Multitrophic Interactions in a
Plant – Pathogen – Vector - Antagonist System
Plant mediated effects of ‘Candidatus Phytoplasma mali’ infection on
vector Cacopsylla picta’s behavior and evaluation of the
entomopathogenic fungus Pandora sp. nov. inedit. for vector control

Vom Fachbereich Biologie
der Technischen Universität Darmstadt

Zur Erlangung des akademischen Grades
Doctor rerum naturalium (Dr. rer. nat.)

Dissertation
von Louisa Maria Görg

Erstgutachter: PD Dr. Jürgen Gross
Zweitgutachter: Prof. Dr. Andreas Jürgens
Darmstadt 2021

Görg, Louisa Maria: Multitrophic Interactions in a Plant – Pathogen – Vector - Antagonist
System. Plant mediated effects of ‘Candidatus Phytoplasma mali’ infection on vector
Cacopsylla picta’s behavior and evaluation of the entomopathogenic fungus Pandora sp.
nov. inedit. for vector control.
Darmstadt, Technische Universität Darmstadt
Jahr der Veröffentlichung der Dissertation auf TUprints: 2021
Tag der mündlichen Prüfung: 27.10.2021
Veröffentlicht unter CC-BY-NC 4.0 International
https://creativecommons.org/licenses/

“I would rather have questions that can't be answered than answers that can't be questioned.”
― Richard Feynman

Table of Contents

Abstract ............................................................................................................... 1
Zusammenfassung ............................................................................................. 4
1

General Introduction ................................................................................... 7

1.1

Multitrophic Interactions in a Plant – Pathogen – Vector - Antagonist System .... 7

1.2

Host Plant ............................................................................................................... 8
Apple Malus domestica .......................................................................................... 9
Phloem and Xylem ................................................................................................. 9

1.3

Phytoplasma ........................................................................................................... 9
‘Candidatus Phytoplasma mali’ and Apple Proliferation Disease ....................... 10

1.4

Vector Insects ....................................................................................................... 12
Host Plant Selection and Acceptance ................................................................... 12
Phloem-feeding and Pathogen Transmission ....................................................... 12
Psyllids ................................................................................................................ 13
Summer Apple Psyllid Cacopsylla picta ............................................................. 14

1.5

(Biological) Crop Protection and Vector Antagonists ......................................... 15
Entomopathogenic Fungus Pandora sp. nov. inedit. ........................................... 16

1.6

Objectives and Research Questions ..................................................................... 17

2

Summary of Publications ......................................................................... 19

2.1

Interactions between phloem-restricted bacterial plant pathogens, their vector
insects, host plants, and natural enemies, mediated by primary and secondary
plant metabolites .................................................................................................. 19

2.2

The phytopathogen ‘Candidatus Phytoplasma mali’ alters apple tree phloem
composition and affects oviposition behavior of its vector Cacopsylla picta...... 21

2.3

Influence of ontogenetic and migration stage on feeding behavior of Cacopsylla
picta on ‘Candidatus Phytoplasma mali’ infected and non-infected apple plants 22

2.4

Pathogenicity against hemipteran vector insects of a novel insect pathogenic
fungus from Entomophthorales (Pandora sp. nov. inedit.) with potential for
biological control.................................................................................................. 24

3

General Discussion ................................................................................... 26

4

References ................................................................................................. 34

5

Publications ............................................................................................... 48
I

Table of Contents

5.1

Publication 1 ......................................................................................................... 48

5.2

Publication 2 ......................................................................................................... 49

5.3

Publication 3 ......................................................................................................... 66

5.4

Publication 4 ......................................................................................................... 87

6

II

Appendix .................................................................................................... 88
Ehrenwörtliche Erklärung ..................................................................................... 88
Danksagung .......................................................................................................... 89
Publications, Posters, Talks .................................................................................. 91

Abstract

Abstract
Apple proliferation disease causes considerable economic damage to apple production, as the
fruits of infected apple trees are smaller, inedible, and thus impossible to market. Typical
symptoms are enlarged stipules and 'witches broom' caused by proliferation of axillary buds.
These morphological and physiological changes in the plant are caused by the cell wall-less
phloem-restricted bacterium 'Candidatus Phytoplasma mali'. Phytoplasmas are mainly
transmitted by phloem-feeding insects. The phytoplasma is acquired when the insect feeds on
the phloem of infected trees. After multiplication in the vector’s body, the phytoplasma can
then be transmitted through the insect's saliva and infect healthy trees.
In Germany, the summer apple psyllid Cacopsylla picta is the only known vector of the
phytoplasma 'Ca. P. mali'. The univoltine species changes its host plants twice during its nearly
one year-long life: the nymphs develop on young apple shoots in spring/summer before the
winged adults hatch. These so-called emigrants briefly remain on the apple trees before
migrating to conifers as their overwintering hosts, to spend the rest of the year and the entire
winter. The next spring, the overwintered adults (remigrants) migrate back to the apple orchards
for mating and oviposition. All phloem-feeding life stages, i.e. nymphs but also the adult
migratory stages (emigrants and remigrants) can acquire and transmit 'Ca. P. mali'.
Since phytoplasma-infected trees cannot be cured so far, vector control is considered the most
important measure to reduce phytoplasmosis. Therefore, the vector insect C. picta had the
central role in my studies, in which I investigated different aspects of the interaction between
plant, phytoplasma (pathogen) and vector (herbivore). Additional studies with a vector
antagonist further involved another trophic level, that of natural enemies, allowing the
investigation of the multitrophic interaction in the plant - pathogen - vector – antagonist system.
To study the interaction between the phytoplasma and its host plant, I analyzed the effects of
'Ca. P. mali' infection on the phloem composition of apple trees. The chemical analyses revealed
that the phloem metabolite composition of infected apple trees differed significantly from that
of non-infected apple trees. The relative amount of all sugar and sugar alcohols was
significantly increased in ‘Ca. P. mali’ infected plants, whereas amino acid and other organic
acid content was similar to non-infected plants. Hence, through this increase in sugars and sugar
alcohols but unchanged amounts of amino acids, the ratio of carbohydrates: amino acids shifted
in the phloem sap of infected plants. Thus, I was able to show that ‘Ca. P. mali’ infection altered
the chemical composition of the phloem, the nutritional medium used by phytoplasma and
vector alike.
1
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Therefore, I investigated how these changes in the phloem composition affected the behavior
of the vector C. picta, since the acceptance of a plant as a suitable host for feeding or oviposition
is a crucial individual decision with potentially serious implication for insect population
dynamics.
Overwintered females indeed preferred non-infected plants for oviposition and thus as food
source for the next generation. Using electropenetrography (EPG) for the first time for
measuring the feeding behavior of C. picta, I was able to show that plant-mediated effects of
'Ca. P. mali' infection also had an influence on its probing behavior. The release of watery saliva
into the phloem, and thus the first phloem contact, occurred significantly later on infected apple
trees. However, this behavioral change of the vector could not be attributed solely to gustatory
stimuli or changes in nutrient availability due to the altered phloem composition, as the duration
and frequency of actual phloem ingestion remained unaffected. Nevertheless, EPG recordings
revealed that nymphs ingested phloem significantly more frequently during their development
than adult stages. Therefore, I conclude that phloem ingestion is a demand-regulated process.
This is also supported by the observation that remigrant females, the stage responsible for egg
production with consequently increased nutritional demands, ingested significantly more
phloem than the female stage which does not produce or lay eggs (emigrants).
Apart from potential effects on vector behavior, pathogen infection may also have direct or
indirect effects on vector fitness. Therefore, I investigated how the 'Ca. P. mali' infection of the
host plant indirectly, as well as the infection of the insect itself directly affects C. picta’s fitness
with regard to its susceptibility to a fungal antagonist. However, I could not detect any effect
of neither the infection of the plant nor of the insect on its susceptibility to the
entomopathogenic fungus Pandora sp. nov. inedit.
This newly discovered and hitherto undescribed entomopathogenic fungus significantly
reduced the mean survival time of the psyllids and soon grew out of the cadavers of infected
insects to produce new spores for further dispersal. In infection bioassays, I was also able to
show that Pandora sp. nov. inedit. could successfully kill several phloem-feeding species of
the insect order Hemiptera. In addition to C. picta, other economically important vector insects
such as Cacopsylla pyri, Cacopsylla pruni and Trioza apicalis could be infected under
laboratory conditions. Hence, the natural potential of this entomopathogenic fungus became
evident to be used in biological vector control strategies. These promising results can now be
followed up by the development of suitable formulations for field studies to further investigate
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the control success for vector insects in their natural environment and thus in interaction with
pathogens and plants.
The knowledge gained in this thesis on the multitrophic interaction within this plant-pathogenantagonist system will contribute to a better understanding of the epidemiology of the
phytoplasma 'Ca. P. mali' and, in particular, might be used to develop innovative and selective
vector control approaches to reduce the spread of apple proliferation disease.

3

Zusammenfassung

Zusammenfassung
Die Apfeltriebsucht führt zu erheblichem wirtschaftlichen Schaden im Apfelanbau, da die
Früchte infizierter Apfelbäume kleiner, ungenießbar und somit nicht mehr zu vermarkten sind.
Typische Symptome sind vergrößerte Nebenblätter und der durch verfrühten Austrieb der
Achselknospen hervorgerufene ‘Hexenbesen‘. Diese morphologischen und physiologischen
Veränderungen der Pflanze werden durch das zellwandlose Phloem-besiedelnde Bakterium
‘Candidatus Phytoplasma mali‘ verursacht.
Verbreitet werden Phytoplasmen hauptsächlich durch phloemsaugende Insekten. Dabei wird
das Phytoplasma durch den Saugvorgang am Phloem infizierter Bäume vom Vektorinsekt
aufgenommen. Nachdem sich das Phytoplasma im Vektor vermehrt hat, kann es dann durch
den Speichel des Insekts an gesunde Bäume abgegeben werden und diese infizieren.
In Deutschland ist der Sommerapfelblattsauger Cacopsylla picta das einzige bekannte
Vektorinsekt des Phytoplasmas ‘Ca. P. mali‘. Diese univoltine Psylliden-Art wechselt im Laufe
ihres fast einjährigen Lebens zweimal die Wirtspflanze: Die Nymphen entwickeln sich im
Frühjahr/Sommer an jungen Apfeltrieben, bevor die geflügelten Adulten schlüpfen. Diese so
genannten Emigrants bleiben noch kurze Zeit auf den Apfelbäumen, bevor sie in ihr
Winterquartier auf Nadelbäumen abwandern um dort den Rest des Jahres und den gesamten
Winter zu verbringen. Im nächsten Frühjahr wandern die so überwinterten Adulten
(Remigrants) wieder zurück in die Apfelanlagen, um sich zu paaren und Eier abzulegen. Dabei
können alle phloemsaugenden Stadien, also sowohl die Nymphen als auch die adulten
Migrationsstadien (Emigrants und Remigrants) ‘Ca. P. mali‘ aufnehmen und übertragen.
Bisher können mit Phytoplasmen infizierte Bäume nicht geheilt werden, sodass die
Bekämpfung des Vektors als wichtigste Maßnahme zur Reduktion von Phytoplasmosen gilt.
Deshalb hatte das Vektorinsekt C. picta auch die Schlüsselrolle in meinen Studien, in denen ich
verschiedene Aspekte der Interaktion zwischen Pflanze, Phytoplasma (Pathogen) und Vektor
(Herbivor) untersucht habe. Durch zusätzliche Studien mit einem Vektor-Antagonisten konnte
zudem noch eine weitere trophische Ebene, die der natürlichen Feinde, involviert und somit die
multitrophische Interaktion von Pflanze – Pathogen – Vector – Antagonist untersucht werden.
Um die Interaktion zwischen dem Phytoplasma und seiner Wirtspflanze näher zu untersuchen,
habe ich den Einfluss der ‘Ca. P. mali‘- Infektion auf die Phloem-Zusammensetzung von
Apfelbäumen analysiert. Die chemischen Analysen des Phloemsafts zeigten, dass sich die
Inhaltsstoff- Zusammensetzung des Phloems infizierter Apfelbäume deutlich von der nichtinfizierter unterschied. Dabei wurde erkennbar, dass sich durch erhöhte Konzentrationen von
4
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Zuckern und Zuckeralkoholen bei gleichbleibender Menge an Aminosäuren das Verhältnis von
Kohlenhydraten zu Aminosäuren im Phloem infizierter Pflanzen verschoben hat. Damit konnte
ich zeigen, dass durch die Phytoplasmen-Infektion die chemische Zusammensetzung des
Phloemsaftes, das von Phytoplasmen und Vektoren gleichermaßen genutzte Nährmedium,
verändert wurde.
Deshalb habe ich in einem nächsten Schritt untersucht, wie sich solche Veränderungen der
Phloem-Zusammensetzung auf das Verhalten des Vektors C. picta auswirkt, da die Wahl einer
Pflanze als geeigneten Wirt zur Ernährung oder Eiablage eine maßgebliche Entscheidung ist,
die möglicherweise gravierende Auswirkungen auf die Populationsentwicklung von Insekten
hat. Überwinterte Weibchen bevorzugten dabei nicht-infizierte Blätter zur Eiablage und somit
als

Nahrungsgrundlage

für

die

nächste

Generation.

Auch

konnte

ich

mittels

Elektropenetrographie (EPG) zeigen, dass pflanzenvermittelte Effekte der ‘Ca. P. mali‘Infektion ebenfalls einen Einfluss auf das Saugverhalten des Vektors hatten. Die Abgabe von
wässrigem Speichel ins Phloem und damit der erste Phloem-Kontakt aller Stadien von C. picta
erfolgte deutlich später auf infizierten im Vergleich zu nicht-infizierten Pflanzen. Diese
Verhaltensänderung des Vektors konnte jedoch nicht alleine auf gustatorische Reize oder
Änderungen der Nährstoffverfügbarkeit durch die veränderte Phloem-Zusammensetzung
zurückgeführt werden, da die Dauer und Häufigkeit der eigentlichen Phloem-Aufnahme
unverändert blieb. Dass die Phloem-Aufnahme dennoch ein bedarfsentsprechend regulierter
Prozess ist, schließe ich daraus, dass die im Entwicklungsprozess befindlichen Nymphen in
EPG-Aufnahmen deutlich häufiger am Phloem saugten als die adulten Stadien. Dafür spricht
ebenfalls die Beobachtung, dass weibliche Remigrants als Eier produzierende Stadien mit
dadurch erhöhten Nährstoffbedürfnissen ebenfalls deutlich mehr Phloem aufnehmen als
weibliche Stadien die keine Eier produzieren und ablegen (Emigrants).
Neben möglichen Effekten auf das Verhalten des Vektors kann die Pathogen-Infektion jedoch
sowohl direkte als auch indirekte Effekte auf die Fitness des Vektors haben. Deshalb habe ich
im Weiteren untersucht, wie sich die ‘Ca. P. mali‘-Infektion der Wirtspflanze indirekt, sowie
die direkte Infektion des Vektorinsekts auf dessen Anfälligkeit für einen pilzlichen
Antagonisten auswirkt. Jedoch konnte ich weder einen Einfluss der Infektion der Pflanze noch
des Insekts in Bezug auf dessen Anfälligkeit für den entomopathogenen Pilz Pandora sp. nov.
inedit. feststellen.
Dieser neu entdeckte und bisher unbeschriebene entomopathogene Pilz verkürzte die
Überlebenszeit der Psylliden dabei erheblich und wuchs bereits nach kurzer Zeit aus den
5
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Kadavern infizierter Insekten aus, um Sporen für die Weiterverbreitung zu produzieren. In
Infektionsversuchen konnte ich zudem zeigen, dass Pandora sp. nov. inedit. verschiedene
phloemsaugende Arten der Insekten-Ordnung Hemiptera erfolgreich abtöten kann. So konnten
unter Laborbedingungen neben C. picta auch andere wirtschaftlich wichtige Blattflöhe, wie
Cacopsylla pyri, Cacopsylla pruni und Trioza apicalis infiziert werden. Das so deutlich
gewordene natürliche Potential dieses entomopathogenen Pilzes könnte nach der Entwicklung
geeigneter Formulierungen auch in Freilandstudien weiter getestet werden, um den
Bekämpfungserfolg von Vektorinsekten in ihrer natürlichen Umgebung und damit in
Interaktion mit Pathogenen und Pflanzen weiter zu erforschen.
Die in dieser Arbeit gewonnenen Erkenntnisse zur multitrophischen Interaktion innerhalb des
Pflanze – Pathogen – Vektor – Antagonist – Systems tragen zum besseren Verständnis der
Epidemiologie des Phytoplasmas ‘Ca. P. mali‘ bei und sollen insbesondere genutzt werden, um
innovative und selektive Konzepte zur Vektor-Bekämpfung zu entwickeln um die Verbreitung
der Apfeltriebsucht zu reduzieren.
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1
1.1

General Introduction
Multitrophic Interactions in a Plant – Pathogen – Vector - Antagonist
System

Plants as primary producers (first trophic level) interact with higher trophic levels (consumers)
such as pathogens and phytophagous insects that exploit the plant as a food source (Pandey and
Senthil-Kumar 2019; Schoonhoven et al. 2005; van der Putten et al. 2001). The available
nutrients or defense compounds of the plant thereby directly determine the fitness of the
consumers, e.g. insects (Malik et al. 2014; Scutareanu and Loxdale 2006; Sétamou et al. 2016).
At the same time, the withdrawal of nutrients by consumers has a direct effect on the
performance of the plant (Crawley 1989). Furthermore, the metabolite profile in plants changes
when they are attacked by insects (Killiny and Nehela 2017; Scutareanu and Loxdale 2006) or
pathogens (Bertamini et al. 2002; Gai et al. 2014; Giorno et al. 2013; Killiny and Nehela 2017;
Negro et al. 2020). The analysis of leaf metabolites in Valencia sweet orange Citrus sinensis L.
showed, for instance, an increase in total fatty acids after Asian citrus psyllid Diaphorina citri
Kuwayama (Hemiptera: Liviidae) infestation while an enhancement in total amino acids was
found after infection with α-proteobacterium ‘Candidatus Liberibacter asiaticus’ (Rhizobiales:
Rhizobiaceae) (Killiny and Nehela 2017).

Figure 1: Three-way interactions between plant, pathogen and vector insect (after Biere and Tack (2013)). Direct
interactions (solid black arrows) between two players can be influenced by indirect effects (dotted grey
arrows) of the third player.

Since the interaction of a species with the plant can induce changes in plant properties, the
plant's interaction with a third species can thus also be influenced indirectly (Biere and Tack
2013), through plant-mediated factors. The ‘Ca. Liberibacter asiaticus’ infection of the shared
host plant, for instance, affected the behavior of the Asian citrus psyllid D. citri, as the insect
7
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reduced feeding activities (Cen et al. 2012; Mann et al. 2012) but increased oviposition (Zhao
et al. 2013) on infected plants. Additionally, D. citri had fitness benefits as they produced more
eggs and developed faster from egg to adult on ‘Ca. Liberibacter asiaticus’ infected plants (Ren
et al. 2016; Wu et al. 2018).
Nevertheless, consumers can also interact directly with each other (Fig. 1). A special case of
this can be observed for three-way interactions with phytopathogens that are transmitted by
phytophagous insects via complex infection cycles that take place both in the plant and vector
insect (Bendix and Lewis 2018). Such a vector-pathogen relationship is also found in the
aforementioned Asian citrus psyllids D. citri and the pathogen ‘Ca. Liberibacter asiaticus’. The
infection of the vector itself resulted in an increased intrinsic rate of population growth e.g.
through increased fertility, indicating an improved fitness of the population of ‘Ca. Liberibacter
asiaticus’ infected D. citri (Galdeano et al. 2020; Pelz-Stelinski and Killiny 2016; Ren et al.
2016). These beneficial effects of ‘Ca. Liberibacter asiaticus’ infection of plant and/or vector
on vector fertility are just one example of how pathogen infection can affect the population
dynamics of vector insects and thereby the potential spread of the pathogen. Finally,
multitrophic interactions1 must be considered when other trophic levels, such as natural enemies
of the vector insect, are involved (Schoonhoven et al. 2005).
In this thesis, multitrophic interactions between a plant, a pathogen that infects insects and
plants, its vector insect, and a vector antagonist were studied.
1.2

Host Plant

In nature, plants are exposed to a multitude of abiotic or biotic stressors (Pandey and SenthilKumar 2019; Schoonhoven et al. 2005). Besides their exposure to water, salt or heat stress,
plants can host numerous plant pathogens or herbivores. These interactions have economic
importance when the plant is considered a crop and the stressor interferes with yield quantity
or quality.

1

As part of a team of three researchers, I reviewed the current literature on (multitrophic) interactions of phloem-

restricted pathogens, their vector insects, and the role of primary and secondary plant metabolites and identified
research gaps (see publication 1).
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Apple Malus domestica
Today, apple Malus domestica Borkh. (Rosales: Rosaceae) is the most grown pome fruit of
temperate areas around the world with a yearly harvest up to 85 million t (thereof 20 million t
in Europe and 1 million t in Germany) (Behr 2019). In 2018, 77% of all fruit crops harvested
in Germany were apples, generating revenues of more than 200 million € (Behr 2019).
The history of the cultivated apple, as we know it today, took a long period of time and includes
crossbreeding between several wild Malus species such as the Central Asian Malus sieversii
(Ledeb.) M. Roem. or the wild European crabapple Malus sylvestris (L.) Mill. (Cornille et al.
2012). The production of these fruit trees has also undergone an evolution. Nowadays, apple
cultivar scions are grafted onto disease-resistant or less vigorous rootstocks in order to combine
the properties of both. Apple trees are deciduous vascular plants, enabling vascular transport
through xylem and phloem tissue.
Phloem and Xylem
In the xylem, water is passively transported from the soil via roots following the transpiration
stream towards photosynthetically active organs, the leaves (Venturas et al. 2017). In the
phloem, photoassimilates produced in mature leaves (source) are translocated towards
assimilate-storing or consuming organs (sink) such as roots or developing leaves (Minchin and
Lacointe 2005; Turgeon 1989; van Bel 2003). It is well known that the phloem sap distributes
resources such as carbohydrates, amino acids and minerals (Gallinger and Gross 2020; Hijaz
and Killiny 2014; Kollar and Seemüller 1990; Le Goff et al. 2019; van Bel 2003) but it is also
involved in signaling processes (van Bel and Thompson 2013). Hence, the distribution of
defense and alarm signals transmits plant responses to abiotic and biotic stressors (Bendix and
Lewis 2018; van Bel et al. 2013; van Bel and Thompson 2013; Will et al. 2013b).
Due to its nutrient content, the phloem is an attractive medium for phloem feeding insects
(Douglas 2006; Guerrieri and Digilio 2008; Will et al. 2013b) and microorganisms such as
viruses and bacteria (Bendix and Lewis 2018; Gasparich 2010; Oparka and Cruz 2000).
1.3

Phytoplasma

The provisional genus ‘Candidatus Phytoplasma’ (Acholeplasmatales: Acholeplasmataceae,
formerly known as mycoplasma-like organisms) integrates obligate biotrophic prokaryotes
among the class of mollicutes that can be characterized by their lack of a cell wall, their small
size and small genomes (Bai et al. 2006; IRPCM Phytoplasma/Spiroplasma Working Team–
9
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Phytoplasma Taxonomy Group 2004; Oshima et al. 2004). These reduced genome sizes are
often associated with limitations in phytoplasma metabolism, as some key metabolic pathways
are missing (Bai et al. 2006; Kube et al. 2008; Kube et al. 2012; Oshima et al. 2004; Siewert et
al. 2014). Phytoplasmas can only survive endocellularly in either plant or insect hosts and to
this day, cannot be cultivated in vitro (Bendix and Lewis 2018; Lee et al. 2000).
Phytoplasmas are classified by their 16S rDNA sequence and subdivided into distinct groups
(Bertaccini et al. 2014; Lee et al. 1998). Among the apple proliferation group (16SrX) there are
several closely related phytoplasmas of economic importance (Lee et al. 1998; Seemüller et al.
1998; Seemüller and Schneider 2004). In Europe, the diseases caused by these phytopathogenic
bacteria damage fruit crops such as pear decline (PD) in pear Pyrus communis L. (‘Candidatus
Phytoplasma pyri’), European stone fruit yellows (ESFY) in Prunus species (Rosales:
Rosaceae, ‘Candidatus Phytoplasma prunorum’) and apple proliferation (AP) in apple
M. domestica (‘Candidatus Phytoplasma mali’) (Seemüller and Schneider 2004).
‘Candidatus Phytoplasma mali’ and Apple Proliferation Disease
Specific and nonspecific symptoms of ‘Candidatus Phytoplasma mali’ infected apple trees
(Fig. 2) are enlarged stipules, smaller leaves and the characteristic formation of witches’
brooms trough proliferation of axillary buds (Bovey 1961; Hadidi et al. 2011). Additionally,
weight and size reductions (by about 50%) as well as quality impairments of the poor tasting
apple fruit provoke economic losses (Bertaccini et al. 2014; Bovey 1961; Hadidi et al. 2011;
Seemüller et al. 2011). In Italy, up to 100 million € losses were recorded during an outbreak of
apple proliferation disease in 2001 (Strauss 2009).
Apple proliferation disease is widespread in Central European apple growing regions
(Seemüller et al. 1998b; Tedeschi et al. 2013). Additionally, the spread of ‘Ca. P. mali’ extends
not only to commercial orchards, but with up to 75% also a high percentage of trees in extensive
or abandoned orchards is infected, which may serve as natural reservoirs of the phytoplasma
(Jarausch et al. 2011; Seemüller et al. 1998b). In most cases, however, infection with ‘Ca. P.
mali’ does not lead to death of the infected apple trees (Kartte and Seemüller 1988, 1991;
Seemüller et al. 2008).
The phytoplasma ‘Ca. P. mali’ is able to infect numerous wild and ornamental Malus species
and hybrids (Kartte and Seemüller 1988) and was further detected in other pome and stone
fruits such as pear (P. communis) and Japanese plum (Prunus salicina Lindley) (Lee et al. 1995)
but also in hawthorn (Crataegus monogyna Jacq.) (Tedeschi et al. 2009; Tedeschi and Alma
10
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2007), hazel (Corylus avellana L.) (Marcone et al. 1996) and oak (Quercus spp.) (Seemüller et
al. 2011).

Figure 2: Symptoms of apple proliferation disease (+ ‘Ca. P. mali’, right) in comparison to non-infected apple M.
domestica cv. Mairac (- ‘Ca. P. mali’, left): a) witches’ broom, b) enlarged stipules and c) smaller fruit.
(Picture: Felix Briem & Kerstin Zikeli)

The plant to plant transmission of these phloem-restricted bacteria can only occur via contact
to the phloem, e.g. through direct connection between sieve elements obtained by grafting of
infected plant parts to healthy plants (Schaper and Seemüller 1982; Seemüller et al. 2011),
dodder plant Cuscuta subinclusa Durand & Hilg (Carraro et al. 1998) or natural root bridges
(Ciccotti et al. 2008). The primary way of phytoplasma transmission, however, is through
phloem-feeding vector insects in a persistent-propagative manner (Hogenhout et al. 2008; Lee
et al. 2000; Weintraub and Beanland 2006).

11
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1.4

Vector Insects

While phytoplasma vectors are first and foremost insects that interact with the plant and extract
its phloem content to meet their own nutrient requirements, they also transmit and interact with
pathogens. The transmission of phloem-restricted bacteria, thus, depends on the vector insect
finding a suitable host plant and the subsequent acquisition or transmission of bacteria during
phloem feeding.
Host Plant Selection and Acceptance
For phloem-feeders, as for other insects, host plant selection follows a sequence of successive
behavioral phases; the search for and orientation towards potential host plants, the initial
evaluation upon contact and the final acceptance as a suitable host plant (Fereres and Moreno
2009; Powell et al. 2006; Schoonhoven et al. 2005). This host plant selection and acceptance is
decisively influenced by physical (visual, mechano-sensory) and/or chemical (olfactory,
gustatory) plant stimuli (Cao et al. 2014; Dicke 2000; Fereres and Moreno 2009; Prokopy and
Owens 1978). Depending on how the stimuli are evaluated, the plant may be rejected at each
step of the host selection process or, if approved, the next behavioral step can follow (Powell
et al. 2006; Schoonhoven et al. 2005; Thorsteinson 1960). Finally, oviposition or sustained
feeding on the plant prove that host acceptance has taken place (Powell et al. 2006;
Schoonhoven et al. 2005).
Based on the response they elicit in the insect's behavior, attractants, repellents, arrestants,
feeding/ovipositional stimulants and deterrents can be distinguished as chemical compounds
mediating interactions between insects and plants (Dethier et al. 1960; Schoonhoven et al.
2005). Attractants or repellents are metabolites that cause the insect to move towards or away
from its source, e.g. the plant, respectively, whereas arrestants cause insects to aggregate in
contact with it (Dethier et al. 1960; Schoonhoven et al. 2005). While stimulants induce feeding
or oviposition, this behavior is inhibited by deterrents in places where insects would otherwise
feed or oviposit (Dethier et al. 1960).
Sucrose, for instance, is a known feeding stimulant for phloem-feeding insects (Hewer et al.
2010; Mittler and Dadd 1963).
Phloem-feeding and Pathogen Transmission
The phloem is not easily accessible, various tissues of the plant must first be overcome to get
to the plant sap. In order to accomplish that, phloem-feeding insects have specialized piercing12
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sucking mouthparts. With these so-called stylets, they are able to penetrate the plant cuticle and
epidermis. The phloem-feeders are able to reach their preferred tissue, the phloem, by forming
salivary sheaths surrounding the stylet through mechanical effort and the secretion of gelling
saliva (Schoonhoven et al. 2005). Once the stylet tip reaches its destination, the insect excretes
watery saliva into the phloem presumably to overcome plant defense reactions (Will et al.
2013a; Will et al. 2013b). This excretion of watery saliva by vector insects, however, is also
responsible for phytoplasma transmission directly into the phloem (Hogenhout et al. 2008;
Weintraub and Beanland 2006).
The acquisition of phytoplasmas occurs through the passive ingestion of phloem contents
during the feeding process of vector insects (Christensen et al. 2005; Hogenhout et al. 2008;
Weintraub and Beanland 2006). After acquisition follows a latency period during which the
phytoplasmas multiply in the vector’s body and colonize its salivary glands until infectious
levels are reached and the pathogen can be transmitted to other host plants (Christensen et al.
2005; Weintraub and Beanland 2006).
Phloem sap is rich in sugar compounds while amino acids occur in rather lower concentrations
(Douglas 2006; Gallinger and Gross 2020; Hijaz and Killiny 2014). Both can pose a challenge
that insects relying on this food source have to overcome. Firstly, the deficiency of amino acids
might partly be compensated through endosymbionts that synthesize and provide amino acids
to phloem-feeders (Douglas 1998, 2006; Thao et al. 2000). Secondly, phloem-feeders have to
manage osmotic stress when they ingest large quantities of high sugar diets, in part to meet the
demand for other, less abundant compounds. Mechanisms of osmoregulation of phloem-feeders
are excretion of the sugar surplus in the form of honeydew (Ashford et al. 2000; Douglas 2006;
Le Goff et al. 2019) or compensation by xylem ingestion (Pompon et al. 2011).
The vector insects of phloem-restricted bacteria all belong to the taxonomic order of Hemiptera
(Orlovskis et al. 2015; Perilla-Henao and Casteel 2016; Weintraub and Beanland 2006).
Psyllids
More than 3500 species of phloem-feeding insects belong to the hemipteran superfamily
Psylloidea, so called psyllids or jumping plant lice (Hodkinson 2009). Within this almost
worldwide distributed superfamily are several families that include important crop pests e.g.
Liviidae, Triozidea and Psyllidae (Burckhardt 1994; Burckhardt and Ouvrard 2012; Hodkinson
2009). Species of the genus Cacopsylla (Hemiptera: Psyllidae) infest rosacean plants and cause
economic damage to fruit crops e.g. Cacopsylla pyri L. and C. pyricola L. to pear, C. pruni
13
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(Scopoli) to stone fruit and C. picta (Foerster, 1848) to apple trees (Burckhardt 1994). High
psyllid densities feeding and withdrawing phloem sap directly harm the plants and their
excretion of honeydew favors the growth of sooty molds (Burckhardt 1994; Civolani 2010;
Jarausch et al. 2019). The most serious damage, however, is caused by psyllid species vectoring
phytoplasmas (See section 1.3) (Burckhardt 1994; Jarausch et al. 2019). Not only can
phytoplasmas be acquired and transmitted orally through psyllids’ feeding activities, but some
phytoplasmas are vertically or transovarially transmitted from female vectors to their progeny
(Mittelberger et al. 2017; Tedeschi et al. 2006).
Even though, different hemipteran species were under suspicion to vector ‘Ca. P. mali’, the
causative agent of apple proliferation disease (Frisinghelli et al. 2000; Mattedi et al. 2008;
Tedeschi et al. 2003; Tedeschi and Alma 2006, 2007), research is now mainly focused on
psyllids as vectors (Jarausch et al. 2019; Mayer et al. 2008b; Oppedisano et al. 2020b; Tedeschi
et al. 2002; Tedeschi et al. 2003; Tedeschi et al. 2009).
Summer Apple Psyllid Cacopsylla picta
The summer apple psyllid C. picta (formerly known as Cacopsylla costalis (Flor, 1861)) is
currently the only known vector of apple proliferation phytoplasma ‘Ca. P. mali’ in Germany
(Frisinghelli et al. 2000; Jarausch et al. 2003; Jarausch et al. 2010; Jarausch et al. 2011; Mayer
et al. 2008a, 2008b). Jarausch et al. (2011) reported that approximately 10% of the C. picta
population in southwest Germany and eastern France were naturally infected with the
phytoplasma. Furthermore, all phloem-feeding life stages of C. picta (Fig. 3a, c, d) are able to
acquire and transmit ‘Ca. P. mali’ (Carraro et al. 2008; Jarausch et al. 2004; Jarausch et al.
2011; Mattedi et al. 2008; Oppedisano et al. 2020a).
This migrating psyllid species lives for almost one year and during this time changes its host
plant twice. In early summer (June/July), the young adults (emigrants, Fig. 3d) migrate from
Malus species to their overwintering hosts, conifers, where they spend the rest of the summer,
autumn and winter (Mattedi et al. 2008; Mayer et al. 2011). The following spring (MarchApril), the then called remigrants (Fig. 3a) migrate back to their reproduction hosts, apple trees,
where they mate and lay eggs (Fig. 3b) (Jarausch and Jarausch 2014; Mattedi et al. 2008). Five
unwinged nymphal instars (Fig. 3c) complete their development on apple trees before the young
adults emerge and soon emigrate to conifers (Jarausch et al. 2011; Mayer et al. 2011;
Ossiannilsson 1992).
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Figure 3: Ontogenetic and migration stages of Cacopsylla picta: a) Overwintered remigrants during mating and
eggs visible on flower stalks; b) eggs deposited near the leaf vein; c) early nymphal instar on abaxial leaf
surface; d) young emerged emigrants.

Although they are the same species and individuals, the migration stages differ in body
coloration; the young light green emigrants (Fig. 3d) are clearly distinguishable from the almost
one-year-old brown-black remigrants (Fig. 3a) (Ossiannilsson 1992).
1.5

(Biological) Crop Protection and Vector Antagonists

Vector control is crucial in order to reduce the distribution of apple proliferation disease
(Jarausch et al. 2019), since infected apple trees cannot be cured and there is no resistant plant
material available to the growers (Seemüller et al. 2011). Hence, the control of ‘Ca. P. mali’ is
carried out exclusively through such preventive or phytosanitary measures. This further
includes the testing for infection of nursery stock and thus the planting of phytoplasma-free
plant material, as well as the uprooting of infected trees (Barthel et al. 2020).
In Germany, insecticides with the active ingredients azadirachtin and dazomet or potash soap
and rapeseed oil are approved for psyllid control in apple cultivation (BVL 2021). However,
these agents are classified as harmful to several beneficial insects and no agents are approved
against the summer apple psyllid C. picta specifically (BVL 2021; Fachgruppe Obstbau 2021).
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Therefore, the efficient and selective control of this psyllid vector is a research goal in
integrative pest management (IPM). In IPM, all available means should be exploited to contain
the development of pest populations while taking economic aspects and risks to humans and
the environment into account (FAO 2021). In this context, the use of natural control strategies
is particularly emphasized for sustainable agriculture and for pesticide reduction (FAO 2021).
Biological control approaches use living organisms to minimize specific pest population
densities in order to reduce the damage they would otherwise cause (Eilenberg et al. 2001).
Hence, this involves the trophic level of the insects’ natural enemies, e.g. psyllid predators such
as anthocorids Anthocoris nemoralis (Fabricius) and Orius minutus L. (Heteroptera:
Anthocoridae) (Erler 2004; Jerinić-Prodanović and Protić 2013). Further, possible antagonists
are entomopathogens that cause mortality in insects, e.g. bacteria and fungi (Federici 1999;
Onstad et al. 2006). Entomopathogenic fungi species of the order Entomophthorales naturally
occurred in psyllid populations (Acosta et al. 2016; Dustan 1927; Guizar-Guzman and SánchezPeña 2013; Villacarlos and Robin 1989).
Entomopathogenic Fungus Pandora sp. nov. inedit.
In 2016 a new, not yet formally described species of the genus Pandora (ARSEF13372)
(Entomophthorales: Entomophthoraceae), in the following referred to as “Pandora sp. nov.
inedit.”, was isolated of Cacopsylla spp. from pear trees, in Copenhagen, Denmark (Jensen
2017; Jensen et al. 2018). Pandora species are obligate insect pathogens (Keller and Petrini
2005) and, like most Entomophthorales, have a very special mechanism of spore dispersal; the
primary conidia are actively ejected by fungal conidiophores that have penetrated the dead
host's cuticle (Keller 2002). In addition, host cadavers fixed by fungal rhizoids are often found
on exposed places suggesting that the fungi affected the insect's behavior, allowing the conidia
to shower down on potential new hosts (Keller 2007; Roy et al. 2006). After attachment and
spore germination follows penetration of the robust exoskeleton with the help of degrading
enzymes and physical force, before the fungus starts proliferating and taking up nutrients inside
the insect’s body (Boomsma et al. 2014). Finally, the host insect dies as its immune system
collapses under the large amount of fungal biomass and the fungus starts to produce conidia to
spread further (Keller 2002).
Entomophthorales are generally considered to have high host specificity with a narrow host
range (Eilenberg and Michelsen 1999; Jensen et al. 2001; Keller 2007; Pell et al. 2001), fast
speed-to-kill (Pell et al. 2001) and are known for their ability to cause epizootics (Jaques and
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Patterson 1962; Keller 2007; Pell et al. 2001). Such outbreaks were for instance reported almost
a hundred years ago after Zoophthora radicans (Brefeld) Batko (formerly known as
Entomophthora sphaerosperma (Fresenius), Entomophthorales: Entomophthoraceae) infected
Cacopsylla spp. specimens were distributed in apple orchards (Dustan 1927). This fungus
apparently maintained low population densities for several years (Jaques and Patterson 1962).
It is therefore not surprising that attempts were made to use Entomophthorales for biological
plant protection (Barta and Cagáň 2006; Keller 2007; Lacey et al. 2001; Pell et al. 2001; Pell et
al. 2010). As their nutrient requirements are rather high (Hajek et al. 2012), and cultivation is
difficult (Pell et al. 2001; Wraight et al. 2001), however, no Entomophthorales have yet been
approved for commercial use.
In addition to research on possible biocontrol agents and their commercialization, there is also
a growing awareness that plant properties can influence the interaction between the
entomopathogenic fungus and insects. Hence, the interaction between the fungal antagonist, the
insect and its host plant could determine the outcome of the control attempt (Butt et al. 2001;
Inglis et al. 2001; Inyang et al. 1999a; Inyang et al. 1999b; Shikano 2017). Consequently, a
better understanding of the multitrophic interaction in the Plant – Pathogen – Vector Antagonist system may contribute to the development of biological vector control concepts to
reduce the spread of apple proliferation phytoplasma ‘Ca. P. mali’.
1.6

Objectives and Research Questions

My research focused on the impact of ‘Ca. P. mali’ infection on apple tree phloem chemistry
and plant mediated effects of the infection on vector behavior. Furthermore, I aimed to assess
the suitability of the recently discovered entomopathogenic fungus Pandora sp. nov. inedit. for
vector control within the multitrophic interaction of the phytoplasma-plant-vector-antagonist
system (Fig. 4).
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Figure 4: Multitrophic interactions in the phytoplasma – plant – vector – antagonist system assessed in this thesis:
Impact of ‘Ca. P. mali’ infection on phloem chemistry of the shared host plant M. domestica (1) and plantmediated effects on the behavior of the vector C. picta ((2)+(3)) as well as direct (solid arrow) and indirect
(dotted arrow) effects of ‘Ca. P. mali’ infection on vector survival after treatment with the antagonist
Pandora sp. nov. inedit. (4). Further, assessment of Pandora sp. nov. inedit. as biocontrol agent for vector
control (5).

I addressed the following research questions:
1. How does ‘Ca. P. mali’ infection affect phloem chemistry of its host plant apple
M. domestica?
2. How do plant-mediated effects of ‘Ca. P. mali’ infection of the shared host plant
impact oviposition choice of its vector C. picta?
3. How do plant-mediated effects of ‘Ca. P. mali’ infection of the shared host plant
impact feeding behavior of its vector C. picta? Does the feeding behavior differ
between distinct life stages of C. picta?
4. Which impact has ‘Ca. P. mali’ infection of the host plant and/or the vector C. picta
on vector survival after treatment with the entomopathogenic fungus Pandora sp. nov.
inedit.?
5. Which potential has Pandora sp. nov. inedit. for biological vector control?
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2.1

Summary of Publications
Interactions between phloem-restricted bacterial plant pathogens, their
vector insects, host plants, and natural enemies, mediated by primary and
secondary plant metabolites
Jürgen Gross, Jannicke Gallinger, Louisa M. Görg
Accepted for publication (March 2021) in Entomologia Generalis

While other systems such as virus-plant interactions are already well studied, information is
still lacking on the interactions between phloem-restricted bacteria, their vector insects and host
plants. Phloem-restricted bacteria are found among the mollicutes (‘Candidatus Phytoplasma’,
Spiroplasma), α- proteobacteria (‘Candidatus Liberibacter’) and γ- proteobacteria (‘Candidatus
Arsenophonus’, ‘Candidatus Phlomobacter’). In this publication, we have therefore reviewed
the current literature of interactions involving these pathogens, with special regard to effects
mediated by phloem metabolites and volatiles. First, the direct interactions between the
individual parties (bitrophic: host plant – vector, host plant – pathogen, pathogen – vector) were
examined before three-way interactions (pathogen – host plant – vector) were considered,
followed by multitrophic interactions including natural enemies (pathogen – host plant – vector
– vector antagonist). Even though comparison between systems revealed numerous knowledge
gaps, there were several commonalities: When phloem-feeding insects feed on their host plant,
the levels of plant metabolites such as volatiles but also phloem metabolites might change in
response. In turn, varying concentrations of (phloem) metabolites affected the fitness and
performance of the insect, e.g. development and longevity.
Additionally, it became apparent that infection with the phloem-restricted bacteria also
interfered with plant metabolism and induced physiological changes, e.g. induction of volatiles,
impacts on source-sink relationships and the distribution of metabolites. Furthermore, pathogen
infection of some vector species led directly to behavioral changes or affected vector fitness.
Finally, it became clear that in the three-way interaction, pathogen-induced effects on the shared
host plant, e.g. metabolite abundance, could also indirectly affect fitness and behavior of the
vector. When another trophic level was included, altered volatile profiles of pathogen-infected
or insect-infested plants further attracted natural enemies of some insect species.
While these (multitrophic) interactions have been relatively well studied for α- proteobacteria,
there is still a great need for research on phytoplasmas, spiroplasmas and γ- proteobacteria in
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order to better understand the evolution of plant – pathogen – vector systems and the
development of effective (vector) management strategies.
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2.2

The phytopathogen ‘Candidatus Phytoplasma mali’ alters apple tree
phloem composition and affects oviposition behavior of its vector
Cacopsylla picta
Louisa M. Görg, Jannicke Gallinger, Jürgen Gross
Published 2021 in Chemoecology

Phytoplasmas cause numerous physiological changes in their host plant (Publication 1). We
aimed to reveal phytoplasma induced effects on the phloem, the shared nutritional source of
both phytoplasma and vector. We therefore compared the chemical composition of phloem
samples of ‘Ca. P. mali’ infected and non-infected apple trees. Plant sap was collected from
apple trees cv. Golden Delicious by centrifugation technique. Firstly, refractometer
measurements displayed an enhanced soluble sugar content (°Brix) in phloem centrifugates of
‘Ca. P. mali’ infected plants. Secondly, for the differentiation of distinct phloem metabolites,
sugars, sugar alcohols, organic and amino acids in phloem centrifugates were derivatized and
analyzed via gas chromatography followed by mass spectrometry (GC-MS). The subsequent
identification and quantification of derivates revealed that the sugar alcohol sorbitol, the sugar
sucrose and the organic acid quinic acid were the dominant metabolites found in phloem
samples of apple trees. Furthermore, the phloem metabolite profile significantly differed
between ‘Ca. P. mali’ infected and non-infected plants. In ‘Ca P. mali’ infected plants enhanced
sugar and sugar alcohol content and increased concentrations e.g. of sucrose and sorbitol were
found. In contrast, organic and amino acid content was on the same level as in non-infected
plants, even though enhanced concentrations of the organic acid malic acid were found in ‘Ca.
P. mali’ infected plants. Thus, as result of the interaction between the phytoplasma and its host
plant, a shift of the sugar: amino acid ratio in phloem sap of ‘Ca. P. mali’ infected plants was
evident.
These alterations to plant’s physiology in ‘Ca. P. mali’ infected plants arose the question
whether the interaction between the phytoplasma’s vector insect and the shared host plant
would also be affected. In binary-choice bioassays with ‘Ca. P. mali’ infected and non-infected
apple plants, we therefore assessed plant-mediated effects of phytoplasma infection to C. picta
females’ oviposition behavior. The vector preferably chose non-infected over ‘Ca. P. mali’
infected apple leaves as substrate for their phloem feeding offspring as C. picta females laid
63% of their eggs on non-infected apple leaves.
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2.3

Influence of ontogenetic and migration stage on feeding behavior of
Cacopsylla picta on ‘Candidatus Phytoplasma mali’ infected and noninfected apple plants
Louisa M. Görg, Jürgen Gross
Published 2021 in Journal of Insect Physiology

Previous studies demonstrated that phytoplasma infection directly altered phloem composition
in ‘Ca. P. mali’ infected apple trees and indirectly rendered infected plants less favorable as
oviposition substrate for the vector C. picta (Pub. 2). In this publication, we aimed to assess
whether this three-way interaction would also impact the feeding behavior of the psyllid which
acquires and transmits the phytoplasma during phloem feeding. As adults, the migrating
psyllids C. picta emigrate to conifers for overwintering (emigrants) and remigrate to apple trees
for reproduction and oviposition (remigrants). C. picta nymphs complete their ontogenesis on
apple trees. We compared the probing and feeding behavior of C. picta using electrical
penetration graph (EPG) recordings of the three life stages female remigrants, female emigrants
and 5th instar nymphs on ‘Ca. P. mali’ infected and non-infected apple trees cv. Golden
Delicious. With this technique we were able to draw conclusions about the insect stylet’s
pathway through plant tissues, e.g. parenchyma, xylem and phloem. Furthermore, the distinct
waveform patterns allow the assignment of specific behaviors associated with pathogen
transmission or acquisition, such as the excretion of watery saliva (phloem salivation) or the
uptake of phloem (phloem ingestion), respectively.
Overall, the ‘Ca. P. mali’ infection of the plant delayed C. picta’s first sieve element penetration
as well as the first phloem contact (phloem salivation). On infected plants, the first phloem
salivation occurred about two times later than on non-infected plants. Unexpectedly, neither
C. picta’s phloem nor xylem ingestion behavior were affected even though phloem composition
was altered in ‘Ca. P. mali’ infected plants (Pub. 2). Accordingly, I concluded that plantmediated effects of ‘Ca. P. mali’ infection affect the secretion of watery saliva (phloem
salivation), but changes in phloem metabolite levels, however, had no effect on phloem
ingestion. Therefore, there was no evidence of feeding stimulatory or deterrent effects of the
altered phloem composition or compensatory behavior due to changes in nutrient availability.
From differences in probing and especially in phloem ingestion behavior between C. picta’s
life stages, I conclude that phloem feeding behavior is nevertheless a demand-regulated process.
Even though all life stages of the phloem-feeding insect C. picta ingested phloem but also
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xylem, and there were differences between the ontogenetic stages: Nymphs ingested more
xylem, salivated longer into the phloem and more often ingested phloem than adult stages.
Additionally, the phloem feeding behavior differed considerably between the adults, i.e. the
migratory stages (remigrants vs. emigrants). Overwintered remigrants salivated longer into and
ingested more phloem than the young emigrants. During the 12 hours of EPG recordings,
emigrants rarely had contact with phloem tissue at all and spent less than 1% of the recording
time ingesting phloem. In contrast, remigrants ingested phloem for more than 20% and nymphs
for about 30% of the recording time. Therefore, I concluded that the feeding behavior of
ontogenetic and migratory stages differed, as the nutritional requirements also differed
depending on to their tasks during C. picta’s life cycle; hence, the increased phloem uptake
reflected the increased nutrient requirements necessary for development (nymphs) and egg
production (remigrants) and thus illustrated the differences between the migratory stages - After
all, female remigrants produce and lay eggs, but female emigrants do not.
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2.4

Pathogenicity against hemipteran vector insects of a novel insect
pathogenic fungus from Entomophthorales (Pandora sp. nov. inedit.) with
potential for biological control
Louisa M. Görg, Jørgen Eilenberg, Annette B. Jensen, Annette H. Jensen, Jürgen Gross
Published 2021 in Journal of Invertebrate Pathology

The literature review of interactions between phloem-restricted plant bacteria, their vectors,
host plants, and natural enemies (Pub. 1) showed that pathogen infection of shared host plants
and/or vector itself, affected vector fitness parameters, as published in some former studies. We
therefore aimed to assess the direct or indirect impact of ‘Ca. P. mali’ infection on vector
survival after treatment with an entomopathogenic fungus (EPF) within the multitrophic
interaction. Hence, laboratory bioassays were performed with the recently discovered EPF
Pandora sp. nov. inedit. (ARSEF13372). For 24 h, insects were thereby exposed to a so called
‘conidia shower’, i.e. asexual spores actively discharged from mycelial mats descending upon
the insects. Within 10 days, neither phytoplasma infection of the vector C. picta nor its host
M. domestica cv. Gala Royal had an effect on vector’s survival after Pandora sp. nov. inedit.
treatment.
To evaluate the host range of this new EPF species, we performed additional infection bioassays
using Pandora sp. nov. inedit. mycelial mats on several hemipteran phloem feeding insects.
Originally isolated from Cacopsylla spp. on pear, in vitro cultivated Pandora sp. nov. inedit.
successfully infected pear psyllids C. pyri and C. pyricola. Furthermore, both adult and
preimaginal stages could be infected, as demonstrated by postmortem symptoms of Pandora
sp. nov. inedit. outgrowth on C. pyri adult and nymph cadavers. Summer apple psyllid C. picta
and plum psyllid C. pruni, psyllid pests in European fruit production, could likewise be infected
by Pandora sp. nov. inedit. as well as C. peregrina (Foerster), typically found on hawthorn,
and carrot psyllid Trioza apicalis Foerster (Hemiptera: Triozidae). These results demonstrated
pathogenicity of Pandora sp. nov. inedit. for species of the hemipteran families Psyllidae and
Triozidae.
Timing and quantity of insects killed are crucial for the success of biocontrol strategies.
Pandora sp. nov. inedit. treated C. pyri and C. picta died significantly earlier than those of the
untreated control and 50% of treated specimens already died within five days past inoculation
(dpi). The fast speed-to-kill was further proven since cadavers collected 3 dpi already showed
fungal outgrowth after incubation at day 4. Overall, a cumulative mortality of 71% and 83%
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was reached for treated C. pyri and C. picta, respectively. These results show the potential of
Pandora sp. nov. inedit. to be used in biological vector control strategies.
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General Discussion

Although apple proliferation is an economically important disease in fruit production, still little
is known about the interaction of the vector with (infected) host plants. Greater knowledge
might have a strong impact on the better understanding of the vector-mediated distribution of
‘Ca. P. mali’ and, ultimately, how it can be controlled. Hence, I focused my research on plantmediated effects of ‘Ca. P. mali’ infection on vector C. picta’s host acceptance behavior (Fig. 5)
as well as the exploration of a newly discovered potential biocontrol agent Pandora sp. nov.
inedit. for vector control (Fig. 5).

Figure 5: ‘Ca. P. mali’ infection alters phloem chemistry of the shared host plant M. domestica (1, red lightning
bolt) directly (solid black arrow) and influences oviposition and probing behavior ((2)+(3)) of the vector
C. picta indirectly trough plant-mediated effects (dotted grey arrow). C. picta’s phloem ingestion (3) is not
affected (crossed out red lightning bolt). No impact of direct or indirect effects of ‘Ca. P. mali’ infection on
vector survival after treatment with the antagonist Pandora sp. nov. inedit. (4). Pandora sp. nov. inedit. has
potential as biocontrol agent for vector control (5).
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3.1

Impact of ‘Ca. P. mali’ Infection on Host Plant Phloem Chemistry

‘Ca. P. mali’ infection alters phloem composition of apple trees.
It is already known, that infection with ‘Ca. P. mali’ results in numerous morphological and
physiological changes in its host plant such as leaf size reduction (Gallinger et al. 2021),
alterations to the phytohormone (Gallinger et al. 2021; Janik et al. 2017; Zimmermann et al.
2015) or the volatile profile (Mayer et al. 2008b; Rid et al. 2016). In my studies, I found that
‘Ca. P. mali’ infection furthermore affected host plant physiology by altering the phloem
composition (Pub. 2). The observed increase in soluble carbohydrates such as sucrose has also
been reported several times for other phytoplasma infected plants (Pub. 1, Bertamini and
Nedunchezhian 2001; Choi et al. 2004; Gai et al. 2014; Lepka 1999; Lindner et al. 2011;
Machenaud et al. 2007; Maust et al. 2003; Prezelj et al. 2016). In these studies, it was often
assumed that the transport of assimilates in the phloem or their enzymatic conversion was
impaired, resulting in an accumulation in infected plants (Bertamini and Nedunchezhian 2001;
Gai et al. 2014; Lepka 1999; Santi et al. 2013a; Santi et al. 2013b). As long as phytoplasmas
cannot be artificially cultivated, however, it is not possible to determine whether these changes
are induced directly by the pathogen to optimize its own nutrient supply, or are caused by
defense reactions of the plant. One argument that would support the former is that in our study,
the relative amount of malic acid increased in the phloem of ‘Ca. P. mali’ infected plants, while
the total organic acid concentration was not affected (Pub. 2). Genomic and transcriptomic
studies suggested that although ‘Ca. P. mali’ lacks several metabolic pathways, it might actually
be able to metabolize malate, the salt of malic acid (Kube et al. 2008; Siewert et al. 2014).
Hence, this concentration increase might be directly triggered by the phytoplasma manipulating
its host plant to improve its own supply of nutrients in the phloem.
Since such changes in metabolite and nutrient abundance might also influence other consumers,
i.e. phloem-feeding insects, it is obvious that the host choice can affect fitness and survival of
the insect or its offspring (Jaenike 1978; Schoonhoven et al. 2005; Steinbauer et al. 2016).
3.2

Plant-mediated Effects of ‘Ca. P. mali’ Infection on Vector Behavior

C. picta prefers non-infected apple trees for oviposition.
We observed that infection of the plant indeed had an effect on vector host acceptance behavior
when female C. picta remigrants oviposited more eggs on non-infected apple leaves (Pub. 2) A finding consistent with earlier observations regarding oviposition behavior of C. picta
27

General Discussion

(Mayer et al. 2011) and the behavior of other vector insects (Malagnini et al. 2010; Pradit et al.
2019). This preference for non-infected plants is of great importance for the persistence of the
population, since the development of C. picta nymphs took slightly longer and mortality was
significantly higher on ‘Ca. P. mali’ infected plants (Mayer et al. 2011).
Nevertheless, it is evident that C. picta remigrants are able to distinguish non-infected from
infected apple plants. Previous studies, however, already demonstrated that C. picta remigrants
did not make this distinction based on olfactory stimuli (Mayer et al. 2011). Hence, I concluded
that other stimuli e.g. gustatory cues of phloem metabolites or nutrient ratios are responsible
for female C. picta remigrants’ preference of non-infected plants. Similarly, the oviposition
preference of Asian citrus psyllid D. citri on young shoots was correlated with nutrient levels
in the phloem sap e.g. higher nitrogen: carbon ratios or the abundance of essential amino acids
compared to mature leaves (Sétamou et al. 2016). These findings indicate the importance of
phloem components for psyllid oviposition behavior.
Moreover, it is assumed that insects regulate their feeding activities in response to such plant
factors by adjusting the duration of phloem ingestion (Tjallingii 1995). This is especially
relevant because such behavioral changes of the vector might be crucial for the distribution of
the phytoplasma. Hence, this led to the question of how the feeding behavior of C. picta changes
on ‘Ca. P. mali’ infected apple trees with altered phloem composition (Fig. 5).
‘Ca. P. mali’ infection of apple trees delays the first phloem contact but has no impact on
phloem ingestion of C. picta.
Interestingly, we found that ‘Ca. P. mali’ infection of the host plant had an effect on vector
probing behavior since the first phloem contact occurred later on infected than on non-infected
apple trees. (Pub. 3). Phloem-feeding insects presumably orient themselves in the plant by
means of gradients towards increasing concentrations of e.g. sugars in the phloem (Hewer et al.
2011; Schoonhoven et al. 2005). Therefore, we assumed that increased sugar concentrations in
the phloem of infected plants would actually shorten the time until the first phloem contact. The
fact that this is not the case suggests that other changes induced by the ‘Ca. P. mali’ infection
slow down or hinder the path of the stylet towards phloem cells. Possibly, morphological
changes due to the ‘Ca. P. mali’ infection, e.g. the reduction of the vascular bundle including
the phloem (Gallinger et al. 2021) play a role or physical barriers enclosing the phloem as
described for other systems (George et al. 2017; Hewer et al. 2011). Further, ‘Ca. P. mali’
induced changes in phytohormone levels (Gallinger et al. 2021; Janik et al. 2017; Zimmermann
et al. 2015) or defense metabolites mediated by them might interfere with the probing behavior.
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Although the probing behavior of C. picta differed between infected and non-infected plants,
we found no effect on the actual phloem ingestion behavior (Pub. 3). Thus, no feeding
stimulating effect of the increased sugar concentrations induced by the ‘Ca. P. mali’ infection
can be deduced. Consequently, we found no evidence that the phytoplasma alters the phloem
composition to increase phloem uptake by its vector in order to promote its own distribution
(See section 3.4).
3.3

Feeding Behavior of Ontogenetic and Migratory Life Stages

C. picta nymphs more often ingest phloem and xylem than adults.
As not only sensory cues of plant stimuli can influence host plant acceptance, but also the
physiological status of the insect (Barton Browne 1993; Schoonhoven et al. 2005), we assessed
the feeding behavior of the three phloem-feeding life stages of C. picta on ‘Ca. P. mali’ infected
plants (Fig. 5). Thus, we revealed that its life stage had an even greater influence on the vector’s
feeding behavior than the infection status of the host plant (Pub. 3). The increased frequency of
phloem ingestion by nymphs, for instance, indicated their increased nutritional demands during
ontogenesis (Pub. 3). This is consistent with observations for other psyllid species where
enhanced nutrient requirements of preimaginal stages have been postulated (Le Goff et al. 2019;
Sharma and Raman 2017).
Although classified as phloem feeding insect, all life stages of C. picta also ingested xylem
(Pub. 3). This corresponds to reports of several hemipterans feeding on both phloem and xylem
to meet their nutrient and water needs (Civolani et al. 2011; Gallinger and Gross 2020; George
et al. 2018; Nalam et al. 2020). For C. picta nymphs, the increased phloem ingestion frequency
accompanied by increased xylem ingestion (Pub. 3) points to an increased need for
osmoregulation compared to adults.
Female C. picta remigrants ingest more phloem than emigrants.
The finding that C. picta remigrant females in their reproductive life stage ingest more phloem
than the young emigrants (Pub. 3), also suggests different nutrient requirements. This is in
accordance with the assumption that in insects, reproduction and oviposition are correlated to
nutrient availability and uptake (Barton Browne 1993; Fontellas and Zucoloto 2003). In contrast
to this stands the behavior of C. picta emigrants which hardly had any contact with the phloem
at all but ingested xylem (Pub. 3). This finding indicates that they actually require very little
nutrients and fluids to survive. With limited phloem contact but pronounced xylem ingestion,
similar behavior was observed for the overwintering stage of pear psyllid C. pyri (winter form)
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(Civolani et al. 2011; Civolani et al. 2013). Hence, this could also explain why emigrants
survive on conifers with a completely different phloem chemistry as demonstrated for plum
psyllid C. pruni emigrants (Gallinger and Gross 2018).
3.4

‘Ca. P. mali’ Epidemiology and Evolution of the Pathogen – Plant – Vector
System

Nevertheless, the phloem-feeding behavior of vector insects is of particular interest as phloemrestricted bacteria are acquired and transmitted during this process (Hogenhout et al. 2008;
Weintraub and Beanland 2006). In general, a positive correlation between the duration of
phloem ingestion and pathogen acquisition has been shown e.g. for Asian citrus psyllid D. citri
(George et al. 2018). For C. picta, only about 10% of emigrants have been reported to acquire
the pathogen from infected plants (Jarausch et al. 2010) which corresponds to the rare phloem
contact we observed (Pub. 3). Furthermore, there is a positive correlation between the duration
of watery saliva excretion (phloem salivation) and pathogen transmission as reported for
phloem feeding vectors of plant viruses (Lei et al. 2016). It can therefore be assumed that
remigrants that salivate longer in the phloem (Pub. 3), might be more successful in transmitting
the pathogen. This is also supported by transmission trials with 8-45 % efficiency for remigrants
and only 2-20 % for emigrants (Jarausch et al. 2011). Even if they are unlikely to have
epidemiological relevance due to their limited mobility, we found that nymphs salivate even
longer into the phloem (Pub. 3). This observation agrees with the higher transmission success
of nymphs compared to adults in experiments of Oppedisano et al. (2020a). These findings
highlight the influence of different life stages on vector feeding behavior and the significance
for the transmission of phloem-restricted pathogens.
The epidemiology of ‘Ca. P. mali’ is further characterized by intriguing adaptations to this
three-way interaction; the pathogen manipulates the plant physiology so that by increased
emissions of the sesquiterpene β- caryophyllene, emigrants are attracted to infected plants and
more likely become infected (Mayer et al. 2008a, 2008b). In contrast, however, remigrants
select non-infected plants for oviposition, likely due to gustatory cues (Pub. 2, Mayer et al.
2011), in order to avoid adverse effects of the phytoplasma infection on their offspring. Since
otherwise, C. picta adults which developed on infected plants were smaller and egg to adult
mortality higher (Mayer et al. 2011). This alternation between attraction by infected plants
followed by vector’s preference for non-infected plants increases the likelihood of phytoplasma
dispersal.
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The fact that infected apple trees survive for decades after infection (Seemüller et al. 2018)
implies quite an advanced co-evolution between pathogen and plant and results in long-term
sources of infection for vector insects. Furthermore, transovarial transmission of ‘Ca. P. mali’
from infected C. picta females to their offspring (Mittelberger et al. 2017), ensures the
continued pathogen existence in the population. In general, the vertical transmission has been
interpreted as a sign of a long co-evolution between vectors and phytoplasmas (Tedeschi and
Bertaccini 2019).
Contrary to that, however, negative influences on vector fitness are assumed to indicate a less
adapted evolutionary process between vector and pathogen (Elliot et al. 2003; Nadarasah and
Stavrinides 2011). Looking only at the harmful effects of ‘Ca. P. mali’ infection on the fitness
of C. picta’s offspring under laboratory conditions (Mayer et al. 2011), it might be deduced that
the relationship between pathogen and vector is not yet fully balanced. However, if the findings
from behavioral experiments are taken into account, it becomes clear that the opposite is the
case and a strong adaptation evolved, as the vector avoids these negative effects of the pathogen
infection by preferentially laying eggs on healthy plants (Pub. 2, Mayer et al. 2011).
For the time being, however, the question remains whether the negative effects on C. picta‘s
performance observed by Mayer et al. (2011) were caused by detrimental plant-mediated effects
e.g. due to changes in phloem composition or directly caused by ‘Ca. P. mali’ infection of the
insect itself.
3.5

Direct and Plant-mediated Effects of ‘Ca. P. mali’ Infection on Vector
Survival after Treatment with an Antagonist

No impact of ‘Ca. P. mali’ infection on survival of C. picta after treatment with the
entomopathogenic fungus Pandora sp. nov. inedit.
The role of plant-mediated effects was highlighted by Ren et al. (2016) who derived the
conclusion that the phloem-restricted bacterial infection of the plant had a greater influence on
vector fitness than the infection of the vector itself. Firstly, it is known that insect nutrition can
influence the susceptibility of insects to entomopathogens (Inglis et al. 2001; Shikano 2017).
Secondly, pathogen-infected insects might also be more susceptible to entomopathogenic fungi
(Qasim et al. 2018) or insecticides (Tiwari et al. 2011) than their non-infected counterparts.
However, direct or plant-mediated effects of pathogen infection can have neutral, harmful or
even beneficial effects on vector fitness, depending on the respective vector-pathogen-plant
system (reviewed in Pub. 1).
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In order to shed more light on the direct and indirect effects of ‘Ca. P. mali’ infection on
C. picta’s fitness we therefore focused on its susceptibility towards an antagonistic
microorganism (Fig. 5). Even though C. picta’s mean survival times decreased after treatment
with the entomopathogenic fungus Pandora sp. nov. inedit., it did so irrespective of
phytoplasma infection of plant and/or vector (Pub. 4). Hence, this indicates that potential direct
or plant-mediated effects of the phytoplasma infection had no impact on vector survival or
might have been masked by the more pronounced lethal effect of the fungus.
However, to better understand the interaction, not only possible effects on vector fitness but
also on its behavior should be investigated after fungal inoculation. Apart from lethal effects,
reduced fecundity (Saussure et al. 2019) and changes in probing and feeding behavior (Chen et
al. 2018) have for instance been reported for aphids inoculated with Pandora neoaphidis
Remaudière and Hennebert (Entomophthorales: Entomophthoraceae) and thus might further
affect vector population dynamics and pathogen transmission.
3.6

Vector Control

Pandora sp. nov. inedit. has potential for biological vector control.
Laboratory infection bioassays revealed that the new entomopathogenic fungus Pandora sp.
nov. inedit. was pathogenic to species from the hemipteran families Psyllidae and Triozidae
(Pub. 4), demonstrating that its host range is not limited to psyllids of the genus Cacopsylla.
This might be favorable for its use as biocontrol agent since Barta and Cagáň (2006) state that
the host range of entomopathogenic fungi should not be too specific, but that pathogenicity to
several genera of one insect group even offers commercial advantages, as long as no beneficial
insects are impacted.
The significant reduction in survival time of species inoculated with Pandora sp. nov. inedit.
further demonstrates its potential to be used in biological vector control (Pub. 4). The median
survival time of 5-6 days observed for C. pyri and C. picta as well as the fast occurrence of
postmortem outgrowth of fungal structures and sporulation from cadavers (Pub. 4) suggests that
the fungus may be spreading rapidly in pest populations. Pandora sp. nov. inedit.’s ability to
infect both nymphal and adult stages and even overwintering morphs (Pub. 4) provides another
advantage, both for its persistence in natural insect populations and for biological control
strategies.
The targeted release of antagonists in biocontrol approaches, however, is strongly determined
by external (environmental) influences, the suitability of the antagonist for mass production and
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the development of an appropriate formulation (Pell et al. 2001; Shah and Pell 2003). A suitable
formulation might than be tested under field conditions, assessing how its persistence can be
increased to withstand environmental conditions and how efficiently the fungus controls
psyllids in the field before it can become part of an integrated management concept. Innovative
attract-and-kill strategies in which the insect is lured to a kill component through the use of
attractants, might further increase the selectivity and efficacy of Pandora sp. nov. inedit. as
biocontrol agent (Gross and Gündermann 2016).
3.7

Conclusion and Outlook

This work contributes to the increasing knowledge of multitrophic interactions in the plantpathogen-vector system of apple proliferation disease. A better understanding of the
interactions can aid the development of control strategies for vector control, thereby reducing
the spread of the phytoplasma.
An important finding of this thesis was that ‘Ca. P. mali’ infection alters the phloem
composition of its host plant. However, we did not find any evidence that the phytoplasma alters
the phloem composition in order to promote its own distribution through increased phloem
uptake by non-infected individuals since the phloem ingestion of C. picta was not affected. In
contrast, the preference of non-infected plants for oviposition showed an adaptation of the
vector to negative effects of ‘Ca. P. mali’ infected plants on their offspring.
Nevertheless, individual phloem components or combinations thereof could be the basis for
further studies. Possible influences of gustatory stimuli or nutrient availability on vector
behavior and performance should be further elucidated using artificial diets. Behaviormanipulating substances e.g. phagostimulants and arrestants in combination with attractants
such as β-caryophyllene, could then be used in innovative attract-and-kill strategies. A potential
kill component might be the entomopathogenic fungus Pandora sp. nov. inedit.
.
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Abstract
Apple proliferation disease is caused by the phloem-dwelling bacterium ‘Candidatus Phytoplasma mali’, inducing morphological changes in its host plant apple, such as witches’ broom formation. Furthermore, it triggers physiological alterations
like emission of volatile organic compounds or phytohormone levels in the plant. In our study, we assessed phytoplasmainduced changes in the phloem by sampling phloem sap from infected and non-infected apple plants. In infected plants, the
soluble sugar content increased and the composition of phloem metabolites differed significantly between non-infected and
infected plants. Sugar and sugar alcohol levels increased in diseased plants, while organic and amino acid content remained
constant. As ‘Ca. P. mali’ is vectored by the phloem-feeding insect Cacopsylla picta (Foerster, 1848), we assessed whether
the insect–plant interaction was affected by ‘Ca. P. mali’ infection of the common host plant Malus domestica Borkh.
Binary-choice oviposition bioassays between infected and non-infected apple leaves revealed C. picta’s preference for noninfected leaves. It is assumed and discussed that the changes in vector behavior are attributable to plant-mediated effects of
the phytoplasma infection.
Keywords Apple proliferation disease · Binary-choice oviposition bioassay · Malic acid · Malus domestica · Multitrophic
interactions · Sorbitol · Sucrose

Introduction
Most phloem-limited plant pathogens, such as viruses and
bacteria (e.g., Candidatus Liberibacter, Ca. Phytoplasma)
are dependent on insect vectors for plant-to-plant transmission (Orlovskis et al. 2015). Some of them are able to
directly or indirectly affect both plant (e.g., nutritional profile, chemical signaling) and vector insect (e.g., behavior,
longevity, fecundity) (Bendix and Lewis 2018; Dermastia
Communicated by Marko Rohlfs.
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2019; Eigenbrode et al. 2018; Galdeano et al. 2020; Gross
2016; Mauck et al. 2016; Perilla-Henao and Casteel 2016;
Shikano et al. 2017; Stout et al. 2006; Tamborindeguy et al.
2017). While many research results on ecological interactions of plant viruses or Ca. Liberibacter are available, many
aspects of the interaction of Ca. Phytoplasma, their vector
insects and the role of plant metabolites mediating these
interactions remain poorly understood for most systems.
The provisional genus ‘Candidatus Phytoplasma’ (Firmicutes: Mollicutes) (formerly known as mycoplasma-like
organisms) combines obligate biotrophic prokaryotes characterized by the lack of a cell wall as well as a reduced
genome (IRPCM Phytoplasma/Spiroplasma Working
Team–Phytoplasma Taxonomy Group 2004; Oshima et al.
2004). So far, these Mollicutes can only survive endocellularly in plant phloem or different tissues of vector insects
(Lee et al. 2000). Among the ‘AP phytoplasma group’
(Seemüller et al. 1998) or more specific, the 16SrX group
(Lee et al. 2000), are several closely related phytoplasmas
of economic importance as these phytopathogenic bacteria
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cause damage to fruit crops, such as apple and pear (Seemüller and Schneider 2004).
In apple trees Malus domestica Borkh., the phytoplasma
‘Candidatus Phytoplasma mali’ can provoke immense yield
losses by causing apple proliferation disease. Losses of up to
€100 million were recorded at an apple proliferation disease
outbreak in Italy in the year 2001 (Strauss 2009). Specific
and nonspecific symptoms of apple proliferation diseased
plants are early reddening of leaves, a reduced root system,
smaller leaves, enlarged stipules and through proliferation
of axillary buds caused formation of witches’ brooms as
the most noticeable symptom (Bovey 1961; Seemüller et al.
2011). A considerable yield reduction of marketable fruits
is either brought about by both weight and size reductions
as well as a quality loss, namely the poor taste of apple
fruits harvested from infested trees (Bovey 1961; Seemüller
et al. 2011). Thereby, the infection of apple trees occurs in
a persistent manner. Even though wide parts of the phloem
are degenerated in winter, the phytoplasma was detected
throughout the whole year, at least in the roots of infected
apple trees (Schaper and Seemüller 1982). In spring, a recolonization of the stem with the phytoplasma was reported
(Pedrazzoli et al. 2008; Schaper and Seemüller 1984).
There are a number of natural and artificial ways in which
the transmission of ‘Ca. P. mali’ takes place (Seemüller et al.
2011; Weintraub and Beanland 2006): the phytoplasma
is either transferred by grafting of infected plant parts to
healthy plantlets (Schaper and Seemüller 1982), or through
the connection of sieve element tissue between infected and
non-infected plants, for example through the formation of
root bridges (Ciccotti et al. 2008) or by the parasitic dodder
plant Cuscuta subinclusa (Carraro et al. 1988). Primarily,
however, phytoplasmas are transmitted in a persistent-propagative way during phloem-feeding activities of sap-sucking
insect vectors (Hogenhout et al. 2008; Lee et al. 2000; Weintraub and Beanland 2006).
Acquisition of ‘Ca. P. mali’ from infected and transmission to healthy apple trees was proven for the summer
apple psyllid Cacopsylla picta (Foerster, 1848), formerly
known as Cacopsylla costalis (Flor, 1861) (Frisinghelli et al.
2000; Jarausch et al. 2010; Jarausch et al. 2011; Mayer et al.
2008a, b; Pedrazzoli et al. 2007). So far, C. picta is the only
known vector of ‘Ca. P. mali’ in Germany (Jarausch et al.
2003; Mayer et al. 2009). In southwest Germany and eastern France, a natural infection rate with the phytoplasma of
approximately 10% was reported (Jarausch et al. 2011). The
summer apple psyllid C. picta completes one generation,
annually (Jarausch et al. 2019). During its lifetime, C. picta
performs two host switches namely from apple, where
nymphal stages develop and the adults of the new generation (named emigrants) hatch, which migrate to conifers,
where they spend the rest of summer, autumn and winter.
Because of the latter, conifers are termed as overwintering
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hosts (Mayer et al. 2011). The second host switch occurs
during the following spring, when the overwintered adults
(now named remigrants) remigrate into the apple orchards to
their reproduction host plant apple, following the terminology of Mayer and Gross (2007) and Mayer et al. (2009), for
mating and reproduction. In southwest Germany remigrants
were caught mainly between March and April and emigrants
mainly from May to June. The assumption of a polycyclic
vector model by Jarausch et al. (2011) is supported by studies demonstrating both remigrants’ and emigrants’ ability
to transmit ‘Ca. P. mali’ (Carraro et al. 2008; Jarausch et al.
2004, 2011, 2013; Mattedi et al. 2008; Oppedisano et al.
2020) during phloem feeding.
The phloem of angiosperms is considered to be responsible mainly for long distance translocation of photoassimilates and other solutes through sieve elements (van Bel
2003). Substances such as carbohydrates, amino acids and
minerals are regularly transported by the phloem (Gallinger and Gross 2020; Hijaz and Killiny 2014; Kollar and
Seemüller 1990; van Bel 2003), but also defense and alarm
signals (van Bel 2003; Will et al. 2013). Furthermore, even
plant pathogens such as phytoplasmas are distributed by the
phloem within the entire plant (Schaper and Seemüller 1982,
1984). Translocation of phloem sap thereby follows a pressure-flow and occurs from sites with higher towards sites of
lower turgor pressure, thus from source to sink (Minchin and
Lacointe 2005; van Bel 2003). Plants’ photoassimilates producing organs such as mature leaves, act as sources, whereas
assimilate consuming or storing organs, such as developing
leaves and roots, act as sinks (Minchin and Lacointe 2005;
Turgeon 1989).
Phytoplasma infection, however, may alter the phloem
composition in infected plants as previous studies have
shown (Gai et al. 2014; Giorno et al. 2013; Lepka 1999;
Maust et al. 2003). Moreover, behavior and fitness of vector
and non-vector species was strongly influenced in correlation with differences in host plant phloem composition and
particularly with regard to infected vs. non-infected plants
(Gallinger and Gross 2020; Mayer et al. 2011; Pradit et al.
2019). Some phloem-feeders, like the Asian citrus psyllid (Diaphorina citri), oviposit and develop exclusively on
young shoots (Grafton-Cardwell et al. 2013). Setamou et al.
(2016) found that the preference of D. citri for flush shoots
was correlated with the abundance of essential amino acids
and the C:N ratio of phloem exudates. Cysteine, methionine and taurine were only detectable in phloem exudates
from preferred young flush shoots. Consistently, Steinbauer
(2013) revealed that higher concentrations of methionine,
valine and threonine in apical buds of Eucalyptus globulus were associated with higher abundances of the blue
gum psyllid Ctenarytaina eucalypti. Furthermore, a weak
positive correlation between the fecundity of Ctenarytaina
bipartita and the concentration of cysteine was found by
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Steinbauer et al. (2016), indicating that the nutritional quality is an important factor influencing the behavior and fitness
of psyllids.
Therefore, we assessed the impact of ‘Ca. P. mali’ infection on the phloem composition of apple plants and investigated possible effects on the host acceptance behavior of
the vector insect C. picta. Host plant acceptance, per definition, occurs when sustained feeding or oviposition takes
place (Schoonhoven et al. 2005). Hence, considering the
additional trophic level of the pathogen seemed inevitable
as the relation between a phloem-feeding vector and its host
plant might be impacted by a phloem-borne pathogen sharing the same medium.
Firstly, the interaction of the phloem-dwelling bacterium
‘Ca. P. mali’ with its host plant was evaluated. Therefore,
we analyzed sugar, sugar alcohol and organic acid composition of phloem centrifugates of non-infected and infected
apple trees. Secondly, we investigated the host acceptance
behavior of the vector C. picta in binary-choice oviposition
bioassay on apple plants infected and non-infected with ‘Ca.
P. mali’. Physiological changes of the shared host plant were
discussed in context to vector’s oviposition choice. Finally,
the importance of this multitrophic interaction of the vectorphytoplasma–plant-system was considered with regard to the
epidemiology of ‘Ca. P. mali’ and to pest control approaches
of the vector C. picta.

Material and methods
Insect collection and rearing
In March and April 2019, C. picta remigrants were collected from an extensively managed apple orchard in Dossenheim, Germany, by beating tray method (Müther and
Vogt 2003). Species identification was carried out using
the key of Ossiannilsson (1992). Rearing took place on
healthy potted M. domestica cv. Golden Delicious plants in
47.5 × 47.5 × 93 cm BugDorm rearing cages (NHBS, Devon,
UK) located in a climatic chamber with 20 °C day and 15 °C
night temperatures under long-day conditions (L16:D8) and
55% relative humidity.

Plants
Experiments were conducted with potted M. domestica
cv. Golden Delicious plants grafted on M. domestica rootstocks (cv. M9) grown at Julius Kühn-Institut (JKI), Institute
for Plant Protection in Fruit Crops and Viticulture (Dossenheim, Germany, 2012). Trees were either non-infected
(− ‘Ca. P. mali’) or graft inoculated (+ ‘Ca. P. mali’) with
the virulent apple proliferation phytoplasma strain 3/6
(Seemüller et al. 2010, 2013). During the vegetative period,

plants were kept in 7-l pots in an insect-proof screenhouse
(April–October) and watered daily. In spring 2018 and
2019 all plants were treated with acaricides Hexythiazox
(Ordoval®, BASF, Ludwigshafen am Rhein, Germany) and
Fenpyroximate (Kiron®, Cheminova Deutschland GmbH
& Co. KG, Stade, Germany). Pruning was done in June
2018 (after shoot harvest for phloem sap collection) and in
February 2019. All flower buds were manually removed in
April 2018 and 2019. Alternating treatments with myclobutanil (SysthaneTM20 EW, Corteva Agriscience, Munich,
Germany), trifloxystrobin (Flint ®, Bayer CropScience
Deutschland GmbH, Langenfeld, Germany) and triadimenol (Bayfidan®, Cheminova Deutschland GmbH & Co.
KG, Stade, Germany) once a week were used to prevent
mildew outbreak. Each year in October plant roots were
treated with pirimicarb (Pirimor®, Syngenta, Swiss) and
a non-ionic additive (Break-thru®, AlzChem Group AG,
Trostberg, Germany) against woolly apple aphids. In May
2018, a NPK-fertilizer (Triabon®, Compo Expert, Münster,
Germany) was applied.

Verification of phytoplasma infection in plants
DNA extraction
Respective infection status of the plants was verified by
DNA extraction, polymerase chain reaction (PCR) and gel
electrophoresis. The DNA extraction method of plant material was adjusted according to Doyle and Doyle (1990).
The leaf midrib was extracted by a scalpel. Between 50 and
300 mg leaf midrib material was transferred into extraction
bags (BIOREBA AG, Reinach, Switzerland) and ground
in 2.5–3 ml extraction buffer (2.5% (w/v) cetyltrimethylammonium bromide (CTAB) (Carl Roth GmbH + Co. KG,
Karlsruhe, Germany), 1.4 M NaCl (BerndKraft, Duisburg, Germany), 20 mM ethylenediaminetetraacetic acid
(EDTA) (Carl Roth GmbH + Co. KG, Karlsruhe, Germany),
100 mM Tris(hydroxymethyl)aminomethane hydrochloride (Tris–HCl) pH 8.0 (Carl Roth GmbH + Co. KG), 1%
(w/v) polyvinylpyrrolidone 40 (PVP) (Sigma-Aldrich/
Merck, Darmstadt, Germany)) and 0.2% (v/v) 2-mercaptoethanol (Carl Roth GmbH + Co. KG) using a homogenizer
(BIOREBA AG). One milliliter of the homogenate was
transferred into a microcentrifuge tube and incubated for
30 min at 60 °C, before the 1:1 amount (1 ml) of chloroform
(Sigma-Aldrich) was added. The reaction tube was briefly
vortexed and subsequently shaken for 10 min (stage 5, Universal Shaker SM 1, Edmund Bühler GmbH, Bodelshausen,
Germany) at room temperature. After centrifugation at
13,000 rpm for 6 min at room temperature (Centrifuge
5430 R, Eppendorf, Hamburg, Germany), the aqueous
phase was transferred into a new reaction tube containing
750 µl isopropanol (Sigma-Aldrich). The tube was inverted
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and kept at − 20 °C overnight, to allow the precipitation of
nucleic acids. Precipitate was recovered by centrifugation at
13,000 rpm for 10 min at room temperature. The supernatant
then was discarded and the nucleic acid pellet was washed
twice with 70% ethanol and centrifuged at 13,000 rpm for
10 min at room temperature. Subsequently, the pellet was
air dried and resuspended in 25 μl Tris–EDTA pH 9. Leaves
of phytoplasma infected or healthy tobacco plants (Nicotiana tabacum L.) were used as positive or negative control,
respectively.
PCR
For amplification of phytoplasma DNA fragments the primer
pair fO1/rO1, derived from ‘Ca. P. mali’ 16S rRNA gene
(Lorenz et al. 1995), was used. One microliter of the DNA
extract was added to 8.95 µl HPLC water (VWR International GmbH), 1.25 µl 10× reaction buffer A (Nippon
Genetics Europe GmbH, Düren, Germany), 0.25 µl dNTPs
(10 mM each, Steinbrenner Laborsysteme GmbH, Wiesenbach, Germany), 0.5 µl of each primer (10 μM, Eurofins
Genomics Germany GmbH, Ebersberg, Germany) and
0.05 µl (1 U) of Taq DNA Polymerase FastGene (Nippon
Genetics Europe GmbH). Amplification parameters in the
Thermo Cycler Gene Touch (Hangzhou Bioer Technology
Co. Ltd., Hangzhou, China) were 2 min at 95 °C followed
by 35 cycles at 95 °C for 20 s, 55 °C for 20°s, 72 °C for 45 s
and finally 72 °C for 5 min. The PCR amplification products were analyzed by 1% agarose gel electrophoresis (10 g
agarose (Carl Roth GmbH + Co. KG) in 1000 ml 100 × TAE
buffer (484 g TRIS (Carl Roth GmbH + Co. KG), 114,2 ml
acetic acid (Sigma-Aldrich), 200 ml EDTA pH 8)), stained
with ethidium bromide (15 µl/L). To the PCR amplification
product 2 µl 6 × DNA Loading Dye (Fermentas/Fisher Scientific GmbH, Schwerte, Germany) was added. The gel electrophoresis was performed at 90 V, 400 mA for 20 min using
power supply BIO RAD Power Pac 300 (Bio-Rad Laboratories GmbH Deutschland, Feldkirchen, Germany). The ‘Ca.
P. mali’ DNA specific band was expected at 1048 bp compared to the corresponding band of 1 kb PLUS DNA Ladder
(Fermentas/Fisher Scientific GmbH, Schwerte, Germany).
Phloem sap collection
Phloem sap collection was carried out according to Hijaz
and Killiny (2014) using the centrifugation technique. In
June 2018, 4–8 fresh green apple shoots (ca. 15 cm/plant)
from non-infected and infected plants were cut and leaves
were removed. Using a clean razorblade, the bark was
detached and sliced into 1–2 cm pieces. The bottom tip of
a small 0.5 ml reaction tube (Sarstedt, Nürnbrecht, Germany) was removed using a sharp scalpel. Filled with the
previously prepared bark pieces, the smaller reaction tube
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was placed inside an intact 1.5 ml SafeSeal reaction tube
(Sarstedt, Nürnbrecht, Germany Germany). The phloem sap
was collected in the 1.5 ml reaction tube after centrifugation with 13,000 rpm at 4 °C for 10 min (Biofuge fresco,
Heraeus, Osterode, Germany). The samples collected were
stored at − 80 °C until analysis.
Sugar content
The refractive index was assessed to determine the relative
density [°Brix] representing the total soluble sugar content
of the phloem sap. Approximately 1 µl per defrosted phloem
centrifugate (− ‘Ca. P. mali’ N = 16, + ‘Ca. P. mali’ N = 17)
was applied to a handheld refractometer (type 45–81; Bellingham + Stanley Ltd., Tunbridge Wells, UK) at room temperature. The refractometer was standardized for sucrose.
Derivatization
The phloem sap samples were derivatized with trimethylsilyl (TMS) to focus the GC–MS analysis on sugars and
organic acids according to Gallinger and Gross (2020).
Ribitol (Sigma-Aldrich Chemie GmbH, Munich, Germany)
was used as internal standard. To 60 µl internal standard
(1.5 mmol ribitol in ultrapure water) 5 µl of defrosted phloem
sap was added and dried under nitrogen stream (Reacti-Vap,
Thermo Fisher Scientific Inc., Waltham, MA, United States).
To each dried sample, 70 µl methoxyamine hydrochloride
solution (MOX) in pyridine (2%) was added and incubated
for 90 min at 37 °C. During incubation stirring adjustment
was set to 6 (Reacti-Therm, Thermo Fisher Scientific Inc.,
Waltham, MA, United States). Finally, addition of 100 µl
N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA)
started the silylation process for 60 min at 37 °C and stirring stage 6 (Reacti-Therm, Thermo Fisher Scientific Inc.).
The supernatant was then transferred into a fresh GC–MS
vial with glass insert (− ‘Ca. P. mali’ N = 13, + ‘Ca. P. mali’
N = 14). Reference standards and respective suppliers were
used according to Gallinger and Gross (2020).
Gas chromatography coupled with mass spectrometry
(GC–MS)
Derivatized samples were analyzed according to Gallinger
and Gross (2020) by gas chromatography coupled with mass
spectrometry (GC–MS) using a PerkinElmer Clarus R 680
GC system coupled to a Perkin Elmer quadrupole inert mass
selective detector. For GC separation a nonpolar Elite-5MS
(Crossbond 5% diphenyl-95% dimethyl polysiloxane, PerkinElmer) capillary column (30 m × 0.25 mm id × 0.25 μm film
thickness) was used, with helium (Helium 6.0, Air Liquide,
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Germany) as carrier gas. Carrier gas flow rate was about
5 ml/min and column head pressure set to 130 kPa.
Injection of 1.5 µl TMS-derivatized sample was performed with a split flow of 5 ml/min at 140 °C. The injector temperature was then increased to 250 °C at a rate of
50 K/min. Carrier gas flow rate was about 5 ml/min and
split flow rate was 5 ml/min, too. The GC oven temperature
program was as follows: initial temperature of 80 °C was
held for 3 min, then increased to 320 °C at a rate of 5 K/min
and held for 4 min. Detection started after a solvent delay
of 6 min. During all analyses, transfer line and ion source
were set to 250 °C and 180 °C, respectively. The quadrupole
mass detector was operated in electron-impact (EI) mode
at 70 eV. All data were obtained by collecting the full-scan
mass spectra within the range of 35–550 m/z. Blank samples,
reference standards and mixtures of alkanes (C10–C40) were
additionally analyzed with the same settings.
Analysis with AMDIS
Evaluation of GC–MS chromatograms from phloem sap
samples was carried out using “Automated Mass Spectral
Deconvolution and Identification System” (AMDIS, Version 2.73, National Institute of Standards and Technology NIST, Boulder, CO, United States). Identification of
detected compounds was conducted by comparing ion fragmentation patterns and retention indices to those of standard
compounds (Gross et al. 2019a). Unidentified compounds
were marked as “unknown”. In AMDIS, the peak area of
each compound was integrated after deconvolution to allow
quantification. As identification requirements a minimum
match factor of ≥ 80% and a relative retention index deviation of ≤ 5% from reference value were set as limits. Settings
for deconvolution were as follows: component width of 32;
adjacent peak subtraction, one; resolution, medium; sensitivity, medium; shape requirements, medium. For compounds
with more than one derivate per substance, only the highest
peak was taken into account (Villas-Bôas et al. 2011). Only
compounds with a signal-to-noise ratio ≥ 50 were included
into further analysis. Proportions of derivates detected were
normalized to the internal standard ribitol.

Binary‑choice oviposition bioassay
For conducting binary-choice oviposition bioassay, two
leaves, each from non-infected and from infected apple
plants (BBCH scale for pome fruit 69: end of flowering;
Meier et al. 1994) were offered simultaneously. Therefore,
one leaf of each tree was inserted from opposite sides into
a gauze tube (20 × 30 cm). After an acclimatization period
of at least 6 days under rearing conditions, one female
C. picta remigrant was placed in the middle of each bag
and left to oviposit for 4 days (96 h). Afterwards, the leaves

were removed and stored at − 20 °C until assessment with
a binocular stereomicroscope (Stemi 508, Carl Zeiss AG,
Oberkochen, Germany). Location and number of eggs were
noted. The experiment was replicated with 22 C. picta
females under rearing conditions.

Statistics
All statistical analyses were run in R (Version 1.2.5033,
(RStudio Team 2019)). If not otherwise stated, all figures
were generated using the “ggplot2” package (Wickham et al.
2019).
Sugar content
To compare the refractive index [°Brix] representing the
amount of total soluble sugar content, a linear regression
model (LM) was fitted (Crawley 2012). Assessment of compliance with model assumptions was done visually (Zuur
et al. 2009) and the best model identified by Akaike information criterions (AIC). Comparison between effects due
to infection status of the host plant was calculated with estimated marginal means and 95% confidence intervals with
the function emmeans from “emmeans” package (Lenth
et al. 2019). Significance levels were set to p < 0.05.
Phloem composition
With the normalized amount of phloem sap compounds a
Bray–Curtis dissimilarity matrix was calculated to test for
discrimination between phloem composition of ‘Ca. P. mali’
infected and non-infected plants by permutational analysis
of variance (PERMANOVA) with adonis2 from the “vegan”
package (Oksanen et al. 2019). Additionally, it was tested
for multivariate homogeneity of group dispersion or permutational dispersion (PERMDISP) with betadispr (Vegan
package). Both procedures were calculated with N = 10,000
permutations. For the scaling of TMS derivates a Wisconsin double standardization was applied. Non-metric multidimensional scaling (NMDS) plots were used to visualize
Bray–Curtis dissimilarities. For 3-dimensional presentation the ordiplot3d function from the “vegan3d” package
(Oksanen et al. 2018) was used. To compare the total amount
of sugars, sugar alcohols, organic and amino acids as well as
sucrose, sorbitol and malic acid levels in phloem samples of
non-infected and ‘Ca. P. mali’ infected plants, linear models
(LMs) were fitted as described above. The model regarding the total amount of sugars, sugar alcohols, organic and
amino acids was simplified by testing for non-significant
interactions and effects according to F-Test and removal
of non-significant terms (p > 0.05) using the drop1 function. Multiple pairwise comparison between effects due to
compound class and infection status of the host plant was
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calculated with estimated marginal means and 95% confidence intervals with the function emmeans from “emmeans”
package (Lenth et al. 2019) and p values adjustment by the
method of Tukey. For model specifications Online Resource
1.
Binary‑choice oviposition bioassay
Differences in number of eggs laid on non-infected or
infected leaves were evaluated by fitting a generalized linear model with the logarithmized total number of eggs per
insect as offset. Due to overdispersion, a negative binomial
model with the function glm.nb from “MASS” package
(Ripley et al. 2019) was used. Model selection was done
by Akaike information criterions (AIC). Differences in oviposition choice depending on infection status of the host
plant were calculated using estimated marginal means and
95% confidence intervals with the function emmeans from
“emmeans” package (Lenth et al. 2019). Significance levels
were set to p < 0.05.

Results
Phloem sap
Sugar content
The plants infection status had a significant influence on
Brix value of phloem sap samples (LM, F = 12.73, df = 1,31,
p = 0.001) with increased values in ‘Ca. P. mali’ infected
plants compared to non-infected apple plants (Fig. 1).
Phloem composition
After GC–MS analysis and AMDIS evaluation, eight sugar
and sugar alcohols, five amino acids and six other organic
acids (and six unidentified substances) were found for TMS
derivates (Online Resource 1). The two-dimensional visualization in NMDS plots showed high stress values for TMS
derivates (TMS2D: stress = 0.169), enabling the presentation in
a 3D format ( TMS3D: stress = 0.101) (Fig. 2). Permutational
dispersion was homogeneous between groups for TMS-derivatized phloem sap samples (PERMDISP, F = 0.3906, df = 1,
p = 0.521). The infection status had a significant effect on the
discrimination between phloem sap samples after TMS derivatization (PERMANOVA, F = 11.713, df = 1,26, p < 0.001).
Among the 18 substances responsible for the group separation between phloem samples (Table 1, for unidentified compounds s. Online Resource 2), sorbitol, sucrose and quinic
acid were the compounds with the greatest quantities (sorbitol > quinic acid > sucrose). In general, more sugar and sugar
alcohols were present in phloem samples from non-infected
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Fig. 1  Mean amount of total soluble sugar content [° Brix] in phloem
centrifugates of phytoplasma infected (+ ‘Ca. P. mali’, N = 17) and
non-infected (− ‘Ca. P. mali’, N = 16) apple trees. Boxes correspond
to the 25th and 75th percentiles, medians are shown as lines, and
whiskers extend to 1.5 times of the interquartile ranges. Dots represent raw values. Corresponding means and confidence intervals predicted from linear model are shown to the right of each box

plants than organic acids, and within those, the amino acids
occurred in lowest quantities (Fig. 3). In samples from ‘Ca. P.
mali’ infected plants, the relative amount of all sugar and sugar
alcohols was significantly increased, whereas amino acid and
other organic acid content was similar to non-infected plants
(LM, F = 743, df = 5,75, p < 0.0001) (Fig. 3). Phloem sap of
infected apple trees contained significantly higher amounts
of sorbitol (LM, F = 13.18, df = 1,25, p = 0.0013; Fig. 4a) and
sucrose (LM, F = 7.022, df = 1,25, P = 0.014; Fig. 4b). Even
though the relative amount of total organic acid content did
not differ between samples, the malic acid concentration was
significantly increased in ‘Ca. P. mali’ infected plants (LM,
F = 10.43, df = 1,25, p = 0.0034) (Fig. 4c).

Binary‑choice oviposition bioassay
In oviposition binary-choice bioassays, C. picta females
laid at least 2 and up to 100 eggs during the experiment
runtime of 96 h. During the experiment, remigrant females
laid significantly more eggs on leaves of non-infected
apple trees (63.0 ± 10.4%) than on ‘Ca. P. mali’ infected
trees (36.2 ± 6.2%) (GLM, Χ2 = 5.37, df = 1,43, p = 0.021)
(Fig. 5).

Discussion
Corresponding to our results, earlier studies described
sucrose and sorbitol to be the most abundant sugar and sugar
alcohol within the plant family Rosaceae. These metabolites
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Fig. 2  Visualization of Bray–Curtis dissimilarities with non-metric
multidimensional scaling (NMDS) plots of composition of phloem
centrifugates of phytoplasma infected (+ ‘Ca. P. mali’, N = 14, red tri-

angles) and non-infected (− ‘Ca. P. mali’, N = 13, green circles) apple
trees after silylation

have been detected in apple sieve tube content (Kollar and
Seemüller 1990), pear phloem exudate (Le Goff et al. 2019),
and Prunus sp. phloem centrifugates (Gallinger and Gross
2018, 2020). In general, the photosynthesis products sucrose
and sorbitol are known to be among the predominant sugars
involved in phloem transport (Bieleski 1969; Loescher 1987;
Reidel et al. 2009; Rosa et al. 2009; van Bel 2003). Additionally, the findings of malic and citric acid as predominant
organic acids (Kollar and Seemüller 1990) were in accordance with the high concentrations we found in our samples.
However, we found quinic acid to be the organic acid with
the highest abundance in apple phloem. Although Kollar
and Seemüller (1990) could not detect cysteine and arginine,
they found 18 other amino acids, whereas we only detected
asparagine, aspartic acid, alanine, serine and threonine.
Most probably, the different findings were caused by distinct
methods used to obtain sap samples, analysis methods and
respective detection limits. The GC–MS analysis of TMS
derivates used in our study reached their limits particularly
for the detection of amino acids, which would be of notably
lower concentration in comparison to sugars (Le Goff et al.
2019). Kollar and Seemüller (1990) concluded from their
results of exudates obtained by incision method solely of
apple proliferation diseased plants that sieve tube content
would not be significantly altered by phytoplasma infection.
As a result of our study, however, we found evidence that
phloem composition differed significantly between ‘Ca. P.
mali’ infected and non-infected apple plants with increased

soluble sugar content (° Brix), increased sugar and sugar
alcohol concentrations, such as sorbitol and sucrose in
‘Ca. P. mali’ infected plants. These results are in accordance
to findings from Lepka (1999) working on tobacco (Nicotiana tabacum) and periwinkle plants (Catharanthus roseus)
infected with ‘Ca. P. mali’. The results of their study on the
content of source (mature leaves) and sink organs (roots and
young leaves) suggested that carbohydrate translocation was
severely affected by ‘Ca. P. mali’ infection. The transport
of photoassimilates from mature leaves to roots and young
leaves seemed obstructed. Similar effects of inhibited sugar
transport during the progression of lethal yellowing (LY)
disease were described for phytoplasma-infected coconut
trees (Cocos nucifera) (Maust et al. 2003). Additionally,
a study on yellow dwarf-diseased mulberry plants (Morus
multicaulis) showed that phytoplasma infection induced
accumulation of soluble carbohydrates such as sucrose in
mulberry leaves, but also phloem sap extracts (Gai et al.
2014). It is assumed that the transportation of sucrose from
source organs into the phloem is conducted by sucrose symporters against a concentration gradient (Bush 1992). Even
though an accumulation of sucrose was observed in source
organs of infected mulberry plants, the relocation of carbohydrates into the phloem, however, seemed not inhibited as
the relative gene expression of the key protein, the sucrose
symporter, was increased in infected plants (Gai et al.
2014). These results could explain the presence of sucrose
not only in source organs but also in the phloem, although
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Table 1  Mean relative amounts (± SD) of phloem metabolites detected via GC–MS analysis after derivatization
Class

Compound

Retention index

Infection status

Mean

±

SD

PERMANOVA

Sugars and sugar alcohols

Sorbitol

1933
2629

Glucose

1895/1912

Fructose

1869/1885

Galactose

1887/1908

Myo-inositol

2086

Mannitol

1926

Maltose

2728

Quinic acid

1856

Malic acid

1489

Citric acid

1817

Shikimic acid

1810

Phosphoric acid

1271

Succinic acid

1317

Aspartic acid

1420/1519

Alanine

1107

Asparagine

1667

Serine

1254/1359

Threonine

1290/1383

27.773
16.759
4.246
1.537
0.889
0.742
0.749
0.423
0.684
0.11
0.058
0.065
0.036
0.021
0.006
0
6.67
5.268
0.523
0.326
0.131
0.082
0.006
0.003
0.01
0.007
0.001
0.001
0.009
0.004
0.003
0.001
0.001
0.008
0.002
0.001
0.001
0.002

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

8.038
4.448
2.82
0.639
0.942
0.337
0.269
0.133
0.897
0.398
0.02
0.018
0.015
0.009
0.013
0
0.812
2.052
0.199
0.096
0.076
0.032
0.005
0.005
0.012
0.015
0.003
0.003
0.008
0.007
0.005
0.002
0.003
0.022
0.005
0.003
0.003
0.004

***

Sucrose

+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
– ’Ca. P. mali’
+ ’Ca. P. mali’
– ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’
+ ’Ca. P. mali’
− ’Ca. P. mali’

Organic acids

Amino acids

***
***

***

**
***
***
***

***
***
**
**
**

Amounts of sugars and sugar alcohols, organic acids and amino acids after silylation of phloem centrifugates of phytoplasma infected
(+ ‘Ca. P. mali’, N = 14) and non−infected (− ‘Ca. P. mali’, N = 13) apple trees are relative to internal standard ribitol. Asterisks display significant influences **: p < 0.01, ***: p < 0.001) of the compounds in permutational analysis of variance (PERMANOVA), allowing the discrimination of phloem of infected and non−infected apple trees

the transport to sink organs might be restrained in infected
plants. In this context, blockage of sieve tubes for example by callose decomposition as plant defense mechanism
or limited translocation via reduced available translocation
area resulting from phloem degradation are discussed in
other studies (Braun and Sinclair 1978; Lepka 1999; Marco
et al. 2016; Musetti et al. 2010). An early study suggested,
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however, that proper phloem transport in plants is already
affected prior to the manifestation of histopathological
symptoms (Braun and Sinclair 1978). It was hypothesized
that sugars, especially sucrose as dominant transport sugar,
play a role in signaling and sensing processes within the
plant providing feedback on sugar status (Rosa et al. 2009;
van Bel 2003). Hence, soluble sugar concentrations might
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Fig. 3  Mean relative amount of total sugars and sugar alcohols,
organic and amino acids from phloem centrifugates of phytoplasma
infected (+ ‘Ca. P. mali’, N = 14) and non-infected (− ‘Ca. P. mali’,
N = 13) apple trees after silylation. Sugars and sugar alcohols (sorbitol, sucrose, glucose, fructose, galactose, myo-inositol, mannitol,
maltose), organic acids exclusive of amino acids (quinic acid, malic
acid, citric acid, shikimic acid, phosphoric acid, succinic acid) and

amino acids (aspartic acid, alanine, asparagine, serine, threonine)
after silylation have been quantified relative to internal standard ribitol. Boxes correspond to the 25th and 75th percentiles, medians are
shown as lines, and whiskers extend to 1.5 times of the interquartile
ranges. Dots represent raw values. Corresponding means and confidence intervals predicted from linear model are shown to the right of
each box

Fig. 4  Mean relative amount of sorbitol (a), sucrose (b) and malic
acid (c) levels in phloem centrifugates of phytoplasma infected
(+ ‘Ca. P. mali’, N = 14) and non-infected (− ‘Ca. P. mali’, N = 13)
apple trees after silylation. All compounds have been quantified relative to internal standard ribitol. Boxes correspond to the 25th and

75th percentiles, medians are shown as lines, and whiskers extend to
1.5 times of the interquartile ranges. Dots represent raw values. Corresponding means and confidence intervals predicted from linear
model are shown to the right of each box
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Fig. 5  Mean number of eggs per leaf on phytoplasma infected
(+ ‘Ca. P. mali’) and non-infected (− ‘Ca. P. mali’) apple trees
(NC. picta = 22). Boxes correspond to the 25th and 75th percentiles,
medians are shown as lines, and whiskers extend to 1.5 times of the
interquartile ranges. Dots represent raw values. Corresponding means
and confidence intervals predicted from linear model are shown to the
right of each box

be able to trigger alterations in gene expression and enzyme
activities, consequently affecting metabolism and growth of
source and sink tissues (Rosa et al. 2009).
So far, neither required substrate nor related metabolism mechanisms were unequivocally identified for ‘Ca. P.
mali’ with its linear chromosome lacking genes encoding
for major biosynthesis pathways including glycolysis (Kube
et al. 2008, 2012; Siewert et al. 2014). However, results from
genome characterization and transcriptome analysis of ‘Ca.
P. mali’ suggest a pathway from malate, the salt of malic
acid, to acetate to gain energy in form of adenosine triphosphate (ATP) (Kube et al. 2008; Siewert et al. 2014). In our
present study, we found significantly increased concentrations of malic acid in phloem sap samples of ‘Ca. P. mali’
infected plants (Fig. 4c). Currently we cannot provide evidence on the cause of the observed increase in sugar, sugar
alcohols and malic acid. They might be directly caused by
the phytoplasma acting as an additional sink, attempting to
manipulate its host to provide increased nutrient levels in
the phloem, or might be the result of plant defense reactions
against the pathogen. This uncertainty will remain until the
establishment of a reproducible axenic cultivation system
will allow experiments to gain insight into the nutritional
requirements of ‘Ca. P. mali’ (Kube et al. 2012).
Previously, Mayer et al. (2011) found that C. picta females
laid increased numbers of eggs on non-infected leaves compared to numbers of eggs on ‘Ca. P. mali’ infected apple
leaves. However, for no-choice tests it cannot be completely
excluded that the number of eggs laid by an insect might
primarily be affected by the insect’s individual oviposition
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motivation (Singer et al. 1992) and only secondarily by host
plant attributes. Hence, we performed binary-choice bioassays to obtain reliable insights into C. pica’s host preferences. Host plant preference is defined by the increased
frequency of an insect’s choice of a plant compared to the
choice of an alternative (Schoonhoven et al. 2005), hence
requires the option of choice. Our binary-choice bioassay showed that C. picta remigrants accepted infected and
non-infected plants for oviposition, which was also shown
in earlier no-choice experiments (Mayer et al. 2011). However, larger numbers of eggs were found on non-infected
plants. This effect was also demonstrated in no-choice
tests with the hawthorn psyllid C. melanoneura, a vector
of ‘Ca. P. mali’ in one specific geographical area (Tedeschi
et al. 2002), which laid fewer eggs on ‘Ca. P. mali’ infected
apple shoots (Malagnini et al. 2010). The host recognition/
selection process in phloem-feeding insects is a complex
series of steps on distinct spatial and temporal scales as
was defined for aphids (Powell et al. 2006) and extended
for other homopteran insects (Fereres and Moreno 2009).
In general, physical and chemical stimuli affect host plant
selection and acceptance (Cao et al. 2014; Dicke 2000; Fereres and Moreno 2009; Prokopy and Owens 1978; Sugio et al.
2011). Chemical stimuli, such as primary and secondary
plant metabolites or phytohormones, were altered as result
of the phytoplasma infection (Janik et al. 2017; Mayer et al.
2008a,b; Rid et al. 2016; Sugio et al. 2011; Zimmermann
et al. 2015). Regarding these manifold morphological and
physiological alterations reported after infection with ‘Ca. P.
mali’ in apple plants, it is not possible to link C. picta’s oviposition preference on non-infected leaves to a single one of
these effects. Thus, further oviposition choice experiments,
e.g., with volatiles, leaf surface extracts or components from
‘Ca. P. mali’ infected and non-infected plants are needed to
better understand this behavior. However, for female insects
choosing a plant suitable for oviposition, is to a lesser extent
determining their own but rather the survival and fitness of
their offspring, leading to continued existence of the whole
population (Jaenike 1978). One key criterion for host plant
suitability is the quality and quantity of nutrients available
to the insects. As we were investigating phloem-feeding
insects vectoring a phloem-dwelling pathogen, in the present study special regard was paid to phloem composition.
The importance of phloem metabolites on fitness and development of psyllid offspring was recently demonstrated for
the closely related psyllid Cacopsylla pruni by Gallinger
and Gross (2018, 2020). Given the high amounts of sorbitol present in apple phloem, sorbitol might be of relevance
for host plant recognition. For psyllid metabolism however,
sorbitol might not be utilized in high amounts, as was shown
for pear psyllid Cacopsylla pyri (Le Goff et al. 2019). In
contrast, sucrose was metabolized to a greater extent than
sorbitol by the pear psyllid (Le Goff et al. 2019). Moreover,
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feeding stimulation of sucrose for insects was demonstrated
(Fontellas and Zucoloto 2003; Hewer et al. 2010; Mittler
and Dadd 1963). Interestingly, the analyses of phloem sap
samples in the present study showed not only that sugar and
sugar alcohol levels increased in infected plants, but also that
the amount of detected amino acids remained at the same
level. Therefore, a shift in the amino acid:sugar ratio was
evident, potentially rendering the host plant less suitable.
To satisfy their nutritional demands especially in regard
to the amino acid content, phloem-feeding insects take up
excessive amounts of sugar rich phloem sap and excrete the
surplus sugars as honeydew (Ashford et al. 2000; Douglas 2006). Changes in phloem’s amino acid:sugar ratio due
to Ca. P. mali infection, phloem feeding on infected plants
would result in the uptake of reduced amino acid content and
increased concentrations of sugars. Thus, changes in phloem
composition may be responsible for increased mortality of
C. picta nymphs and decreased body sizes of adults developed on ‘Ca. P. mali’-infected apple plants (Mayer et al.
2011). However, the availability of amino acids for psyllid
nutrition cannot be exclusively determined by the amino acid
abundance in the phloem. Endosymbiotic bacteria colonizing the phloem feeders gut synthesize (essential) amino acids
from phloem compounds such as carbohydrates and provide
the phloem-feeder with the surplus (Douglas 1998, 2006;
Thao et al. 2000). Additionally, plant defense products are
assumed to influence fitness and behavior of phloem-feeding
insects, but the current state of knowledge is still insufficient
(Ranger et al., 2006; Steinbauer et al. 2016). Furthermore,
infection with apple proliferation phytoplasma results in
seasonally varying phytohormone level changes such as
effects on auxin (indole-3-acetic acid, IAA), abscisic acid
(ABA), jasmonic acid (JA) and salicylic acid (SA) between
infected and non-infected plants (Dermastia 2019; Janik
et al. 2017; Musetti et al. 2013; Zimmermann et al. 2015).
It is also known that alterations in phytohormone signaling
processes subsequently impact the feeding and host selection
behavior of herbivorous insects (Cao et al. 2014; Kallenbach
et al. 2012; Sugio et al. 2011). It was shown that the phytoplasma effector SAP11 did not only induce phytohormonal
changes in the common host plant, but also improved the
performance of the vector insect Macrosteles quadrilineatus
(Hemiptera: Cicadellidae) (Sugio et al. 2011). In fact, their
study showed that this leafhopper vector laid more eggs on
AY-WB-infected Arabidopsis thaliana.
At present, little is known about the nutritional demands
of C. picta and potential regulatory mechanisms in host
plant selection and feeding, demonstrating the need for
further research. Our study provides the basis for feeding
experiments with simplified artificial diets. Additionally,
the analysis of honeydew excreted by the psyllids in relation to the composition of the offered medium could give
valuable insight into the nutritional needs of C. picta. To

prevent further distribution of apple proliferation disease we
aim at controlling its vector C. picta. Plant-mediated stimuli might be identified based on our study findings. Hence,
detected sugars and sugar alcohols or malic acid could be
used as the starting point in the screening for potential
attractive or deterrent compounds. Behavior modifying compounds could further be combined with the semiochemical
β-caryophyllene, which is known to attract C. picta emigrants (Mayer et al. 2008a, b), for developing innovative
approaches such as specific lures (Eben and Gross 2013;
Gross et al. 2019b), or attract-and-kill strategies minimizing vector populations in the future (Gross 2013; Gross and
Gündermann 2016).
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Online Resource 1:
Table 2 Data transformation specification of linear models analyzing the total content of
soluble sugars [° Brix], the total amount of sugars and sugar alcohols, organic acids, amino
acids and unidentified compounds as well as the amount of sucrose, sorbitol and malic acid in
phloem centrifugates of phytoplasma infected (+ ‘Ca. P. mali’) and non-infected
(- ‘Ca. P. mali’) apple trees and generalized linear model of oviposition dual-choice test
(Generalized) Linear Models

Data transformation

Soluble sugar content [° Brix]
Total amount of sugars and sugar alcohols, organic and amino acids
Sorbitol
Sucrose
Malic acid
Oviposition dual-choice

log
log + 0.1
log10
log
log
log

Online Resource 2:
Table 3 Mean relative amounts (± SD) of unknown compounds detected via GC-MS analysis
after derivatization

Unidentified

Class

Compound

Retention Index

Unknown 2

1760

Unknown 6

3422

Unknown 4

1847

Unknown 3

1839

Unknown 5

1988

Unknown 1

1526

Infection
status
+ 'Ca. P. mali'

Mean ±

SD

0.541 ± 0.22

- 'Ca. P. mali'

0.533 ± 0.198

+ 'Ca. P. mali'

0.276 ± 0.15

- 'Ca. P. mali'

0.256 ± 0.125

+ 'Ca. P. mali'

0.168 ± 0.218

- 'Ca. P. mali'

0.083 ± 0.036

+ 'Ca. P. mali'

0.035 ± 0.013

- 'Ca. P. mali'

0.015 ± 0.011

+ 'Ca. P. mali'

0.013 ± 0.013

- 'Ca. P. mali'

0.011 ± 0.009

+ 'Ca. P. mali'

0.014 ± 0.009

- 'Ca. P. mali'

0.008 ± 0.007

PERMANOVA
**
**

**

***

Amounts of unidentified compounds after silylation of phloem centrifugates from phytoplasma
infected (+ ‘Ca. P. mali’, N = 14) and non-infected (- ‘Ca. P. mali’, N = 13) apple trees are
relative to internal standard ribitol. Asterisks display significant influences (**: p < 0.01, ***:
p < 0.001) of the compounds in permutational analysis of variance (PERMANOVA), allowing
the discrimination of phloem of infected and non-infected apple trees.
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The summer apple psyllid Cacopsylla picta (Foerster) is the vector of ‘Candidatus Phytoplasma mali’, the causal
agent of apple proliferation disease (AP). During its phloem-feeding activities it transmits this biotrophic bac
terium from infected to healthy apple trees (Malus domestica Borkh.) causing high economic losses. During its life
cycle, C. picta performs two host switches: In summer, the new adult generation (emigrants) hatch on apples
before they emigrate to their overwintering host conifers. The following spring, the overwintered adult gener
ation (remigrants) remigrate into apple orchards for mating and oviposition. The preimaginal stages (nymphs)
develop on apple. It is known that phytopathogen-induced changes in plant physiology can affect insect-plantinteractions. In 12 h recordings of electrical penetration graphs (EPG) it was assessed whether ‘Ca. P. mali’
infection of the plant affected probing and feeding behavior of the vector C. picta. Its life stage and the infection
status of the host plant (and the interaction between these factors) significantly affected the first occurrence,
duration and frequency of probing and feeding phases. On ‘Ca. P. mali’ infected plants, the phloem salivation
phase occurred later than on non-infected plants. Even though all life stages fed both on phloem and xylem,
significant differences were found in the frequency and duration of phloem and xylem ingestion phases. Nymphs
spent the shortest time non-probing, earlier started the first leaf penetration and longer ingested xylem compared
with adults. Further, phloem phases differed between migratory stages; remigrants had higher numbers of
phloem ingestion events and spent longer ingesting phloem than emigrants. For emigrants, however, phloem
contact was very rarely observed during our recordings. The impact of our findings for understanding the
multitrophic interactions between host plant, pathogen and behavior of vector insects are discussed with regard
to the epidemiology of AP and pest control strategies of the vector.

1. Introduction
Phloem-feeding species of the order Hemiptera (Cicadellidae, Ful
goromorpha, and Psyllidae) are known to successfully transmit phyto
plasmas in a persistent-propagative manner (Lee et al., 2000; Weintraub
and Beanland, 2006). Several vectors of phytoplasmas affecting Euro
pean fruit production belong to the genus Cacopsylla spp.. The summer
apple psyllid Cacopsylla picta (Foerster, 1848) is able to transmit the
pathogen ‘Candidatus Phytoplasma mali’ (Firmicutes: Mollicutes) to
apple plants. In southwest Germany and eastern France about 10% of the
natural C. picta populations are infected with ‘Ca. P. mali’ (Jarausch
et al., 2011). C. picta is currently the only known vector of apple

proliferation phytoplasma in most European countries (Jarausch et al.,
2003; Mayer et al., 2009).
The species completes one generation per year (Jarausch et al.,
2019). Its complex life cycle is accompanied by a host switch, occuring
between their overwintering host plants (conifers) and their reproduc
tion host plant apple, according to the terminology of Mayer et al.
(2009). In spring, individuals of the overwintering generation (remi
grants) return from the conifers to the apple plants in order to mate and
reproduce. The nymphs feed and develop on apples before the newly
emerged adults (emigrants) soon migrate to the conifers where they will
stay until the next migratory phase (Mayer et al., 2011). In southwest
Germany, remigrants can only be found on apple trees between March
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and April and emigrants mainly from May to June (Jarausch et al., 2011;
Mayer et al., 2011). Even though the presence of the vector in the or
chard is restricted temporally, its pathogen transmission capacity must
not be underestimated as both remigrants and emigrants are able to
transmit ‘Ca. P. mali’ (Carraro et al., 2008; Jarausch et al., 2011, 2004;
Mattedi et al., 2008). Consequently, a polycyclic vector model was
proposed by Jarausch et al. (2011). In fact, a recently published study
found that all sucking life stages of C. picta, remigrants, emigrants and
nymphs, are able to acquire ‘Ca. P. mali’ (Oppedisano et al., 2020).
The causal agent of apple proliferation disease, ‘Ca. P. mali’ is an
obligate biotrophic prokaryote lacking a cell wall and exhibiting a
linear, reduced genome (IRPCM Phytoplasma/Spiroplasma Working
Team-Phytoplasma Taxonomy Group, 2004; Kube et al., 2012, 2008;
Seemüller and Schneider, 2004). So far, the pathogen is not artificially
cultivable and can only survive endocellulary in plant phloem or the
vector’s body (Lee et al., 2000). There are several closely related phy
toplasmas of economic importance in the apple proliferation group. In
Europe, these phytopathogenic bacteria cause damage to fruit crops
such as apple Malus domestica Borkh. (‘Ca. P. mali’) and pear Pyrus
communis L. (‘Candidatus Phytoplasma pyri’) (Seemüller and Schneider,
2004). Specific and nonspecific symptoms of apple proliferation infected
apple trees include enlarged stipules, smaller leaves and the character
istic formation of witches’ brooms (Bovey, 1961; Seemüller et al., 2011).
Additionally, the weight and size reductions as well as quality impair
ments of less palatable apple fruits due to the apple proliferation disease
cause economic losses (Bovey, 1961; Seemüller et al., 2011). For
example, in Italy up to €100 million losses were recorded during an
outbreak of apple proliferation disease in 2001 (Strauss, 2009).
Per definition, host-plant acceptance occurs when oviposition or

sustained feeding takes place (Schoonhoven et al., 2005). One nondestructive tool suited to specifically assess the feeding behavior of a
phloem or xylem sucking insect is electropenetrography (EPG) (Ebert,
2019; Tjallingii, 1978). For this method, an electric circuit is established
enclosing host plant and feeding insect using an electropenetograph.
When the electric circuit closes through initiation of contact between the
insect and plant, it creates changes in resistance that generate electrical
potentials, signals which can be amplified and recorded (Ebert, 2019).
Subsequently, the recorded electrical waveform patterns can be corre
lated with the location of the insect stylets and involved distinct be
haviors (Fig. 1). In general, the probing and feeding activities of phloem
feeding insects consist of several specific phases and their respective
waveform events (Bonani et al., 2010; Civolani et al., 2011; Hogenhout
et al., 2008; Schoonhoven et al., 2005; Sharma and Raman, 2017;
Weintraub and Beanland, 2006). The process starts with the insect’s
piercing-sucking mouthparts penetrating the plant cuticle (PAB). Once
inside plant tissue, the stylet follows an intercellular course through the
parenchyma (PC) towards the vascular bundle by formation of a stylet
sheath from gelling saliva. Once the vascular bundle is reached, either
active xylem ingestion (PG) or sieve element penetration characteristic
for the transition into phloem phases (PD) may occur (Bonani et al.,
2010; Civolani et al., 2011). Inside the phloem two distinct waveform
patterns are known for either the phloem salivation (PE1) or the phloem
ingestion (PE2) phase. Watery saliva is excreted during phloem saliva
tion (PE1), assumingly to suppress the plant’s defense reactions (Will
et al., 2013). However, this excretion can also facilitate the transmission
of pathogens into the phloem (Hogenhout et al., 2008; Weintraub and
Beanland, 2006). In the phloem ingestion phase (PE2) the insect
passively ingests the phloem content, and phloem dwelling pathogens

Fig. 1. Localization of the insect stylet assigned to waveform events (a) and exemplary section of a 12 h EPG recording of a C. picta female remigrant on a noninfected apple plant (- ‘Ca. P. mali’) showing the respective waveform patterns (b). Abbr.: Non-probing (Np), start of penetration (PAB), parenchyma (PC), xylem
ingestion (PG), transition from parenchyma to phloem (PD), phloem salivation (PE1), phloem ingestion (PE2) according to Civolani et al. (2011).
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can be acquired (Ebert, 2019; Hogenhout et al., 2008; Weintraub and
Beanland, 2006). The duration, frequency and sequence of these phases
involved in feeding and probing processes of phloem-sucking insects can
be altered by plant properties and/or a phytopathogen infection of the
host plant (Cen et al., 2012; Civolani et al., 2013; George et al., 2018;
George et al., 2017; Shugart et al., 2019).
Further knowledge of the summer apple psyllids probing and feeding
behavior on non-infected and infected host plants, especially consid
ering the mostly overlooked preimaginal stages, is crucial for under
standing the epidemiology of the phloem-dwelling pathogen. Therefore,
we assessed whether ‘Ca. P. mali’ infection of apple plants has an impact
on the host acceptance behavior of C. picta’s life stages. This was con
ducted by recording and analyzing 12 h of probing and feeding behavior
of nymphs, emigrants and remigrants of C. picta on ‘Ca. P. mali’ infected
and non-infected apple plants using EPG. Finally, the impact of this
multitrophic interaction of the vector-phytoplasma-plant-system is dis
cussed with regard to the epidemiology of the apple proliferation disease
and to the pest control approaches of the vector.

bent into a hook in order to support the insects’ adherence. One hour
before recording, female adult C. picta or nymphs were picked directly
from rearing plants and separately stored at room temperature. For
wiring, the wing tips of the adult stages (remigrants and emigrants) were
carefully fixed with spring steel forceps in order to attach water-based
silver glue (EPG-Systems, The Netherlands) to their mesothorax. With
a cotton swab, honeydew residues were carefully removed from the 5th
instar nymphs before silver glue was attached to their back. One droplet
of water-based silver glue was applied to the mesothorax of the insects
and left to dry completely before the hook shaped gold wire was inserted
into a second droplet of silver glue on top of the first one. Thus, the so
prepared insect pins were attached to EPG probes (EPG-Systems, The
Netherlands).
Potted M. domestica cv. Golden Delicious plants were thoroughly
watered 1 h prior to recordings and plant electrodes placed into the wet
soil. Recordings were performed in a self-constructed grounded faraday
cage (mesh size: 6.3 × 6.3 mm) containing the plant, plant electrodes
and EPG probes as well as insect pins using an 8-channel amplifying
device (model Giga-8d, EPG-Systems, The Netherlands).
The probing and feeding behavior of C. picta females and nymphs
was recorded over 16 h in a climatic chamber (23◦ C, 60 – 65% RH)
using “Stylet + d” software (EPG-Systems, The Netherlands) in a 2x3
factorial experiment with two levels of the plant infection factor (- ‘Ca.
P. mali’, + ‘Ca. P. mali’) and three levels of the insect life stage factor
(remigrant, nymph, emigrant). Insects were placed on petioles of fully
expanded mature dark green leaves. The site was chosen as it was
observed during the rearing conditions, that all life stages and especially
nymphs were primarily found on stems and petioles of the plants. All
recordings were done in the vegetation period of the year 2019. Remi
grants (N Remigrants = 12 on 4 non-infected plants, N Remigrants = 12 on 6
‘Ca. P. mali’ infected plants) were recorded in April, 5th instar nymphs
(N Nymphs = 7 on 2 non-infected plants, N Nymphs = 7 on 3 ‘Ca. P. mali’
infected plants) in May and emigrants up to 4 weeks after emergence (N
Emigrants = 15 on 4 non-infected plants, N Emigrants = 15 on 3 ‘Ca. P. mali’
infected plants) in June and July. Only the first 12 h of the recordings
were analyzed by “Stylet + a” software. Merely the recordings showing
waveform patterns after the first 12 h were considered for analysis as
they showed that the jumping plant lice were still in contact with the
plant. To confirm the infection status of plants, leaves were collected
after EPG recordings for DNA extraction, polymerase chain reaction
(PCR) and gel electrophoresis (see below).
Waveform assignment (Fig. 1) was performed following the studies
of Civolani et al. (2011) and Bonani et al. (2010). Waveform patterns PA
and PB were summarized as one phase associated with start of the leaf
penetration (PAB) and parenchyma-related waveforms PC1 and PC2
were also summarized (PC). Additionally, patterns corresponding to
xylem ingestion (PG), a transition phase from parenchyma to phloem
(PD) and two phloem phases; phloem salivation (PE1) and phloem
ingestion (PE2) as well as a non-probing (Np) phase during which insect
stylets were not penetrating plant tissues, were categorized. In order to
identify the influence of C. picta’s life stage as well as host plant infection
on the vectors’ feeding behavior, distinct sequential and non-sequential
EPG variables were assessed for each waveform pattern. Mean durations
of one waveform were calculated only for insects producing that
particular waveform (Backus et al., 2007). Hence, non-sequential EPG
variables such as waveform duration per insect, waveform duration per
event and number of waveform events per insect were calculated. The
time from start of recording to the first waveform event was evaluated as
a sequential variable. As recordings usually started with a non-probing
phase before the insect stylet penetrated plant tissues, this first nonprobing (Np) phase was excluded from calculations of the first wave
form event.

2. Material and methods
2.1. Insect collection and rearing
Overwintered Cacopsylla picta (remigrants) were collected from an
extensively farmed apple orchard in Dossenheim, Germany in March
and April 2019 by beating tray sampling (Müther and Vogt, 2003).
Species identification was performed using Ossiannilsson’s key
(Ossiannilsson, 1992). Subsequent C. picta rearing of one generation
took place on potted Malus domestica cv. Golden Delicious plants in 47.5
× 47.5 × 93 cm BugDorm rearing cages (NHBS, UK) situated in a cli
matic chamber at 20◦ C day and 15◦ C night temperatures under long day
conditions (L16:D8) and 55% relative humidity. Remigrants caught in
the field were allowed to oviposit on non-infected apple trees. The
emerging nymphs and emigrants were used for the experiments. Testing
of 30 individuals taken from the cage showed no phytoplasma infection
of psyllids.
2.2. Plants
Potted Golden Delicious (M. domestica) plants were grafted in the
year 2012 on M9 rootstock (M. domestica) and cultivated at Julius KühnInstitut (JKI), Institute for Plant Protection in Fruit Crops and Viticulture
(Dossenheim, Germany). Hereby, 50% of scions used for grafting were
taken from non-infected Golden Delicious trees and 50% from Golden
Delicious trees infected with the virulent ‘Ca. P. mali’ strain 3/6 (See
müller et al., 2013, 2010). Both infected (+ ‘Ca. P. mali’) and noninfected (- ‘Ca. P. mali’) plants were used in EPG recordings. During
the whole vegetation period (April – October) the apple plants were kept
in 7 L pots in an insect-proof screenhouse and were watered daily. Plant
cultivation and protection measures were taken as described in Görg
et al. (2020).
2.3. Verification of phytoplasma infection in plants
One year prior to and directly after the experiments, all plants were
tested for infection with ‘Ca. P. mali’ as described in Görg et al. (2020).
The DNA extraction of plant material was adjusted after the method of
Doyle and Doyle (1990). The primer pair fO1/rO1, derived from ‘Ca. P.
mali’ 16S rRNA gene (Lorenz et al. 1995), was used for amplification of
phytoplasma DNA fragments using PCR.
2.4. Electropenetrography (EPG)

2.5. Statistics

An approx. 1 cm long piece of 18 µm gold wire (EPG-Systems,
Wageningen, The Netherlands) was attached to a copper extension wire,
which was soldered onto a brass insect pin. The end of the gold wire was

All statistical analyses were run in R (Version 1.2.5033 (RStudio
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Team, 2019)) and all figures were generated using the “ggplot2” pack
age (Wickham et al., 2019). Differences in duration per event, duration
per insect and first occurrence of waveforms were assessed by fitting
linear models (LMs) for each waveform (for model specifications and
data transformations, see Supplementary Material Table S1). Influential
factors for models were selected by testing for non-significant in
teractions and effects according to F-Test and removal of non-significant
model terms (p >0.05) using the drop1 function (Zuur et al., 2009).
Assessment of compliance with model assumptions was done visually
(Zuur et al., 2009) and the best model was identified by Akaike infor
mation criterions (AIC). Multiple pairwise comparison (post hoc) be
tween effects due to insect life stage and plant infection status was
calculated with estimated marginal means and 95% confidence intervals
with the function emmeans from “emmeans” package (Lenth et al., 2019)
and p-values adjustment by the method of Tukey. Significance levels
were set to p <0.05. A generalized linear model (GLM) was fitted for the
frequency of each waveform. Due to overdispersion, negative binomial
models were chosen (for model specifications see Supplementary Ma
terial Table S1). Finally, model simplification according to Chi-test and
model selection was done as described above.

conducted only very few phloem probes and the phloem ingestion
events never exceeded 10 min.
3.2. Impact of plant infection and insect life stage on C. picta’s probing
and feeding behavior
To assess the impact of phloem bacteria ‘Ca. P. mali’ infected plants
on probing and feeding behavior of the phloem feeding vector insect C.
picta, special regard was paid to the phloem (PE1, PE2) and xylem (PG)
phases. Other probing behaviors such as non-probing (Np) and pathway
phases (PAB, PC, PD), however, were also considered.
3.3. Phloem salivation (PE1)
Plant infection delays C. picta’s first phloem salivation. The mean
time until occurrence of the first phloem salivation (PE1) was signifi
cantly affected by plant infection status (F = 4.96, df = 1, P = 0.03,
Fig. 4d, Tab S2). On ‘Ca. P. mali’ infected plants, the time until the first
watery saliva excretion event (PE1) occurred was about twice as long,
compared to non-infected plants, irrespective of C. picta’s life stage.
Nymphs salivate longer into the phloem than adults and remigrants
compared with emigrants. In contrast, the insect’s life stage and its
interaction with the plant’s infection status significantly affected the
frequency (stage: χ2 = 23.06, df = 2, P <0.001, interaction: χ2 = 6.41, df
= 2, P = 0.04, Fig. 4a, Table S3) and mean duration of phloem salivation
per insect during the total recording period (stage: F = 13.89, df = 2, P
<0.001, interaction: F = 5.74, df = 2, P = 0.01, Fig. 4c, Table S4).
Overall, the mean duration of phloem salivation per insect (Fig. 4c)
differed between all ontogenetic (adults vs. nymph) and migratory life
stages (remigrants vs. emigrants) probing on non-infected apple plants;
nymphs (81.4 ± 16.9 min) spent approximately three times more sali
vating into the phloem compared with remigrants (30.3 ± 5.1 min) and
seventy times longer compared to emigrants (1.2 ± NA min). Further, C.
picta’s life stage significantly affected the mean duration of individual

3. Results
3.1. C. picta’s waveforms
Waveforms in EPG recordings obtained from C. picta’s life stages
(Fig. 1) were comparable to C. pyri waveform characteristics established
by Civolani et al. (2011). The visualization of chronological changes of
the mean duration of probing and feeding activities per hour (Fig. 2) and
mean percent duration over the total recording period of 12 h (Fig. 3)
showed that the phloem feeding insect C. picta spent a great proportion
of its probing and feeding activity not only with phloem salivation (PE1)
or phloem ingestion (PE2), but also with xylem ingestion (PG), and in
the parenchyma (PC). During the 12 h of recordings, emigrants

Fig. 2. Chronological changes of mean duration of probing and feeding activities per hour (Waveforms: Np = Non-probing, PAB = Start of penetration, PC =
Parenchyma, PG = Xylem ingestion, PD = Transition from parenchyma to phloem, PE1 = Phloem salivation, PE2 = Phloem ingestion) [%] during 12 h EPG re
cordings from C. picta female remigrants, nymphs and female emigrants on phytoplasma infected (+ ‘Ca. P. mali’) and non-infected (- ‘Ca. P. mali’) apple trees
(Remigrants: N + ‘Ca. P. mali’ = 12, N – ‘Ca. P. mali’ = 12, Nymphs: N + ‘Ca. P. mali’ = 7, N – ‘Ca. P. mali’ = 7, Emigrants: N + ‘Ca. P. mali’ = 15, N – ‘Ca. P. mali’ = 15).
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Fig. 3. Mean percent duration of probing and feeding activities (Waveforms: Np = Non-probing, PAB = Start of penetration, PC = Parenchyma, PG = Xylem
ingestion, PD = Transition from parenchyma to phloem, PE1 = Phloem salivation, PE2 = Phloem ingestion) [%] during 12 h EPG recordings from C. picta female
remigrants, nymphs and female emigrants on phytoplasma infected (+ ‘Ca. P. mali’) and non-infected (- ‘Ca. P. mali’) apple trees (Remigrants: N + ‘Ca. P. mali’ = 12, N –
‘Ca. P. mali’ = 12, Nymphs: N + ‘Ca. P. mali’ = 7, N – ‘Ca. P. mali’ = 7, Emigrants: N + ‘Ca. P. mali’ = 15, N – ‘Ca. P. mali’ = 15).

PE1 events (F = 5.78, df = 2, P = 0.01, Fig. 4b, Table S5). It is, however,
to be noted that PE1 waveforms were only observed from three of the 30
emigrants, one on ‘Ca. P. mali’ infected and two on non-infected plants
(Nw, Tables S2–S5).

3.5. Xylem ingestion (PG)
Plant infection does not affect C. picta’s xylem ingestion behavior.
Neither effects of plant infection status nor its interaction with the in
sect’s life stage influenced the xylem ingestion (PG) parameters (Fig. 6).
However, C. picta’s xylem ingestion behavior (PG) was significantly
affected by the insect’s life stage (Fig. 6, Tables S2–S5).
Nymphs ingest more xylem than adults. Similar to most phloem
ingestion events (PE2), nymphs also conducted about four times more
xylem probes (PG) than remigrants and emigrants (χ2 = 18.04, df = 2, P
<0.001, Fig. 6a, Table S3). Consequently, nymphs spent overall three
times as long ingesting xylem (263.0 ± 51.5 min) compared to adults
(remigrants: 68.6 ± 16.2 min, emigrants: 88.3 ± 13.3 min) (F = 5.46, df
= 2, P = 0.01, Fig. 6c, Table S4), even though the mean duration of
individual xylem ingestion events was unaffected by the insect’s life
stage (Fig. 6b, Table S5). Additionally, nymphs accessed the xylem
earlier (Fig. 6d, Table S2) than adult C. picta which took more than twice
as long to start the first xylem ingestion, indicating differences in xylem
feeding behavior between ontogenetic stages (nymphs vs. adults) (F =
8.37, df = 2, P <0.001).

3.4. Phloem ingestion (PE2)
Plant infection does not affect C. picta’s phloem ingestion behavior.
The phloem ingestion behavior of C. picta was influenced by the insect’s
life stage but not by the infection status of the plant or their interaction
(Fig. 5a – c, Tables S3–S5).
Nymphs show a higher frequency of phloem ingestion events than
adults. The frequency of phloem ingestion probes (PE2) differed
significantly (χ2 = 77.60, df = 2, P < 0.001) between the ontogenetic
(adults vs. nymph) and migratory stages (remigrants vs. emigrants)
(Fig. 5a, Table S3). Most phloem ingestion events were observed for
nymphs (2.6 ± 0.5) followed by remigrants (1.3 ± 0.2) whereas emi
grants rarely ever ingested phloem at all during the 12 h recording on
both non-infected and infected plants.
Remigrants spend more time ingesting phloem than emigrants.
Phloem ingestion events (PE2) were significantly shorter for emigrants
than for remigrants (F = 4.84, df = 2, P = 0.02, Fig. 5b, Table S5). On
average, emigrant’s PE2 events lasted for less than one minute compared
to those of remigrants which lasted approximately two hours at a time.
Thus, resulting from the lower number and shorter mean duration of
individual PE2 events, the mean duration of phloem ingestion per insect
(F = 5.22, df = 2, P = 0.01) differed between migratory stages (Fig. 5c,
Table S4), accordingly. Overall, emigrants spent the shortest proportion
of the 12 h recording time ingesting phloem (<1%) compared with
remigrants (>20%) and nymphs (about 30%) (Fig. 3, Fig. 5c). The mean
time until first occurrence of PE2 was not affected by infection status of
the plant nor the insect’s life stage (Fig. 5d, Table S2).

3.6. Other probing behaviors
For the remaining waveforms of non-probing and pathway phases
(Np, PAB, PC, PD), the analyzed parameters were more often influenced
by the insect’s life stage than by the infection status of the plant.
Nymphs spend less time non-probing compared with adults. The
insect’s life stage as well as the interaction with plant infection status
influenced the mean duration of non-probing (Np) per insect (Table 1,
Fig. S1c). On average, nymphs spent <14% of the total recording time
with their stylet outside of leaf tissues (non-probing) compared to >54%
or 72% for remigrants and emigrants, respectively (Table 1, Fig. 3). On
5
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Fig. 4. Phloem salivation (PE1) parameters during 12 h EPG recordings: Frequency of waveform events (a), mean duration per event [min] (b), mean duration per
insect [min] (c) and mean time until first occurrence of waveform [min] (d) from C. picta female life stages on phytoplasma infected (+ ‘Ca. P. mali’) and noninfected (- ‘Ca. P. mali’) apple trees (Remigrants: N + ‘Ca. P. mali’ = 12, N – ‘Ca. P. mali’ = 12, Nymphs: N + ‘Ca. P. mali’ = 7, N – ‘Ca. P. mali’ = 7, Emigrants: N + ‘Ca. P.
th
th
mali’ = 15, N – ‘Ca. P. mali’ = 15). Left graphics: Boxes corresponding to the 25 and 75 percentiles, medians shown as lines and whiskers extending to 1.5 times of the
interquartile ranges are given. Dots represent raw values. Right graphics: Corresponding estimated marginal means and confidence intervals predicted from
(generalized) linear models are shown. Axis titles are adjusted based on influential model terms (s. Tables S2–S5; infection + stage + interaction (a), infection + stage
(b), infection + stage + interaction (c), infection (d)) according to Akaike information criterions (AIC).

infected plants, however, nymphs spent overall more time non-probing
compared with nymphs on non-infected plants (Table 1, Fig. S1c).
Further, nymphs showed the shortest, followed by remigrants and em
igrants with the longest non-probing phases before they (re-)inserted
their stylet into either infected or non-infected plants (Table 2, Fig. S1b).
Nymphs initiate the first leaf penetration earlier than their adult
counterparts. Additionally, first leaf penetration (PAB) and following
pathway phase through parenchyma (PC) were initiated distinctly
earlier by nymphs than by adults on either infected or non-infected
plants (Table 3). On average, the first leaf penetration (PAB) occurred
three times earlier for nymphs than for adults.
Plant infection delays C. picta’s first sieve element penetration.
Similar to the first phloem salivation (PE1, see above), the first sieve
element penetration indicating the transition into phloem phases (PD)
also occurred significantly later on ‘Ca. P. mali’ infected plants, irre
spective of C. picta’s life stage (Table 3, Fig. S2d). Inclusion of the
interaction between plant infection status and the insect’s life stage was
significant for models describing frequency of sieve element penetra
tions (PD, Table 4, Fig. S2a) and mean duration of PD phases per insect
(Table 1, Fig. S2c).

may be that nymphs are not able to move to another tree, as their host
plant was already predetermined by their mothers’ choice for oviposi
tion. Thus, there is no need for nymphs to assess the suitability of their
host plant prior to penetration. Furthermore, C. picta nymphs ingested
phloem more frequently than adults and spent more time xylem feeding.
In contrast, nymphs of Asian citrus psyllid (Diaphorina citri) spent less
time xylem feeding but also had more frequent phloem ingestion events
(PE2) than adults (George et al., 2018). In order to allow normal
development and growth of nymphs, increased nutritional requirements
for juvenile stages were suggested in other studies (Le Goff et al., 2019;
Sharma and Raman, 2017). The comparison of feeding behavior and
development of plum psyllid Cacopsylla pruni nymphs on two Prunus sp.
varieties showed that nymphs ingested phloem three times longer from
the variety on which they better developed and had lower mortality
compared to the other variety (Gallinger and Gross, 2020). Female
remigrants and nymphs spent similar time periods ingesting phloem
opposed to emigrants, which hardly ever ingested phloem. As remi
grants returning into orchards in spring quickly start reproduction,
increased phloem ingestion of female remigrants indicates their higher
dietary demands for egg production. It was previously shown that egg
production and oviposition is positively correlated to nutrient avail
ability (Fontellas and Zucoloto, 2003). Consistent with our results,
similar behavior was reported for the reproducing summer forms of the
non-migrating psyllid Cacopsylla pyri which spent more time feeding on
pear phloem than their overwintering stages (winter forms) (Civolani
et al., 2013, 2011). For emigrants of C. picta, a basic uptake of fluid and
nutrients might be sufficient in order to maintain their metabolism,
since these young adults are not yet involved in reproduction processes

4. Discussion
We found significant differences in probing and feeding behavior
between nymphs, adult female remigrants and adult female emigrants.
Nymphs, significantly, spent the shortest time non-probing (Np) and
started first leaf penetration (PAB) and parenchyma phase (PC) earlier
when compared to the adult stages. An explanation for this behavior
6
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Fig. 5. Phloem ingestion (PE2) parameters during 12 h EPG recordings: Frequency of waveform events (a), mean duration per event [min] (b), mean duration per
insect [min] (c) and mean time until first occurrence of waveform [min] (d) from C. picta female life stages on phytoplasma infected (+ ‘Ca. P. mali’) and noninfected (- ‘Ca. P. mali’) apple trees (Remigrants: N + ‘Ca. P. mali’ = 12, N – ‘Ca. P. mali’ = 12, Nymphs: N + ‘Ca. P. mali’ = 7, N – ‘Ca. P. mali’ = 7, Emigrants: N + ‘Ca. P.
th
th
mali’ = 15, N – ‘Ca. P. mali’ = 15). Left graphics: Boxes corresponding to the 25 and 75 percentiles, medians shown as lines and whiskers extending to 1.5 times of the
interquartile ranges are given. Dots represent raw values. Right graphics: Corresponding estimated marginal means and confidence intervals predicted from
(generalized) linear models are shown. Axis titles are adjusted based on influential model terms (s. Tables S2–S5; stage (a), stage (b), stage (c), null model (d))
according to Akaike information criterions (AIC).

and will soon emigrate to conifers. This relative modesty is also in
accordance to emigrants’ ability to survive on conifers with a completely
different phloem composition as shown for C. pruni on two coniferous
species (Gallinger and Gross, 2018). Interestingly, not only C. picta
emigrants but all life stages of this phloem feeding insect fed to a certain
extent on xylem (Fig. 1, Fig. 2).
In the present study we found that the host plant infected with ‘Ca. P.
mali’ had a significant impact on C. picta’s probing behavior. On infec
ted plants, nymphs spent longer time non-probing (Np) than on noninfected plants (Table 1). The presence, quantity or absence of specific
visual, olfactory or mechano-sensory cues on the plant surface, which
are perceived by eyes, tarsae and/or antennae by the insect might
determine host acceptance (Dicke, 2000; Fereres and Moreno, 2009;
Prokopy and Owens, 1978). Accordingly, the delayed host acceptance of
C. picta nymphs might be caused by pleiotropic effects following ‘Ca. P.
mali’ infection on the host plants morphology and/or physiology (e.g.
leaf size, and volatile metabolites, phytohormone or gene expression
profiles) (Janik et al., 2017; Mayer et al., 2008a; Musetti et al., 2013; Rid
et al., 2016). Moreover, it is currently hypothesized that plant mediated
resistance factors might lead to increased non-probing time (Cao et al.,
2014; Shugart et al., 2019).
Concerning all C. picta life stages, the first phloem contact (phloem
salivation, PE1) occurred significantly later on in ‘Ca. P. mali’ infected
plants (Table 3). Similarly, increased times until the first phloem sali
vation phase were reported for adult D. citri feeding on ‘Candidatus
Liberibacter asiaticus’ infected plants (Cen et al., 2012; George et al.,
2017). It is hypothesized but not yet proven that phloem-feeders locate
phloem tissue following gradients, e.g. sugar or pH gradients towards

increasing qualities inside phloem cells (Hewer et al., 2011; Schoon
hoven et al., 2005). Phloem analysis of ‘Ca. P. mali’ infected in com
parison to non-infected apple trees showed that the relative amount of
sugars (e.g. sucrose) and sugar alcohols increased in infected plants
(Görg et al., 2020). We, therefore, expected that psyllids reached the
phloem tissue of infected plants earlier than on non-infected plants. As
the opposite was observed, other metabolites induced by the phyto
plasma may delay the effect of the sugar gradient. However, other
phloem dwelling bacteria induced obstacles impeding stylet’s penetra
tion of the phloem have been noted, e.g. physical barriers, such as
sclerenchymatous rings surrounding the phloem (Ammar et al., 2013;
George et al., 2017; Hewer et al., 2011). Hence, further research
regarding morphological changes of vascular tissue of ‘Ca. P. mali’
infected apple trees is crucial for a deeper understanding of the effects
influencing phloem and xylem feeding behavior of C. picta. Additionally,
some studies have shown recently that psyllids feeding on pathogen
infected plants performed longer durations of phloem salivation than on
non-infected plants: The phloem salivation time of the Asian citrus
psyllid D. citri increased simultaneously with symptom expression on
‘Ca. L. asiaticus’ infected plants (Cen et al., 2012). Additionally, D. citri
spent more time salivating into the phloem when feeding on resistant
compared to more susceptible Citrus varieties (Shugart et al., 2019). In
our study, however, the duration of C. picta’s phloem salivation events
and thereby the time spent until the first phloem ingestion (PE2) was
unaffected.
Unexpectedly, C. picta’s actual phloem ingestion behavior (PE2) was
not significantly influenced by ‘Ca. P. mali’ infection of the host plant.
Even though sucrose is a known feeding stimulant for other insects
7
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Fig. 6. Xylem ingestion (PG) parameters during 12 h EPG recordings: Frequency of waveform events (a), mean duration per event [min] (b), mean duration per
insect [min] (c) and mean time until first occurrence of waveform [min] (d) from C. picta female life stages on phytoplasma infected (+ ‘Ca. P. mali’) and noninfected (- ‘Ca. P. mali’) apple trees (Remigrants: N + ‘Ca. P. mali’ = 12, N – ‘Ca. P. mali’ = 12, Nymphs: N + ‘Ca. P. mali = 7, N – ‘Ca. P. mali’ = 7, Emigrants: N + ‘Ca. P.
th
th
mali’ = 15, N – ‘Ca. P. mali’ = 15). Left graphics: Boxes corresponding to the 25 and 75 percentiles, medians shown as lines and whiskers extending to 1.5 times of the
interquartile ranges are given. Dots represent raw values. Right graphics: Corresponding estimated marginal means and confidence intervals predicted from
(generalized) linear models are shown. Axis titles are adjusted based on influential model terms (s. Tables S2–S5; stage (a), null model (b), stage (c), stage (d))
according to Akaike information criterions (AIC).

(Fontellas and Zucoloto, 2003; Hewer et al., 2010; Mittler and Dadd,
1963), we conclude that the increased sucrose concentration in ‘Ca. P.
mali’ infected plants (Görg et al., 2020) did not enhance a stimulatory
reaction for C. picta. For insects dealing with imbalanced diets especially
in carbohydrate/amino acid ratio, the feeding behavior might display a
trade-off between their needs of one nutrient group and either a shortage
or excessive uptake of the other (Behmer, 2009; Chapman and Boer,
1995; Couture et al., 2016; Lee et al., 2003; Raubenheimer et al., 2005).
Thus, varying behavioral responses could be expected according to a
shift in the carbohydrate/amino acid ratio reported for the phloem of
‘Ca. P. mali’ infected compared to non-infected plants (Görg et al.,
2020). The present study provides starting points for further research in
order to reveal regulatory feeding mechanisms and nutritional re
quirements of C. picta. Feeding and development experiments with
(imbalanced) artificial diets as well as the analysis of excreted honeydew
might give valuable insights into the nutritional needs of C. picta on ‘Ca.
P. mali’ infected and non-infected host plants and for its life stages.
However, a reduction in phloem ingestion (PE2) on infected plants
was reported for D. citri feeding on ‘Ca. L. asiaticus’ infected plants (Cen
et al., 2012; George et al., 2018). Additionally, shorter phloem ingestion
events were observed for C. pyri feeding on psyllid resistant pear culti
vars (Civolani et al., 2013). Thus, another option for a trade-off feeding
behavior could be found in the presence of plant defense products such
as secondary metabolites inhibiting compensatory responses in order to
minimize the uptake of potentially harmful substances (Couture et al.,
2016). Phytohormones play a role in regulatory processes of insect
feeding as they mediate the induction of defense metabolites (Cao et al.,
2014; Kallenbach et al., 2012). Phloem feeders showed shorter total

duration of probing on plants treated with methyl jasmonate (MeJA)
resulting in an induction of defense proteins (Cao et al., 2014). This is
especially relevant as an infection with ‘Ca. P. mali’ demonstrably re
sults in phytohormone changes of the host plant (Janik et al., 2017;
Zimmermann et al., 2015). Effects on jasmonic acid (JA), salicylic acid
(SA), auxin (Indole-3-acetic acid, IAA) and abscisic acid (ABA) were
reported.
Phloem-feeders excrete excessive not metabolized sugars in the form
of honeydew (Ashford et al., 2000; Beyenbach, 2016; Douglas, 2006; Le
Goff et al., 2019). Other mechanisms to supplement osmoregulation in
situations of osmotic stress caused by high sugar diets for example, is the
ingestion of xylem (Pompon et al., 2011). George et al. (2018) reported
that more xylem ingestion events were observed for D. citri on ‘Ca. L.
asiaticus’ infected plants in comparison with non-infected plants. In
contrast, our results did not show changes in C. picta’s xylem feeding
behavior on infected plants.
Crucial for the epidemiology of apple proliferation disease is the
acquisition and transmission of ‘Ca. P. mali’ from infected to healthy
apple plants by the vector C. picta. Phloem-dwelling pathogens, which
are acquired during phloem ingestion (PE2) and after multiplication
inside the host’s body, can be transmitted via phloem salivation (PE1) to
healthy host plants (Hogenhout et al., 2008; Weintraub and Beanland,
2006). During experimental transmission trials in Germany and Italy it
was confirmed that both emigrants and remigrants of C. picta can
transmit ‘Ca. P. mali’ effectively (Jarausch et al., 2019). In our study, C.
picta’s preimaginal stages showed the highest frequency of phloem
ingestion events (PE2). Similar behavior was also reported for D. citri
nymphs where more frequent and in total longer phloem ingestion
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Remigrant
Nymph
Emigrant
Remigrant
Nymph
Emigrant
Remigrant
Nymph
Emigrant
Remigrant
Nymph
Emigrant

Np

12
7
15
12
7
15
12
7
15
11
7
2

388.2
96.7
512.4
3.7
1.2
3.0
81.6
219.2
113.8
0.8
1.6
2.8
±
±
±
±
±
±
±
±
±
±
±
±

28.9
19.6
20.7
1.0
0.4
0.4
17.5
35.5
15.7
0.2
0.5
0.3

12
7
15
12
7
15
12
7
15
10
6
1

394.4
77.4
528.4
8.4
2.7
4.5
94.3
142.7
96.0
1.0
3.2
0.4
±
±
±
±
±
±
±
±
±
±
±
±

Mean ± SE

NW

NW

Mean ± SE

- ’Ca. P. mali’

+ ’Ca. P. mali’
44.6
38.1
24.8
2.7
1.5
0.7
12.1
19.5
12.3
0.2
1.3
NA§§
0.7
1.2
2.8

373.1
86.0
506.6
2.7
0.7
2.5

emmean
262.6
54.3
370.1
1.7
0.4
1.7
75.7
166.6
89.2
0.4
0.7
1.0
–
–
–

–
–
–
–
–
–

lower – upper CI

+ ’Ca. P. mali’
530.0
136.2
693.5
4.3
1.3
3.9
60.0
123.0
72.5
1.1
2.1
7.6
–
–
–

359.8
31.3
518.5
4.1
1.1
3.8
95.4
225.6
109.7
0.9
2.2
0.4

emmean

- ’Ca. P. mali’

0.6
1.2
0.1

253.3
19.8
378.8
2.6
0.6
2.5

–
–
–

–
–
–
–
–
–

lower – upper CI

1.4
4.0
1.6

511.2
49.5
709.8
6.6
2.0
5.9

infection
stage
interaction

stage

infection
stage
interaction
infection
stage

Influential factors

Model statistics§

0.65
4.85
3.87

8.93

2.04
70.88
3.84
3.02
9.51

F

0.43
0.01
0.03

<0.001

0.16
<0.001
0.03
0.09
<0.001

P
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Remigrant
Nymph
Emigrant
Remigrant
Nymph
Emigrant
Remigrant
Nymph
Emigrant
Remigrant
Nymph
Emigrant

Np
±
±
±
±
±
±
±
±
±
±
±
±

37.8
23.5
23.2
0.1
0.1
0.1
2.2
16.7
5.9
0.0
0.1
0.1

12
7
15
12
7
15
12
7
15
10
6
1

90.0
36.8
172.5
0.9
0.9
1.5
17.2
19.9
26.7
0.3
0.5
0.4
±
±
±
±
±
±
±
±
±
±
±
±

Mean ± SE

NW

166.3
53.0
219.1
1.2
0.4
1.4
19.5
53.3
36.8
0.4
0.5
0.7

Mean ± SE

NW

12
7
15
12
7
15
12
7
15
11
7
2

− ’Ca. P. mali’

+ ’Ca. P. mali’
23.0
17.9
19.1
0.1
0.3
0.1
3.8
4.7
3.0
0.0
0.1
NA§§
18.9
31.2
33.2

130.6
48.7
219.1

emmean
93.9
23.3
174.2
1.0
0.4
1.4
14.1
21.7
25.3
0.3
0.5
0.6

–
–
–

–
–
–

lower – upper CI

+ ’Ca. P. mali’
173.3
83.2
269.2
0.8
0.3
1.1
25.4
44.8
43.5
0.3
0.4
0.4

–
–
–

–
–
–

84.0
22.2
157.3
1.2
0.6
1.7
12.8
21.1
22.4
0.4
0.6
0.8

emmean

9.6
14.7
17.1

55.2
6.6
119.7

–
–
–

–
–
–

lower – upper CI

− ’Ca. P. mali’

17.2
30.3
29.4

118.9
47.1
200.1

stage

infection
stage

stage

infection
stage

Influential factors

Model statistics§

5.19

6.83
6.01

21.89

6.48
22.25

F

0.01

0.01
<0.01

<0.001

0.01
<0.001

P

Mean (±SE) waveform duration per event [min] and number of insects performing the respective waveform pattern (NW) are given per life stage (“stage”) and plant infection status (“infection”: + ‘Ca. P. mali’, – ‘Ca. P.
mali’). The estimated marginal mean (“emmean”) and corresponding confidence intervals (“lower – upper CI”) from models are shown for influential factors as well as significant effects of life stage, plant infection status
and their interaction (“interaction”) on the duration per event.
§
Linear models were used to analyze the effects of main factors and interactions on the waveform duration per event. Model statistics are presented for models simplified by removing non-significant factors due to
Akaike information criterions (AIC).
§§
Not available (NA) since respective waveform patterns were not performed during 12 h EPG recordings.

PD

PC

PAB

Life stage

Waveform

Table 2
Waveform duration per event [min] during 12 h EPG recordings from C. picta female life stages on ‘Ca. P. mali’ infected (Remigrants: N + ‘Ca. P. mali’ = 12, Nymphs: N + ‘Ca. P. mali’ = 7, Emigrants: N + ‘Ca. P. mali’ = 15) or noninfected apple trees (Remigrants: N – ‘Ca. P. mali’ = 12, Nymphs: N – ‘Ca. P. mali’ = 7, Emigrants: N – ‘Ca. P. mali’ = 15).

Mean (±SE) waveform duration per insect [min] and number of insects performing the respective waveform pattern (NW) are given per life stage (“stage”) and plant infection status (“infection”: + ‘Ca. P. mali’, – ‘Ca. P.
mali’). The estimated marginal mean (“emmean”) and corresponding confidence intervals (“lower – upper CI”) from models are shown for influential factors as well as significant effects of life stage, plant infection status
and their interaction (“interaction”) on the duration per insect.
§
Linear models were used to analyze the effects of main factors and interactions on the waveform duration per insect. Model statistics are presented for models simplified by removing non-significant factors due to
Akaike information criterions (AIC).
§§
Not available (NA) since respective waveform patterns were not performed during 12 h EPG recordings.

PD

PC

PAB

Life stage

Waveform

Table 1
Waveform duration per insect [min] during 12 h EPG recordings from C. picta female life stages on ‘Ca. P. mali’ infected (Remigrants: N + ‘Ca. P. mali’ = 12, Nymphs: N + ‘Ca. P. mali’ = 7, Emigrants: N + ‘Ca. P. mali’ = 15) or noninfected apple trees (Remigrants: N – ‘Ca. P. mali’ = 12, Nymphs: N – ‘Ca. P. mali’ = 7, Emigrants: N – ‘Ca. P. mali’ = 15).
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Remigrant
Nymph
Emigrant
Remigrant
Nymph
Emigrant
Remigrant
Nymph
Emigrant
Remigrant
Nymph
Emigrant

Life stage

12
7
15
12
7
15
12
7
15
11
7
2

384.8
225.8
423.7
208.6
48.7
320.2
210.2
50.9
321.5
284.4
314.6
348.3
±
±
±
±
±
±
±
±
±
±
±
±

69.5
57.6
50.4
39.7
25.2
47.8
39.6
24.8
47.8
40.6
60.8
155.8

12
7
15
12
7
15
12
7
15
10
6
1

250.5
289.7
291.6
144.5
59.1
214.8
145.7
71.2
216.3
240.6
99.5
362.2

Mean ± SE

NW

NW

Mean ± SE

− ’Ca. P. mali’

+ ’Ca. P. mali’

±
±
±
±
±
±
±
±
±
±
±
±

49.3
133.2
44.2
36.9
30.3
40.3
36.8
38.5
40.3
45.1
21.7
NA§§§
181.9
51.9
268.4
157.6
32.0
229.7
259.4

371.2

emmean

121.0
17.0
198.5
97.0
17.5
146.7
189.8

301.9

–
–
–
–
–
–
–

-

lower – upper CI

+ ’Ca. P. mali’

255.2
105.6
348.9
256.3
58.3
359.7
354.5

440.4
126.3
24.5
199.8
111.2
22.6
162.0
153.8

275.5

emmean

76.6
3.5
140.2
68.4
12.4
103.5
109.6

207.3

–
–
–
–
–
–
–

-

lower – upper CI

− ’Ca. P. mali’

188.4
64.4
269.9
180.8
41.1
253.7
215.8

343.63

Infection

Infection
Stage

Infection
Stage

infection

Influential factors

Model statistics§

5.30

1.97
18.14

3.13
14.64

3.88

F

0.05

0.03

0.17
<0.001

0.08
<0.001

P
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Remigrant
Nymph
Emigrant
Remigrant
Nymph
Emigrant
Remigrant
Nymph
Emigrant
Remigrant
Nymph
Emigrant

Np

12
7
15
12
7
15
12
7
15
11
7
2

3.9
2.6
2.7
3.3
2.4
2.2
4.6
6.7
3.7
1.9
3.4
0.5
±
±
±
±
±
±
±
±
±
±
±
±

0.9
0.5
0.3
0.9
0.4
0.3
1.0
1.5
0.5
0.3
1.1
0.4

12
7
15
12
7
15
12
7
15
10
6
1

10.0
2.1
3.7
9.3
2.1
3.1
8.5
11.9
3.8
2.6
4.9
0.1
±
±
±
±
±
±
±
±
±
±
±
±

Mean ± SE

NW

NW

Mean ± SE

− ’Ca. P. mali’

+ ’Ca. P. mali’
2.9
0.5
0.5
2.9
0.5
0.6
1.9
4.9
0.4
0.5
1.3
0.1

3.9
2.6
2.7
3.3
2.4
2.2
5.2
7.4
3.1
1.9
3.4
0.5

emmean

+ ’Ca. P. mali’
2.6
1.4
1.8
2.1
1.3
1.4
3.8
5.2
2.2
1.1
1.9
0.3

–
–
–
–
–
–
–
–
–
–
–
–

lower – upper CI
5.9
4.7
4.1
5.2
4.6
3.4
7.2
10.7
4.2
3.2
6.1
1.1

10.0
2.1
3.7
9.3
2.1
3.1
7.7
10.9
4.5
2.6
4.9
0.1

emmean

− ’Ca. P. mali’
7.2
1.1
2.5
6.4
1.1
2.1
5.7
7.6
3.3
1.6
2.9
0.0

–
–
–
–
–
–
–
–
–
–
–
–

lower – upper CI
14.0
4.0
5.3
13.6
4.2
4.7
10.4
15.6
6.1
4.1
8.2
0.5

infection
stage
interaction

infection
stage
interaction
infection
stage
interaction
infection
stage

Influential factors

Model statistics§

0.71
17.88
7.12

12.44
2.06
5.66
11.94
1.73
5.05
5.44
18.59

Х2

0.40
<0.001
0.03

<0.001
0.36
0.06
<0.001
0.42
0.08
0.02
<0.001

Pr(>Х2)

Mean (±SE) number of waveform events per insect and number of insects performing the respective waveform pattern (NW) are given per life stage (“stage”) and plant infection status (“infection”: + ‘Ca. P. mali’, – ‘Ca. P.
mali’). The estimated marginal mean (“emmean”) and corresponding confidence intervals (“lower – upper CI”) from models are shown for influential factors as well as significant effects of life stage, plant infection status
and their interaction (“interaction”) on the number of events.
§
Generalized linear models (negative binomial or poisson) were used to analyze the effects of main factors and interactions on the frequency of waveform events. Model statistics are presented for models simplified by
removing non-significant factors due to Akaike information criterions (AIC).

PD

PC

PAB

Life stage

Waveform

Table 4
Frequency of waveform events during 12 h EPG recordings from C. picta female life stages on ‘Ca. P. mali’ infected (Remigrants: N + ‘Ca. P. mali’ = 12, Nymphs: N + ‘Ca. P. mali’ = 7, Emigrants: N + ‘Ca. P. mali’ = 15) or noninfected apple trees (Remigrants: N – ‘Ca. P. mali’ = 12, Nymphs: N – ‘Ca. P. mali’ = 7, Emigrants: N – ‘Ca. P. mali’ = 15).

Mean (±SE) time until first occurrence of waveform [min] and number of insects performing the respective waveform pattern (NW) are given per life stage (“stage”) and plant infection status (“infection”: + ‘Ca. P. mali’, –
‘Ca. P. mali’). The estimated marginal mean (“emmean”) and corresponding confidence intervals (“lower – upper CI”) from models are shown for influential factors as well as significant effects of life stage, plant infection
status and their interaction (“interaction”) on the time until first occurrence.
§
Linear models were used to analyze the effects of main factors and interactions on the duration until the first occurrence of waveforms. Model statistics are presented for models simplified by removing non-significant
factors due to Akaike information criterions (AIC).
§§
First Non-probing (Np) actually revers to the onset of the second Np.
§§§
Not available (NA) since respective waveform patterns were not performed during 12 h EPG recordings.

PD

PC

PAB

Np

§§

Waveform

Table 3
Time until first occurrence of waveform [min] during 12 h EPG recordings from C. picta female life stages on ‘Ca. P. mali’ infected (Remigrants: N + ‘Ca. P. mali’ = 12, Nymphs: N + ‘Ca. P. mali’ = 7, Emigrants: N + ‘Ca. P. mali’ =
15) or non-infected apple trees (Remigrants: N – ‘Ca. P. mali’ = 12, Nymphs: N – ‘Ca. P. mali’ = 7, Emigrants: N – ‘Ca. P. mali’ = 15).
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phases led to 50 times increase in pathogen acquisition (‘Ca. L. asiat
icus’) compared to adults of the same species (George et al., 2018).
Developing on infected plants, C. picta nymphs would have a higher
chance to acquire the phytoplasma as was recently demonstrated by
Oppedisano et al. (2020). However, the development of C. picta was
negatively affected and the mortality increased when nymphs fulfilled
their ontogenesis on ‘Ca. P. mali’ infected apple trees (Mayer et al.
2011). Additionally, studies evaluating the oviposition behavior of fe
male C. picta remigrants demonstrated a preference for non-infected
compared to ‘Ca. P. mali’ infected plants (Görg et al., 2020; Mayer
et al., 2011). Thus, for the less mobile nymphs these negative effects on
their fitness combined with the imposed choice of non-infected host
plants suggest a less prominent role of nymphs for the distribution of ‘Ca.
P. mali’ in apple orchards. Hence, the mobility among distinct host
plants and the pronounced phloem salivation and ingestion phases (PE1,
PE2) observed from remigrants in this study, suggest their key role for
‘Ca. P. mali’ transmission. Furthermore, the transmission efficiency was
usually higher with remigrants than with emigrants (Jarausch et al.,
2011). Emigrants need to take up the agent from the phloem of infected
plants before migrating to their overwintering host, in order to be
infective when they return as remigrants to apple orchards in spring. In
fact, the first remigrants of C. picta sampled in apple orchards in early
spring were already infected and infective (Jarausch et al., 2011; Mat
tedi et al., 2008). Moreover, during the time from the last nymphal stage
until emergence, emigrants are attracted by the odor of infected apple
trees and lured to infected plants (Mayer et al., 2008b). Phloem inges
tion and salivation phases (PE2, PE1) of emigrants were rarely observed
in the here presented 12 h EPG-recordings. As phytoplasma acquisition
of emigrants was already confirmed in earlier studies (Jarausch et al.,
2011, 2010, 2004; Mattedi et al., 2008; Pedrazzoli et al., 2007), phloem
ingestion must have taken place earlier in the development of the in
dividual. Knowledge gaps remain about timing and onset of migration
behavior and associated alterations of feeding preferences of C. picta
emigrants before they migrate to overwintering hosts. As we conducted
our EPG studies with emigrants up to 4 weeks after their emergence as
adults, it is possible that they had already stopped feeding on phloem in
preparation of the migration flight. Thus, following studies analyzing
and comparing the feeding behavior of young emigrants within the first
hours or days of their adult life would be important for shedding more
light on the feeding behavior and its role in the epidemiology of ‘Ca. P.
mali’. Another limitation of this study, is that it was conducted with
female adults only. As both, males and females, are able to transmit the
agent and are naturally infected at a similar percentage (Jarausch et al.,
2019), both sexes can contribute to the spread of ‘Ca. P. mali’. Conse
quently, the feeding behavior of male adults needs to be analyzed for a
more complete understanding of the epidemiology of the apple prolif
eration disease. Additionally, a stable route potentially conserving ‘Ca.
P. mali’ in C. picta populations was demonstrated by transovarial
transmission from infected C. picta remigrants to their offspring with an
average of 99% ‘Ca. P. mali’ detection in emerging emigrants (Mittel
berger et al., 2017). Without the need of acquiring the phytoplasma by
feeding upon infected host plants, phytoplasma titers in vertically
infected emigrants were equally high as in their parental generation
(Mittelberger et al., 2017).
As there is no curative approach to heal ‘Ca. P. mali’ infected apple
trees, preventive control strategies such as vector control measurements
are crucial to reduce the distribution of the apple proliferation disease
(Eben and Gross, 2013; Weintraub and Gross, 2013). Thereby, the
timing and onset of the effect of the control strategies of this vector come
with great urgency and importance (Ebert, 2019). Insights gained from
EPG studies could be used for the development of suitable management
approaches, as the control components need to be implemented rapidly
to prevent the key steps of acquisition or transmission of the pathogen
(Gross et al., 2019; Gross and Gündermann, 2016). For example, the
RNA interference (RNAi) has been widely used in crop protection.
Recently, it was shown to deliver small interfering RNAs (siRNAs) to

apple plants (Malus domestica) based on trunk injection (Dalakouras
et al. 2018). The applied RNA molecules were efficiently taken up by the
plant and systemically transported, but exclusively restricted to the
xylem and apoplast (Dalakouras et al. 2018). This innovative and
environmentally-friendly method may have great impact in pest man
agement against xylem sap-feeding insects in future. As we could show
in the presented paper that all investigated life stages of C. picta, espe
cially nymphs and emigrants, feed on apple xylem (PG, Fig. 2), the
application of RNAi for control of this important disease vector might be
possible. Furthermore, the presented results may lay the basis for the use
of EPG analysis focusing on remigrants and nymphs for the assessment
and evaluation of insect resistant apple trees, or by the identification of
feeding attractants/deterrents for the development of specific attractand-kill approaches for the biotechnical control of C. picta (Görg et al.,
2019; Gross et al., 2019; Jensen et al., 2018).
Declaration of Competing Interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgments
We thank Thimo Braun and Natalie Giesen (JKI, Dossenheim, Ger
many) for excellent assistance in the lab and Felix Hergenhahn (JKI,
Dossenheim, Germany) for grafting and cultivation of the plants. We are
grateful to Dr. Jannicke Gallinger (JKI, Dossenheim, Germany) for
valuable remarks on an earlier draft and to Dr. Eva Gross (Schriesheim,
Germany) and Clara M. Opper (Brighton, United Kingdom) for language
editing.
Author contributions
L Görg and J Gross conceived the ideas and designed the experi
ments. L Görg conducted the experiments, analyzed the data and wrote
the manuscript, which was revisited and edited by J Gross. J Gross su
pervised the project.
Funding
L Görg was supported by funds of the Federal Ministry of Food and
Agriculture (BMEL) based on a decision of the Parliament of the Federal
Republic of Germany via the Federal Office for Agriculture and Food
(BLE) under the innovation support program No. 2814900515.
Disclosure
The authors declare that the research was conducted in the absence
of any financial interests, affiliations and relationships that could be
construed as a potential conflict of interest.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jinsphys.2021.104229.
References
Stylet morphometrics and citrus leaf vein structure in relation to feeding behavior of the
Asian citrus psyllid Diaphorina citri, vector of citrus huanglongbing bacterium. In:
Ammar, E.-D., Hall, D.G., Shatters, R.G. (Eds.), PloS one 8 (3), e59914. https://doi.
org/10.1371/journal.pone.0059914.
Ashford, D.A., Smith, W.A., Douglas, A.E., 2000. Living on a high sugar diet: the fate of
sucrose ingested by a phloem-feeding insect, the pea aphid Acyrthosiphon pisum.
J. Insect Physiol. 46 (3), 335–341. https://doi.org/10.1016/S0022-1910(99)001869.

11

L.M. Görg and J. Gross

Journal of Insect Physiology 131 (2021) 104229

Backus, E.A., Cline, A.R., Ellerseick, M.R., Serrano, M.S., 2007. Lygus hesperus
(Hemiptera: Miridae) feeding on cotton: new methods and parameters for analysis of
nonsequential electrical penetration graph data. Ann. Entomol. Soc. Am. 100 (2),
296–310.
Behmer, S.T., 2009. Insect Herbivore Nutrient Regulation. Annu. Rev. Entomol. 54 (1),
165–187. https://doi.org/10.1146/annurev.ento.54.110807.090537.
Beyenbach, K.W., 2016. The plasticity of extracellular fluid homeostasis in insects. J Exp
Biol 219 (17), 2596–2607. https://doi.org/10.1242/jeb.129650.
Bonani, J.P., Fereres, A., Garzo, E., Miranda, M.P., Appezzato-Da-Gloria, B., Lopes, J.R.
S., 2010. Characterization of electrical penetration graphs of the Asian citrus psyllid,
Diaphorina citri , in sweet orange seedlings. Entomol. Exp. Appl. 134 (1), 35–49.
https://doi.org/10.1111/j.1570-7458.2009.00937.x.
Bovey, R., 1961. Apple Proliferation Disease. Stations fédérales d’essais agricoles,
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Janik, K., Mithöfer, A., Raffeiner, M., Stellmach, H., Hause, B., Schlink, K., 2017. An
effector of apple proliferation phytoplasma targets TCP transcription factors-a
generalized virulence strategy of phytoplasma? Mol. Plant Pathol 18 (3), 435–442.
https://doi.org/10.1111/mpp.12409.
Jarausch, B., Fuchs, A., König, D., Krczal, G., Jarausch, W. Analysis of the acquisition and
multiplication efficiency of different strains of Ca. Phytoplasma mali by the vector
Cacopsylla picta, in: Proceedings of the 21st International Conference on Virus and
other Transmissible Diseaseas of Fruit Crops. 21th International Conference on Virus
and other Graft Transmissible Diseases of Fruit Crops, Neustadt, Germany. 2010.
175–177.
Jarausch, B., Schwind, N., Fuchs, A., Jarausch, W., 2011. Characteristics of the spread of
apple proliferation by its vector Cacopsylla picta. Phytopathology 101 (12),
1471–1480.
Jarausch, B., Schwind, N., Jarausch, W., Krczal, G., 2004. Overwintering Adults and
Springtime Generation of Cacopsylla picta (Synonym C. costalis) Can Transmit Apple
Proliferation Phytoplasma. Acta Hortic. 657, 409–413. https://doi.org/10.17660/
ActaHortic.2004.657.65.
Jarausch, B., Schwind, N., Jarausch, W., Krczal, G., Dickler, E., Seemüller, E., 2003. First
Report of Cacopsylla picta as a Vector of Apple Proliferation Phytoplasma in
Germany. Plant Disease 87 (1), 101. https://doi.org/10.1094/PDIS.2003.87.1.101A.
Jarausch, B., Tedeschi, R., Sauvion, N., Gross, J., Jarausch, W., 2019. Psyllid Vectors. In:
Bertaccini, A., Weintraub, P.G., Rao, G.P., Mori, N. (Eds.), Phytoplasmas: Plant
Pathogenic Bacteria – II. Springer Singapore, Singapore, pp. 53–78.
Jensen, A.H., Gross, J., Jensen, A.B., Gallinger, J., Eilenberg, J., 2018. A new insect
pathogenic fungus from Entomophthorales with potential for psyllid control, in:
Deutsche Gesellschaft für Allgemeine und Angewandte Entomologie (Ed.),
Mitteilungen der Deutschen Gesellschaft für Allgemeine und Angewandte
Entomologie, vol. 21, pp. 283–286.
Kallenbach, M., Bonaventure, G., Gilardoni, P.A., Wissgott, A., Baldwin, I.T., 2012.
Empoasca leafhoppers attack wild tobacco plants in a jasmonate-dependent manner
and identify jasmonate mutants in natural populations. Proc. Natl. Acad. Sci. 109
(24), E1548–E1557. https://doi.org/10.1073/pnas.1200363109.
Kube, Michael, Schneider, Bernd, Kuhl, Heiner, Dandekar, Thomas, Heitmann, Katja,
Migdoll, Alexander M, Reinhardt, Richard, Seemüller, Erich, 2008. The linear
chromosome of the plant-pathogenic mycoplasma ’Candidatus Phytoplasma mali’.
BMC Genomics 9, 306. https://doi.org/10.1186/1471-2164-9-306.
Kube, M., Mitrovic, J., Duduk, B., Rabus, R., Seemüller, E., 2012. Current View on
Phytoplasma Genomes and Encoded Metabolism. Scientific World J. 2012, 1–25.
https://doi.org/10.1100/2012/185942.
Le Goff, G.J., Lebbe, O., Lohaus, G., Richels, A., Jacquet, N., Byttebier, V., Hance, T.,
2019. What are the nutritional needs of the pear psylla Cacopsylla pyri? ArthropodPlant Interactions 13 (3), 431–439. https://doi.org/10.1007/s11829-018-9644-7.
Lee, I.-M., Davis, R.E., Gundersen-Rindal, D.E., 2000. Phytoplasma: Phytopathogenic
Mollicutes. Annu. Rev. Microbiol. 54 (1), 221–255. https://doi.org/10.1146/
annurev.micro.54.1.221.
Lee, K.P., Raubenheimer, D., Behmer, S.T., Simpson, S.J., 2003. A correlation between
macronutrient balancing and insect host-plant range: evidence from the specialist
caterpillar Spodoptera exempta (Walker). J. Insect Physiol. 49 (12), 1161–1171.
https://doi.org/10.1016/j.jinsphys.2003.08.013.
Lenth, R., Singmann, H., Love, J., Buerkner, P., Herve, M., 2019. emmeans: Estimated
Marginal Means. Depends: R (≥ 3.2).
Lorenz, K.-H., Schneider, B., Ahrens, U., Seemüller, E., 1995. Detection of the apple
proliferation and pear decline phytoplasmas by PCR amplification of ribosomal and
nonribosomal DNA. Phytopathology 85 (7), 771–776.
Mattedi, L., Forno, F., Cainelli, C., Grando, M.S., Jarausch, W., 2008. Research on
Candidatus Phytoplasma mali transmission by insect vectors in Trentino. Acta Hortic.
781, 369–374. https://doi.org/10.17660/ActaHortic.2008.781.52.
Mayer, C.J., Jarausch, B., Jarausch, W., Jelkmann, W., Vilcinskas, A., Gross, J., 2009.
Cacopsylla melanoneura has no relevance as vector of apple proliferation in Germany.
Phytopathology 99 (6), 729–738.
Mayer, C.J., Vilcinskas, A., Gross, J., 2008a. Pathogen-induced Release of Plant Allomone
Manipulates Vector Insect Behavior. J Chem Ecol 34 (12), 1518–1522. https://doi.
org/10.1007/s10886-008-9564-6.
Mayer, C.J., Vilcinskas, A., Gross, J., 2008b. Phytopathogen Lures Its Insect Vector by
Altering Host Plant Odor. J Chem Ecol 34 (8), 1045–1049. https://doi.org/10.1007/
s10886-008-9516-1.
Mayer, C.J., Vilcinskas, A., Gross, J., 2011. Chemically mediated multitrophic
interactions in a plant-insect vector-phytoplasma system compared with a partially
nonvector species. Agricultural and Forest Entomology 13 (1), 25–35. https://doi.
org/10.1111/j.1461-9563.2010.00495.x.
Mittelberger, C., Obkircher, L., Oettl, S., Oppedisano, T., Pedrazzoli, F., Panassiti, B.,
Kerschbamer, C., Anfora, G., Janik, K., 2017. The insect vector Cacopsylla picta

12

L.M. Görg and J. Gross

Journal of Insect Physiology 131 (2021) 104229
Seemüller, E., Kiss, E., Sule, S., Schneider, B., 2010. Multiple infection of apple trees by
distinct strains of ‘Candidatus Phytoplasma mali’ and its pathological relevance.
Phytopathology 100 (9), 863–870.
Seemüller, E., Schneider, B., 2004. Candidatus Phytoplasma mali’, ‘Candidatus
Phytoplasma pyri’ and ‘Candidatus Phytoplasma prunorum’, the causal agents of
apple proliferation, pear decline and European stone fruit yellows, respectively. Int.
J. Syst. Evol. Microbiol. 54 (4), 1217–1226.
Seemüller, E., Sule, S., Kube, M., Jelkmann, W., Schneider, B., 2013. The AAA+ ATPases
and HflB/FtsH proteases of ‘Candidatus Phytoplasma mali’: phylogenetic diversity,
membrane topology, and relationship to strain virulence. Mol. Plant-Microbe
Interact. 26 (3), 367–376. https://doi.org/10.1094/MPMI-09-12-0221-R.
Sharma, A., Raman, A., 2017. Feeding Biology and Nutritional Physiology of Psylloidea
(Insecta:Hemiptera):Implications in Host-Plant Relations. Current Science 113 (08),
1543. https://doi.org/10.18520/cs/v113/i08/1543-1552.
Shugart, H.J., Ebert, T.A., Gmitter, F., Rogers, M.E., 2019. The Power of
Electropenetrography in Enhancing Our Understanding of Host Plant-Vector
Interactions. Insects 10 (11). https://doi.org/10.3390/insects10110407.
Strauss, E., 2009. Phytoplasma Research Begins to Bloom. Science 325 (5939), 388–390.
https://doi.org/10.1126/science:325_388.
Weintraub, P.G., Gross, J., 2013. Capturing insect vectors of phytoplasmas. In:
Dickinson, M., Hodgetts, J. (Eds.), Phytoplasma: Methods and Protocols. Springer,
pp. 61–72.
Tjallingii, W.F., 1978. Electronic recording of penetration behaviour by aphids. Entomol.
Exp. Appl. 24 (3), 721–730. https://doi.org/10.1111/j.1570-7458.1978.tb02836.x.
Weintraub, P.G., Beanland, LeAnn, 2006. Insect Vectors of Phytoplasmas. Annu. Rev.
Entomol. 51 (1), 91–111. https://doi.org/10.1146/annurev.
ento.51.110104.151039.
Wickham, H., Chang, W., Henry, L., Pedersen, T.L., Takahashi, K., Wilke, C., Woo, K.,
Yutani, H., RStudio, 2019. ggplot2: Elegant Graphics for Data Analysis. Depends: R
(≥ 3.2). New York, New York.
Will, T., Furch, A.C.U., Zimmermann, M.R., 2013. How phloem-feeding insects face the
challenge of phloem-located defenses. Front. Plant Sci. 4, 336. https://doi.org/
10.3389/fpls.2013.00336.
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Tab. S1 Specification of (generalized) linear models analysing waveform parameters in 12 h EPG recordings from C. picta remigrants, nymphs and emigrants on infected (+ ‘Ca. P. mali’) or
non-infected (- ‘Ca. P. mali’) apple trees.
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NW

Mean ± SE

- 'Ca. P. mali'
emmean

lower - upper CI

+ 'Ca. P. mali'
emmean

lower - upper CI

- 'Ca. P. mali'

Model statistics§
Influential
F
P
factors
4.96
0.03
infection

129.0 - 267.8
Remigrant 11 284.8 ± 40.6 10 241.0 ± 45.1
301.9
237.9 - 365.9
198.4
Nymph
7 315.3 ± 60.9
6 100.0 ± 21.8
Emigrant 2 349.0 ± 155.5 1 362.6 ± NA§§
PE2 Remigrant 11 308.0 ± 43.3
8 256.6 ± 51.2
Nymph
7 351.1 ± 63.8
6 230.9 ± 99.1
Emigrant 1 520.9 ± NA
0
NA ± NA
PG Remigrant 5 319.2 ± 61.7
8 282.1 ± 47.8
260.9
172.5 - 394.5
8.37 < 0.001
Nymph
5 142.5 ± 87.4
4 138.6 ± 57.8
89.4
54.4 - 147.0
stage
Emigrant 15 383.9 ± 52.0 15 299.9 ± 49.4
276.3
210.5 - 362.8
Mean (± SE) time until first occurrence of waveform [min] and number of insects performing the respective waveform pattern (N W) are given per life stage (“stage”) and plant infection status
(“infection”: + ‘Ca. P. mali’, - ‘Ca. P. mali’). The estimated marginal mean (“emmean”) and corresponding confidence intervals (“lower – upper CI”) from models are shown for influential
factors as well as significant effects of life stage, plant infection status and their interaction (“interaction”) on the time until first occurrence.
§
Linear models were used to analyze the effects of main factors and interactions on the duration until the first occurrence of waveforms. Model statistics are presented for models simplified by
removing non-significant factors due to Akaike information criterions (AIC).
§§
Not available (NA) since respective waveform patterns were not performed during 12 h EPG recordings.

PE1

Mean ± SE

+ 'Ca. P. mali'

7, Emigrants: N + ‘Ca. P. mali’= 15) or non-infected apple trees (Remigrants: N - ‘Ca. P. mali’= 12, Nymphs: N - ‘Ca. P. mali’= 7, Emigrants: N - ‘Ca. P. mali’= 15).
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mali’=

Tab. S2 Time until first occurrence of waveform [min] during 12 h EPG recordings from C. picta female life stages on ‘Ca. P. mali’ infected (Remigrants: N + ‘Ca. P. mali’= 12, Nymphs: N + ‘Ca. P.

NW

Mean ± SE

+ 'Ca. P. mali'

NW

Mean ± SE

- 'Ca. P. mali'
emmean

lower - upper CI

+ 'Ca. P. mali'
emmean

lower - upper CI

- 'Ca. P. mali'

Model statistics§
Influential
Χ2 Pr(>Χ2)
factors

Remigrant 11
2.3 ± 0.4
10
2.6 ± 0.5
2.3 1.5 - 3.7
2.6 1.6 - 4.1
infection
0.10
0.76
<
0.001
Nymph
7
3.9 ± 1.0
6
5.0 ± 1.3
3.9 2.3 - 6.5
5.0 3.0 - 8.2
stage
23.06
Emigrant
2
0.5 ± 0.4
1
0.1 ± 0.1
0.5 0.3 - 1.1
0.1 0.0 - 0.5
interaction 6.41
0.04
PE2 Remigrant 11
1.6 ± 0.2
8
1.1 ± 0.3
1.3 0.9 - 1.9
Nymph
7
2.4 ± 0.6
6
2.7 ± 0.8
2.6 1.9 - 3.6
stage
77.60 < 0.001
Emigrant
1
0.1 ± 0.1
0
0.0 ± 0.0
0.0 0.0 - 0.2
PG Remigrant
5
1.2 ± 0.7
8
1.0 ± 0.3
1.1 0.7 - 1.8
Nymph
5
2.3 ± 0.9
4
6.6 ± 3.8
4.4 2.7 - 7.3
stage
18.04 < 0.001
Emigrant
15
1.3 ± 0.1
15
1.8 ± 0.3
1.6 1.0 - 2.4
Mean (± SE) number of waveform events per insect and number of insects performing the respective waveform pattern (N W) are given per life stage (“stage”) and plant infection status (“infection”:
+ ‘Ca. P. mali’, - ‘Ca. P. mali’). The estimated marginal mean (“emmean”) and corresponding confidence intervals (“lower – upper CI”) from models are shown for influential factors as well as
significant effects of life stage, plant infection status and their interaction (“interaction”) on the number of events.
§
Generalized linear models (negative binomial or poisson) were used to analyze the effects of main factors and interactions on the frequency of waveform events. Model statistics are presented
for models simplified by removing non-significant factors due to Akaike information criterions (AIC).
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WaveLife stage
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Tab. S3 Frequency of waveform events during 12 h EPG recordings from C. picta female life stages on ‘Ca. P. mali’ infected (Remigrants: N + ‘Ca. P. mali’= 12, Nymphs: N + ‘Ca. P. mali’= 7,
Emigrants: N + ‘Ca. P. mali’= 15) or non-infected apple trees (Remigrants: N - ‘Ca. P. mali’= 12, Nymphs: N - ‘Ca. P. mali’= 7, Emigrants: N - ‘Ca. P. mali’= 15).

NW

Mean ± SE

- 'Ca. P. mali'
emmean

lower - upper CI

+ 'Ca. P. mali'
emmean

lower - upper CI

- 'Ca. P. mali'

Model statistics§
Influential
F
P
factors
1.58
0.22
infection
13.89 < 0.001
stage

+ ‘Ca. P. mali’=

12, Nymphs: N

+ ‘Ca. P. mali’=

7,

Remigrant 11
46.8 ± 14.9 10 30.3 ± 5.1
35.6
23.5 - 53.8
24.7
16.0 - 38.1
Nymph
7
65.1 ± 12.7 6
81.4 ± 16.9
58.2
34.7 - 97.7
72.6
41.5 - 127.0
Emigrant 2
21.8 ± 8.8
1
1.2 ± NA§§
19.9
7.5 - 52.5
1.2
0.3 - 4.6
interaction
5.74
0.01
PE2 Remigrant 11 195.3 ± 40.4 8 215.8 ± 54.4
138.1 66.8 285.4
5.22
0.01
Nymph
7 218.1 ± 47.8 6 236.2 ± 104.8
92.3 38.4 222.1
stage
Emigrant 1
0.8 ± NA 0
NA ± NA
0.8
0.0 19.6
PG Remigrant 5
53.8 ± 19.4 8
77.7 ± 23.8
38.1 19.2 75.4
5.46
0.01
Nymph
5 163.5 ± 52.8 4 387.4 ± 44.5
209.1 91.9 475.4
stage
Emigrant 15
86.4 ± 16.0 15 90.1 ± 21.9
57.8 36.9 90.7
Mean (± SE) waveform duration per insect [min] and number of insects performing the respective waveform pattern (N W) are given per life stage (“stage”) and plant infection status (“infection”:
+ ‘Ca. P. mali’, - ‘Ca. P. mali’). The estimated marginal mean (“emmean”) and corresponding confidence intervals (“lower – upper CI”) from models are shown for influential factors as well as
significant effects of life stage, plant infection status and their interaction (“interaction”) on the duration per insect.
§
Linear models were used to analyze the effects of main factors and interactions on the waveform duration per insect. Model statistics are presented for models simplified by removing nonsignificant factors due to Akaike information criterions (AIC).
§§
Not available (NA) since respective waveform patterns were not performed during 12 h EPG recordings.

PE1

+ 'Ca. P. mali'
WaveLife stage
form
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Mean ± SE

Tab. S4 Waveform duration per insect [min] during 12 h EPG recordings from C. picta female life stages on ‘Ca. P. mali’ infected (Remigrants: N
Emigrants: N + ‘Ca. P. mali’= 15) or non-infected apple trees (Remigrants: N - ‘Ca. P. mali’= 12, Nymphs: N - ‘Ca. P. mali’= 7, Emigrants: N - ‘Ca. P. mali’= 15).

NW

Mean ± SE

- 'Ca. P. mali'
emmean

lower - upper CI

+ 'Ca. P. mali'
emmean

lower - upper CI

- 'Ca. P. mali'

Model statistics§
Influential
F
P
factors
2.83
0.10
infection
5.78
0.01
stage

+ ‘Ca. P. mali’=

12, Nymphs: N

+ ‘Ca. P. mali’=

Remigrant 11
22.0 ± 7.6 10 14.1 ± 5.4
15.5
10.0 - 24.0
9.4
6.0 - 14.7
Nymph
7
22.1 ± 5.5
6
18.3 ± 4.7
20.7
12.4 - 34.6
12.5
7.3 - 21.4
Emigrant 2
5.4 ± 2.2
1
1.2 ± NA§§
3.6
1.4 - 9.4
2.2
0.8 - 6.0
PE2 Remigrant 11 122.8 ± 26.1 8 149.2 ± 33.3
89.9
43.5 - 186.0
4.84
0.02
Nymph
7 117.9 ± 30.2 6 121.6 ± 87.9
40.9
17.0 - 98.4
stage
Emigrant 1
0.8 ± NA 0
NA ± NA
0.8
0.0 - 19.6
PG Remigrant 5
28.2 ± 10.7 8
52.2 ± 16.2
Nymph
5
69.9 ± 23.5 4
56.1 ± 19.3
Emigrant 15
67.7 ± 12.3 15 51.4 ± 9.8
Mean (± SE) waveform duration per event [min] and number of insects performing the respective waveform pattern (NW) are given per life stage (“stage”) and plant infection status
(“infection”: + ‘Ca. P. mali’, - ‘Ca. P. mali’). The estimated marginal mean (“emmean”) and corresponding confidence intervals (“lower – upper CI”) from models are shown for influential
factors as well as significant effects of life stage, plant infection status and their interaction (“interaction”) on the duration per event.
§
Linear models were used to analyze the effects of main factors and interactions on the waveform duration per event. Model statistics are presented for models simplified by removing nonsignificant factors due to Akaike information criterions (AIC).
§§
Not available (NA) since respective waveform patterns were not performed during 12 h EPG recordings.

PE1

+ 'Ca. P. mali'
WaveLife stage
form
NW
Mean ± SE

Tab. S5 Waveform duration per event [min] during 12 h EPG recordings from C. picta female life stages on ‘Ca. P. mali’ infected (Remigrants: N
Emigrants: N + ‘Ca. P. mali’= 15) or non-infected apple trees (Remigrants: N - ‘Ca. P. mali’= 12, Nymphs: N - ‘Ca. P. mali’= 7, Emigrants: N - ‘Ca. P. mali’= 15).

7,

Fig. S1 Non-probing (Np) parameters during 12 h EPG recordings: Frequency of waveform events (a), mean
duration per event [min] (b), mean duration per insect [min] (c) and mean time until first occurrence of waveform
[min] (d) from C. picta female life stages on phytoplasma infected (+ ‘Ca. P. mali’) and non-infected (- ‘Ca. P.
mali’) apple trees (Remigrants: N + ‘Ca. P. mali’= 12, N - ‘Ca. P. mali’= 12, Nymphs: N + ‘Ca. P. mali’= 7, N - ‘Ca. P. mali’= 7,
Emigrants: N + ‘Ca. P. mali’= 15, N - ‘Ca. P. mali’= 15). Left graphics: Boxes corresponding to the 25th and 75th percentiles,
medians shown as lines and whiskers extending to 1.5 times of the interquartile ranges are given. Dots represent
raw values. Right graphics: Corresponding estimated marginal means and confidence intervals predicted from
(generalized) linear models are shown. Axis titles are adjusted based on influential model terms (s. Tab. 1-4;
infection + stage + interaction (a), infection + stage (b), infection + stage + interaction (c), infection (d)) according
to Akaike information criterions (AIC).

Fig. S2 Sieve element penetration/ transition into phloem phase (PD) parameters during 12 h EPG recordings:
Frequency of waveform events (a), mean duration per event [min] (b), mean duration per insect [min] (c) and
mean time until first occurrence of waveform [min] (d) from C. picta female life stages on phytoplasma infected
(+ ‘Ca. P. mali’) and non-infected (- ‘Ca. P. mali’) apple trees (Remigrants: N + ‘Ca. P. mali’= 12, N - ‘Ca. P. mali’= 12,
Nymphs: N + ‘Ca. P. mali’= 7, N - ‘Ca. P. mali’= 7, Emigrants: N + ‘Ca. P. mali’= 15, N - ‘Ca. P. mali’= 15). Left graphics: Boxes
corresponding to the 25th and 75th percentiles, medians shown as lines and whiskers extending to 1.5 times of the
interquartile ranges are given. Dots represent raw values. Right graphics: Corresponding estimated marginal
means and confidence intervals predicted from (generalized) linear models are shown. Axis titles are adjusted
based on influential model terms (s. Tab. 1-4; infection + stage + interaction (a), stage (b), infection + stage +
interaction (c), infection (d)) according to Akaike information criterions (AIC).
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A new but still unpublished entomopathogenic fungus (ARSEF13372) in the genus Pandora (Entomophthorales:
Entomophthoraceae) was originally isolated from Cacopsylla sp. (Hemiptera: Psyllidae). Several species of the
genus Cacopsylla vector phloem-borne bacteria of the genus ‘Candidatus Phytoplasma‘, which cause diseases in
fruit crops such as apple proliferation, pear decline and European stone fruit yellows. To determine Pandora’s
host range and biocontrol potential we conducted laboratory infection bioassays; Hemipteran phloem-feeding
insects were exposed to conidia actively discharged from in vitro produced mycelial mats of standardized area.
We documented the pathogenicity of Pandora sp. nov. to species of the insect families Psyllidae and Triozidae,
namely Cacopsylla pyri L., C. pyricola (Foerster), C. picta (Foerster, 1848), C. pruni (Scopoli), C. peregrina (Foer
ster), and Trioza apicalis Foerster. The occurrence of postmortem signs of infection on cadavers within 10 days
post inoculation proved that Pandora sp. nov. was infective to the tested insect species under laboratory con
ditions and significantly reduced mean survival time for C. pyri (summer form and nymph), C. pyricola, C. picta,
C. pruni, C. peregrina and T. apicalis. Assessing a potential interaction between phytoplasma, fungus and insect
host revealed that phytoplasma infection (‘Candidatus Phytoplasma mali’) of the vector C. picta and/or its host
plant apple Malus domestica Borkh. did not significantly impact the survival of C. picta after Pandora sp. nov.
infection. The results from infection bioassays were discussed in relation to Pandora sp. nov. host range and its
suitability as biocontrol agent in integrated pest management strategies of psyllid pests, including vector species,
in orchards.

1. Introduction
In European fruit production, several psyllid species (Hemiptera:
Psyllidae) cause economic damage because they vector phytoplasmas,
phloem-borne cell wall-less bacteria of the genus ‘Candidatus Phyto
plasma‘ (Firmicutes: Mollicutes) (IRPCM Phytoplasma/Spiroplasma
Working Team–Phytoplasma Taxonomy Group 2004). These phyto
pathogenic bacteria cause diseases of fruit crops of the family Rosaceae
such as pear decline in pear Pyrus communis L. (‘Candidatus Phytoplasma
pyri’), apple proliferation in apple Malus domestica Borkh. (‘Candidatus
Phytoplasma mali’) and European stone fruit yellows in Prunus spp.
(‘Candidatus Phytoplasma prunorum’) (Seemüller and Schneider 2004),

inducing morphological and physiological changes in their plant hosts
(Gallinger et al. 2021). Phytoplasma infection causes significant eco
nomic losses as infected trees show both reductions in fruit yield,
quality, and quantity or even causes death of the plant (Bovey 1961;
Jarausch et al. 2019; Marcone et al. 2010; Seemüller et al. 2011; Strauss
2009). The phytoplasmas, which can only survive inside plant phloem or
the vector’s body, are acquired and transmitted during phloem feeding
of the insect vector (Lee et al. 2000; Weintraub and Beanland 2006).
These phytoplasmas are closely related and all belong to the ‘apple
proliferation group’ or 16SrX group (Lee et al. 2000; Seemüller et al.
1998; Seemüller and Schneider 2004). All vector species from the 16SrX
group are very closely related and belong to the genus Cacopsylla
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(Burckhardt 1994; Burckhardt and Ouvrard 2012). In their preimaginal
development, Psyllidae pass through five instars (nymphs) (Burckhardt
1994). The causative agent of pear decline (‘Ca. P. pyri’) is vectored by
Cacopsylla pyri L. (Carraro et al. 1997) and Cacopsylla pyricola (Foerster)
(Jensen et al. 1964). These two pear psyllid species C. pyri and C. pyr
icola are polyvoltine with four to eight generations per year, respectively
(Burckhardt 1994). Both species overwinter as adults with distinct
morphs during summer and winter months, e.g., for C. pyri a summer
form (C. pyri f. pyrarboris) and a winter form (C. pyri f. pyri) are known
(Burckhardt 1994). For example, Civolani and Pasqualini (2003)
observed in pear orchards in Italy, that the darker and larger C. pyri
winter form appeared at the end of September, whereas the numbers of
the orange summer form were reduced and completely disappeared at
the end of October. The summer apple psyllid Cacopsylla picta (Foerster,
1848) is the only known vector of ‘Ca. P. mali’ in Germany (Frisinghelli
et al. 2000; Mayer et al. 2009). The plum psyllid Cacopsylla pruni (Sco
poli) is the only vector of ‘Ca. P. prunorum’ (Carraro et al. 1998) in
Germany. These two psyllid species have an univoltine lifecycle with
two host switches. In summer, the young adults (emigrants) migrate to
conifers, where they stay the rest of the year before they remigrate into
fruit orchards in the following spring (remigrants) for mating and
reproduction (Burckhardt 1994; Mayer et al. 2011; Ossiannilsson 1992).
Further, the carrot psyllid Trioza apicalis Foerster (Hemiptera: Tri
ozidae) is associated with the pathogen ‘Candidatus Liberibacter sol
anacearum’ (Munyaneza et al. 2010) and is considered to be a serious
pest in carrots (Sauer et al. 2021).
Because phytoplasma-infected plants cannot be cured, only preven
tive control measures can be taken (Jarausch and Jarausch 2009). Thus,
control of the vector is the main target in control strategies aiming at
limiting further distribution of these phytoplasma diseases in fruit or
chards. Shapiro-Ilan et al. (2017) stated that orchards in temperate cli
mates feature several attributes favorable for the use of
entomopathogens for biological pest control. Different approaches have
been undertaken to develop biological control strategies for pests of the
superfamily Psylloidea using entomopathogenic fungi in laboratory and
field studies (Acosta et al. 2016; Ausique et al. 2017; Dustan 1927; Erler
et al. 2014; Liu et al. 1990; Puterka 1999). Dustan (1927) distributed
Zoophthora radicans (Brefeld) Batko naturally-infected Cacopsylla mali
(Schmidberger, 1836) cadavers in orchards aiming to cause an outbreak
among the pest insect populations. In other attempts, scientists used
formulations based on conidia from hypocrealean fungal genera Beau
veria, Isaria and Metarhizium (Puterka 1999; Erler et al. 2014).
Pandora sp. nov. (Entomophthorales) that remains unpublished at
this time was isolated from infected pear psyllids (Cacopsylla pyri)
collected in a Danish pear orchard situated in North East Zeeland in
2016. The fungus (in the following text referred to as Pandora) belongs
to the genus Pandora and is a new undescribed species due to its
pathobiology (natural hosts were Cacopsylla species), its morphology
(primary conidia are smaller than those of Pandora neoaphidis Remaud.
& Henn.) (supplementary data 1), and clustered separately from P.
neoaphidis and other Pandora species based on the 18 SSU (supplemen
tary data 2). A formal description is ongoing (Eilenberg et al. unpubl.).
The findings led to the initiation of experiments to study its biology and
to evaluate its potential for psyllid pest control (Görg et al. 2019; Herren
2018; Jensen 2017; Jensen et al. 2018; Olsen et al. 2019), which was
continued in the study presented here. Entomophthorales are remark
able in their interaction with host insects. They not only actively
discharge their asexual spores (conidia), but may also rapidly reduce
host populations and may even alter insect behavior, e.g., in a way that
infected insects were forced to die at exposed places, thus promoting
further spread of conidia (Keller 2007; Roy et al. 2006). For several
Entomophthorales a narrow host range is assumed and, by this, a high
degree of host specialization (Boomsma et al. 2014; Eilenberg and
Michelsen 1999; Jensen et al. 2001; Keller 2007). Overall, many ento
mophthoralean fungi offer a high potential as naturally occurring bio
logical control agents.

We conducted laboratory bioassays to determine the pathogenicity
of the recently discovered Pandora to phloem-feeding insects of the
order Hemiptera after in vitro cultivation. Further, we studied the
possible multitrophic interaction between phytoplasma, fungal path
ogen and their insect host. Finally, we discuss the potential of this fungus
for biocontrol of insect vectors in high value fruit crops.
2. Material & methods
2.1. Cultivation of Pandora sp. nov. (ARSEF13372)
Solid media plates for in vitro culture were used for the cultivation of
Pandora (isolate 16–44 [= ARSEF13372]) and for fungal biomass pro
duction which is necessary for infection bioassays with mycelial mats.
The medium contained Sabouraud dextrose agar (SDA, Carl Roth GmbH
+ Co.KG, Karlsruhe, Germany) supplemented with egg yolk and milk
(Hajek et al. 2012). Culture plates (Ø: 9 cm) were maintained at 18 ◦ C in
darkness in a climatic chamber. Once the fungal mycelium almost
covered the entire surface of the solid medium or at least once a month, a
small piece of mycelium was transferred to a new petri dish and placed
upside down on the fresh medium (Hajek et al. 2012). In order to
minimize potential effects, e.g., on physiology or virulence due to
frequent transfers from artificial medium to artificial medium (Hajek
et al. 1990; Hall 1980), the passage through an insect (C. pyri) was
accomplished on a regular basis. After at least four successive transfers
(T4) on solid medium, the isolation from conidia discharged from
Pandora infected cadavers was carried out. Therefore, pear psyllids (C.
pyri) were inoculated with a ‘descending conidia’ shower (Hajek et al.
2012) from mycelial mats. Within 24 h after their death, the newly
obtained cadavers were placed in the lids of small petri dishes under
neath an inverted petri dish containing solid media. During the
following 24 h, a variation of the ‘ascending conidia’ showering method
(Hajek et al. 2012) was used. Conidia discharged from insect bodies
were projected upward onto the solid medium’s surface (T0). Classifi
cation of the isolated fungus was carried out visually by the identifica
tion of typical mycelial structures and traces of conidial discharge on
petri dish walls. All other plates or plates showing signs of contamina
tion were discarded. These cultivated mycelial mats of Pandora were
used for all infection bioassays with hemipteran insects.
2.2. Cultivation and rearing of insects and plants
Adult psyllids caught by the beating tray sampling method of Müther
and Vogt (2003) were determined to species using the key of Ossian
nilsson (1992). Rearing took place in a climatic chamber at 20 ◦ C day
and 15 ◦ C night temperatures under long day conditions (L16:D8) and
55% relative humidity. Each species was placed on its respective host
plant in 47.5 × 47.5 × 93 cm BugDorm rearing cages (NHBS, UK). Plants
selected for rearing and experiments were healthy and free of pests and
kept in an insect-proof screenhouse during the whole vegetation period.
Plant protection measures were carried out as required according to
integrated pest management. The waiting periods recommended by the
respective manufacturer between the application of the agent and
further use were taken into account before the plants were used for in
sect rearing. Rearing conditions were the same for all tested psyllid
species.
Non-migrating species: Each year in spring from 2017 to 2019, rearing
of C. pyri and C. pyricola was restarted by the collection of new speci
mens (summer form, F0) of Pyrus sp. at the conventionally managed
experimental field at the Julius Kühn - Institut Dossenheim, Germany.
Both species were reared on potted pear trees P. communis cv. ’Williams
Christ’ grown on P. communis cv. ’Kirchensaller Mostbirne’ rootstocks.
Leaves of these pear tree cultivars were also used in infection bioassays.
In order to prevent overlap of generations, adults (F0) were removed
from the rearing cages after oviposition and before emergence of pre
imaginal stages (nymphs) of the new generation. Then, freshly hatched
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adults (F1) were placed on new plants in order to mate and reproduce
(F2). This procedure was conducted several times to maintain up to eight
generations per year. In October/November, the formation of C. pyri
winter forms was observed even under unchanged rearing conditions.
For infection bioassays with C. pyri nymphs, 5th instars were selected.
Migrating species: Annually in March/April, overwintered individuals
(remigrants, F0) of the migrating species C. pruni and C. picta were
sampled at extensively managed Prunus sp. or Malus sp. orchards in
Tenna, Trentino, Italy or in Dossenheim, Germany, respectively. As host
plant for C. pruni and donor of leaves for infection bioassays, potted
Prunus spinosa L. plants were used. Potted apple trees M. domestica cv.
‘Golden Delicious’ grown on cv. ’M9′ rootstocks either healthy (- phy
toplasma) or graft inoculated with the virulent phytoplasma strain 3/6
(+ phytoplasma) (Seemüller et al. 2010; Seemüller et al. 2013) were
provided in the rearing cages.
Rearing of non-infected C. picta: In order to select non-infected (phytoplasma) emigrants, 22 female C. picta remigrants collected from
the field were separately caged, each in one small gauze bag on an apple
leaf. Oviposition was allowed for a period of five days before the adult
insects were removed. Their phytoplasma infection status was subse
quently evaluated by polymerase chain reaction (PCR) and gel electro
phoresis (see below). Only leaves with eggs from non-infected C. picta
females (n = 18) were preserved for rearing of non-infected nymphs and
emigrants whereas those of phytoplasma infected females (n = 4) were
removed.
Rearing of infected C. picta: To increase the chance of phytoplasmainfected emigrants (+ phytoplasma), the offspring of 24 female and 20
male C. picta remigrants completed their whole development on
phytoplasma-infected apple plants.
As for the bioassays, leaves were taken from potted apple trees cv.
’Gala Royal’ grown on cv. ’M9′ rootstocks. Either healthy (- phyto
plasma) or infected (+ phytoplasma) leaves were used.
In June, C. peregrina individuals were collected from Crataegus sp.
hedgerows adjacent to the experimental field at the Julius Kühn Institut, Dossenheim, Germany. For rearing and in the infection bioassay
Crataegus monogyna Jacq. plants were used.

Specimens from the offspring generation (F1) of carrot psyllid T.
apicalis collected from organic carrot fields near Lüneburg, Germany, in
2017 were provided by the Institute for Plant Protection in Horticulture
and Forests of the Julius Kühn-Institut, Braunschweig, Germany. Carrot
plantlets Daucus carota L. cv. ’Bolero’ were used for rearing according to
Nissinen et al. (2008) and in infection bioassays.
2.3. DNA extraction and PCR for phytoplasma detection
One year prior to experiments, the infection status of ’Golden Deli
cious’ rearing plants was verified (Görg et al., 2020). Additionally, ’Gala
Royal’ leaves used in infection bioassays were directly taken from the
infection units and kept at − 20 ◦ C until further usage. At the end of the
infection bioassay, all C. picta’s were placed in 70% ethanol and stored
at − 20 ◦ C until each individual was used for DNA extraction, polymerase
chain reaction (PCR) and gel electrophoresis. The DNA extraction
method of plant and insect material was adjusted after Doyle (1990). For
amplification of phytoplasma DNA parts in psyllid samples the universal
phytoplasma ribosomal primer pair P1/P7 (Deng and Hiruki 1991;
Smart et al. 1996) was utilized. For plant samples, the primer pair fO1/
rO1 derived from ’Ca. P. mali’ 16S rRNA genes (Lorenz et al. 1995) was
chosen.
2.4. Infection bioassay
Following the recommendations of Hajek et al. (2012) the laboratory
infection bioassays were performed with small polypropylene cups
(Ø: 69 mm, height: 68 mm; bikapack GmbH, Feldkirch, Austria) as
bioassay units (Fig. 1). A layer of 2% water agar (Carl Roth GmbH + Co.
KG, Karlsruhe, Germany) on the cup’s bottom increased the relative
humidity to above 95%. A filter disc (Ø: 55 mm, Grade 1; Whatman,
Freiburg, Germany) on top of the agar prevented the insects from
adhering to the agar (Görg et al. 2019). Additionally, to allow ventila
tion all bioassay units contained two holes (Ø: 2 cm) at opposite sides of
the cup covered with 200 µm grid nylon-mesh gauze (Bioform, Nürn
berg, Germany). A third hole (Ø: 1.3 cm) in the cup was clogged with a
Fig. 1. Experimental setup a) with ‘bioassay
units’ of b) laboratory infection bioassays
with Pandora sp. nov. mycelial mats (cross
hatched) produced on solid media and
thereafter attached to moist filter paper in
the lid of small plastic cups containing water
agar covered by a filter disc (this is named
‘infection unit’). For 24 h, three insect spec
imens were exposed to a conidia shower
(dots) before they were transferred into fresh
cups containing a leaf of their host plant for a
monitoring period of 10 days (‘bioassay
unit’). Dead insects were removed daily and
incubated at moist conditions before they
were examined for postmortem signs of
Pandora sp. nov. infection. Similar setup was
used for c) the exemplary counting of conidia
with cups containing 0.5% sodium dodecyl
solution in order to collect conidia dis
charged from Pandora sp. nov. mycelial mats.
Conidia were subsequently counted in a
Fuchs-Rosenthal counting chamber using a
light microscope.
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cotton pad (ebelin, Karlsruhe, Germany) and only opened to introduce
the insects into the otherwise closed cup.
For inoculation units, bioassay units (see above) were used as basis.
Additionally, a moist filter disc (Ø: 55 mm, Grade 1; Whatman) was
fixed to the lid of the bioassay unit using Vaseline (Lenhart Kosmektik,
Waiblingen, Germany). Fungal inoculum used in infection bioassays was
produced and harvested as mycelial mats (approx. 3 cm × 3 cm) from
solid media (see above). Therefore, three to four squares were taken near
the edges of fungal growth from each culture plate and distributed to the
moist filter discs fixed to the lids (one mycelial mat per cup). Once the lid
was placed on the plastic cup, the mycelial mats were inverted estab
lishing a ‘conidial shower’ (Hajek et al. 2012). The so prepared lids were
randomly placed on either the cups used for insect inoculation or conidia
collection (see below). Per inoculation unit, three insects were exposed
to conidial discharge for 24 h (named “+ Pandora”). If not otherwise
stated (e.g., C. pyri nymphs), bioassays were performed with adult in
sects. Insects exposed to moist filter paper fixed to the lid but without
fungal inoculum were treated similarly and functioned as negative
control group, providing insight about the natural mortality under the
given experimental conditions (named “- Pandora”). Wherever possible,
C. pyri summer forms were simultaneously inoculated with the same
Pandora inoculum, to serve as reference (positive control/baseline) in
distinct infection bioassays. To limit potential objects shielding insects
from the conidial shower no leaf was provided inside the inoculation
unit.
After the 24-hour exposure time (d0), the insects were transferred to
new bioassay units free of any fungal material (d1-d10) (Fig. 1a). A leaf
from their respective host plant was placed with the petiole into the
water agar, serving as nutrient source. Halfway through the 10-day
assessment period, all insects were transferred into new bioassay units
with fresh leaves. The bioassays were conducted in a climatic chamber
(Rumed ® Type 3201, Rubarth Apparate GmbH, Laatzen, Germany)
with high 95 ± 3% relative humidity at 20 ◦ C and short-day conditions
(L:D 10:14 h). At 24-hour intervals, the mortality was monitored over a
period of 10 days. Insect individuals, which escaped or died due to
handling were marked as censored (for more details see statistics para
graph, Sedgwick 2014). Cadavers were removed from the bioassay units
and placed into small petri dishes (Ø: 3.5 cm) with a piece of moist filter
paper adhering to the lid. After 24 h incubation under experimental
conditions, the cadavers were assessed for postmortem signs of Pandora
mycosis using a stereomicroscope (Stemi 508, Carl Zeiss AG, Oberko
chen, Germany). In total, C. pyri summer form (n - Pandora = 171, n +
Pandora = 183), C. pyri winter form (n - Pandora = 36, n + Pandora = 33), C.
pyri nymph (n - Pandora = 69, n + Pandora = 69), C. pyricola (n - Pandora = 36,
n + Pandora = 36), C. picta (n - Pandora = 53, n + Pandora = 53), C. pruni (n
- Pandora = 45, n + Pandora = 45), C. peregrina (n - Pandora = 45, n + Pandora =
42) and T. apicalis (n - Pandora = 36, n + Pandora = 36) were inoculated
with Pandora in infection bioassays. For details on date, insect genera
tion as well as number of transfers of fungal culture used in respective
bioassays examine supplementary data 3 and 4.

discharge was carried out parallel to three infection bioassays, resulting
in a total of 45 mycelial mats of which conidial discharge was counted
from (see supplementary data 5).

2.5. Conidial counting

The host range screening of hemipteran phloem-feeding insects
showed that for all six species and their respective life stages assessed in
this study, inoculation with Pandora mycelial mats resulted in the for
mation of Pandora outgrowth from insect cadavers, thus proving the
fungus was pathogenic (Fig. 2).

3. Statistics
All statistical analyses were run in R (Version◦ 1.2.5033) (RStudio
Team 2019) (Version 1.2.5033) and figures were generated using the
“ggplot2” package (Wickham et al. 2019) and “survminer” package
(Kassambara et al. 2019) in order to display time-to-event curves and
risk tables.
The Kaplan-Meier method was chosen to analyze time-to-event data
(event: death) for censored data using the survfit function of the “sur
vival” package (Therneau et al. 2020). Hence, for the time of death for
50% of the insects, the median survival time was calculated. Addition
ally, the cumulative mortality [%] ± standard error (SE) as 100% minus
the cumulative survival [%] at the end of the experiment (day 10) were
calculated after Jager et al. (2008). For the host range screening of he
mipteran phloem-feeding insects, the restricted mean survival time
(RMST) (Royston and Parmar 2011, 2013) was calculated for each
treatment (+ Pandora vs. - Pandora) and between-group contrasts (Δ
RMST: RMST + Pandora – RMST - Pandora) compared (p < 0.05) for each
insect species separately, using the rmst2 function of the “survRM2”
package (Uno et al. 2017).
In order to assess the effect of phytoplasma infection of plant or
psyllids and the Pandora treatment on C. picta’s survival, parametric
models with different parametric distributions (exponential, Weibull,
loglogistic) were compared according to Akaike information criteria
(AIC). Finally, a model with loglogistic distribution was fitted using the
survreg function of the “survival” package (Therneau et al. 2020). The
parametric model was simplified by removal of non-significant in
teractions and terms (p > 0.05) using the step function and the best
model identified according to AICs (Crawley 2012). Multiple pairwise
comparison between effects of phytoplasma infection of plants or psyl
lids and Pandora treatment was performed with estimated marginal
means and 95% confidence intervals with the function emmeans from
“emmeans” package (Lenth et al. 2019) and p-value adjustment by the
method of Tukey.
4. Results
4.1. Conidial discharge of Pandora mycelial mats
The measurement of conidial discharge showed that in all experi
ments a high number of conidia were discharged, with a mean number
of 4 × 106 ± 9 × 105 conidia per inoculation unit. The data proved some
heterogeneity in conidial number with a range from min. 121,875 to
max. 24,625,000 (1 × 105 –2 × 107) conidia (supplementary data 5).
4.2. Pathogenicity of Pandora to hemipteran phloem-feeders

Conidial discharge was measured under inoculation conditions. For
this purpose, lids similarly prepared as for inoculation units were placed
above the polypropylene cups (Ø: 69 mm, height: 68 mm; bikapack
GmbH) containing 0.5% Sodium dodecyl sulfate (SDS) solution (Fig. 1
b). During a period of 24 h, conidia actively discharged from mycelial
mats were directly collected in the SDS solution underneath adjusted
after Hua and Feng (2003). This method was chosen as primary conidia
of Pandora sp. nov. from psyllids produced secondary conidia by 4 h
after discharge (Herren 2018). A volume of 20 µl SDS with conidia was
applied to a Fuchs-Rosenthal counting chamber (Paul Marienfeld GmbH
& Co KG, Lauda-Königshofen, Germany) and the area of all 16 large
squares was counted with the aid of a light microscope (Leitz, Wetzlar,
Germany) at 400x magnification. The entire measurement of conidial

4.3. Survival parameters of hemipteran phloem-feeders after Pandora
treatment
As all infection bioassays demonstrated the pathogenicity of the
entomophthoralean fungus to the tested hemipteran insects, several
survival parameters were assessed for each insect species. However,
survival parameters were only compared between treatments (+
Pandora vs. – Pandora) for insects within the same species and life stage
rather than among different species. A crossing of Kaplan-Meier survival
4
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Fig. 2. Postmortem signs (fungus outgrowth) of Pandora sp. nov. infection on adult Psyllidae a) C. pyri summer form, b) C. pyricola, c) C. pruni, d) C. picta, e) C.
peregrina and f) Triozidae T. apicalis after inoculation with mycelial mats in laboratory infection bioassays. Note a halo of discharged conidia around cadavers.
Pictures were taken under a stereomicroscope.

curves was observed for species C. pyricola (Fig. 3 d), C. picta (Fig. 3 e),
C. pruni (Fig. 3 f) and T. apicalis (Fig. 3 h), thus neither a log rank test nor
the calculation of single hazard ratios was allowed for the analysis of
treatment effects. As an alternative, the restricted mean survival time
(RMST) (Royston and Parmar 2011, 2013) was calculated. The RMST,
estimated as the area under the Kaplan-Meier survival curve, was used to
calculate the average survival time per treatment from day 0 until day
10 (supplementary data 6). Additionally, the between-group contrasts
(Δ RMST) (Table 1) were computed as measure of treatment effects

(Royston and Parmar 2011, 2013).
C. pyri summer form. The Kaplan-Meier visualization of adult C.
pyri summer forms showed a clear separation between survival curves
(+ Pandora vs. – Pandora) with strongly decreasing survival probabili
ties for psyllids treated with Pandora conidia from mycelial mats shower
compared to the negative control (Fig. 3 a). For C. pyri summer forms
exposed to Pandora (+ Pandora) a median survival time of 5 days was
observed whereas the 50% mortality was not reached within the
experimental period of 10 days for the negative control group

Fig. 3. Kaplan–Meier curves with 95% confidence intervals visualizing the survival probabilities [%] and individuals at risk [%] of death for insects 10 days past
inoculation with and without Pandora sp. nov. mycelial mats (+Pandora vs. - Pandora) illustrated for a) C. pyri summer form (n - Pandora = 171, n + Pandora = 183), b)
C. pyri winter form (n - Pandora = 36, n + Pandora = 33), c) C. pyri nymph (n - Pandora = 69, n + Pandora = 69), d) C. pyricola (n - Pandora = 36, n + Pandora = 36), e) C. picta (n
- Pandora = 53, n + Pandora = 53), f) C. pruni (n - Pandora = 45, n + Pandora = 45), g) C. peregrina (n - Pandora = 45, n + Pandora = 42) and h) T. apicalis (n - Pandora = 36, n +
Pandora = 36). Three insects were inoculated and monitored together in one plastic cup. Because of high variability in the conidia dosage throughout distinct bio
assays, survival probabilities should not be compared between species (a-h). Tick marks on the Kaplan-Meier curve indicate censored events.
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(- Pandora) (Table 1). Treatment with Pandora resulted in nearly three
times higher cumulative mortality (+ Pandora: 71 ± 3%; - Pandora: 24
± 3%) at the end of the experiment (Table 1). A highly significant dif
ference in mean restricted survival times between treatments (Δ RMST)
showed that survival of C. pyri summer forms exposed to Pandora was
decreased compared to the negative control. C. pyri winter form. The
survival probabilities decreased similarly between treatments for C. pyri
winter forms (Fig. 3 b). At the end of the experiment, neither C. pyri
winter forms treated with Pandora mycelial mats nor the negative con
trol group reached the median survival time, as the cumulative mortality
remained below 50% (+ Pandora: 36 ± 8%, - Pandora: 28 ± 7%)
(Table 1). Furthermore, there was no significant difference between
treatments in restricted mean survival time (Table 1). C. pyri nymph.
The cumulative mortality 10 days post inoculation (dpi) was nearly
twice as high for nymphs exposed to Pandora mycelial mats opposed to
the negative control group (+ Pandora: 51 ± 6%, - Pandora: 26 ± 5%).
The restricted mean survival time showed a significantly reduced sur
vival for Pandora treated nymphs (Table 1). C. pyricola. The treatments
affected the restricted mean survival time with a significant reduction
for Pandora inoculated C. pyricola (Table 1). In comparison to untreated
C. pyricola, inoculation with mycelial mats caused a 2.5 times higher
cumulative mortality (+ Pandora: 50 ± 8%, - Pandora: 20 ± 7%) and the
median survival time was reached at the 10th dpi. C. picta. The median
survival time was reached at the 5th day of the experiment for C. picta,
(Table 1). With a difference of 64%, about 4 times more C. picta died
after exposure to Pandora mycelia compared to the natural mortality of
the negative control group (+ Pandora: 83 ± 5%, - Pandora: 19 ± 5%).
Additionally, a highly significant effect of Pandora treatment on the
survival of C. picta was observed, as the restricted mean survival time of
treated insects was reduced (Table 1). C. pruni. With a very low natural
mortality, the cumulative mortality was more than 9 times increased for
C. pruni exposed to Pandora conidial showers (+ Pandora: 68 ± 7%,
- Pandora: 7 ± 4%, Table 1). At the 8th day dpi, the median survival time
was surpassed by treated C. pruni. The comparison of restricted mean
survival times (Δ RMST) showed a highly significant reduction in sur
vival time for C. pruni exposed to Pandora mycelial mats. C. peregrina. A
very low natural mortality in the negative control group and a more than
20 times higher cumulative mortality after exposure to Pandora conidia
shower (+ Pandora: 41 ± 8%, - Pandora: 2 ± 2%) was found in infection
bioassays with C. peregrina. The median survival time however, was
neither reached for untreated nor treated psyllids (Table 1). The com
parison of restricted mean survival times demonstrated that the ‘conidial
shower’ significantly reduced C. peregrina’s survival (Table 1). T. api
calis. The median survival time was passed for T. apicalis at the 7th dpi
(Table 1). For T. apicalis treated with Pandora conidial shower a nearly
3 times higher cumulative mortality was observed (+ Pandora: 65 ± 8%,
- Pandora: 23 ± 8%) (Table 1). Exposure to Pandora significantly
reduced the restricted mean survival time of T. apicalis in comparison to
the negative control (Table 1).
Multitrophic interactionThe impact of phytoplasma infection sta
tus of the psyllid and/or the host plant was evaluated by the Pandora
infection bioassay with C. picta. Survival of C. picta was significantly
affected only by Pandora treatment at the dosage tested (Table 2).

§
Total number of insects inoculated at the beginning (N start) and insects which escaped (N censored) or died during the experiment (N dead). §§ Kaplan-Meier estimation was used to analyze cumulative survival [%] ±
standard error (SE). Cumulative mortality [%] = 100% minus cumulative survival [%]. §§§ Not available (NA) since there were no postmortem symptoms of Pandora sp. nov. infection on cadavers within a period of 10 days.
§§§§
Not available (NA) since cumulative mortality did not reach 50% within a period of 10 days.
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Insect family

Table 1
Survival parameters of hemipteran phloem-feeding insects 10 days post inoculation with conidia discharged from Pandora sp. nov. mycelial mats (+ Pandora) vs. untreated insects (- Pandora) are described by mean
cumulative mortality [%] (±SE) and mean median survival time [d]. The day of 1st postmortem symptoms [d] of Pandora sp. nov. infection occurring on insect cadavers is given. The difference between treatments in
restricted mean survival time (Δ RMST) and corresponding 95% confidence intervals as well as analysis of between group contrasts are given.

L.M. Görg et al.

5. Discussion
We were able to prove that Pandora is pathogenic to all six insect
species assessed, as we found typical postmortem signs of infection on
cadavers of C. pyri, C. pyricola, C. picta, C. pruni, C. peregrina, and T.
apicalis. Since a representative from Triozidae became infected, we
determined that Pandora is not specific for the genus Cacopsylla at least
in laboratory assays. This finding corresponds to earlier findings of the
host range of Entomophthorales infecting Hemiptera in laboratory as
says (Jensen et al. 2001; Shah and Pell 2003). We assume Pandora to
have a narrow host range under natural conditions (Cacopsylla spp.)
while the host range in laboratory assays includes further Hemipteran
6
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Table 2
Mean survival of summer apple psyllid C. picta in regard to phytoplasma infection status of the psyllid (- phytoplasma vs. + phytoplasma) and/or the available host
plant (- phytoplasma vs. + phytoplasma) with and without Pandora sp. nov. mycelial mat treatment (10 dpi, + Pandora vs. - Pandora) is described by estimated
marginal means and corresponding confidence intervals. The potential influence of phytoplasma infection status of plant and/or psyllid and/or Pandora sp. nov.
treatment as well as their interaction are given.
Phytoplasma infection

Pandora sp. nov. treatment

Plant

þ Pandora

Psyllid

emmean
+
–

+
–
+
–

4.6
5.1
5.1
5.7

Model statistics§
- Pandora

lower - upper CI
4.1
4.6
4.6
5.1

–
–
–
–

5.1
5.6
5.7
6.3

emmean
15.4
17.1
12.9
14.4

lower - upper CI

Influential factors

Chi2

Pr(>Chi2)

13.0
14.3
11.2
12.4

Pandora sp. nov. treatment
Psyllid phytoplasma infection
Plant phytoplasma infection
Pandora sp. nov. treat. * Plant phytopl. inf.

96.83
1.46
2.13
3.30

< 0.0001
0.23
0.14
0.07

–
–
–
–

18.3
20.5
14.9
16.6

§
A parametric model with loglogistic distribution was used to analyze the effects of main factors and interactions on the mean survival of insects. Model statistics are
presented for parametric model simplified by removing non-significant factors due to AIC.

species.
We deliberately chose the inoculation method with mycelial mats in
order to utilize the active conidial discharge of the fungus to our
advantage. Due to their sticky character, it is not possible simply mixing
conidia with water (as can be done with hypocrealean insect pathogenic
fungi like Metarhizium spp. and Beauveria spp.). By that, it was not
possible to completely control the exact amount of conidial discharge,
even though the infection bioassays presented here were performed
under standardized conditions, which is a well-known challenge
regarding entomophthoralean fungi (Shah et al. 2003). The virulence of
fungi is dosage dependent (Hajek and Shapiro-Ilan 2018), therefore,
tested insect species were simultaneously inoculated to C. pyri summer
forms, serving as reference (positive control) in each distinct bioassay. In
their study Ben Fekih et al. (2019), showed for two Entomophthorales
species, P. neoaphidis and Entomophthora planchoniana Cornu 1873
(Entomophthorales: Entomophthoraceae), that higher transmission was
observed from Sitobion avenae (Fabricius, 1775) and Rhopalosiphum padi
(L.) cadavers (inoculum source, Hemiptera: Aphididae) to the same host
species (conspecific) compared to the respective other aphid species
(heterospecific). We recommend further studies involving Pandora spp.
and hemipteran spp. to elucidate these differences, which are of high
ecological significance (Hesketh et al. 2010).
It is known that susceptibility to Entomophthorales among aphids
can be influenced by distinct morphs (Dromph et al. 2002; Eilenberg
et al. 2019). Interestingly, we registered a significant reduction in
restricted mean survival time between Pandora inoculated and noninoculated C. pyri summer form and nymphs but not for its winter
form. So far, it was not possible to simultaneously inoculate C. pyri
summer and winter forms due to their occurrence in different seasons
(Civolani and Pasqualini 2003). Therefore, we are not yet able to
conclude whether this observation reflects a different susceptibility
between morphs. It might be interesting in future studies to determine
Pandora’s prevalence in natural psyllid populations during the year,
including winter. As some entomophthoralean fungi overwinter in host
cadavers (Dara and Semtner 2001; Dustan 1927), the infection of the
mobile overwintering generation (C. pyri winter forms), might therefore
offer an advantage for the persistence and spread of Pandora in natural
psyllid populations during parts of the winter months.
Another limitation of this study is the relative high mortality (up to
28%) in untreated insects. High mortality due to assay conditions might
therefore also influence the evaluation of treatment effects. It is, how
ever, difficult to design experimental conditions to meet the needs of
different species while establishing standardized inoculation and incu
bation conditions. This challenge has also been mentioned in other
studies where control mortalities of more than 50% have been reported
for individual aphid species (Shah et al., 2004). For studies further
evaluating Pandora’s virulence, e.g., of distinct conidia dosages,
bioassay conditions might need to be optimized for individual species.
In the presented study, we found no significant impact of phyto
plasma infection status of either plant or psyllid on Pandora treatments

effect. In contrast, results obtained in a study by Qasim et al. (2018)
showed a significantly higher mortality of Asian citrus psyllid Diaphorina
citri Kuwayama (Hemiptera: Liviidae) adults and nymphs after treat
ment with Isaria isolates on ‘Candidatus Liberibacter asiaticus’ infected
citrus plants opposed to insects from non-infected plants. So far, we can
therefore only deduce that neither phytoplasma infection (‘Ca. P. mali’)
of plant (M. domestica) nor psyllid (C. picta) nor the absence thereof
resulted in a disadvantage for Pandora infecting this host. However, as
the conidial dosages the insects were exposed to were relatively high, it
might be advisable to further assess if an effect would be visible at lower
doses. For the evaluation of Pandora as a vector control agent, this
finding is of crucial importance as both phytoplasma-infected or noninfected C. picta might successfully be controlled by Pandora on phyto
plasma infected or non-infected plants.
In order to evaluate the suitability of Pandora as a biocontrol agent,
its impact on test insects’ survival parameters was estimated. The time
until onset of mortality was considered of particular importance for the
efficacy as a biocontrol agent, because vector insects potentially may
further transmit the pathogen as long as they survive. For some other
phloem-feeding insects infected by an entomophthoralean fungus, it was
earlier shown that probing and feeding behavior already significantly
varied prior to death (Chen et al. 2018). Additionally, fecundity was
reduced in aphids inoculated with, but not killed by, an entomoph
thoralean fungus (Saussure et al. 2019), offering further potential to
reduce pest population densities apart from direct lethal effects.
Therefore, further research is needed to clarify the impact of Pandora
infection on a host insect’s feeding behavior and by that its vector ac
tivities as well as sublethal effects on insect’s population dynamics.
However, there is a big difference whether contact and infection with
fungal conidia occur in a contained area under controlled conditions in
the lab, or if they have to be accomplished in the orchard. Experiments
under field conditions are necessary to evaluate whether our results of
approximately 50–83% cumulative mortality can also be achieved in-situ
and whether they are sufficient to decrease pest populations below
economic thresholds.
The observed median survival time of 5 days for C. pyri summer form
and C. picta provide the potential for an extensive and rapid spread in
respective natural pest insect populations, indicating potential for this
fungus to be further evaluated for its application in an inoculation
strategy (Eilenberg et al. 2001). Furthermore, Pandora effectively killed
T. apicalis under laboratory conditions suggesting further experiments to
assess its potential for pest control strategies in carrot production.
Preventing degradation of the fungus after release remains a major
challenge. We propose the development of a formulation improving
Pandora’s tolerance to environmental factors such as relative humidity
or UV radiation by simultaneously solving the issue of a standardized
conidial dosage application. In a longer perspective, the entomopatho
genic fungus Pandora sp. nov. (ARSEF13372) might be implemented in
innovative strategies for psyllid control (Gross and Gündermann 2016)
in order to specify the biological control approach and minimize vector
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populations by combining Pandora with specific lures in the context of
attract-and-kill or push–pull-kill strategies (Eben and Gross 2013; Gross
2013; Gross et al. 2019).
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6. Conclusion
This study demonstrated the pathogenicity of a still unpublished
Pandora sp. nov. (ARSEF13372) to several species belonging to Psylli
dae, genus Cacopsylla. Furthermore, its pathogenicity to T. apicalis
showed its wider host range to the hemipteran phloem-feeding insect
family Triozidae under laboratory conditions. Therefore, we conclude
that there is potential of Pandora to be further evaluated for possible
applications in the context of integrated pest management strategies for
the control of psyllid pests, including vector species, in orchards.
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Supplementary data 1:

B

A

A) Primary conidia of Pandora sp. nov. from psyllids
B) Formation of a secondary conidium

Supplementary data 2:
The evolutionary history of Pandora sp. nov. based on the ITS sequence was inferred using the NeighborJoining method computed using the Maximum Composite Likelihood method in in MEGA X (Jensen 2017).
Bootstrap values above 50 percentages based on 1000 replicates are shown on the branches and scale bare
represents the units of the number of base substitutions per site. Genbank accession number are given before
the species name.
SSU trees showed the same pattern (Not shown).
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Tab. 3 Infection bioassays assessing the host range of Pandora sp. nov. for all three life stages of C. pyri (summer form, winter form, nymph) and three
closely related Cacopsylla spp. also found on Rosacea plants (C. pyricola, C. picta, C. pruni). Additionally, the pathogenicity towards Cacopsylla spp.
found on hawthorn (C. peregrina) as well as a triozid (T. apicalis) as other hemipteran phloem feeders were evaluated. Number of Pandora sp. nov.
transfers on media plates, insect generation and number of insects used per experiment (n – Pandora, n + Pandora) as well as overall number evaluated per insect
species and treatment (N – Pandora, N + Pandora) are presented.
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Tab. 4 Infection bioassays assessing the pathogenicity of Pandora sp. nov. for C. picta in regard to apple proliferation phytoplasma infection of the psyllid
(- phytoplasma vs. + phytoplasma) and/or the available host plant (- phytoplasma vs. + phytoplasma). Number of Pandora sp. nov. transfer on media
plates, insect generation and number of insects evaluated per phytoplasma infection status and Pandora sp. nov. treatment (+ Pandora, - Pandora) are
presented.
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Tab. 5 Mean conidial counts (± SE) of Pandora sp. nov. mycelial mats carried out parallel to infection bioassays assessing its host range. Number of
Pandora sp. nov. transfers on media plates, number of counts per experiment as well as minimum (Min) and maximum (Max) counts are presented.
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Tab. 6 Survival parameters of hemipteran phloem feeding insects 10 days post inoculation with conidia discharged from Pandora sp. nov. mycelial mats
(+ Pandora) vs. untreated insects (- Pandora) is described by restricted mean survival time (RMST) (± SE) with corresponding 95 % confidence intervals.
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