent getestet und damit die Ergebnisse zumindest teilweise bestétigt. Die meisten Genotypen,
die im Rahmen dieser Arbeit untersucht wurden, sind noch nie zuvor hinsichtlich ihrer Resistenz
gegenuber X. fragariae getestet worden. Hierbei konnte die ganze Bandbreite von hoch anféllig mit
starker Symptomauspragung bis hin zu toleranten Genotypen mit kaum oder nicht sichtbaren
Symptomen beobachtet werden. Hypersensitive Reaktionen, die in friheren Studien (Xue et al.,
2005) bei einzelnen Akzessionen von Fragaria pentaphylla Losinsk. auftraten, wurden hier nicht
beobachtet. Trotzdem wird im weiteren Verlauf der zukunftigen Untersuchungen ein
Hauptaugenmerk auf dieses Kriterium gelegt, um eine deutlich abgrenzbare Resistenzreaktion
nachweisen zu konnen. Besondere Beachtung gilt zudem den Boniturergebnissen zum Zeitpunkt
112 dpi. Einerseits, da bislang noch keine Ergebnisse zu einem so spaten Boniturtermin
veroffentlicht wurden und andererseits, da sich eine unerwartete Befallsentwicklung abzeichnet.
Der Anteil Uberlebender Pflanzen je Genotyp unterscheidet sich erheblich. Da die urspringlich
inokulierten Blatter zu diesem Zeitpunkt nicht mehr vorhanden sind, kdnnen die beobachteten
Symptome auf eine systemische Verbreitung des Pathogens in der Pflanze zurtickgefuhrt werden.

Die genauere Untersuchung der systemischen Verbreitung wurde parallel dazu mit einem GFP-
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markierten X. fragariae Stamm durchgefuhrt, aus welchem Inokulum gewonnen werden konnte, um
gezielt Einzelpflanzen punktuell auf der Blattunterseite zu inokulieren. Ein &hnlicher Ansatz
(Kastelein et al., 2013) zeigte bereits, dass die Bakterien schnell durch die Stomata auf der
Blattunterseite ins Pflanzengewebe eindringen, wahrend sie an der Blattoberflaiche kaum
uberlebensfahig sind. Des Weiteren konnte im Rahmen dieser Arbeit gezeigt werden, dass dies
innerhalb der ersten drei Tage nach Inokulation geschieht und sich die Bakterien zu diesem
Zeitpunkt bereits systemisch in der gesamten Pflanze verbreiten konnten, was sowohl im
Fluoreszenzmikroskop sichtbar gemacht, als auch mit Hilfe des spezifischen nested-PCR
Nachweises bestatigt werden konnte. Um genauere Hinweise zum Ausbreitungsverhalten von X.
fragariae zu erhalten, die zur Entwicklung von Prognose- und Bek&mpfungsstrategien notwendig
sind, sollten zukinftige Studien zur systemischen Ausbreitung mit anfalligen und
widerstandsfahigen Sorten unter verschiedenen klimatischen Bedingungen (vor allem bzgl.
Temperatur und Luftfeuchte) durchgefuhrt werden. Zudem ist es fir den Anbauer von besonderer
Bedeutung, wie sich eine Infektion zu unterschiedlichen Entwicklungsstadien auswirkt, da
insbesondere das erste Jahr nach der Pflanzung in dieser Hinsicht eine kritische Phase im Anbau
darstellt.

Obwonhl keine vollstandig resistenten Genotypen gegenuber B. cinerea und X. fragariae identifiziert
werden konnten, wurde aus den Ergebnissen des Resistenzscreenings ein breites Spektrum an
toleranten und widerstandsfahigen Sorten, Wildarten und Zuchtklonen ermittelt, die in weitere
Zuchtprogramme mit einflieBen kénnen.

Weiterhin werden die in dieser Arbeit etablierten Resistenztests verwendet, um in den n&chsten
Jahren die gesamte Sammlung an Erdbeergenotypen des JKI Dresden-Pillnitz zu evaluieren, die
insgesamt mehr als 300 Wildartenakzessionen, historische und aktuelle Sorten sowie verschiedene
Zuchtklone umfasst. Es wird erwartet, dass bei diesem Screening noch weitere potentielle

Resistenzdonoren identifiziert werden kénnen.

3.3 AUSBLICK UND ZUKUNFTIGE NUTZBARKEIT DER ERGEBNISSE

Anhand der gewonnenen Ergebnisse konnten bereits erste Riickschliisse auf den mdglichen Erfolg
eines Zichtungsprogramms geschlossen werden, wofur die Identifikation potentieller Resistenz-
donoren sowie die Ergebnisse zur Vererbung wichtiger zlchterischer Eigenschaften wie Reifezeit
und Ertrag wichtige Grundlagen darstellen. Fir die weitere zlchterische Arbeit muss nun erhoben
werden, ob die identifizierten Genotypen fur eine gezielte Zlchtung geeignet sind. Dazu muss
geklart werden, wie stabil diese Eigenschaften an Nachkommen weitergegeben werden und wie
hoch der Anteil der zu erwartenden widerstandsfahigen Samlinge in der Nachkommenschaft sein

wird. Dazu wurden tber die in dieser Arbeit prasentierten Ergebnisse hinaus Testkreuzungen mit
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den identifizierten Genotypen durchgefiihrt und die Nachkommen evaluiert und bewertet. Die
Ergebnisse dieser Testkreuzungen sollen wiederum als Basis dienen, um ausgewahlte Genotypen
gezielt zu kombinieren und neue Sorten zu schaffen, die besser an die Bedingungen des
okologischen Anbaus angepasst sind. Diese Arbeiten dauern derzeit noch an und gehen Gber den
zeitlichen Rahmen der hier présentierten Forschungsarbeiten hinaus.

Von besonderer Bedeutung ist in diesem Kontext auch die Mdglichkeit, die identifizierten
widerstandsfahigen Wildarten mit niedrigerem Ploidiegrad fir die gezielte Zichtung von
typischerweise oktoploiden Kulursorten zu verwenden. Betrachtet man die hinsichtlich ihrer
Resistenzeigenschaften gegenlber X. fragariae besonders interessanten Wildarten, so zeigen die
Ergebnisse, dass die hexaploide F. moschata ‘Bauwens’ sowie die diploide F. vesca f. alba
vielversprechende  Resistenzdonoren sein  konnten, wenn ihre Eigenschaften mittels
interspezifischer Hybridisierung in oktoploides Zuchtmaterial Uberfuhrt werden. Im Falle der F.
moschata ‘Bauwens’ wiirde eine Kreuzung mit dem dekaploiden Genotyp Fragaria xvescana
direkt zu einigen oktoploiden Nachkommen in der F1 Nachkommenschaft fihren. Im Falle der
diploiden F. vesca f. alba wirde eine drei-Wege Hybridkreuzung mit (F. vesca x F. xvescana) x F.
xvescana zu dem gewiinschten Ploidiegrad filhren. Uber diese Arbeit hinaus wurden
Testkreuzungen durchgefiihrt, in denen im ersten Schritt aus Kreuzungen von (F. vesca x F.
xvescana) bereits ein geringer Prozentsatz (ca. 1%) fertiler hexaploider Nachkommen erzeugt
werden konnten, welche fiir den nachsten Schritt in einer weiteren Kreuzung mit dem dekaploiden
Genotyp Fragaria xvescana verwendet werden kdnnen. Der beschriebene Ansatz wirde jedoch
sehr grolle Kreuzungspopulationen erfordern, da nur eine geringe Wahrscheinlichkeit besteht, dass
die Resistenzeigenschaften durch den gesamten Kreuzungsprozess weitervererbt werden. Daher
scheint die Aussicht, mit den widerstandsfahigen oktoploiden US-Zuchtklonen US4808 und
US4809 direkt widerstandsfahige Nachkommen zu erhalten, deutlich vielversprechender. Zur
Auswahl geeigneter weiterer Kreuzungspartner schaffen nun sowohl die Ergebnisse des diallelen
Kreuzungsversuchs als auch die Ergebnisse der Xanthomonas-Resistenztests eine breite Basis.
Aufgrund der Erkenntnis, dass es nur eine untergeordnete Rolle spielt, ob der jeweilige Genotyp als
Kreuzungs-Mutter oder Kreuzungs-Vater eingesetzt wird, kdnnte vor allem die Eigenschaft der
frihzeitigen bzw. besonders spéten Reifezeit durch Kreuzungen der rein weiblichen US-Zuchtklone
mit Pollen der Sorten °Clery’ bzw. ‘Yamaska’ gefordert werden. Zur Erweiterung des
Resistenzspektrums ware es auflerdem von grofem Interesse, Sorten einzukreuzen, welche eine
hohe Widerstandsfahigkeit gegeniiber B. cinerea aufweisen. Insgesamt zehn dieser Testkreuzungen
konnten im Winter 2013 erfolgreich durchgefuhrt werden, wobei die Zuchtklone US4808 und

US4809 jeweils mit Pollen der Sorten ‘Clery’, ‘Malwina’, ‘Arosa’, ‘Darselect’, und ‘Florence’
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bestaubt wurden. Aus den daraus resultierenden Friichten konnten je Kreuzung bereits ca. 300 —
900 Samen gewonnen werden, von denen jeweils ca. 100 Samen ausgesat und in den Feldbestand
uberfihrt wurden. Im weiteren Verlauf werden diese Nachkommenschaften nun hinsichtlich ihrer
Resistenz gegeniiber X. fragariae und B. cinerea untersucht sowie hinsichtlich ihrer obstbaulichen
Merkmale bewertet. AulRerdem konnte es flr die weitere Zichtungsarbeit von grofiem Interesse
sein, falls sich in einer der Populationen eine Aufspaltung der Krankheitsresistenz ergeben wiurde.
Eine spaltende Kreuzungspopulation koénnte nach erfolgreicher Phénotypisierung und
Genotypisierung als Grundlage zur Entwicklung genetischer Marker dienen. Mittels
markergestltzter Selektion kdnnen so schon zu einem sehr frilhen Wachstumsstadium resistente
Pflanzen aus groRen Kreuzungspopulationen identifiziert werden, was wiederum zu einer hoheren
Erfolgswahrscheinlichkeit fuhrt und auch schon seit einigen Jahren in anderen Obstarten wie z.B.
Apfel durchgefiihrt wird. Die besondere Schwierigkeit beim Erdbeergenom liegt darin, dass
aufgrund des komplexen Genoms und der oktoploiden Struktur nur sehr schwer geeignete
Sequenzen gefunden werden konnen. Daher wird die Durchfiihrung von Resistenztests auch
weiterhin von groRer Bedeutung zur gezielten Ziichtung krankheitsresistenter Erdbeersorten sein.
AbschlieBend bleibt festzuhalten, dass die gezielte Ziuchtung neuer, krankheitsresistenter
Erdbeersorten mit guten obstbaulichen Eigenschaften nach wie vor von groRem Interesse fir
Anbauer weltweit ist. Im Falle von X. fragariae ist eine direkte chemische Bekdmpfung in Europa
nach wie vor nicht méglich, wéahrend im Falle von B. cinerea durch den Einsatz widerstandsfahiger
Sorten eine Einsparung chemischer Pflanzenschutzmittel moglich ist sowie die Eignung flr den
Okologischen Landbau verbessert wird. Zudem stellt die Botrytis-Resistenz ein wichtiges
Qualitatskriterium dar, welchem auch nach der Ernte eine Ubergeordnete Bedeutung bei der
anschlielenden Vermarktung zukommt.

Mithilfe der gewonnenen Ergebnisse wurden in dieser Arbeit neue Wege und Strategien aufgezeigt,
um Zuchtprogramme effektiver zu gestalten und damit die Erfolgschancen bei der Ziichtung neuer
Sorten fir den deutschen Erwerbsobstbau zu erh6hen, um auch in Zukunft eine wettbewerbsféahige
und nachhaltige Erdbeerproduktion zu ermdéglichen.
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5 ANHANG

Table S1 Susceptibility of 145 strawberry genotypes to X. fragariae. Types are indicated with ‘C’= cultivar
of F. xananassa, ‘B’= Breeding clone and “W’= strawberry wild type accession. Classes are given according
to the resistance to X. fragariae with ‘R’= partly resistant, ‘MR’= medium resistant, ‘S’= susceptible and
‘HS’= highly susceptible. ‘N’ indicates the number of experiments with yxz inoculated plants per
experiment. The incidence of X. fragariae in an artificial inoculation experiment at the time point 35 dpi is
given for each genotype with the mean, minimum and maximum values and the standard deviation (STD)

Incidence of X. fragariae, 35dpi

Genotype name Type Class N Mean Min Max STD
Adria C S 2 3.25 3.00 3.50 0.35
Alba C HS 2 5.14 4.78 5.50 0.51
Albion C MR 2 2.50 2.50 2.50

Anabelle C HS 2 4.60 3.75 544 1.20
Anita C HS 2 5.00 475 5.25 0.35
Antea C HS 2 4.88 475 5.00 0.18
Apetita C S 4 2.92 2.13 3.57 0.62
Arista C S 5 3.26 2.80 4.00 0.53
Aroma C S 4 3.03 2.00 3.80 0.76
Arosa C S 4 3.02 2.33 4.00 0.71
Asia C HS 2 5.68 525 6.11 0.61
Asiropa C S 1 3.33 3.33 333

Avant Tout C HS 2 4.60 3.86 533 1.04
Bella C S 5 2.56 2.00 3.00 0.52
Benamil C HS 4 3.55 3.00 450 0.72
Berneck 1 C HS 2 6.17 6.00 6.33 0.24
Baumchen C S 3 3.09 286 3.40 0.28
Cambride Pricewinner C MR 1 2.25 2.25 2.25
Cambridge Early C S 3 2.58 2.00 3.00 0.52
Cambrigde Late Pine C S 4 2.67 200 3.10 0.50
Carolina Superba C S 4 3.17 3.00 350 0.24
Charlotte C HS 2 5.43 4.71 6.14 1.01
Clery C MR 9 2.48 110 3.25 0.76
Cornelia Pétschke C S 3 2.59 250 271 0.11
Crimson King C S 4 2.70 240 289 0.21
Daroyal C HS 5 4.22 213 6.38 2.00
Darrow C MR 4 2.49 2.00 3.00 0.49
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Incidence of X. fragariae, 35dpi

Genotype name Type Class N Mean Min Max STD
Darselect C HS 5 4.24 3.00 6.11 1.52
Dely C HS 1 1.00 1.00 1.00

Diana C S 5 2.89 186 4.86 1.23
Donna C S 5 3.19 1.75 5.67 1.63
Dorena C S 2 2.83 225 340 0.81
Duretta C S 4 3.06 233 433 0.95
Elianny C HS 2 4.67 433 5.00 0.47
Elsanta C S 9 3.10 1.00 6.25 2.01
Elsinore C HS 2 4.26 3.86 4.67 0.57
Everest C HS 2 5.07 480 5.33 0.38
Eve’s Delight C HS 2 4.50 433 4.67 0.24
Evi 2 C HS 2 5.78 5.44 6.11 0.47
F. moschata "Bauwens” W R 4 151 1.00 1.88 0.37
F. moschata "Franken" w MR 4 2.07 140 2.63 0.51
F. nilgerrensis "Yunnan" w R 3 1.50 1.00 2.38 0.76
F. vesca "llla Martin" \W R 2 1.50 1.00 2.00 0.71
F. vesca f. alba W R 4 1.25 1.00 1.71 0.34
F. vesca ssp. Bracteata \W MR 3 2.07 1.30 3.00 0.86
F. virginiana "Wildmare Creek” W MR 3 2.52 1.83 3.00 0.61
F. viridis"Neddesitz" W MR 3 1.95 1.71 2.13 0.21
Figaro C HS 2 4.26 4.14 4.38 0.16
Florence C S 9 2.61 1.29 6.50 1.67
Florin C HS 2 4.96 3.67 6.25 1.83
Frabella C S 7 2.70 2.00 3.67 0.56
Fraroma C MR 4 2.54 2.00 3.00 0.43
Freja C S 1 2.63 263 2.63

Fructana C MR 2 1.75 1.50 2.00 0.35
Fructarina C MR 4 2.02 1.13 2.60 0.68
Galia C S 6 3.33 250 5.40 1.09
Georg Soltwedel C MR 3 1.55 1.00 225 0.64
Gerida C S 4 2.68 1.67 3.60 0.80
Grandiosa C S 1 3.00 3.00 3.00

Hansa C S 1 2.64 2.64 2.64

Heidekind C MR 4 2.28 1.00 3.30 0.95
Herbstfreude C S 4 3.13 225 4.00 0.72
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Incidence of X. fragariae, 35dpi

Genotype name Type Class N Mean Min Max STD
Heros C MR 4 2.35 1.00 3.40 1.08
Honeoye C S 9 2.83 140 6.22 1.59
Hood C S 4 2.65 225 3.00 0.31
Holtges Rheingauperle C MR 3 2.45 2.25 2.60 0.18
Joerica C S 7 2.60 1.88 3.00 0.41
Jogana C S 3 2.87 233 3.29 0.49
Joly C S 4 2.75 2.00 3.50 0.65
Juline C S 4 3.05 238 3.67 0.56
Karla C S 2 3.29 3.00 357 0.40
Kimberly C HS 2 5.33 480 5.86 0.75
Komet C S 3 2.69 2.40 3.00 0.30
Korona C HS 2 5.60 5.00 6.20 0.85
Koénigin Luise C S 4 2.56 1.63 3.00 0.63
Lambada C HS 2 5.00 5.00 5.00 0.00
Lina C S 3 3.20 275 344 0.39
Macherauchs Fruhernte C S 4 2.56 1.80 3.20 0.65
Mainperle C MR 3 2.39 1.75 3.14 0.70
Malwina C HS 5 4.24 229 6.33 1.89
Mara des Bois C HS 2 5.36 5.22 550 0.20
Marloun C S 4 2.59 189 3.33 0.63
Marmion C MR 1 1.67 1.67 1.67

Mrak C HS 1 5.00 5.00 5.00
Oberschlesien C S 3 2.58 1.33 3.67 1.18
Orion C MR 2 2.50 2.00 3.00 0.71
Ostara C S 4 2.71 133 3.50 0.96
P-5072 B S 1 2.93 293 2093

P-5518 B S 4 2.57 2.00 3.00 0.43
P-6241 B HS 1 4.00 4.00 4.00

P-7077 B S 1 3.14 3.14 3.14

P-7095 B HS 1 4.00 4.00 4.00

P-7188 B MR 4 2.46 114 4.10 1.39
P-7201 B S 1 2.87 287 287

P-8024 B S 4 3.10 2.70 3.60 0.37
P-8043 B MR 1 2.33 233 233

P-8049 B MR 4 2.34 150 344 0.90
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Incidence of X. fragariae, 35dpi

Genotype name Type Class N Mean Min Max STD
P-8071 B S 1 3.13 3.13 313

P-8093 B S 1 3.40 3.40 340

P-9016 B MR 1 2.36 236 2.36

P-9017 B MR 1 2.50 2.50 2.50

P-9036 B HS 1 4.22 422 422

P-9042 B HS 4 3.68 3.00 5.00 0.90
Pantagruella C S 1 2.60 260 2.60

Panther C HS 3 4.25 2.67 5.75 1.54
Papa Lange C S 3 3.12 2.75 3.60 0.44
Paula C S 4 2.67 2.00 333 0.61
Peltata C S 1 3.00 3.00 3.00
Pocahontas C MR 4 2.37 1.75 3.44 0.75
Polka C HS 2 6.11 6.11 6.11 0.00
Prelude C MR 4 2.42 1.33 3.00 0.79
Pyretta C HS 1 3.70 3.70 3.70

Red Coat C MR 4 2.42 1.50 3.75 1.02
Reihngold C MR 3 2.09 140 2.88 0.74
Reusraths Allerfriheste C HS 1 5.00 5.00 5.00

Rosella C S 1 3.20 3.20 3.20

Roter Regen C S 3 2.89 2.67 3.00 0.19
Roxana C MR 3 2.18 1.00 3.20 111
Rumba C HS 2 3.67 322 411 0.63
Salinas C MR 1 2.00 2.00 2.00

Salsa C HS 2 5.56 478 6.33 1.10
Salut C S 4 3.26 213 4.20 1.00
Segal C MR 4 2.17 125 333 0.97
Senga Dulcita C S 1 2.73 273 273

Senga Sengana C MR 4 2.43 2.20 3.00 0.38
Sentinel C MR 6 2.43 1.50 3.50 0.76
Sieger C S 4 2.77 2.00 344 0.68
Siletz C MR 2 2.00 2.00 2.00 0.00
Solotaya C S 3 2.64 1.75 3.67 0.97
Sonata C HS 2 4.15 3.75 4.56 0.57
Spate Leopold C MR 4 2.18 1.20 3.00 0.96
Sveva C HS 2 5.11 5.00 5.22 0.16
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Incidence of X. fragariae, 35dpi

Genotype name Type Class N Mean Min Max STD
Sweet Eve C HS 2 4.20 2.40 6.00 2.55
Symphonie C HS 2 5.11 5.00 5.22 0.16
Tabea C MR 4 2.05 117  3.00 0.80
Templar C S 4 2.89 2.75 3.00 0.13
Tufts C MR 4 1.60 1.25 2.14 0.41
US 4808 B R 3 1.04 1.00 1.13 0.07
US 4809 B R 3 1.00 1.00 1.00 0.00
Vikat C S 1 3.00 3.00 3.00
Viktoriana C MR 4 2.08 1.00 3.00 0.83
Vima Xima C S 5 2.77 1.00 5.00 1.64
Wunder von Kéthen C MR 4 2.53 163 3.38 0.80
Yamaska C HS 2 4.78 456 5.00 0.31
Zarathustra C HS 4 4.94 4.00 5.86 0.95
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