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Summary

The endophytic root colonising fungBgrendipita indicenduces growth, as well as biotic and abiotic
stress resilience in a broad range of host plants. Similar to plant pathogens, the symbiont needs to
overcome host immunity to colonise plants. For this purpose, ptatinising microbes use, among
others, snall, secreted proteins termed effectors. Effector proteins are known to alter plant signalling,
including hormone pathways, to facilitate host colonisation by pathogens, as well as symbionts.
However,S. indicds also known to alter hormone signalling tard the increase of host fithess. This
project was aimed at analysing wheth8&: indicaeffectors not only have functions during plant

colonisation, but additionally modulate signalling pathways that confer host benefits.

The results confirmed that identified. indicaffector candidates (SIECs) are indeed secreted proteins.
SIEEplant protein interaction analyses were carried out to identify the plant proteins targeted by
SIECs. Subsequent comparative interactome analyses revealed which targets are common with
pathogen effectors or are unique for SIECs. These evaluations already revealed a pronounced SIEC
targeting of proteins in host hormone signalling and metabolism. Following functional analyses of SIECs
in protoplastsrevealed highly specific effector alterations of different hormone pathways. These could

be confirmed by phenotyping root traits of plants expressing SIECs. Further, it was shown that the
effectors affecting hormone signalling could often increase plaotwir. Therefore, effectors are
probably part of previously unknown mechanisms for beneficial effects in connection with hormone

signalling modulation by symbionts.

To advance our understanding of symbiont increased host fithess under stress, SIECs were analysed
for their function in biotic and abiotic stress signalling. Protoplast assays revealed effectors that
modulated stress signalling and suggest a connectiowéeh stress and hormone signalling function

of SIECs. Moreover, protein network analyses uncovered SIEC targeting of plant proteins with known
functions in biotic and abiotic stress response. These findings imply that effector function is carried out
through specific target interaction. Consistent with this, plants which expressed SIECs were more
tolerant to abiotic stresses and increased plant resistance to pathogen infection. The results indicate

that effector proteins are part of molecular processes ubgdymbionts to increase plant fitness.

Combining the SIE@ant protein interactome and functional protoplast data, the project investigated

to what extent SIECs can serve as tools to inform highly interconnected plant protein networks. While
effectors frequently target the plant hormone netwqrthe interactome showed connections between
hormone modulating SIECs and plant proteins with previously unknown functions. Effdotoned
functional analyses of SIEC target mutants proved to be highly successful in uncovering novel plant

protein funcions and proteins that act as connection points between hormone subnetworks.

VI



Taken together, this project uncovered the function of symbiont effectors in activating host benefits,
which at least partially discloses the previously unknown molecular nature of underlying processes. In
addition, the symbiont effector data represent aluable resource for informing plant networks and

signalling pathways that are essential for plants to adapt to environmental stresses.



Zusammenfassung

Der endophytische, wurzelkolonisierende P8erendipita indicanduziert Wachstum, wie auch
biotische und abiotische Stressresistenz in einer Vielzahl von Pflanzen. Ahnlich zu Pathogenen, miissen
Symbionten die Wirtsimmunitat dberwinden, um Pflanzen zu kolonisieren. Fir diesen Zweck nutzen
pflanzenkolonisierende Miklen unter anderem Kkleine, sekretierte Proteine, auch Effektoren
genannt. Effektorproteine sind dafiir bekannt, Pflanzensignale zu verandern, um die Kolonisation von
Wirten durch Pathogene wie ab Symbionten zu ermdglichers. indicamodifiziert zudem
Hormonsignale, was die Fitness des Wirts verbessert. Dieses Projekt hatte zum Ziel zu analysieren,
inwiefern S. indicaEffektoren nicht nur Funktionen wahrend der Kolonisation von Pflanzen haben,

sondern zusatzlich Signalwege modulieren, die nitzliche Effekte fur den Wirt bewirken.

Die Ergebnisse bestatigten die Sekretion von identifizieteindic&kffektorKandidaten (SIECs). SIEC
Pflanzenprotein Interaktionsanalysen wurden durchgefiihrt, um die Zielproteine der SIECs zu
identifizieren. Nachfolgende Analysen umfassten komparative Interaktomstudien und offenbarten
gemeinsame Zielproteine von pathogamals auch symbiontischen Effektoren bzw. Wirtsproteine, die
ausschlieB3lich SIELele waren. Diese Untersuchungen zeigten bereits eine ausgepragte SIEC
Interaktion mit Proteinen der Hmonsignhalwege und des Hormonmetabolismus des Wirts.
Darauffolgende funktionelle Analysen von SIECs in pflanzlichen Protoplasten machten hochspezifische
Anderungen von verschiedenen Hormonsignalwegen durch Effektoren deutlich. Diese konnten durch
die Phantypisierung von Wurzelmerkmalen in Effek&xprimierenden Pflanzen bestatigt werden.

Des Weiteren erhdhten Effektoren mit Hormonfunktionen haufig das Pflanzenwachstum. Diese
Ergebnisse sind somit ein erster Hinweis, dass Effektoren tber bisher unbekdeoteanismen
vorteilhafte Effekte in Wirtspflanzen aktivieren, die in Verbindung mit der Modulation von

Hormonsignalwegen stehen.

Um unser Verstandnis der erhéhten Fitness von Wirten unter Stressbedieiguiugch Symbionten

zu verbessern, wurden SIECs auf ihre Funktion in biotischen und abiotischen Stresssignalwegen
untersucht. Untersuchungen in Protoplasten zeigten, dass Effektoren Stresssignale verandern und
legten die Vermutung einer Verbindung zwisclitarmon und Stresssignalfunktionen von SIECs nahe.
Zudem deckten Netzwerkanalysen die Interaktion zwischen SIECs und Pflanzenproteinen mit bereits
bekannter Funktion in biotischennd abiotischen Stressreaktionen auf. Diese Entdeckung deutet
darauf hin, dass die Funktionen der Effektoren durch Interaktion mit den Zielproteinen ausgefihrt
werden. Wie erwartet, waren SIERprimierende Pflanzen toleranter gegeniiber abiotischen Stressen
und hatten eine erhohte Resistenz gegenuber Pathogeninfektion. Die Ergebnisse deuten auf
Effektorproteine als Teil der molekularen Prozesse hin, die von Symbionten verwendet werden, um

die Fitness von Pflanzen zu verbessern.



Durch die Kombination von SHP@anzenprotein Interaktom und funktionellen Protoplastendaten
wurde in diesem Projekt untersucht, inwiefern SIECs als Werkzeug zur Aufschlisselung hochvernetzter
Pflanzenproteinnetzwerke dienen koénnen. Wahrend Effektoren figdauf das pflanzlichen
Hormonnetzwerk zielen zeigte das InteraktomaufR3erdem Interaktionen zwischen SIECmit
Hormorfunktion und Pflanzenproteinen mit bisher unbekannten Funktionen. Effektfmrmierte,
funktionelle Analysen von SIE&Iproteinmutantererwies sich als au3erst effizient in der Aufklarung
bislang unbekannter Hormonfunktionen von Pflanzenproteinen sowie deren funktionale Rolle in der

Verknupfung und somitrosstalkvon Hormonsubnetzwerken.

Grundsatzlich deckte dieses Projekt die Funktion symbiontischer Effektoren in der Aktivierung
natzlicher Effekte in der Wirtspflanze Arabidopsis auf, was zumindest teilweise die bisher unbekannte
molekulare Natur der darunterliegenden Prozesse offenbaZeisatzlich zeichnen die Daten
symbiontische Effektoren als eine wertvolle Ressource fir die Entschlusselung von
Pflanzennetzwerken und Signalwegen aus, welche essenziell fir die Adaption von Pflanzen gegenuiber

Umweltstressen sind.
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CHAPTERIntroduction

1.1 Increasing food demand andsecurity requires solutions for improved crop vields

In 2021 more than 270 million (20.2%) people in Africa, 425 million (9.1%) in Asia and about 55 million
(8.6%) in Lian America and the Caribbean were affected by hunger. While most life in Asia, Africa has
the highest prevalenc@AO 2022and is strongly effected by climate change, because of high drought
risks and strongly increasing population gia@madalipour et al. 2019; Schilling et al. 20Zl)mate
change causes decrease of crop yields, due to increase in extreme weather conditions, which are
irregularly distributed with higher impact on developing caigg(Mirdn et al. 2023)Additionally, the

world is challenged with more major factors causing insecurity in food supipdy2020 pandemic
caused economic slowdown, which increased poverty and affected food security especially where
supply chains were poortjevelopedeven before C@ID-19 (Vos et al. 2022)5tarting in the beginning

of 2022 the Russiblkraine wahadvarious negative socioeconomic impacts. As two major agricultural
powers involved, the situation is especially challenging to countries depending on food imports such
asthe Middle East and Nolnt Africa, but alsaffectsglobal food and fertilizer markets with already

high priceqBen Hassen and El Bilali 20R)ssia and Ukrairgupplied 30% and 20% of global wheat

and maize respectively and Russia being the world leading exporter of nitrogen, potassium and
phosphorus fertilizer§FAO 2022)Considering these dire impacts and outlooks on agriculture and food
security, options for more stress robust crops and alternative methods for yield increasegargly
needed.One opportunity for improved crop production includes the investigation of plant interactions
with beneficial microbes, which are known to improve crop biotic and abiotic stress resi(iEyeagi

et al. 2022)

1.2 Climate change endangers crop production by increasing environmental stresses

Environmental challengesn crops are critical in modern agriculture and climate. Increasing
temperatures und CgQconcentrationsaffect plant and microbe communities globallyalhi et al.

2021) At the same time climate change is a threat to land, freshwater and oceans due to soil erosion
by wind and wate(Borrelli et al. 2020)Water deficit because of poor or erratic rainfall and depletion

of groundwater is a serious problem in many regions of the wiptlgssain et al. 2019%alinity stress,
which can reduce yield, high temperatures, that are threatening plant growth and crop production and
impact of climate change on soil fertiligre only a few examples of current and future challenges
(Pareek et al. 2020While additionally affected by pests and pathogenfood production must
increase to covethe demand of thegrowing world population (Chakraborty and Newton 2011)
Climate change is a main cause fmith biotic and abiotic stregs, which drastically endanger

agriculture Species must acclimate, adamtmove or elsedie in changing environment$herefore,



plant species magscape inhospitable regions by migratibm more suitable areagCorlett and
Westcott 2013)Another effect of climate change involves planicrobe interactionsWhilethere are

many negativenvironmentalimpacts on agriculture, effects on microorganisms and interastigth

hosts could be positive. Elevation of £Cfor example, positively influenced mycorrhizal fungi, while
effects on beneficial bacteria were variable and comparable results were shown under elevated
temperature or drought stres€senerallybeneficial microbes are an important factor in influencing
plantresponseso climatechanggCompant et al. 2010%iven that climate change impacts plant yield

and the microbiome, we mudgind mitigation strategies to reduce negative effects on crffgure

1.1AC adapted fronRivero et al. 2022 These strategies could include the plant microbiome and
application of beneficial microbes, hormones or chemicals, as well as crop engineering by identification

of stress tolerance genes and targeted breedifigure 1.1@dapted fromRivero et al. 2022
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1.3Plantsymbiont interaction driven evolution and land colonisation

During ceevolution with beneficial microbes plants relied on symb®# withstand environmental
challengeqStrulluDerrien et al. 2018; Kenrick and Crane 199Tgirability to colonize land more
than 400 million years ago fundamentally depended on symbionts transferring nutrients to hosts
(Remy et al. 1994; Heckman et al. 2001; Rubinstein et al. 2010)

Althoughsymbiont-host interactiors are globally ubiquitousthe reliance of hosts on symbionts shows
vast variation depending on transmission mode and symbiont function. While sometimes symbiosis is
essential for survivadf both partners, others are conditional on specific environments and benefits
can diverggFisher et al. 2017)nteractiors between legumes and nitrogeifixing rhizebacteria for
example,only becomes a symbiosis in certain environments and otherwise maintain facultative
relations, while the outcome can also vgBurdon et al. 1999; Burghardt 202Q)herefore, pant-
microbe interactios areinfluenced by environmental conditions for both pathogenic and symbiont
interactions. The critical external circumstances include temperature, moisture and nutrient
availability(Cheng et al. 2019Rising global temperatures have diverse effects on pest infestation,
weed flora, crop growth periods, soil microbes and their actiyilalhi et al. 2021) While the
microbiome is affected by the climai€ompant et al. 2010peneficial symbionts might provide a

solution for crops to withstand intensified stress conditi¢Rsvero et al. 2022)

1.4Plants are constantly confronted with environmental stresses

Plantsadapted to and colonized almost every region of the watldnsequentlythey areexposedo
diverse environmental stresses. These stresses can be categorized into two distinguishedgotiops

and abiotic.Biotic stress includes the interaction with pathogenic organisms such as fungi, bacteria,
and oomycetes but alsonematodes and herbivores. Together with abiotic stresses like salinity,
flooding, drought, high or low temperatures and heavy metals they cause major creg\hasddwide

(Bosco de Oliveira 2019)

1.4.1Abiotic streseson plants limit crop production

Abiotic stresses are abundant and often multiple stressors appear at the saméNMiittier 2006)

Abiotic stress and soil nutrient limitation are reducing plant growth, productivity and quality. As soon
as stress is perceived, plants adjust signalling mechanisms to regulate growth and development to
guarantee survival and reproduction. These signallirechanisms include €asignalling, reactive
oxygen species (ROS) homeostasis and hormones such as abscisic adi@¢A®A) al. 2020Heat

stress response, for example, affects major physiological processes in plants inphatiogynthesis,
respiration, transpiration, membrane thermostability, and osmotic regulationresponse tdeat

shock transcription factosand heat shock proteigeneexpressions inducedZhao et al. 2020Heat
3



stress often occurs together with limitations in water availability and followed by drought. Drought
stress is aprominent limiting factor in agriculture. Plants adapt to drought by morphological,
physiological and molecular changes to resist water deficit. Drought tolerance related traits include
root architecture and morphology, adjustment of water potential andAA@®ntent(Fang and Xiong

2015) Another major abiotic stress is high salinity, which increases intracellular osmotic pressure and
can cause toxic levels of sodium accumulation. In response to salinity, plants regulate ion homeostasis,
osmotic stress pathways and hormone signall{@ggao et al. 2021)However, different hormone
signalling pathways form elaborate networks ensure flexible and fast responses of plants to diverse

biotic and abiotic stress conditiorf§erma et al. 2022)

1.4.2 Plant diseasesduceagricultural crop vyields

Plant defence is tightly regulated by hormones, with salicylic acid (SA), jasmonic acid (JA) and ethylene
(ET) acting as important regulatoMeverthelessphytohormones are also produced and manipulated

by pathogens to suppress plant defence and colonise their hg&bertSeilaniantz et al. 2007)
Disease caused by pathogens can lead to immense yield loss. Particularly if abiotic stressors occur
simultaneouslyRana et al. 2016fungi cause major plant disease and follow diverse colonisation and
lifestyle strategies. They are often able to form specialised infection structures to establish colonisation
and release virulence factors. These factors can be effector proteins thatsepmmunity and
manipulate plant metabolism but also toxins to kill the host tisddeehlemann et al. 2017Bacteria

on the other hand, often surpass plant physical and chemical batemotility and chemotaxis
pathways to enter the apoplasin the apoplasphytotoxins and effector proteins are released with
various function in plant signalling modulati¢ffeilmeier et al. 2016 Phytotoxins are contributing to
bacterial virulence by suppressing plant defence response and inducing chlorosis and necrosis. They
can also have similar structural and functional properties as plant hormones to manipulate signalling
pathways of host plats (Pfeilmeier et al. 2016)Vorldwide more than 200 species of plgrathogenic
bacteria are known and cause substantial crop loss. Among others, bacterial diseasediirechligdgnt

of apple and peateaf blight of ricebacterial wilt of tomato, potato, and other crops Balstonia spp

and many morg¢Sharma et al. 2022)

The fungal pathogePuccinia striiformiss a prominent wheat disease worldwide. High moisture is
essential for its ability to infect plantsThe pathogen caibe controlledusing resistart cultivars,
appropriate fungicide or cultivatiopractice(Chen 2020)The longer dew is present, the highethis
probability ofP. striiformignfection. Therefore, severe epidemics occur in regions with high moisture
during crop growth seasorClimate changesupports pathogen survial and epidemics are more
frequent. Additionally, varmer winters enhance survival and cause more severe epidemiuie
cooler and wetter late spring leads to more infectidBecause of the changing environmental
4



conditions previously nofavourable aeasmight becomemore advantageous to the diseagéhen
2020) Recently sever®. striiformisepidemics in Egypt due to new aggressive races were reported
(Esmail et al. 2021)n Europe two invasive races have been detectiedethe beginning of the 21
century, with PstS7 (Warrior) having major impact due to fast spredtfinigl et al. 2022)Therefore,

systems to increase crop resistance to pathogen infections are exceedingly important.

1.5Plants developed complex immunity mechanisms as defence against microbial infection

During ceevolution with plants, microbes have developed sophisticated strategies for the targeted
alteration of plant signalling for colonisatiomuring the initial interaction between plants and
microbes, all microbes are confronted with plant immurfjshad et al. 2020However the outcome

of interactions is vastly different and how this is controlled by plants and micrishaest entirely

understood.

The first layer of plant immunity activation includes the perceptiomafrobe-associated molecular
patterns MAMPSs), for example flg22 a bacterial flagellin prot@ipfel et al. 2004 )which is referred

to as patterntriggered immunity (PTI). Pattemecognition receptors (PRR) are involved in perception
of bacteria, fungi and oomyceté€gipfel 2008)MAMPsare found inall kinds of microbgindependent

of the interaction outcomePlants are able to detect various different MAMPs to identify interactions
and activate defence signallifdones and Dangl 2008 T]as an initial defence mechanisstopsthe
majority ofpotential pathogengZipfel et al. 2004and was describetb be activated in leaves as well

asin roots(Millet et al. 2010)

To overcome this initial defence mechanisms, pathogens secrete small molecules including proteins,
which were defined as effectors. Suppression of plant innate immunity was initially depicted as the
principal function of effectors of plamiathogenic bacterigHogenhout et al. 2009 However, other
pathogenic microbes like fungi and oomycetes have an immense arsenal of effector proteins to guide
every phase of plant infection. Effectome studies revealed common pathogen effector target proteins,
which helped characteriisg core immunity network elementéMukhtar et al. 2011; Wel3ling et al.
2014) To remain resistant to infections, plants developed a second defence pathway against immunity
suppression by effectors termed effectbiggered immunity (ETI). ETI employs nuclectid®ling
domain leucinerich repeat (NLR) receptors to detect effecpoteins(Bai et al. 2012ETI often leads

to hypersensitive responsa programmeccell death hat stopspathogen proliferation(Dalio et al.
2021)(Figure 1.2 adapted fro@odds and Rathjen 2010
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Figurel.2 Schematic overview of plant PTI and ETI resparisamicrobe infection

Microbe interactiors with plants trigger PTI responses via MAMP recognition. PTI is repressed by
microbes using effector proteins. Effectors are recognised by HbBRreceptors which activate ETI
responses. This figure wasapted fromDodds and Rathjen 2010

PTI and E®re regulated bydistinct receptorsand signalling componentdHowever, recent findings
indicate that both can cause similar downstream responses with individual amplitudes and dynamics

(Yuan et al. 2021)

1.6 Microbial effectors have functions in plant colonisation and modulation

Typically, &ector proteins aredescribed as tools used by pathogeoaslock MAMP perception and
supress PTDangl et al. 2013However, suppression of immunity for colonisation émelapplication
of effectors is also necessary for successful plant colonisation by beneficial microbes and not a

mechanism restricted to pathogen interact®fYu et al. 2019)

To transfer effectors from the microbe to host cells bactstiah as®?seudomonas syringasetype |l
secretion systemmto directly transfer effectors and other molecules into eukaryotic dgiles and
Dangl 2006; Mattei et al. 2011; Cunnac et al. 208&ategies of effector transfer by oomycetes and
fungi are moreunclear Some oomycetes develop haustoria in cells and an extrahaustorial membrane
to transfer effectors into plant cell@Vhisson et al. 2007 yeveralfungi were identified that utilize
similar methodqLo Presti et al. 2015Many oomycete effectors share an amino terminal signature
which have been implicated in effector uptake by hdkts Presti and Kahmann 201MApwever, éingal
effector uptake into plants might be mediated by endocytosis and could be rather unspecific or have
a degree of conservation at protein structure lewv@lo Presti and Kahmann 201Applying the

Alphafold2 protein structure prediction modélumper et al. 2021¢ould allow the exploration of
6



possible structural similarities between fungal effector proteins more easily and exémeinéunction

in the transfer procesRecently a study revealed sequerdigergent but structurally similar effectors
shared between symbiotic and pathogenic fungi. Protein structure models of secreted proteins of the
AMF Rhizophagus irregularisere compared to known pathogen effectooteins with structural
similarity to knownFusarium oxysporum f. sp. lycopersiaal domain (FOLD) effectors could be
identified (Teulet et al. 2023)

Even if the transport and uptake into plants rgclear, all microbes that colonise plants have effectors
with manifold functions to establish infectienEfectors themselves can have enzymatic activigyr
example chorismate mutase (Cmul) frowstilago maydisind isochorismatases (Isc) from the fungus
Verticillium dahliavere foundto reduce the accumulation of the defence hormaddain plants(He et

al. 2020) Additionally effector proteins can inhibit enzymatic activitytafgeteddefencerelated host
proteins (He et al. 2020)Effectors were shown to be able to alter host proteins in their stability,
assembling of complexes and localisatiomvercome plant defence and establish colonisaide et

al. 2020) Puccinia striiformis. fsp. tritici secrets a proteiriermed PSTG_01766vhichtargetswheat
TaPLCPIhvolved inhightemperature seedlingplant (HTSP) resistancB«pression of PSTG_01766
inhibitsimmunity in tobaccoNicotianabenthamiang and wheat(Triticumaestivun). By subsequent
effector-target analysesTaPLCPWas identifiedas apotential central hub of defence response
Therefore, effector analyses improvedr understandingf the molecular mechanism of wheat HTSP
resistancewhich is especiallymportant as astrategy for controlling stripe rustnder the prospect of

global warmingHu et al. 2022)

Furthermore small RNAsRNA)effectors were revealed to take part in colonisation and infection
processes by intervention of transcription through the RNA interferéR&$A) pathway. They interact
with host Argonaut AGO)proteins and target complementary RNA for degradation usiimgRNA
inducedsilencingcomplex(RISC{Ellendorff et al. 2009New studies proposed this pathway not only
to work from pathogen to host, but host plants were found to transfer siimidirfering RNASIRNA
and micro RNAMiRNA to fungiduringinteractions (Zanini et al. 2019; Koch et al. 2020)

Interestingly, independent dhe interaction outcome, effectors are essential for interactions between
plants andmicrobes. Effectors with function in host colonisation wdoe example identified in the
mutualistic fungusLaccaric bicolo(MiSSP7)Plett et al. 2014; Plett et al. 2011phizobia(type 3
secreted effectorsjMiwa and Okazaki 201,7and the symbionSerendipita indicéP1IN_08944, DId1)
(Akum et al. 2015; Nostadt et al. 202Bathogens as well as beneficial microbes employ effectors that
modulate nuclear signallingiVhile pathogens drget nuclar processes to enhancérulence and
suppressdefence, symbiotic rhizobia effectors seem to have nuclear fundtonthe promotion of
nodule developmen{Tehrani and Mitra 2023Analysis of effector functions was previously used
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investigate plant defence mechanisms and immurdiyring the establishment of symbiont or
pathogen interactiongHe et al. 2018; Hogenhout et al. 2009; Mukhtar et al. 2011; Yu et al..2011@)

is known about the possible molecular function of symbiont effectors not related to colonisation and
immunity. It raisesthe question, whether beneficial microbesnployeffectors to manipulate plants

to activatebenefigal traits

1.7 Serendipita indicaa model beneficial microbe with exceptionally large host range

Serendipita indicgSi formerly Piriformospora indicaisan endophytic root colonising fungus of the
order Sebacinaleswhich was found in association with xerophytes in the Thar Desert in(Mdiena

et al. 1999) It can establish symbioses with monocotyledonous as well as dicotyledonous species and
colonizes a broad spectrum of hosts, including Arabidopsis. The fungus formsamdedntracellular
hyphaein the root cortex, often differentiating into dense hyphal coils and chlamydosp&team et

al. 2008) In Arabidopsis it shows a biotrophic growth phase in roots followed by a cell-desatitiated

colonisation phaséJacobs et al. 2011)

Following establishment of the interaction sgmbiosisvith Sihas beneficial effects on the hogtor
instanceincreased growthabioticstress tolerance and disease resistafi¢arma et al. 1999; Waller

et al. 2005)The fungus was shown to employ a high affinity phosphate transpavtéch is involved

in phosphatetransfer to the host and possibly part of the symbionts growth promoting effgtaslav

et al. 2010)Yet,Siwas also found to adjusts host gene expression depending on phosphate restriction
and not stimulate phosphate uptak@®akshi et al. 2017 herefore not allbeneficialeffects can be
explained by increased nutrient acquisitioburing interaction with Brachypodium distachyon
(Pooideag, for examplea large amount of differently expressgenes and interactioinduced sRNAs

was identifiedd ~ S 6 A &  SWherkedstlbs ingdicatesrrégulatory processdaring the interaction,
molecular mechanismaf signallingmodulating processessed bysymbiotic fungi to confer beneficial

traits are largely unknown.

Sicolonised hostgain enhanced biotic and abiotic stragsilience including resistance to microbial
pathogens, insects and drougliHarman 2011) These effects were previously connected taan
increase in antioxidants and alteration of gene expresg¢imitruschat et al. 2008; Sun et al. 2Q10)
Furthermore Siwas shown to protect Arabidopsis from pathogen infect{&un et al. 2014}t can
induce local and systemic resistance to fungal and viral pathqggh®t al. 2016; Waller et al. 2005)

As a resultSisymbiogs can enhance plant fithess, including increased crop growth and productivity

under changingnvironmental conditiongFigure 1.3 adapted froiMlosaddeghi et al. 2031
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increase plant stress resilience. The figure was adapted Mosaddeghi et al. 2021

While thar molecularfunctions aremostly unknown Sipossesses a diverse repertoire of effectors
(Lahrmann and Zuccaro 2012; Zuccaro et al. 2@eficial effects mediated by the fungus are at
least partially dependent on its ability to alter phytohormone signal{ig et al. 2018)To develop a
beneficial symbiosis between Arabidopsis &ida fine balancing of defence and growth response is
needed. Plants that are unable to control root colonisation are often -ceésnized and as a
consequence the benefits for the plant are Igsiongbri et al. 2012)Environmental conditions may
also influencesieffects on host, as it was shown that high ambient temperatures strengthened growth
promotionin ArabidopsigChen et al. 2022)Therefore, finduned signallindbetweenhost and fungi

are crucial for beneficial interaction§i effectors, which were shown to have hormone signalling

modulating functionfAkum et al. 2015)night be strongly involved in such processes.

1.8 Phytohormone modulatiois essentialduringbeneficial symbioss

Plants use multiple hormones with distinct but highly interconnected signalling path{®dtysann et

al. 2020) A hormonewith prominentfunction in plant development jdor example cytokinin (CK)

CKs regulate many phases of plant growth, including shoot and root meristem formation, development
of flowers(Ferreira and Kieber 20Q9gaf formation, cell division and senesceifelvang and Sheen
2001) Thus, they have central functisim cell cycle and plant developmeierner et al. 2001 Auxin
regulates cell division, elongation and differentiation of cells in the meristems leading to organogenesis
shaping plant shoot and root architectuf@rumos et al. 2018)This is especially important under

different environmental conditionslt influences gene expression in plants to adjust plasticity to
9



environmental changefGomes and Scortecci 202Buxin homeostasis is closely regulated to adjust
concentrationdependent growth responses and adaptive responses to both biotic and abiotic stresses
(Blakeslee et al. 2019)ogether with ABAauxin isinvolved in lateral root formation during drought
stress(Seo and Park 200 BAwas originally identified as a regulator of plant stress response. It was
shown to modulate numerous aspects of phenotypic and developmental responésativantageous
abiotic conditions such as drought, low or high temperature and salidityng et al. 2013)n addition,

ABA signalling is connected to seed maturation, dormancy and germirfaficat al. 2022and affecs
flowering in response to dry climatgdlartignago et al. 2020)in crosstalk with other hormones
especially SA anethylene ET), ABA was found to be involved in plant response to pathogens and
immunity (GarciaAndrade et al. 20205Apromotes immunity against biotrophic and semibiotrophic
pathogens and has crucial function in basal defence, immune response and systemic acquired
resistance (SAR)(Peng et al. 2021)A central regulator of SWediated immune response is
Nonexpressor ofPathogenesigelated Genes 1 (NPR1), whiclactivated by SAinduces stress
responsive genes and controls stress protein homoeosi{@isu et al. 2023)JA and SA control
defence response in an antagonistic regatgtmechanism(Shim et al. 2013)JA istogether with ET
involved ininduced systemic resistan¢kSR (Grant and Lamb 200@nd exets direct control over the
production of chemical defence compounds against pathogens and herbi(@aaspos et al. 2014)
Additionally, studies revealed its function in developmental processes like primary root growth,
reproductive development, and leaf senescer{ttiang et al. 2017)urther, jasmonates (JA and
derivates) are hubs for environmental cues with important functismnmoderating salt, drought and

freezing stress as well as heavy metal and micronutrient toxacityng othergAli and Baek 2020)

Siutilizes JA signalling bypass or supreggant immunity to colonise its hostslacobs et a2011)
showed, thatSiis indeed confronted with a root immune system and does not evade detection but
supressed Tl This ability is compromised jasmonate insensitive-1 and jasmonate resistant -1
mutants indicating a function of JA signalling during colonisatit@tobs et al. 2011)ts broad host
spectrum indicates a strong capacity to supngissitinnate immunity. Therefore, for hostolonisation
Siinterferes with plant hormone synthesis and signall{Kg et al. 2018)ts ability to modulate a large
variety ofphytohormone signalling pathways has previously been repoftéatma et al. 2012; Gill et

al. 2016) This is in line with the observed beneficial effects of the symbiorttoasione signallings

crucial for balancing growth and biotic stress response after pathogen infgdtenma et al. 2016)

Symbiotic fungi and other beneficial microbes developed mechanisms for targeting hormone signalling
involved in defencén asimilarwayto pathogens buadditionallyalter growth related phytohormones
(Shen et al. 2018).accaric bicolouses the effector MiSSP7 to modulate JA signalling in its(Rtet

et al. 2014) ET mnalling for example,is involved in balancing host benefiluring Si symbiosis
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(Camehl et al. 201@nd the suppression of host immunitywvolvesET, JA and gibberellin signalling
(Daneshkhah et al. 2018; Schafer et al. 2009a, 2009b} root colonisation strategies and
phytohormone alteration by Si seem to be highly host specifitLiu et al. 2019) However
phytohormone modulatiorseems to be a strategy f@aymbiontsto enhance host fitness. This is well
known for SisymbioseqgXu et al. 2018)Still, until now we do not know how effectot®ntribute to
beneficial effects and it is difficult to decipher complex effector funaionhighly interconnected

planthormone networkgAltmann et al. 2020)

It is known that modulatiorof phytohormone metabolism and signallingg an essential part of
symbio®s. Modulation odifferent phytohormones was showto be involved irdefence suppression
during initial colonisationstagesand to confer of beneficial effects by AMBedini et al. 2018)
Nonetheless, knowledge is limited ahe underlyingmolecular mechanisms and how symbiotic
effectors mightalter these hormone processesnd thus contribute to the activation of beneficial
effects The analyses of plant hormone functiongundamental processes such as plant development
or stress adaptation is challenged by tlasvcrosstalbetween hormone signalling.he complexity of

the hormone network makes it difficult to decipher the contribution of individual proteins or specific
interactions tophenotypic traits(Ku et al. 2018; Yang et al. 2019; Khan et al. 20R8ently an
extensive networkstudy of protein-protein interactions revealed a highly interconnected network of

hormonepathway contacts that represent potential crosstalk poiffi#tmann et al. 2020)

Even though, effectors have various functions during phaitrobe interaction, not many symbiont
effectors are comprehensively functionally analysédfectors were previously used to identify
proteins that are part of plant immunity and defence signalling. Amslyd Pseudomonas syringae
effectors revealed multiple interacting host proteins involved in defence, pathogen recognition and
innate immune responsé& herefore, suppression of immunity was considered as the primary function
of these secreted pratins, by affecting protein turnover, RNA homeostasis and phosphorylation and
suppression of hypersensitive cell degtHogenhout et al. 2009 However, little is known about
effector functiors of beneficial microbes The analysis ofthe molecular mechanismsaltered by
symbiont effectorcouldadvanceour understanding of plant stress response aighalling pathways
that improve plant fithess.Theseinsightscould behighly valuable for future application of symbionts

in agriculture orin the generation of crops with advantageous traits, like increagemvth under

environmental stresses.
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1.9 Aim=f the study

Based on previous studies effectors might alter plant signalling during symbiont interactions not only
to colonise plants, but to additionally increase host fithess and therefore determine interaction
outcomes. This study therefore aims at revealing thecfion and potential beneficial activity &i

effectors by focusing on twabjectives:
Objective I: Bnctionaly analysng effectors in plant signalling and stress response pathways

1. Effector modulation of five hormone markers and 4 markers responsive to biotic and
abiotic stresses will be evaluated in protoplasts.
2. Effector expressing Arabidopsis plants are going to be analysed for their phenotypical

response to hormone and abiotic stress treatment and infection with three pathogens.
Obijective II: Identifying effector targets and their role in protpiotein signalling networks.

1. Analyses of host targets based on the interacting effectors.
2. Uncovering of new members and connections of complex plant signalling networks.

3. Disclose the potential of effectdrased analysis for thavestigation of plant networks.

Based on these objectives, the study aimed at uncovering the molecular nature of symiadiated

benefits involved in plant fitness and hd@ieffectors can inform plant protein networks.
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This chapter elucidates the current knowledge of symbiont effector functions with a focus on their

beneficial effects and potential for future crop breeding strategies.

13



'.) Check for updates

Received: 13 September 2023 Revised: 21 December 2023 Accepted: 23 January 2024

DOI: 10.1002/bies.202300172

)
BioEssays

PROBLEMS & PARADIGMS

Prospects & Overviews

Symbiont effector-guided mapping of proteins in plant
networks to improve crop climate stress resilience

Symbiont effectors inform highly interconnected plant protein networks and provide an
untapped resource for crop climate resilience strategies

Laura Rehneke | Patrick Schifer

Institute of Phytopathology, Research Centre
for BioSystems, Land Use and Nutrition, Justus
Liebig University, Giessen, Germany

Abstract
There is an urgent need for novel protection strategies to sustainably secure crop

Correspondence production under changing climates. Studying microbial effectors, defined as microbe-
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derived proteins that alter signalling inside plant cells, has advanced our understanding
of plant immunity and microbial plant colonisation strategies. Our understanding
of effectors in the establishment and beneficial outcome of plant symbioses is less
well known. Combining functional and comparative interaction assays uncovered spe-
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cific symbiont effector targets in highly interconnected plant signalling networks and
revealed the potential of effectors in beneficially modulating plant traits. The diverse
functionality of symbiont effectors differs from the paradigmatic immuno-suppressive
function of pathogen effectors. These effectors provide solutions for improving crop
resilience against climate stress by their evolution-driven specification in host pro-
tein targeting and modulation. Symbiont effectors represent stringent tools not only
to identify genetic targets for crop breeding, but to serve as applicable agents in crop
management strategies under changing environments.

KEYWORDS
AlphaFold, climate change stress, effector, hormone signalling, host reprogramming, protein
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INTRODUCTION

Plants depend on beneficial symbioses for their performance in natural
ecosystems and agricultural fields. Nutrient supply is often consid-
ered as the canonical driver and outcome of beneficial symbioses
where symbionts receive sugars and lipids, while they supply plants
with phosphor, nitrogen, irons and mineral nutrients.[2] However, it

Abbreviations: ABA, abscisic acid; AMF, arbuscular mycorrhizal fungi; AUX, auxin; cPEP,
complementary peptides; ETI, effector-triggered immunity; JA, jasmonic acid; PTI,
pattern-triggered immunity; SA, salicylic acid; Si, Serendipita indica.

is not clear, how developmental and environmental signals are inte-
grated in this exchange while phytohormones often have important
regulatory functions in these interactions.[2! Whereas the molecular
mechanisms for increased host stress tolerance and fitness are gen-
erally unknown, beneficial effects of microbes often involve changes
in plant hormone metabolism and signalling.[®! This is not further sur-
prising as phytohormones are instrumental in every aspect of plant
life from germination,[45] to vegetative development, reproduction
and senescence.l®] In addition, hormones coordinate developmen-

tal plant plasticity as an integral part of biotic and abiotic stress
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adaptation deriving from pathogen attack,!”! nutrient shortage (e.g.,
nitrate availability),[®) drought!1%11] salinity!12] and heat.[*3] This
multifunctionality of phytohormones originates from their frequently
overlapping activities, which adds to the flexibility and robustness of
plant adaptions to environmental stress.['4] Effectors, small, secreted
proteins from microbes, are known to modulate a vast range of
phytohormones during plant microbe interaction.! 5]

Climate change is a central cause for biotic and abiotic stress for
crops and, thus, severely compromises crop growth and yield.26] At a
global scale, the consequences are manifold and range from the emer-
gence of new diseases, higher pest infestation, shifting of weed flora
and reduced crop growth periods to altered soil microbe communi-
ties and their activities.! 17] These impacts are particularly pronounced
in more vulnerable cropping systems in developing countries.[18] As
sessile organisms, plants rely on beneficial interactions to cope with
changing environments. In addition to promoting plant growth, symbi-
otic microbes can stimulate phenotypic plasticity and fitness of plants
which enhances host tolerances against various stresses.[192%] Some
plant growth promoting bacteria and fungi improve defence against
a broad range of pathogens and insect herbivores by eliciting sys-
temic resistance and local resistance.[21-23] This ability of symbionts
to enhance plant fitness and resilience is driven by plant-symbiont co-
evolution. Plants faced extreme environments, including climate with
high CO, concentrations and irregular precipitation in the course of
land colonisation more than 450 Mio. years ago. To succeed the tran-
sition from water to land, plants were highly dependent on beneficial
symbioses with fungi.|24'26] Ever since, co-evolution with beneficial
microbes is a functional concept of plants to withstand environmen-
tal challenges.?728] Consistent with this, elevated CO, was shown
to positively affect beneficial symbionts like mycorrhizal fungi. Such
findings indicate symbioses as an important factor in influencing plant
robustness and adaptation to changing climates.[2%] Plants share com-
mon symbiosis signalling components for the establishment of both
arbuscular mycorrhizal (AM) and root-nodule symbioses. Early sig-
nal transduction upon perception of symbionts is mediated by at
least seven shared mechanisms.[3°! Despite morphological differences
between AM and root nodule symbioses, both genetically control
colonisation and lead to transcriptional activation of a common set of
symbiosis genes (SYM genes).[31] It indicates that plant interactions
with mutualistic microbes have co-evolved over time. Additionally,
microbe-plant relationships in roots are formed through specific inter-
action types and a common architecture exists between nodulation
and mycorrhizal interactions.[32] Thus, plant-symbiont co-evolution
points to promising solutions for enhanced crop fitness under changing
climates. It is unclear, however, how symbionts regulate the adjust-
ment of host signalling to confer beneficial effects and to what extent
this is linked to the establishment of symbiosis. The establishment of
beneficial symbioses are based on a tight molecular communication
between both partners. Recent studies, for instance, demonstrated
the significance of lipid exchange between AM fungi (AMF) and most
ancient plant lineages. This lipid exchange essentially supports the
formation of arbuscules, a fungal interface in plant cells that facili-
tates cross-species communication and nutrient exchange.*? It was

revealed that lipids in arbuscle-containing cells are transferred to
AMF, following upregulation of lipid synthesis and metabolism path-
ways for example by WRINKLED genes in the host cells. Without these
lipid synthesis-regulating genes symbiosis with AMF was strongly
reduced.®3

Interestingly, many conserved signalling and recognition mecha-
nisms as well as transcriptional and cellular responses highly overlap
between beneficial and pathogenic microbes.!**] This is not further
surprising as the lifestyle of fungi is ranging from mutualism (bene-
ficial for both partners) to commensalism (beneficial for the microbe
but no effect for the host) to parasitism (host is harmed on the bene-
fit of the fungus). Among others, factors such as partner combination,
developmental stage, physiology, habitat conditions and stress situa-
tions determine if a mutualistic interaction can shift to commensalism
or even parasitism.[33] Most critical for the symbiotic outcome are
external circumstances such as temperature, moisture and nutrient
availability.3¢] Overall, it suggests that the establishment of sym-
bioses (in terms of colonisation) is not necessarily dependent on
the regulation of beneficial effects. It raises the question about the
molecular basis of mutualism in plant-microbe symbioses and if it
can uncover solutions to enhance crop fitness under climate stress.
The intimate interaction of beneficial symbionts with plants relies
on the reprogramming of cellular processes in the host.!*738] Similar
to pathogens, symbionts use secreted proteins (effectors) to modu-
late hosts.[3%] Functional analyses of pathogen effectors have greatly
advanced our knowledge about the organisation and regulation of the
plant immune system.l“OI Considering the importance of symbionts
for environmental adaptation of plants,[28] symbiont effectors can be
instrumental in the identification of plant proteins and pathways with
key functions in climate stress resilience. In this article, we will give
an outlook on our current knowledge about beneficial effector func-
tions and possible applications of symbiont effectors to sustain crop
production.

Microbial effectors in plant colonisation

During co-evolution with plants, microbes have developed sophis-
ticated strategies for the targeted alteration of plant signalling to
prepare host cells for colonisation. At the initial interaction stages,
all microbes are confronted with plant immunity.*!! Plants perceive
microbe-associated molecular patterns (MAMPs), for example flg22,
a 22-amino acid conserved peptide in bacterial flagellin,[42] to acti-
vate highly effective layers of plant immunity in leaves and roots,[43:44]
which is referred to as pattern-triggered immunity (PTI). Plants use
pattern recognition receptors (PRRs) for the specific recognition of
a large number of different MAMPs from diverse microbes such as
bacteria, fungi and oomycetes.[4>46] The activated cellular immune
signalling aims at establishing an antimicrobial micro-environment
and includes intracellular reactive oxygen and calcium bursts, kinase
cascade activation and transcriptional reprogramming.[47]

To overcome PTI, pathogens secrete proteins that were later
defined as effectors. Suppression of plant innate immunity was first
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FIGURE 1 Effector proteins from pathogenic and beneficial fungi are often translocated into plant cells, where they modulate target

localisation, interaction and activity.!4?] While microbes utilise effectors to suppress host PTI and ETI and affect plant morphology,[48] symbiont
effectors additionally have possible functions that increase plant growth, biotic and abiotic stress resilience.[8%]

described as principal effector function of plant pathogenic bacte-
ria by affecting post-translational modification of host proteins (e.g.,
ubiquitination, phosphorylation) and RNA homeostasis.[48] Similarly,
pathogenic fungi and oomycetes have an arsenal of several hun-
dred effector proteins to channel every step of plant infection.[*0]
Global effectome studies revealed that effectors from pathogens
of different kingdoms and different life-cycle strategies manipu-
late common host target proteins. This convergent targeting of
host protein networks helped to identify core immunity network
components.[4%59] |n response plants developed an additional immu-
nity layer called effector-triggered immunity (ETI), which utilizes
nucleotide-binding domain leucine-rich repeat (NLR) receptors to
detect effectors.!51] Even though, PTI and ETI require different
receptors they share some signalling components, and ultimately
unite in similar downstream responses with distinct amplitudes and
dynamics.lsz] Recent studies even indicate components previously
thought to be related to ETI to function in PTI responses and
suggest convergence points of defence signalling cascades.>3] Cur-
rent concepts consider ETI to be essential in the restoration and
potentiation of PTI to launch a more robust overall plant immune
response.[34]

Pathogen effectors from model pathogens (e.g., Pseudomonas
syringae) have been instrumental for our understanding of the reg-
ulation and interconnection of PTI and ETL[8] In addition to the
immunity-interfering activity, pathogen effectors were later recog-
nised for altering plant behaviour and morphology during pathogen
infection.[*8] This functional versatility seems to be even more elabo-

rated for symbiont-derived effectors (Figure 1).

Effectors are required in beneficial symbiosis

Pathogens and beneficial symbionts follow, in general, highly similar
colonisation and cellular interaction strategies.[>5] The suppression of
PTl is therefore equally important to them. The outcome is, however,
detrimentally different. In contrast to diseases caused by pathogens,
symbionts enhance host fitness.

Therefore, fungal symbioses are of great value for agriculture, by
promoting plant health, growth, and development. Fungal effectors
play an important role in complex plant-symbiont crosstalk and were
previously defined as proteins that modulate plant physiology to facil-
itate fungal colonisation and growth within the host.[5¢] The relevance
of common symbioses genesm] suggests that nodulating rhizobacte-
ria and arbuscular mycorrhiza employ effectors with overlapping host
targets.

Si (Serendipita indica formerly Piriformospora indica) is an endophytic
root colonising fungus that establishes symbioses with a broad spec-
trum of monocotyledonous as well as dicotyledonous plants. The
fungus forms inter- and intracellular hyphae in root cells that even-
tually differentiate into chlamydospores.57] The biotrophic growth
phase is occasionally followed by a cell death-associated colonisation
phase; possibly to turn cells into vessels for spore deposition.!4358]
Si is confronted with a root immune system and does not necessar-
ily evade detection but supresses PTI to colonise host roots.[*3] As
a result of this intimate colonisation, Si transfers various beneficial
effects to monocots and dicots. In addition to improved growth and
development, colonised plants show increased abiotic stress tolerance
as well as local and systemic disease resistance.[5%%] Growth and
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developmental effects might be partly attributed to improved nutrient
acquisition. The fungus was shown to employ a high affinity phosphate
transporter, which is involved in P transfer to the host.[61] A more
recent study revealed that Si adapts host gene expression depending
on phosphate limitation but does not stimulate phosphate uptake.[¢2]
Additionally, a high-affinity sulphur transporter of Si was reported to
improve maize growth by compensating for low sulphur availability and
Si colonisation allowed maize to allocate resources away from sulphur
assimilation.!3] A fungal high-affinity iron transporter has a func-
tional impact on improved performance of rice. Rice interacting with
Si with functional Fe transporter under iron limiting conditions was
larger, contained more chlorophyll and had higher biomass.!®*] These
findings indicate that promotion of growth and developmental effects
of symbionts have great agricultural potential and cannot be solely
explained by an improved nutrient supply but involve an alteration of
plant signalling and physiological processes.

Limitation of nutrients is one of many abiotic stresses plants have
to cope with in nature. Other abiotic stress conditions include drought,
heat, salinity and cold, often occurring in different combinations. Plants
activate signalling pathways that for example involve a variety of
molecules ranging from reactive oxygen species (ROS) to hormones.!¢°]
Independent of biotic (e.g., pathogens, herbivores) or abiotic stress,
stimuli often result in a fast CaZ* influx into the cytoplasm recognised
by Ca2* sensors which transfer signals through hormone pathways.[¢6]
Hormone signalling in response to stresses causes various adapta-
tional changes in all plant cell regulating processes, like translational
modifications, transcription, activation and deactivation of signalling
pathways.[1267.68] Especially, abscisic acid (ABA) and jasmonic acid (JA)
signalling are coordinated by CaZ* signalling and were shown as con-
vergent points between biotic and abiotic stress regulation.[®?) The
symbiont Siis known to affect host signalling pathways related to stress
responses including Ca2+ signalling and ROS production.!7071]

Correspondingly, Si mediated abiotic stress tolerance and dis-
ease resistance to microbial pathogens and insects!7?] is associated
with host signalling and subsequent transcriptional reprogramming.
Improved salt-tolerance observed in barley was connected to an
increase of the antioxidative capacity of host plants, while increasing
barley resistance to fungal diseases. Elevated antioxidative capacity
resulted in an overall increase in grain yield.[5%71] Consistently, Si stim-
ulated antioxidant enzymes and expression of drought-related genes
to confer drought tolerance in Chinese cabbage leaves and promoted
root and shoot growth and lateral root formation.[”3! The fungus was
reported to regulate transcription of genes to mediate cold tolerance
under freezing stress (members of freezing responsive WRKY, ERF,
bHLH, HSF, MYB and NAC transcription factor families),!”*] drought
stress (e.g., DREB2a, CBL1, ANACO72 and RD29a)!7375] and salt stress
response (HKT1, KAT1, KAT2 functional in regulation of Na* and K*
homeostasis).l”¢! In addition, local and systemic resistance to fungal
and viral pathogens is based on Si-mediated adaptation of genetic and
physiological host programs.[5977.78] As a result, Si symbioses lead to
a better plant performance, including root proliferation, crop growth
and productivity under changing environmental conditions with great
potential for improvement of agriculture.!”77%] Even though, effector

proteins of symbionts are known to promote host interactions,[8%81]
how exactly symbiont effectors are involved in these stress regula-
tions is mostly unknown. The studies indicate, however, a diversity
of Si-mediated benefits that have an obvious dependency on host
reprogramming in common. It suggests a direct involvement of sym-
biont effectors in launching beneficial effects (Figure 1). Beneficial
microbes rely on effectors with highly variable functions for host
colonisation.!82] Irrespective of beneficial or pathogenic lifestyles, pre-
vious effector analyses centred around their function in immunity
suppression and host colonisation48:508283] by altering host pro-
tein stability, disturbing protein complexes and relocalization of their
targets.[3?] The mutualistic fungus Laccaric bicolor was among the first
toreveal its dependency on an effector (MiSSP7) for colonisation.[80.84]
Likewise, effector targeting of the PTI backbone mitogen-activated
kinases was identified for rhizobia to suppress host defence.[81]

Despite various indications, a potential function of symbiont effec-
tors in the activation of beneficial effects is still underinvestigated.
Rhizobia, for instance, use effectors not only to promote nodule forma-
tion but to stimulate other symbiosis-related activities.8) To receive
a more comprehensive overview of effector functions in plant bene-
fits we analysed effector proteins of Si and their targets in comparative
and functional effectome studies.[85! Si possesses a diverse repertoire
of effectors!8¢87] and Si effector DId1 (PIIN_05872) was identified to
affect metal ion homeostasis and oxidative stress!#8]; traits of known
relevance for beneficial plant effects.[”789] Our comparative effec-
tome analysis identified Si effectors that shared targets with pathogen
effectors and were most likely involved in PTI modification at initial
cell colonisation. The majority of symbiotic effectors, however, had
exclusive targets!85] which may indicate Si effector-host protein inter-
actions involved in the activation of beneficial pathways. A subsequent
annotation analyses revealed an abundant function of Si effectors in
interacting with hormone pathways.[85] The data suggested a func-
tion of effectors on plant hormones to regulate beneficial host traits.
It will be interesting to find out in future, to what extent effectors of
symbionts with abroad host range have conserved targets and/or func-
tions (e.g., in hormone pathways) across their different host plants. This
knowledge will be critical for exploiting effector-based mechanisms in
future biotechnological application strategies.

Symbiont effectors identify beneficial genetic traits
in highly interconnected plant networks

Plant hormones are principal regulators in all aspects of plant
development and integrate environmental stress and developmen-
tal processes.!?°! Phytohormone signalling and regulation of plant
stress response and growth is highly dependent on vast crosstalk and
pathways regulating each other.[8196991] |y plant immunity salicylic
acid (SA) and JA are key hormones in regulation of defence sig-
nalling against pathogens.!?2] Additionally, hormones primarily known
for abiotic stress signalling (e.g., ABA) or developmental function
(auxin, cytokinin) also affect immunity. Signalling pathways are inter-
connected in complex networks for rapid adaptation to the biotic
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environment.[22] ABA interacts with the SA and JA signalling path-
ways to mitigate effects of abiotic stress versus pathogen defence.
Apart from initial Ca2* signalling, transduction of these pathways are
often carried out via GTP-binding proteins. They comprise a large
group of proteins with a high variation of structure and function.!¢?]
Thus, hormones are attractive points of attack for both pathogens and
symbionts to modulate plants for colonisation, disease, or beneficial
effects.[15:93-951

Symbiotic fungi and other beneficial microbes developed mecha-
nisms for targeting defence- and growth-related hormones.[1540] |,
bicolor, for instance, promotes mutualism though blocking JA action via
the interaction of the effector MiSSP7 and the Populus host protein
JAZ6.184] |n addition to modulation of hormones for defence suppres-
sion during initial colonisation, hormones were found to be involved in
conferring beneficial effects in symbioses as reported for arbuscular
mycorrhizal fungi.[ 96] Consistent with this, cytokinin (CK) signalling is
an important factor for rhizobia nodulation!97] and auxin (AUX) pro-
duction by root-associated microbes is necessary for regulating plant
growth.[78]

Si interferes with the synthesis and signalling of various plant
hormones.|77:9499] Sj colonisation success involves ethylene (ET), JA
and gibberellin (GA) signalling.[43100-102] Earlier studies revealed Si
effector PIIN_08944 to play an important role in its ability to colonise
Arabidopsis by interfering with SA signalling.[103] Nevertheless, plant
hormone modulation is not only recruited to establish colonisation,
but to confer benefits and balancing Si benefits as reported for exam-
ple for ET.?4104] AUX signalling modulation and production by Si is
important for altering root development and involved in growth pro-
moting effects.!195] Besides changing hormone signalling, Si increases
hormone levels/hormone production in hosts like AUX, ABA, SA and
GA in addition to betaine, glycine, and proline. Increased levels of the-
ses hormones and molecules were shown to improve plant resistance
to environmental stresses, like salinity.!”?] Proline and glycine betaine
are osmolytes involved osmotic balance during stress.!106]

The vast crosstalk of the hormone network makes it generally
difficult to decipher the contribution of individual proteins or spe-
cific interactions to phenotypic traits.!¢?91197] |n an effort to dis-
entangle hormone networks and to identify principal regulators, a
recent extensive network-study based on protein-protein interactions
revealed hormone pathway contacts that represent potential crosstalk
points.!198] |n our comparative effectome analysis, we employed the
same protein-protein interaction platform as well as effector tar-
get networks of plant pathogens in Arabidopsis.!85] More than 80%
of Si effectors either directly interacted with proteins connected to
hormone signalling pathways, or targeted proteins interacting with
proteins involved in particular hormone pathways.!#5! This pronounced
hormone targeting effect was further evaluated in comparison to
pathogens. Symbiont and pathogens both significantly interact with
hormone related proteins, as the frequency of effector interactions
with hormone network proteins was higher than the simulation-
based random expectation. However, Si targeted these pathways more
frequently and more extensively. It indicated that modulation of hor-
mones is not only involved in colonisation strategies but supports the

hypothesis that Si effectors recruit specific proteins of the hormone
network to confer beneficial traits.[85]

Functional assays confirmed that in addition to targeting hormone
related proteins symbiotic effectors alter hormone signalling pathways
in planta. Hormone marker assays in protoplasts identified exten-
sive and highly specific hormone signalling modulation by Si effectors.
Interestingly, hormone effects translated into individual increases in
primary root growth and/or hypocotyl length in Si effector-expressing
Arabidopsis plants.!®5] These assays uncovered previously unknown,
highly specific function of Si effectors in hormone signalling to con-
fer host benefits independent of improved nutrient transfer. It further
indicates the suitability of effectors as tools to disclose molecular
mechanisms and genetic determinants operating in the establishment
of symbiont-mediated plant benefits. Considering that they are the
result of plant symbiont co-evolution, symbiont effectors have a high
potential to identify regulatory principles of plant stress resilience and,
thus plant fitness under environmental challenges.

Strategies to identify and use the genetic potential of
symbiont effectors

Uncovering the underlying symbioses-associated genetic resources
requires a deeper understanding of symbiont effector targets and
the functional context of these targets within interconnected pro-
tein networks. Network mapping based on systematic protein-protein
interaction analyses has given a profound insight into the organisa-
tion of the highly entangled plant hormone signalling network.[108]
Applying such a systems level approach we generated a symbiont-
host interactome map and discovered symbiont effectors that target
specific host proteins often associated with the hormone network.!85]
Such effector-guided approach can be very effective in assigning previ-
ously unknown functions to plant proteins and helpin the identification
of pathway contacts and pathway connecting points conferring host
benefits (Figure 2). More importantly, it can reveal effectors with ben-
eficial effects such as growth promotion.[85] These effector targets
represent possibly new host protein candidates that improve plant
fitness under environmental stress.[8]

In addition to experimentally demanding protein-protein or com-
prehensive interactome studies, recent advances in in silico predic-
tion of protein structures have opened-up exciting opportunities for
hypothesis-driven functional analyses. AlphaFold2 and RoseTTaFold
are currently the most advanced software tools to predict pro-
tein structures based on artificial intelligence trained on multiple
sequence alignments.|19%110] Alphafold-Multimer is an extension of
this system that predicts structures of protein complexes devel-
oped by DeepMind(111] and was used, for instance, to screen ~1800
pathogen small, secreted proteins for interaction with six defence
related hydrolases.“m Utilising the AlphaFold-Multimer prediction
model allows to screen previously identified effector candidates!85]
for interaction partners in plants. While these tools cannot substi-
tute wet bench experiments, they are highly suitable to screen larger
sets of effectors from different organisms for putative interactors in
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Highly complex, partially annotated plant protein networks
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FIGURE 2 Symbiont effector analysis informs highly complex plant hormone networks and assigns previously unknown functions to host
proteins.!85] Protein networks involved in hormone and stress signalling can be studied with a diversity of effector analysis approaches focusing on
interactions, networks and protein functions. Combination of methods allows protein engineering and active site analyses resulting in informed
plant networks regarding protein function, network connection points and stress signalling.

different plants. This is especially relevant for systems where respec-
tive analytic platforms (e.g., comprehensive yeast-two-hybrid libraries)
are not available and it can assist in the identification of proteins
involved in improving plant stress resilience and development under
changing climates. These tools can elucidate conserved targets of ben-

eficial microbes that are particularly valuable for future application
of symbionts in agriculture or generation of crops with advantageous
traits.

An important aspect of Alphafold-Multimer is the ability to pre-
dict active sites for protein interaction.[112] In addition to expand our
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FIGURE 3 Application of small proteins introduces a system for symbiont effector analysis-informed crop stress adaption and overall fitness
improvement. Complementary protein (cPEP) application increases, for example, target transcription and improves crop fitness,! 113] which can be
informed based on symbiont effector targets with beneficial stress tolerance or growth function. The application of effectors represents a
potential strategy to improve plant fitness and effectiveness of fertilizers to address environmental challenges and protect crops. These
approaches are GMO free and do not require microbial colonisation of crops.

understanding of effector targeting and target modulation it can help
to develop active peptide versions of effectors or effector targets. In
this respect, a recent technical study suggested simple spraying or
watering of plants with complementary peptides (cPEP) from any gene
toincrease target protein abundance resulting for example in improved
growth and heat stress tolerance without genetic modification.[113]
The cPEP method is based on findings, that short peptides produced in
planta interact with their nascent RNA sequences.[113114] Ormanecy
et al. (2023) showed that peptides with 5-40 amino acids in size
increased target activity with strong specificity. cPEPs, when exter-
nally applied, were able to modulate mRNA translation by increasing
ribosomal recruitment at translation initiation sites. For this function,
RPL19 (AT4G17560) was necessary, which is assumed to increase sta-
bility of inter-ribosomal subunit bridges.! 113 The cPEP approach could
become highly valuable in protecting crops more flexibly and imme-
diate against rapidly changing climates and new emerging diseases
and pests. Apart from the identification of possible cPEP targets for
crop improvement it may also be possible to apply effectors directly
to induce beneficial signalling pathway modulation and favourable
plant phenotypes (Figure 3). Fungal effectors are small, secreted pro-
teins and plant uptake is possibly unspecific or depending on protein
structure.[115] In the latter case AlphaFold2(11°) may help to define
structures that would facilitate plant uptake. Our recently identified
effector proteins as well as fungal effectors in general are very variable
in size, sequence, and function.[8511¢] Functional domains of effector
peptides could be transferred into plants by spray-application. While
plant uptake of cPEPs is based on a currently unknown mechanism,
cPEPs must have some hydrophilic properties to facilitate solubiliza-

tion and between 5 to 40 amino acids in size. Functional cPEP might
be applied by drainage or spraying leaves or seedlings.[1*3] There-
fore, small functional domains of effector proteins could be designed,
that are possibly taken up and confer beneficial effects in plants sim-
ilar to their native function during S. indica interaction. We showed
previously that expression of single effectors in Arabidopsis was suf-
ficient to improve seedling growth.[®%] The application of single or a
combination of effectors could represent a strategy to improve the
effectiveness of biological fertilizers or to flexibly address multiple
environmental challenges to protect crops (Figure 3). The feasibility of
this approach in large-scale agricultural settings will certainly depend
on an understanding of effective protein treatment concentrations, the
efficiency of uptake mechanisms and economic factors such as peptide
production costs.

CONCLUSION

Effector analyses were shown as useful tool to identify plant immu-
nity and defence pathways and the mechanistic processes of pathogen
microbe colonisation.!“8] Additionally, these studies aided in the devel-
opment of plant disease protection products.!17] Symbiont effector
analyses regarding their function in conferring beneficial effects to
plants was previously neglected, even though numerous studies iden-
tified signalling modulation by symbionts as necessary for increased
plant stress tolerance.!77?4] However, the investigation of plant sig-
nalling networks can be exceptionally challenging because of vast
pathway crosstalks and overlapping functions.[10.91]
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In this review and our previously published studylss] we show
not only, that symbiont effector analyses reveal molecular mecha-
nisms regulating the establishment and beneficial outcome of plant-
symbioses, but also several potential applications of symbiont effec-
tors. Studies of effectors derived from beneficial microbes are able
to inform highly complex and interconnected signalling networks.[85]
Effector network analysis is capable of identifying signalling net-
work connection points and assign new, beneficial functions to host
proteins.[85]

Based on this identification of previously unknown functions of
plant proteins in hormone signalling and plant stress resilience, new
application points for crop improvement are available. Using in silico
methods like AlphaFold-Multimer{111] extensive studies of beneficial
effectors are promising toinvestigate signalling pathways for increased
plant stress tolerance, growth and yield. Modulation of the identified
symbiont effector targets as well as direct application of effectors in
previously demonstrated GMO-free approaches like cPEP!13] may be
important tools for improved crop stress tolerance in the future. These
techniques are highly valuable in drastically changing environments for
improved, greatly flexible crop production and protection products to
ensure foot security for a growing world population.
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