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Part I: Objectives

1. Review on biology of Claviceps purpurea and Fusarium spp.

2. Review on cytokinins and auxins, their metabolism, transport, and role in host-
pathogen interaction

3. Study of cytokinin metabolism in Claviceps purpurea

4. Clarify origin of cytokinin accumulation in maize infected by Fusarium spp.

5. Identification of putative auxin efflux carrier in Claviceps purpurea
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Part Il: Introduction

Order Hypocreales (division Ascomycota) contains 237 fungal genera with very different
lifestyles — from insect pathogens (Cordyceps), over mycoparasites (7richoderma) to soil
saprobes, plant associated pathogens (Fusarium) and exclusive cereal biotrophs
(Claviceps). Genus Fusarium belongs to one of the most studied filamentous fungi, widely
distributed on all continents. Some fusaria can produce mycotoxins in crops that can affect
human and animal health if they enter the food chain and thus are considered as
economically important plant pathogenic species. Related biotrophic pathogen from the
same order, Claviceps purpurea, is widely used in the pharmaceutical industry for its
ability to produce ergot alkaloids. Approximately half of the world production of ergot-
based therapeutics comes from field produced ergot, which originates as a product of rye
field infection by the industrial fungus strains (Hulvova et al., 2013).

The theoretical introduction of this work is aimed at acquainting readers with
studied organisms and bringing them closer to the issue of plant hormones cytokinins and

auxins in fungi and bacteria.

Ergot fungus Claviceps purpurea

The genus Claviceps (order Hypocreales), also called ergot, contains approximately 60
species of biotrophic fungi living on monocots plants, primarily cereals. Molecular
phylogeny study placed ancestor of Claviceps to South America in the Paleocene (Pichova
et al., 2018). Claviceps purpurea has strict organ specificity, infecting unfertilized ovaries
(Hinsch and Tudzynski, 2015). The basis of this strict organ specificity is unclear, but
probably involves specific recognition of the stigmatic surface. As genuine biotroph,
infection is not accompanied by visible plant defense response (Oeser et al., 2017). Impact
on agriculture is not in decreased yield, but rather in contamination of grains with alkaloids
toxic to mammals, present in late stage of fungal infection — sclerotia. Most abundant group
of alkaloids is ergot alkaloids (EAs) such as clavines or ergopeptines causing ergotism (in
humans also called St. Anthony’s fire). Medieval poisonings were caused by ingestion of
bread made from infected rye, currently is human ergotism eliminated by appropriate

agricultural procedures. However, the impact is still noticeable for livestock (Coufal-
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Majewski et al., 2016). EAs are important substance in pharmacology, obtained either from
parasitic or axenic production (Hulvova et al., 2013).

Despite Claviceps purpurea being true biotroph, it can be cultivated in axenic
culture and effective transformation techniques are available. Gene knock-outs obtained by
homologous recombination revealed necessary aspects for successful infection process

(Oeser et al., 2002; Mey et al., 2002; Giesbert et al., 2008).

Infection cycle

In spring, sexual life cycle starts in overwintering sclerotia, creating stroma heads with
perithecia (Figure 1). Mature ascospores are released from perithecia, distributed by wind
or insect on host plants. Ascospore lands on stigma, preferentially at the stigmatic hairs and
fungal hyphae starts oriented grow through stigmal cell wall toward base of ovary, mainly
intercellularly. Penetration of fungus into plant tissue is without formation of specialized
structure (e. g. appresoria) and relies on enzymatic digestion (Haarmann et al., 2009). Plant
cells in contact with fungal hyphae remain healthy and alive. Avoidance to plant immune
system lies in Claviceps camouflage imitating pollen tube growth with help of small
effector proteins (Oeser et al., 2017). When hyphae reach vascular tissue on the base of
ovary (rachilla), rapid colonization of whole ovary with branched hyphae occurs (sphacelial
stage). This stage of infection is accompanied with honeydew production, fluid derived
from phloem and filled with conidia. Claviceps has developed specific techniques to
maintain the phloem exudate flow, implying cytokinins (as plant hormones controlling
source-sink nutrient mobilization) might have important role in early stage of infection
(Hinsch et al., 2015). Honeydew helps to spread infection on uninfected spikes via direct
touch of spikes or by attracting insect. Two weeks post—infection honeydew production
stops and dark hard sclerotia are being formed, securing infection for next season.
Sclerotium is natural source of ergot alkaloids, with levels of EA up to 2% of dry weight
(Hulvova et al., 2013).

Claviceps infection competes with pollen, as only unfertilized ovary can serve as
host. This attribute is exploited in field EAs production, where male sterile lines of rye are
used. Rye, as a cross-pollinated cereal, is the major and most susceptible host; cross-

pollinated cereals have fully opened florets exposed to inoculum.
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Figure 1 | Life cycle of Claviceps purpurea. (1) open rye floret; (2) fungal grow through
ovary; (3) honeydew production; (4) insect transmit infection to new spikes; (5) sclerotia
ripening; (6) overwintering of sclerotia in soil; (7) sporangial formation; (8) release of
ascospores from perithecia (Hulvova et al., 2013).

Genus Fusarium

The genus Fusarium (order Hypocreales) covers many species of filamentous fungi
found readily in soil around the world and associated with multiple crop species. At least
80% of all cultivated plants are associated with at least one disease caused by a Fusarium

species (Leslie and Summerell, 2008). Moreover, Fusarium species have recently emerged
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as human pathogens associated with invasive infections of immune compromised patients
(Guarro and Gene 1995; Dignani and Anaissie 2004). Although it can interact with plants
as an endophyte, its growth as a biotroph, hemibiotroph or necrotroph cause significant
agronomic losses worldwide. Currently, the genus Fusarium is divided into 20 species
complexes and nine monotypic lineages (O’Donnell et al, 2013). Species from the
Fusarium fujikuroi complex (FFC) are best known for their ability to induce diseases such
as “bakanae” in rice (Matic et al., 2017), ear and stalk rot in maize (Presello et al., 2008),
pitch canker in pine (Gordon, 2006) and mango malformation disease (MMD) in mango
(Freeman et al, 2014). Some disease symptoms can be clearly linked to hormone
production by the fungi. In fact, culture filtrate of Fusarium fujikuroi (Gibberella fujikuroi)
was the first source from which gibberellins (GAs) were isolated and identified several
decades ago (Hedden and Sponsel, 2015). It was only later discovered that GAs are
ubiquitous plant hormones that promote normal stem elongation. The contribution of
additional GAs to infected rice plants by F. fujikuroi leads to abnormally long stems which
is the typical “bakanae” symptom observed. The gene cluster responsible for GA synthesis

in F. fujikuroi has been extensively characterized (Tudzynski and Holter, 1998).

To obtain nutrients, plant pathogenic fungi have to avoid plant immune system.
Evolution has endowed fungal pathogens with array of peptide effectors and metabolites,
which help them control host plant and secure favorable environment (Lo Presti et al.,
2015). Among the metabolites contributing to the successful infection are the plant
hormones, whether directly produced by the fungal pathogen or produced by plant under

pathogen control.

Phytohormones

Phytohormones are key players in plant growth, differentiation and development
and are defined as naturally occurring mobile compounds that influence physiological
processes already at very low concentrations. The classical groups are auxins, gibberellins,
ethylene, cytokinins, brassinosteroids, jasmonates and abscisic acid. Two major
phytohormones, cytokinins and auxins, have been originally defined as cell division
promoting compounds (Skoog and Armstrong, 1970). Today it is known that they are not

only important for cytokinesis but act as crucial factors in various plant developmental and
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physiological processes including interaction with pathogenic or beneficial
microorganisms.

Interestingly, phytohormones are not exclusively synthesized by plants, but their
production was confirmed in a number of plant-interacting microorganisms. Known
biosynthetic pathways of phytohormones may differ in microorganisms and plants.
Nevertheless, the ability of fungi to produce phytohormones has been proved mostly by
their presence in mycelia or culture media, but information about genes or respective

enzyme activities has been missing.

Cytokinins

Cytokinins are hormones that play major role in plant growth and development,
concurrently affecting nutritional signaling and responses to biotic and abiotic stimuli
(Galuszka et al., 2008). Natural cytokinins are derived from adenine, substituted on N6
with isoprenoid or aromatic side chain. Various sugar conjugates of cytokinins
(nucleosides, nucleotides, glucosides) exist, however free bases have superior biological

activity and sugar conjugates serve as translocation or storage forms (Sakakibara, 2006).

An overview of cytokinin biosynthesis, metabolism and degradation

De novo cytokinin biosynthesis (Figure 2) begins with modification of adenine (in
nucleotide form) on N6 position with isoprenoid moiety from dimethylallyl diphosphate
(DMAPP). This step is catalyzed by AMP or ADP/ATP dependent adenylate
isopentenyltransferase (IPT, EC 2.5.1.27 or 2.5.1.112) and leads to isopentenyl (iP)
nucleotide (Kakimoto, 2001; Takei et al., 2001). The first cytokinin biosynthetic activity
and biosynthetic gene were detected in the slime mold Dictyostelium discoideum (Taya et
al., 1978) and Agrobacterium tumefaciens (Akiyoshi et al., 1984), respectively. Both
microorganisms preferred AMP as substrate for IPT, which led to conclusion that AMP is
favored substrate for IPTs. However, all plant IPTs have lower K, for either ATP or ADP
(Kakimoto et al., 2001; Abe et al., 2007). Currently, consensus is that AMP is main IPT
substrate in microorganisms, whereas plants strictly prefer ATP/ADP.

Hydroxylation of iP nucleotide by cytokinin-specific cytochrome P450

monooxygenase gives rise to trams-zeatin (tZ) nucleotide. Free bases of respective
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cytokinin nucleotides are released by cytokinin-specific phosphoribohydrolase known as
lonely guy (LOG, EC 3.2.2.n) (Kurakawa et al., 2007).

Cytokinin pool is also supplied by second biosynthetic pathway, present in bacteria
and all eukaryotic organisms. Adenine bound in tRNA is prenylated by tRNA
isopentenyltransferase (tRNA-IPT, EC 2.5.1.75); this reaction increases fidelity of
translation by stabilization of codon—anticodon binding (Konevega et al., 2006).
Decomposition of tRNA contributes to cytokinin pool in plants: degradation of modified
tRNA is source of majority of cis-zeatin (cZ) in Arabidopsis thaliana (Miyawaki et al.,
2006). Surprisingly, moss Physcomitrella patens, model for plant development and
evolution, has tRNA-IPT pathway as the only source of cytokinins (Lindner et al., 2014).

De novo biosynthesis of cytokinins in fungi employing unique bifunctional enzyme
IPT-LOG was for the first time identified in Claviceps purpurea (Hinsch et al., 2015) as
described in this thesis (Part IV). The presence of IPT-LOG was later confirmed also in
Fusarium species (Niehaus et al., 2016; Serensen et al., 2018). In both, Claviceps and
Fusarium species, the IPT-LOG gene is a part of small gene cluster together with the gene
encoding cytochrome P450 monooxygenase (Hinsch et al., 2015). Two or even three
cytokinin biosynthesis clusters were identified in genomes of F. fujikuroi species complex
(Niehaus et al., 2016). Total pool of cytokinins in C. purpurea is supplied also by tRNA
decay, which is essential source of ¢Z (Hinsch et al., 2016).

Level of biologically active cytokinins in plant tissue is controlled by several ways
of deactivation — glycosylation, ribosylation and irreversible degradation by cytokinin
oxidase/dehydrogenase (CKX). Glycosylation takes place either at nitrogen on the adenine
ring (N-glycosylation) or at hydroxyl of side chain (O-glycosylation). O-glycosylation of
cytokinins causes loss of biological activity, however the reaction is reversible and
modified cytokinins thus serve as storage form (Sakakibara, 2006). N7 or N9-glycosylated
cytokinins are irreversibly deactivated and can be further processed by CKX degradation
(Galuszka et al., 2007). Catabolism via CKX (EC 1.5.99.12) is responsible for most of
cytokinin degradation. In a single enzymatic step, side chain is removed. The enzymatic
activity was first observed already in the 1970s (Paces et al., 1971), but genes and
enzymatic principle were described at the turn of millennium (Houba-Hérin et al., 1999;
Morris et al., 1999, Galuszka et al., 2001). CKX is a flavoenzyme with covalently bound

FAD using artificial electron acceptors for its reoxidation in vitro; putative natural electron
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acceptors benzoxazinones were identified in maize (Frébortova et al., 2010). Most plants
have several CKX genes, whose protein products differ in substrate specificity, subcellular
localization and expression in specific tissue. Entire set of CKX genes was described for

Arabidopsis and maize so far (Galuszka et al., 2007; Zalabdk et al., 2014).
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Figure 2 | De novo biosynthesis of cytokinins iP and tZ. Adenine nucleotide (AMP or
ADP/ATP) is prenylated using DMAPP in reaction catalyzed by IPT. Free base is released
by hydrolysis of phosphoribose moiety by LOG. Side chain of iP can be hydroxylated to tZ
by CYP450.

Cytokinin signaling

Perception and transduction of cytokinin signal in plants is mediated by three components —
histidine protein kinase receptor (HK), histidine-containing phosphotransfer protein (HP)
and response regulators (RR). The cytokinins are synthesized as nucleotides, but for
signaling the only active forms are free bases and ribosides.

Briefly, upon cytokinin binding to HK receptor (a transmembrane protein), receptor
is dimerized and autophosphorylated on conserved histidine residues, followed by
phosphate transfer to an aspartate in receiver domain at the C-end of receptor (Kakimoto,
2003). Its hormone-sensing domain is located on the outer side of the membrane, whereas
the histidine kinase and receiver domains are located on the cytosolic side (Steklov et al.,
2013). Localization of HK receptors is constantly discussed and oscillates from

endoplasmic reticulum (Caesar et al., 2011; Wulfetange et al., 2011) to plasma membrane
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(Ziircher et al., 2016). All arguments for exact receptor localization are summarized in
recent comprehensive review (Romanov et al., 2018). There are three cytokinin HK
receptors in Arabidopsis — AHK?2, 3 and 4. Receptors differ in sensitivity and selectivity for
various cytokinins, which allows response to environmental cues and controllable
development (Ziircher and Miiller, 2016). For example, both AHK3 and AHK4 recognize
iP and tZ, but only AHK3 recognize also the cis-zeatin and dihydrozeatin (DHZ). AHK4
was not activated by cytokinin ribosides and ribotides, while AHK3 was (Spichal et al.,
2004).

Signal in the form of phosphate is then transferred from receptor to HPs, which are
known to travel between the cytosol and the nucleus. Earlier studies in Arabidopsis
protoplasts reported that this translocation was cytokinin dependent, but more recent work
disproved this theory and showed, that the translocation occurs continuously in a cytokinin-
independent manner (Punwani et al., 2010). The phosphate is in nucleus transmitted to
response regulators, transcription factors regulating expression of cytokinin responsive
genes (El-Showk et al., 2013). Type-B RRs are positive regulators of cytokinin response
and serve as transcription factors directly influencing expression of response genes
(Argyros et al., 2008). Type-A RRs are negative regulators that compete with type-B RR
for the same signal from cytokinin intracellular signaling cascade and therefore mediate a
negative feedback loop (Kiba ef al., 2003; Hirose et al., 2007).

Cytokinin signaling pathway was believed to be unique for green plants; however,
cytokinin receptor was characterized in phytopathogenic bacteria Xanthomonas campestris
recently (Wang et al., 2017). Receptor binds only iP and does not react to other cytokinins.
Signal from receptor is transmitted to analog of RR with phosphodiesterase activity, which
serves for degradation of secondary messenger cyclic di-guanylic acid. Final response of
bacteria to cytokinin is an improved tolerance to oxidative stress. It has been hypothesized,
that bacteria evolved detection of plant cytokinin to cope with innate immune response
during infection process.

Putative cytokinin HK receptors were also identified in early diverging fungi using
bioinformatics approach (Kabbara et al., 2018). Homologues of receptors were found not
only in plant root symbionts and endophytes, but also in fungi colonizing decaying plant

material. These in silico results must be yet confirmed.
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Cytokinin transport

Extensive experiments in Arabidopsis demonstrated that tZ-type cytokinins are transported
shootward in xylem, whereas iP-type cytokinins move preferentially from the shoot to the
root via symplastic connections in the phloem (reviewed in Kudo ef al., 2010; Ziircher and
Miiller, 2016).

First putative candidates for cytokinin transporter from family of purine permeases
(PUP) were reported, however direct transport of tZ was confirmed just for AtPUP1 and
AtPUP14 (Gillissen et al., 2000; Biirkle et al., 2003; Ziircher et al., 2016). AtPUP14 is
negative regulator of cytokinin signaling, loss of function mutation allowed ectopic
cytokinin signaling accompanied by aberrant morphogenesis in embryos, roots, and the
shoot apical meristem. It is localized in plasma membrane and imports into cytoplasm,
depleting apoplastic pool of cytokinins out of the reach of plasma membrane receptors
(Ziircher et al., 2016).

Translocation of cytokinin nucleosides is possible via an equilibrative nucleoside
transporter (ENT); adenosine import by AtENT6 was shown to be inhibited by
isopentenyladenosine (iPR) and trans-zeatin riboside (tZR) in yeast heterologous assays
(Hirose et al., 2005, 2008). A transgenic Arabidopsis line harboring AtENT6 promoter—
GUS showed that AtENT6 is expressed in root, leaf, and flower vasculatures and in
stomata, suggesting role of AtENT6 in the long-distance transport of nucleosides (Hirose et
al., 2008). In rice, the ENT members are expressed in the vasculature suggesting that they
mediate uptake of transported cytokinins (Hirose et al., 2005).

Recently, member of ATP-binding cassette (ABC) transporters AtABCG14 was
identified as crucial for tZ root-to-shoot translocation (Ko et al., 2014; Zhang et al., 2014).
Phenotype of knock-out mutant mirrors phenotype of plants overexpressing CKX or with
loss of cytokinin signaling, and WT phenotype could be rescued by tZ application. The
mutants had increased levels of tZ and DHZ in roots, while concentration in shoots was
opposite (Ko et al., 2014). Grafting experiments confirmed AtABCGI14 significance in

roots for long distance cytokinin transport and natural shoot development.
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Cytokinin role in host-pathogen interaction

Besides cytokinin role in plant development, plant-associated microorganisms exploit
cytokinins for their advantage. Formations of galls, green islands or local nutrient sinks are
connected with cytokinin accumulation. Microorganisms may indirectly influence the
cytokinin levels by modulating the host’s cytokinin biosynthesis or manipulate them
directly by de novo synthesis of cytokinins. These different approaches are well illustrated
on two species of bacteria — Agrobacterium tumefaciens and Rhodococcus fascians.
Whereas A. tumefaciens integrates IPT gene (located in T-DNA region on Ti plasmid) into
host genome (Akiyoshi et al., 1984), R. fascians produces mixture of cytokinins directly
with the use of genes in fas operon (Murphy et al., 1997; Pertry et al., 2009). In addition to
common cytokinins, R. fascians also produces methylated derivates of iP (Radhika et al.,
2015). These compounds are active as canonical cytokinins and concurrently poor
substrates for CKX. Methylation enhances their biological stability and helps them to
persist longer in plant tissue. With both organisms, cytokinin accumulation entails
deregulated cell division and malformation of plant tissue.

Another well studied example of bacterial plant pathogen is Pseudomonas syringae.
Although it does not produce cytokinins during infection, P. syringae pv. tomato DC3000
activates Arabidopsis cytokinin signaling, which leads to suppression of defense signaling
(Hann et al., 2014).

Cytokinins are also important for establishment of arbuscular mycorrhiza (Barker
and Tagu, 2000), as plants with fungal root symbionts have enhanced cytokinin
accumulation in both shoots and roots (Allen ef al., 1980). Unfortunately, detailed research
about role of cytokinins in fungal-root symbiosis is still missing.

Utilization of cytokinins as virulence factor in filamentous fungi is connected with
(hemi)biotrophic plant pathogens. Cytokinins were identified in axenic cultures of various
fungi, in which exclusive source of cytokinins is probably decay of prenylated tRNA, as de
novo biosynthesis was not revealed (Murphy et al., 1997; Behr et al., 2012). Deletion of
tRNA-IPT gene (CKSI) in rice pathogen Magnaporthe oryzae did not affect its in vitro
growth and development, however mutant had impaired in planta growth and virulence
(Figure 3), which was fully restored by an exogenous cytokinin application (Chanclud et
al., 2016). Authors hypothesized, that the impaired virulence of cks/ mutant is the

consequence of the absence of cytokinin production that would normally enfeeble host
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defenses and modify nutrient fluxes for the pathogen’s benefit. Fungal cytokinins can
simultaneously prevent collapse of host photosynthesis during infection, for instance by
limiting oxidative stress generated through photorespiration and, in consequence, allowing
the establishment of the biotrophic phase. Rice host reacted to cks/ mutant infection with
elevated oxidative burst, and lower glucose, aspartate and glutamate content 48 hours after
inoculation in infection site compared to complemented mutant strain. Similar results were

obtained with maize pathogens Ustilago maydis (Bruce et al., 2011; Morrison et al., 2017)
and Colletotrichum graminicola (Behr et al., 2012).

(WA O
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Mock 24 hpi 50 uM kinetin 24 hpi

Figure 3 | Impact of cksI deletion on the virulence of Magnaporthe oryzae. (A) Disease
symptoms are reduced with cks! mutant, while complemented control strain cks/“%5 is
comparable with WT strain as observed 6 days after inoculation. (B) Virulence of cks/
strain is restored by application of 50 uM kinetin. Adapted from Chanclud et al., 2016.

Crucial role of fungus-produced cytokinins in virulence was shown also in
Claviceps purpurea (Figure 4), using mutants defective in cytokinin production (Hinsch et
al., 2015, 2016). Mutants with diminished cytokinin content had only reduced virulence
(Acpipt-log 88%, AcptRNA-ipt 56%), while double deletion ceased cytokinin production
and mutant was not able to form honeydew or sclerotia. Microscopic analysis of dissected
rye ears confirmed massive reduction of invasive hyphae, which cannot reach ovary.

Screening of secondary metabolites in Fusarium pseudograminearum, important
pathogen of wheat and barley, identified novel class of cytokinin — pyrrole-substituted

purine derivatives, termed Fusarium cytokinins (Serensen et al., 2018). These compounds
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could activate plant cytokinin signaling and in planta RNAseq analysis after Fusarium

cytokinin treatment showed extensive reprogramming of the host environment.

Figure 4 | Pathogenicity assay of Claviceps purpurea strains Cp20.1 and AcptRNA-ipt.
(a, ¢) Sclerotia formed by Cp20.1; (b, d) sclerotia formed by AcptRNA-ipt after inoculation
of intact rye plants with mycelial suspensions. Adapted from Hinsch ef al., 2016.

Auxins

Plant growth and development is controlled by another group of hormones — auxins. They
have been firstly described as diffusible factors affecting light oriented growth, and later
first member of auxins— indole-3-acetic acid (IAA) was identified in in vitro bioassay
(Bonner and Bandurski, 1952). TAA is the most abundant auxin in plants, therefore terms
“auxin” and “IAA” are often interchangeable. Auxins are involved in cell elongation and
stem proliferation, division and differentiation of cells in the cambium, or the initiation of
root growth and the formation of lateral roots. An important role is in maintenance of apical

dominance.

An overview of auxin biosynthesis, metabolism and degradation

Biosynthesis of auxins is complex, with many possible interconnected pathways (Figure 5).
Amino acid L-tryptophan or indole compounds serve as precursors in Trp-dependent and
Trp-independent pathway, respectively. As molecular and genetic basis of Trp-independent
pathway remains mostly unknown, it will not be discussed.

Major biosynthetic pathway and the best studied in Arabidopsis is the two step
conversion of Trp to IAA through indole-3-pyruvic acid (IPA) intermediate. First step is
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catalyzed by tryptophan aminotransferase (EC 2.6.1.99), encoded by three gene
homologues TAA, TARI and TAR2 (Stepanova et al., 2008). IPA is converted directly to
IAA by YUCCA (YUC) flavin-containing monooxygenase (EC 1.14.13.8), represented in
Arabidopsis by 11 gene homologues (Cheng et al., 2007). While these two enzymatic steps
are essential for auxin biosynthesis, they were previously attributed to two different
pathways. Connection between them was confirmed recently (Won et al., 2011, Stepanova
et al., 2011). IPA pathway was not described in other organisms than plants, nevertheless
IPA was detected in cultures of various fungi (Robinson et al., 1998; Kulkarni et al., 2013;
this thesis). Current consensus is that IPA/YUC pathway is main auxin biosynthetic
pathway in plants, conserved throughout the plant kingdom and that local auxin
biosynthesis is necessary and sufficient for several developmental processes (Zhao, 2018).
Additional pathway described involves decarboxylation of IPA by pyruvate decarboxylase
into indole-3-acetaldehyde (IAAld), which is dehydrogenated into IAA by indole-3-
acetaldehyde dehydrogenase (EC 1.2.3.7). Pathway was identified in maize smut fungus
Ustilago maydis (Reineke et al., 2008) and recently in fungal model Neurospora crassa
(Sardar and Kempken, 2018). It is likely responsible for the auxins production by all
Fusarium species as IPA and IAAld were detected in mycelium as well as in media of
several FFC species (supplementary information in Niehaus et al., 2016). However, TAAld
could also be intermediate in tryptamine pathway and further research is inevitable for final
description of Fusarium auxin biosynthesis. Tryptamine pathway named for tryptamine
(TAM) intermediate was detected in Arabidopsis (Zhao et al., 2001), rice (Ishihara et al.,
2008), and also in barley (Schneider et al., 1972). In this pathway, Trp is decarboxylated by
tryptophan decarboxylase (EC 4.1.1.28) to TAM, which was originally hypothesized to be
converted to N-hydroxytryptamine (NHT) by flavin-containing monooxygenase YUCCA
(Zhao et al., 2001); YUCCA is now however confirmed to be part of IPA pathway, as
described in previous text. Feeding experiments in pea (Pisum sativum) with deuterium-
labeled intermediates confirmed that TAM is converted through IAAld to TAA, but the
involvement of NHT could not be excluded (Quittenden et al., 2009). TAM pathway was
shown to be active in pea roots but not to operate in pea seeds (Tivendale et al., 2010),
implying that TAA biosynthesis is not uniform in every plant organ and more pathways

cooperate to fulfill plant IAA demand. In transgenic tobacco plants overexpressing
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tryptophan decarboxylase, high levels of TAM were not accompanied by increase of IAA
(Songstad et al., 1990).

Alternative TAA biosynthetic pathway is through indole-3-acetaldoxime (IAOX).
Conversion of Trp to TAOx is catalyzed by cytochrome P450 enzymes CYP79B2 and
CYP79B3 (EC 1.14.14.156) (Hull et al., 2000). The physiological importance of IAOx-
dependent TAA biosynthesis has been demonstrated by analysis of cyp79b2 cyp79b3 double
mutants, which have shorter hypocotyls and decreased IAA levels when grown at high
temperatures (Zhao et al., 2002). Arabidopsis plants overexpressing CYP79B2 accumulate
indole-3-acetonitrile (IAN) (Zhao et al., 2002), which is converted by nitrilase (EC 3.5.51)
to IAA (Piotrowski et al., 2001). IAOx was not detected in rice, maize, and tobacco, which
do not have apparent CYP79B orthologues, and this pathway seems to be restricted to
Brassicaceae (Sugawara et al., 2009).

Another two-step biosynthetic pathway, with indole-3-acetamide (IAM) as
intermediate, is widely utilized by microorganisms, especially by bacteria. IAA is formed
via IAM in Agrobacterium (Camilleri and Jouanin, 1991) and also in some species of genus
Fusarium (Tsavkelova et al, 2012). Conversion is catalyzed by tryptophan-3-
monooxygenase (iaaM, EC 1.13.12.13) and indole-3-acetamide hydrolase (iaaH). IAM was
detected also in Arabidopsis (Pollmann et al., 2002); however further evidence of mutants
affecting IAM pathway in plants is missing.

Overall, auxin production is present in broad range of organisms, from simple
unicellular bacteria over filamentous fungi to complex green plants, and frequently more
biosynthetic pathways cooperate in IAA biosynthesis.

Important aspect of auxin role in plant development is ability of cells/tissues to
maintain concentration gradient, which is achieved by coordination of biosynthesis,
degradation, conjugation and transport. Major route of [AA irreversible degradation in
Arabidopsis is oxidation to 2-oxindole-3-acetic acid (oxIAA) (Ostin et al, 1998;
Kowalczyk and Sandberg 2001; Péncik et al., 2013). Reaction is catalyzed by dioxygenase
AtDAO1 (Porco et al, 2016). Disruption of AtDAOI did not affected TAA levels
significantly, but loss of IAA degradation was compensated by strong increase of [AA
conjugation. Formation of IAA conjugates represents another way of control of active IAA
levels (reviewed in Ludwig-Miiller 2011). Conjugation with amino acid leads to

biologically inactive indole-3-acetic acid aspartic acid (IAA-Asp) and indole-3-acetic acid
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Figure 5 | Trp-dependent IAA biosynthesis pathways. Two-step pathway via TAM is
catalyzed by tryptophan-3-monooxygenase (iaaM) and indole-3-acetamide hydrolase
(iaaH). Alternatively, Trp can be deaminated into IPA by tryptophan aminotransferase
(TAA, TAR), and then IPA is converted to IAA by flavin-containing monooxygenase
YUCCA, identified only in plants (green arrows). Indole-3-pyruvic acid decarboxylase
(IPDC) converts TPA to TAAIld, which is converted to IAA by aldehyde oxidase.
Conversion of Trp to TAOx is catalyzed by cytochrome P450 enzymes (CYP79B2/3).
Nitrilase NIT1 converts indole-3-acetonitril AN into IAA. Tryptophan is decarboxylated
by tryptophan decarboxylase TDC to tryptamine (TAM); role of YUCCA in TAM
conversion to N-hydroxytryptamine (NHT) is unlikely. When no enzyme is indicated,
conversion is speculative and responsible enzyme is not known. Figure inspired by
Tivendale et al., 2014.
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glutamic acid (IAA-Glu), which can also be further metabolized (Staswick et al., 2005;
Westfall ef al., 2010). The conversion of IAA to indole-3-acetic acid glucose (IAA-glc) is
catalyzed by the UDP glucosyltransferase UGT84B1 (Jackson et al., 2001). Conjugates

constitute storage pool of inactive IAA, which can be released by hydrolysis.

Auxin transport and signaling

Early experiments on plant tropisms suggested that a mobile signal exists in the plant and it
is transported through plant tissues in a highly controlled manner, for example, between the
shaded and illuminated sides of a coleoptile (Went, 1974). The distribution of IAA in the
plant body is realized over both short (cell to cell) and long distances (shoot to root). Auxin
transport is carried over phloem fluid with photosynthetic assimilates by unique cell to cell
mechanism of auxin gradient maintenance based on polar translocation across plasma
membrane mediated by transporters. Polar auxin transport is explained by chemiosmotic
hypothesis — pH of apoplast is slightly acidic and it enables part of IAA to stay in
protonated form and enter cell. Cytosolic pH is almost neutral, which leaves TAA in
deprotonated ionic form, which cannot passively leave cell and must be transported. Auxin
translocation through plasma membrane against concentration gradient is mediated by PIN-
forming (PIN) efflux carriers (Okada et al., 1991; Petrasek et al., 2006). PINs are necessary
in early development of embryo, establishment of plant axis and correct growth of organs
(Friml et al., 2003; Benkova et al., 2003). Eight PIN genes were identified in Arabidopsis,
differing in expression pattern and intracellular localization — PIN1-4 and PIN7 are
localized on plasma membrane, while PIN5, PIN6 and PINS are localized on endoplasmic
reticulum (ER; Mravec et al., 2009; Bosco et al., 2012; Bender et al., 2013). The proposed
role of ER localized PINs is the regulation of auxin homeostasis by subcellular
compartmentalization, as auxin stored in ER lumen is presumably unavailable for polar
transport and nuclear signaling. Furthermore, auxin in ER can serve as substrate for
inactivation by ER-localized auxin conjugating enzymes (Mravec et al., 2009). More
recently PIN-likes (PILS) transporters have been functionally characterized as intracellular
auxin translocators bound to endoplasmic reticulum essential for auxin availability for
nuclear signalization (Barbez et al., 2012). Any Specific auxin transporter has not been
functionally characterized in microbes so far, even though their orthologous genes are

encoded in their genomes. Putative auxin efflux carrier (AEC) protein was detected in
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Paenibacillus polymyxa and its sequence was used to determine various strains of P.
polymyxa and P. graminis (Da Mota et al., 2008), however evidence for auxin transport is
missing.

Auxin signaling via auxin responsive transcription factors is subtly controlled by
negative feed-back loop regulation of auxin receptor belonging to TRANSPORT
INHIBITOR RESPONSEI/AUXIN SIGNALING F-BOX (TIRI/AFB) family and
members of the Aux/TAA transcriptional repressor family (Tan et al., 2007). Auxin acts as
molecular glue bringing F-box proteins and interacting transcriptional repressor proteins
together, leading to ubiquitination and subsequent degradation of repressor (for review see
Leyser 2018). This signaling pathway was not identified in any organism outside plant

kingdom so far.

Auxin role in host-pathogen interaction

Many different plant-associated bacteria are capable of IAA production, e.g. soil
inhabiting genera such as Pseudomonas, Rhizobium, Azotobacter, Klebsiella (Apine and
Jadhav, 2011). Roots exposed to optimal concentration of bacterial IAA have longer and
more of lateral and primary roots. Auxin also participates in plant resistance against
bacterial pathogens. When Arabidopsis plants were treated with fragment of flagellin
(flg22), plants were more resistant to pathogen Pseudomonas syringae (Navarro et al.,
2006). Molecular basis of this resistance was described — plant exposure to flagellin induces
expression of micro RNA that negatively regulates expression of nuclear auxin receptors by
silencing. Repression of auxin signaling restricts P. syringae growth, which was proved
also with mutant Arabidopsis plants overexpressing miR393 responsible for TIR1
silencing. On the other hand, overexpressing a TIR1 paralog that is partially resistant to
miR393 enhances susceptibility to Pseudomonas. Bacterial IAA production and its role in
host interaction is comprehensively discussed in recent review (Duca et al., 2014).

Fungal TAA production is not associated only with plant-interacting fungal genera,
suggesting innate auxin role for fungal development. Upon IAA treatment, yeast
Saccharomyces cerevisiae develops into multicellular, pseudohyphal form (Prusty et al.,
2004; Rao et al., 2010). Deletion of any amino acid/auxin:proton symport permeases with

homology to plant AUX1 IAA transporters, makes yeast more resistant to IAA by

-28-



decreasing its uptake. This indicates that active auxin transport is important even in
organism out of plant kingdom.

Auxin has often been suggested to play a role in the cross-talk between plant and
fungal signaling during ectomycorrhizal establishment (Felten et al., 2012). Beneficial
endophyte Piriformospora indica is compromised in barley root colonization, when IAA
biosynthesis gene is silenced (Hilbert ef al., 2012). The plant root colonizing and insect-
pathogenic fungus Metarhizium robertsii has been shown to promote lateral root growth
and root hair development of Arabidopsis (Liao et al., 2017). When culture filtrate was
applied to seedlings, [AA-regulated gene expression was activated, and application of
culture filtrate to Arabidopsis mutant r2d6 with root hair defective phenotype restored root
hair growth (Figure 6). However, direct proof of the effect of fungus produced auxin on
root hair development, using mutant of M. robertsii with complete loss of IAA production,
is yet to be given.

Fusarium oxysporum is root-infecting pathogen with broad range of plant hosts,
including model plant Arabidopsis. Disruption of auxin signaling genes led to resistance to
F. oxysporum (Kidd et al., 2011) and the same results were obtained with auxin transport
mutants. Plants with mutated auxin efflux carrier PIN2/EIR1 had fewer root tips colonized
(Diener, 2012). Auxin signaling is also required for resistance to necrotrophic pathogens
such as Botrytis cinerea and P. cucumerina (Llorente et al., 2008). Mechanisms by which
auxin promotes colonization and symptom development are still enigmatic.

Some fungi induce tumors, for example corn smut causal agent Ustilago maydis.
Fungal mutants affected in auxin production were still able to induce tumors in a similar
manner to the wild-type strain, even though tumors contained a lower level of auxins
(Reineke et al., 2008). This suggests that auxin production by U. maydis is not required for
the virulence of this pathogen. Likewise, auxins produced by phytopathogenic fungi
Aciculosporium take (order Hypocreales) and Magnaporthe oryzae have been suspected of
inducing morphological changes in the host plant called witches broom disease (Tanaka

2010; Tanaka et al., 2011).
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Figure 6 | Effects of M. robertsii in Arabidopsis. (A) Effect of methanol extract of culture
filtrate on root hair in Arabidopsis WT Col-0 and mutant r2d6. (B) Induction of auxin-
responsive genes expression by M. robertsii culture filtrate in Arabidopsis root tip. Adapted
from Liao et al., 2017.
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One of the most important and destructive fungal disease in cereal crops around the
world — fusarium head blight — is caused by Fusarium graminearum. Yield loss is
connected with grain contamination by mycotoxins (Bai and Shaner, 2004). F.
graminearum can synthesize significant amounts of TAA, but exogenous IAA inhibited
fungal biomass accumulation, increased hyphae branching (Figure 7), and delayed
macroconidium germination (Luo et al, 2016). Production of mycotoxin 15-
acetyldeoxynivalenol was reduced after 1 mM TAN or IAA treatment, while slight increase
of 15- acetyldeoxynivalenol was observed upon 0.1 mM IAA exposure.

Me

0.2 mM
0.4 mM 0.6mM  0.8mM

0 mM

' 1 mM

Figure 7 | Hyphal density of F. graminearum growing in the presence of increasing
concentration of IAA. Plates were supplemented with different concentrations of TAA. 0
mM, untreated control; Me, control with methanol used to dissolve IAA (Luo et al., 2016).

-31-



Part II1: Materials and methods

Fungal strains, media and growth conditions

The wild-type C. purpurea (Fr.) Tul. strain 20.1 (Hiisgen et al., 1999), a putatively haploid
(benomyl-treated) derivative of the standard field isolate TS5 (Fr.: Fr.) Tul. isolated from
Secale cereale L. (Hohenheim, Germany), was used for the generation of mutants and as
the wild type control in all experiments. Mycelia were grown on complete medium BII
(Esser and Tudzynski, 1978) for cultivation and DNA isolation. Conidia were obtained
from mycelia cultivated on Mantle medium (Mantle and Nisbet, 1976). For the cytokinin
and auxin measurements, strains were grown in liquid BII or Mantle medium (without
yeast extract, 30 g/l sucrose), in both cases on rotary shaker (250 rpm). All strains were
cultivated in the dark at 26°C. Vector construction using the yeast recombinational method
was performed in Saccharomyces cerevisiae strain FY834 (Winston et al., 1995).

F. fujikuroi (Ff) GA-producing strain IMI58289 was used (Commonwealth
Mycological Institute, Kew, United Kingdom). The mango pathogen F. mangiferae
MRC7560 (Fm), originating in Israel, is deposited in the culture collection of the Medical
Research Council (MRC) (Tygerberg, South Africa). F. verticillioides M-3125 (Fv)
(Fungal Genomics Stock Centre, Kansas State University, FGSC 7600) was provided by
Robert Proctor and Daren W. Brown, United States Department of Agriculture, United

States, respectively.

Plant material

Claviceps pathogenicity assays were performed using the cytoplasmic male sterile S.
cereale Lo37-PxLo55-N (KWS Lochow GmbH) cultivar, which was cultivated in growth
chambers under conditions of 15 h light (8000 Lux; 16-18°C)/9 h darkness (13—15°C).
Before planting, seeds were stratified for 5-6 weeks at 1-2°C and vernalization took place
in soil/compost 3:2 at 14—15°C (day) and 9—10°C (night) with 9 h light (6000—10 000 Lux).
For in planta pathogenicity assays, florets of blooming ears (30—40 per ear) were inoculated
with 5 ul of a suspension containing about 10° per ml conidia collected from Mantle agar.
To avoid cross-contamination, the ears were covered with paper bags directly after

inoculation.
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Hybrid white sweet maize seeds variety Silver Queen (Johnnyseeds, United States)
were sterilized by first soaking in 4% sodium hypochlorite for 10 min, rinsed twice with
sterile water, and then soaking in 70% ethanol for 1 min and rinsed twice with sterile water.
Seeds were inoculated by soaking in water containing 10° Fusarium spores per ml in a flask
on a rotary shaker overnight (120 rpm). Inoculated seeds were dried for 2 h on air and
placed in a Petri dish with moistened filter paper to germinate in the dark at 26°C. After 2
days, germinated seeds were moved into a hydroponic system consisting of plastic boxes
with Hoagland solution. Seedlings were incubated in a growth chamber with a light/dark
cycle (16 h/8 h) at the constant temperature of 25°C for 1-10 days. Roots and shoots of

infected maize seedlings were separated and lyophilized before gene expression analysis.

Nucleic acid extraction and analysis

Standard recombinant DNA methods were used as described in Sambrook et al. (1989) and
Ausubel et al. (1987). Genomic DNA from C. purpurea was prepared from lyophilized
mycelia according to Cenis (1992). All PCR methods were performed according to user
manual, diagnostic PCR using GoTAQ polymerase (Promega), and PCR amplifications of
fusion proteins or complementation fragments were performed using the proof reading
Phusion polymerase (Finnzymes). All primers used are listed in Table S1 and were
synthesized by Sigma-Aldrich. Southern blotting was performed using Hybond-N + nylon
filters (Amersham) according to the manufacturer’s protocol. Filters were hybridized using
RNA DIG-UTP labelled probes (Roche). DNA sequencing was carried out by commercial
sequencing services. Protein and DNA sequence alignment, editing and organization were
done with BioEdit (Hall, 1999). Further sequence analyses were performed using BLAST
at the National Center for Biotechnology Information, Bethesda, MD, USA (Altschul et al.,
1997).

Replacement and complementation vector construction

All Claviceps transformation vectors were generated using the yeast recombinational
cloning method (Colot et al., 2006). Complementation and fusion protein vectors were
constructed based on the described vector system (Christianson et al., 1992; Schumacher,

2012).
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The flanking regions of CpAEC were amplified with the following primers
containing overlapping sequences towards the yeast shuttle-vector pRS426 or the
phleomycin resistance cassette: (Xbal) SF_Aec/5R_Aec for the 5'- spanning region (1212
bp); 3F Aec/3R_Aec (EcoRI) for the 3'- spanning region (1221 bp). The PCR products, the
linearized yeast shuttle vector pRS426 (Colot et al., 2006) and the phleomycin resistance
cassette (amplified with primers CpBleF1/CpBleR1 from pRS426CpBle; 1847 bp) were
transformed into yeast strain FY834 for homologous recombination. DNA was isolated
from yeast cells using the SpeedPrep yeast plasmid isolation kit (DualSystems) and
transformed into E. coli TOP10. After DNA isolation, restriction with Xbal/EcoRI resulted
in a 3871 bp fragment that was used to transform the 20.1 strain of C. purpurea. For
construction of the complementation vector pComp nat AEC, a 2777 bp fragment
containing the coding region of cpaec as well as the sequences 949 bp upstream of it were
amplified using the primers AEC_Compl natP_fw/AEC_Compl_tgluc rev, which contain
overlapping sequences to the vector sequence of pPNDH-OGG (linearized by Spel/Notl) for
homologous recombination. For construction of the complementation vector
pComp Olic_ AEC, where AEC expression is driven by constitutive promotor OliC (Bailey
et al, 1989), a 1828 bp fragment of CpAEC was amplified with primers
AEC oliC_fw/AEC Compl tgluc_rev, which contain overlapping sequences to the vector
sequence of pNDH OGG (linearized by Ncol/Notl). The obtained plasmids were used to

transform the C. purpurea Acpaec mutant strain.

Fusion protein constructs

For protein localization, the C-terminal GFP fusion vector pLoc AEC GFP was prepared.
A 1828 bp CpAEC genomic ORF sequence was amplified wusing primers
AEC _Compl oliC_fw/AEC Compl tgluc rev, containing overhangs for vector pNDH-
OGG (linearized by Ncol), where expression is driven by constitutive promotor OliC

(Bailey et al., 1989).

Fungal transformation

Protoplasts were prepared from C. purpurea strains as described previously (Jungehiilsing
et al., 1994). Integration events were confirmed by diagnostic PCR using specific primers

as indicated (Table S1, Figure S2). Single spore isolation was carried out to obtain
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homokaryons of putative transformants. Additionally, Southern blot analyses were
performed with each deletion mutant to confirm single integration events. For
complementation of Acpaec, the mutants were transformed with 10 pg of pComp_nat AEC
or pComp_OliC_AEC. For localization of fusion protein AEC-GFP, C. purpurea 20.1 was
transformed with 10 ug of pLoc AEC_GFP.

Expression studies and quantitative RT-PCR

For detection of rye gene expression, cDNA of Claviceps purpurea 20.1 infected and
uninfected plant material was analyzed. For detection of maize and Fusarium gene
expression, roots and shoots of maize seedlings grown in a hydroponic system and infected
by wild-type strains of F. mangiferae, F. verticillioides and F. fujikuroi were used. Total
RNA was isolated using the RNAqueous kit and Plant RNA Isolation Aid solutions (Life
Technology). The isolated RNA was treated twice with Ambion’s TURBO DNase-free kit
(Life Technology), and first-strand cDNA was synthesized using the RevertAid First Strand
cDNA Synthesis Kit with an oligo(dT) primer (Thermo Scientific). gPCR reactions were
performed with TagMan Gene Expression Master Mix on a ViiA7™ Real-Time PCR
System (Thermo Fisher Scientific) using a default program. Primers and Taqman probes for
all rye, maize and fungal genes are listed in Table S1, primers were designed using
PRIMER EXPRESS 3.0 (Life Technology).

Each rye sample was processed in four biological replicates, and at least two
technical replicates were run for each biological replicate. Cytokinin-related gene
sequences with detectable expression in developing rye ears were identified in RNA-seq
data generated from a library prepared from infected rye ears (Oeser et al., 2017), as at the
time of experimental work public reference genome of rye was not available. Genes for RR,
HK and LOG were numbered based on the closest rice orthologues (Ito and Kurata, 2006;
Kurakawa et al., 2007) while those for CKX, IPT, B-actin and elongation factor 1 were
based on barley orthologues (Mrizova et al., 2013). Predicted sequences were deposited in
the NCBI database. Expression values were determined and statistically evaluated using
DATAASSIST v3.0 (Life Technologies).

The maize target genes used were identified in a previous study (Vyroubalova ef al.,
2009). For each condition, the three independent biological replicates were analyzed in

three technical replicates. Expression of fungal genes was measured by absolute
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quantification, whereas maize gene expression was obtained by relative quantification
according to AACt method (Schmittgen and Livak, 2008). To ensure that primers amplified
the desired gene target, amplicons for every primer pair were cloned into the pDRIVE
vector (Qiagen) and sequenced. The cloned PCR products were also used as template to
determine PCR efficiency and absolute levels of gene transcript in isolated RNA. The
relative expression of the maize genes was normalized with respect to B-actin (BT086225)

and elongation factor 1 (AF136829.1) gene expression.

Production of recombinant proteins

The coding regions of CpIPT-LOG and CpLOG as well as the IPT domain of CpIPT-LOG

(from the start codon to the beginning of the intron at position 880) and the LOG domain of
CpIPT-LOG (from ATG at position 1055 to the stop codon) were synthesized with codon
optimization for E. coli expression by GeneArt service (Invitrogen) and subcloned with
Ndel and Hindlll overhangs into the pET28b(+) vector to generate N-terminal His-tagged
recombinant proteins. E. coli BL21 Star (DE3) transformed with these constructs was
grown in Luria-Bertani medium supplemented with kanamycin (50 ug ml™") at 37°C until
the ODegoo reached 0.6. Expression was induced by 0.4 mM isopropyl B-D-1-
thiogalactopyranoside, after which the cells were incubated for 17 h with vigorous shaking
at 18°C. Cells harvested by centrifugation (3000 g, 10 min) were suspended in lysis buffer
(50 mM phosphate buffer, pH 8.0, supplemented with 0.3 M NaCl, 20% glycerol and 1 mM
phenylmethylsulfonyl fluoride) and then disrupted using a French press at 25 000 psi. The
cell lysate was clarified by centrifugation at 20 000 g, after which the supernatant was
repeatedly loaded onto an equilibrated HisPur Cobalt column (Thermo Scientific)
overnight. The column was subsequently washed with lysis buffer supplemented with 20
mM and 60 mM imidazole. The protein was then eluted with 120 mM imidazole, dialyzed
against lysis buffer and concentrated using an ultrafiltration cell with a 10 kDa cutoff

membrane.

IPT and LOG activity assay

Purified protein (2570 pg) was added to the reaction mixture consisting of buffer (IPT or
IPT-LOG coupled reaction: 30 mM Tris/acetate, pH 8.0; supplemented with 1 M betaine,
20 mM MgCl, and 5 mM B-mercaptoethanol; LOG reaction: 100 mM potassium phosphate
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buffer, pH 7.0) and corresponding substrate. Kinetic parameters were determined using a
reaction mixture containing 100 uM DMAPP or HMBDP (Echelon Biosciences, Salt Lake
City, UT, USA) as the donor substrate and 0.5-25 uM AMP, ADP or ATP as the acceptor,
or 100 uM AMP as acceptor and 0.5-25 uM DMAPP or HMBDP as donor respectively. In
the case of LOG reaction, isopentenyladenosine 5’-monophosphate (iPRMP), trans-zeatin
riboside 5’-monophosphate (tZRMP), cis-zeatin riboside 5’-monophosphate (cZRMP)
(OlChemIm, Olomouc, Czech Rebublic) and the corresponding diphosphates and
triphosphates (BIOLOG Life Science Institute, Bremen, Germany) were used as substrates
at concentrations of 1-50 pM. After incubation for 10 min (or 30 min with weak substrates)
at 30°C, the reactions were stopped by adding an equal volume of ethanol and heated for 5
min at 90°C. The samples were then purified by passage through 0.22 um nylon filters and
injected onto a C18 reverse-phase column (ZORBAX RRHD Eclipse Plus 1.8 um, 2.1 x 50
mm; Agilent) coupled to an ultra-performance liquid chromatograph (Shimadzu Nexera).
The column was eluted with a linear gradient of 15 mM ammonium formate, pH 4.0 (A)
and methanol (B): 0 min, 5% B; 2-8 min, 70% B; flow rate of 0.40 ml min!; column
temperature of 40°C. Peak areas were compared with those of injected standards
(OlChemIm), and activity was calculated using LABSOLUTIONS software (Shimadzu).
Kinetic parameters were calculated using GRAFIT Version 4.0.12. To determine the kinetic
parameters of CpIPT-LOG for reactions involving DMAPP or HMBDP and AMP, excess
(1 pg) CpLOG was added to the reaction mixture and a reaction rate was calculated in

terms of newly formed iP.

Preparation of transgenic Arabidopsis plants

The cDNA sequences of CpIPT-LOG, CpLOG and the IPT domain of CpIPT-LOG were

subcloned with Asp718 and Xbal overhangs into a binary pBINHygTx vector downstream
of the CaMV 35S promoter (Gatz et al., 1992). The cDNA sequence of CpAEC was cloned
with Ascl and Spel overhangs into pERS8 vector, under control of estrogen inducible
promotor (Zuo et al., 2001). Agrobacterium tumefaciens strain GUS3101 harboring the
binary vector with different transgenes was used to transform the A. thaliana ecotype Col-0
via the flower-dip procedure with vacuum infiltration (Clough and Bent, 1998).
Transformed Arabidopsis plants were grown in a greenhouse until seed production. T1

progeny seeds of Arabidopsis transformants were surface sterilized and germinated on
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Murashige-Skoog phytagel (pH 5.7) supplemented with hygromycin (30 mg 1'!) in a
controlled environment chamber (12 h light, 5000 Lux, 21°C/12 h darkness, 18°C).
Resistant seedlings were transferred to soil and placed in the greenhouse. Several
homozygous lines for each construct with a single integration were selected from T2
progeny. For estradiol induction of CpAEC expression in transgenic plants, seeds were
transferred on plates containing 17-f-estradiol (2 pM). Root lengths were calculated with

EZ RHIZO software (Armengaud et al., 2009).

Cvtokinin measurements

Levels of cytokinin metabolites were determined in mycelium or cultivation medium.
Freeze-dried mycelium was homogenized in mortar with pestle and liquid nitrogen. Stable
isotope-labelled cytokinin internal standards (OlChemIm) were added, each at 1 pmol per
sample, to check the recovery during the purification and to validate the determination. The
samples were extracted with methanol/H,O/formic acid (15:4:1, v/v/v), and clarified
supernatants were subjected to solid phase extraction. First, non-polar compounds were
removed on Speed SPE Octadecyl C18 cartridges (Applied Separation). Subsequently,
basic compounds together with cytokinins were retained on Oasis MCX -cartridges
(Waters). The eluates were evaporated to dryness and the obtained solids dissolved in 20 ul
of the mobile phase used for quantitative analysis. The samples were analyzed by ultra-
high-performance liquid chromatography (Acquity UPLC; Waters) coupled to a Xevo TQ-
S (Waters) triple quadrupole mass spectrometer equipped with an electro-spray interface.
The purified samples were injected onto a C18 reversed-phase column (BEH C18; 1.7 pm;
2.1 x 50 mm; Waters). The column was eluted with a linear gradient (0 min, 10% B; 0-8
min, 50% B; flow-rate of 0.25 ml min'; column temperature of 40°C) of 15 mM
ammonium formate (pH 4.0, A) and methanol (B). Quantification was achieved by multiple
reaction monitoring of [M + H]" and the appropriate product ion. Quantification was
performed with the MASSLYNX program (Waters) using a standard isotope dilution
method. The ratio of endogenous cytokinin to the appropriate labelled standard was
determined and further used to quantify the level of endogenous compounds in the original

extract, according to the known quantity of the added internal standard.
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Auxin measurements

Levels of the auxin TAA and IAA metabolites were determined in mycelium or cultivation
medium using the method described by Novak et al. (2012). Freeze-dried mycelium was
homogenized in mortar with pestle and liquid nitrogen. Briefly, approx. 1 mg of freeze-
dried mycelia or 100 pl of media was extracted with 1 ml cold phosphate buffer (50 mM;
pH 7.0) containing 0.1% sodium diethyldithiocarbamate, supplemented with internal
standards. After centrifugation at 20 000 rpm for 10 min, one half of each sample was
acidified with 1 M HCI to pH 2.7 and purified by solid phase extraction (SPE) using
Oasis™ HLB columns (30 mg, 1 ml; Waters, USA). For quantification of IPA, the second
half of the sample was derivatized by cysteamine (0.25 M, pH 8.0) for 1 hour, acidified
with 3 M HCI to pH 2.7 and purified by SPE. After evaporation under reduced pressure,
samples were analyzed for auxin content using Acquity UHPLC (Waters, USA) linked to a
triple quadrupole mass detector (Xevo TQ MSTM; Waters, USA).

Microscopic analyses

For microscopy of fusion proteins, mycelial plugs of the strains were cultivated in
Gamborg B-5 basal salt mixture (Sigma-Aldrich), supplemented with 10 mM glucose and
solidified with 1% agarose, on glass slides overnight. Fluorescence and light microscopies
were performed with a Zeiss AxioScope Al microscope. Green fluorescent protein (GFP)
fluorescence was examined with filter set: excitation BP 455-483, beam splitter FT 493 and
emission BP 199-529). Hoechst 33258 fluorescence was investigated using filter set:

excitation BP 375-395, beam splitter FT 405 and emission BP 410-440).
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Part IV: Biosynthesis of cytokinins in the biotrophic fungus
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Results

Cytokinin profile of rye ears is altered after ergot infection

Disease symptoms of some phytopathogenic fungi are associated with changes in cytokinin
levels (Behr et al., 2012; Jiang et al., 2013). To analyze the cytokinin profile of C.
purpurea-infected rye (Secale cereale) ears, samples of infected plant tissue were taken 5
and 10 days post inoculation (dpi), corresponding to the host tissue colonization phase and
the sphacelial stage respectively. In control plants (unpollinated rye ears), zeatin-type
cytokinins were significantly more abundant than iP, with ¢Z and DHZ riboside O-
glucosides being the dominant forms (Table 1). Shortly after fungal inoculation (5 dpi), the
levels of iP increased significantly, as did those of its riboside and 9-glucoside, but the
levels of zeatin derivatives remained unchanged. Later, when the sphacelial tissue started to
form (10 dpi), the levels of both iP- and tZ-type cytokinins decreased; this trend was
especially pronounced for the nucleotides (Table 1). The overall levels of ¢Z derivatives did
not change greatly, but the abundance of the free base and nucleotide forms increased
dramatically at the expense of the O-glucoside storage forms (Table 1). The cytokinin
content was also measured in infected ears at a later time point (approximately 25 dpi),
when sclerotia accounted for the bulk of the mass of the analyzed material, and compared
with that of noninfected sterile ears (Table 2). The total content of tZ and iP derivatives in
the sclerotia was between 2 and 10 times greater than in the uninfected tissue; the tZ
derivative profile was dominated by the free base, riboside and storage O- and N-
glucosides. Increased levels of cytokinins, particularly iP derivatives, were observed in
infected plants at 5 dpi and during the sclerotial phase (25 dpi), but the CK levels of the
infected plants were lower than those of untreated controls at around 10 dpi (Table 1; Table
2). These results show that the hormonal levels of infected and uninfected rye tissues differ

significantly.
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Table 1 | Cytokinin contents of infected and mock-treated rye ears 5 and 10 dpi.

5 dpi 10 dpi

CK metabolite Mock 20.1 infected % Mock 20.1 infected %

iP 3.91+0.83 8.76 £ 1.15*% 224 7.58 £1.81 8.73+1.74 115
iPR 12.17 £2.97 24.88 +5.89* 205 13.16 +3.24 5.09 + 1.25% 39
iPRMP 16.05 +2.82 12.56 £2.06 78 25.75+6.24 479 £1.13* 19
iP9G 3.61+1.01 6.16 +1.46 171 12.00 +2.60 4.85+0.88* 40
Total iP type 35.74 52.36 147 58.49 23.46 40
tZ 55.32+4.46 58.06 + 8.00 105 95.11+19.22 62.16 +5.73* 65

tZR 8.89 £2.25 8.70 £2.28 98 18.49 £ 3.63 13.65+2.72 74
tZRMP 158.18+35.74  152.01 £33.49 96 325.88+3555 118.58 £35.80* 36
tZOG 37.71 +£11.09 3226 +9.67 86 4772 £15.17 53.71+12.38 113
tZROG 14.02 +1.25 14.45+2.38 103 21.60 +1.28 1937+ 1.81 90
tZ9G 83.34 £ 14.46 80.17 +15.11 96 265.69+70.78  139.16 +£23.98* 52
Total tZ type 357.46 345.67 97 774.49 406.63 53

cZ 11.07 +£2.37 7.21+1.34 65 8.50+0.27 51.81 £4.00* 610
cZR 9.84+2.77 8.70 + 1.68 88 11.27+0.68 14.66 +2.08* 130
cZRMP LOD LOD LOD 55.75+£22.73*

cZOG 330.15+36.42 370.27 +34.83 112 380.89+79.53  365.76 £45.17 96
¢ZROG 395.07+45.06 375.71+13.17 95 462.66 £41.50  299.32 +21.35% 65

Total ¢Z type 746.13 761.89 102 863.32 787.30 91

DHZ 7.47 +£0.58 3.03+0.63* 41 9.19+1.17 33.37 +7.44* 363
DHZR 16.99 +1.92 6.63 +1.27* 39 19.44 +5.04 35.40 +4.28* 182
DHZRMP 3.69 +£0.62 1.96 + 0.40* 53 4.55+0.98 4.52+0.88 99
DHZOG 47.13 £14.48 57.14 £ 17.40* 121 131.07 £28.25  188.58 +37.48* 144
DHZROG 269.59+4293  288.75+48.46 107 561.58 +157.7 198.14 +24.25* 35

Total DHZ type 344.87 357.51 104 725.83 460.01 63

Percentages indicate the concentration of the relevant cytokinin in the infected plants relative to that in the mock-treated
controls. Four biological replicates of infected and mock ears in both time-points were analyzed, each replicate in two
technical replicates. Concentrations are in pmol per g of fresh weight. The asterisk indicates significant difference
between mock and infected tissue according to Student’s unpaired t-test at P < 0.05.

¢Z0G, cZ O-glucoside; cZR, cZ riboside; cZROG, cZR O-glucoside; DHZOG, DHZ O-glucoside; DHZR, DHZ riboside;
DHZRMP, DHZR 5’-monophosphate; DHZROG, DHZR O-glucoside; iP9G, iP 9-glucoside; LOD, limit of detection;
tZ9G, tZ 9-glucoside; tZOG, tZ O-glucoside; tZR, tZ riboside; tZROG, tZR O-glucoside.
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Table 2 | Cytokinin content in infected rye ears with fully developed sclerotia and non-

infected sterile rye ears (25 dpi).

CK metabolite Mock CpGal404 infected %

iP 4.63£2.52 7.59 +3.04 164
iPR 5.07+3.22 332+1.47 66

iPRMP 4.53+1.04 5.79+1.93 128
iP9G 4.17+2.63 24.28 £9.08" 582
Total iP-type 18.40 40.98 223
tZ 42.51+25.98 261.50 +93.94" 615
tZR 10.43 £2.65 90.19 +43.35" 865
tZRMP 18.54 £11.70 24.64+11.97 133
tZOG 51.74 +£33.12 1107.25 +£78.60" 2140
tZROG 13.42+9.04 229.82 +37.59" 1713
tZ9G 91.83 £50.43 620.81 +202.14" 676
Total tZ-type 228.47 2334.21 1022
cZ 7.02+1.45 112.06 + 15.59" 1597
c¢ZR 7.07 +1.45 29.90 +£7.92* 423
cZRMP 1.93+0.81 33.08 +5.39" 1715
cZ0G 360.60 + 34.63 295.85 +57.20" 82

¢ZROG 1543.84 + 660.51 277.67 +80.36" 18

Total cZ-type 1920.48 748.56 39

DHZ 1.65+1.09 28.31+15.09" 1717
DHZR 6.51 £4.50 20.39+11.12" 313
DHZRMP 0.19+0.14 1.49+0.72" 777
DHZOG 15.02+10.33 4528 +7.95" 302
DHZROG 338.88 +258.70 45.63 +5.48" 13

Total DHZ-type 362.25 141.10 39

Three biological replicates of infected and mock ears were analyzed, each replicate in two technical replicates. Spores of
Claviceps purpurea strain Gal404 (Teva Czech Industries, Opava, Czech Republic) was used to infect sterile Secale
cereale hybrid Lol15-PxLol114-N plants (KWS Lochow GmbH) in a small field experiment in the 2012 season in
Olomouc, Czech Republic. Concentrations are in pmol g fresh weight-1. iP, isopentenyladenine; iPR,
isopentenyladenosine; iPRMP, iPR 5’-monophosphate; iP9G, iP 9-glucoside; tZ, rans-zeatin; tZR, tZ riboside; tZRMP,
tZR 5’-monophosphate; tZOG, tZ O-glucoside; tZROG, tZR O-glucoside; tZ9G, tZ 9-glucoside; cZ, cis-zeatin; cZR, cZ
riboside; ¢ZRMP, c¢ZR 5’-monophosphate; ¢cZOG, cZ O-glucoside; cZROG, cZR O-glucoside; DHZ, dihydrozeatin;
DHZR, DHZ riboside; DHZRMP, DHZR 5’-monophosphate; DHZOG, DHZ O-glucoside; DHZROG, DHZR O-
glucoside; *indicates significant difference between mock and infected tissue according to Student’s unpaired t-tests at P <
0.05.

Rye perceives a cytokinin signal in early infection stages

To analyze the host’s cytokinin metabolism during the infection process, quantitative real-
time polymerase chain reaction (qQPCR) of cytokinin-related rye genes was performed.
Infected plant tissue was sampled shortly after infection and during the colonizing and the
sphacelial stages, using mock-treated plants as controls. The expression of 10 cytokinin
biosynthesis genes, including three /PT and seven LOG genes, and eight genes encoding

cytokinin-degrading enzymes were analyzed. In addition, because cytokinin signal
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transduction in plants is mediated by a His-Asp phosphorelay, the expression of the
putative histidine kinase and six type A response regulator genes was also investigated
(Figure 8). Clear differences were detected in the early infection stage: the infected rye
plants exhibited strongly enhanced expression of five CKX genes (ScCKX2.1, ScCKX2.2,
ScCKX4, ScCKX8, ScCKX9) as well as the sensory HK gene (ScHK?2). The expression of
three RR genes (ScRR4, ScRR9, ScRR11) was also induced in infected plants; together these
results indicate the perception of a new cytokinin signal during this phase. However, only
one IPT gene (ScIPT10) and one LOG gene (ScLOG7) were upregulated within the plant
tissue, while two LOG genes (ScLOG1, ScLOGYS) appeared to be downregulated relative to
the uninfected control. In the colonizing phase, two CKX genes (ScCKX4, ScCKX8) and
one RR gene (ScRRY) remained upregulated, but the expression of the plant’s IPT genes did
not differ significantly from that in the controls. In the sphacelial stage, ScRR9 remained
upregulated, but three other RR genes were downregulated. The expression of the host
plants” cytokinin biosynthesis and cytokinin-degrading genes was virtually identical to that
in the uninfected controls during this phase (Figure 8). Overall, these data indicate that
infected plants perceive a cytokinin signal, especially in the early stages of infection, but
there is no pronounced change in the expression of the host plant’s cytokinin biosynthesis

genes.
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Figure 8 | Cytokinin metabolite gene expression of host plants during infection. The
expression levels of cytokinin metabolite genes (cytokinin dehydrogenases, scckx; His-
protein kinase, ScHK; adenylate isopentenyltransferase, Sc/PT; cytokinin-specific
phosphoribohydrolase ‘lonely guy’, ScLOG; response regulators, ScRR) were determined in
ovaries infected with Cp20.1 (INF) and mock-treated ovaries (CTRL) (A) 3, (B) 6 and (C)
9 dpi. Expression levels were normalized against those of the rye housekeeping genes
ScEF1 (elongation factor 1) and ScACT (B-actin). Measurements were done in two
technical and four biological replicates in each group. The single, double and triple
asterisks (*, ** and ***) indicate significant differences between INF and CTRL according
to Student’s unpaired #-tests at P < 0.05 (n =4); 0.01 and 0.001 respectively.
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Identification of cytokinin biosynthetic genes in C. purpurea

To identify fungal proteins homologous to those that catalyze cytokinin biosynthesis in
plants, BLASTp searches were performed against the Cp20.1 database (Schardl et al.,
2013). Using the sequence of LOGS5 from Arabidopsis thaliana as a query, two annotated
open reading frames were detected: CPUR2269; (E= 1.8 x 107%) and CPUR4177 (E= 1.5 x
102%). The putative gene CPUR2269 (794 bp, one 70 bp intron) encodes a protein of 240
amino acids (aa). Like plant LOGs, the gene product was annotated as a lysine
decarboxylase and contains a cytokinin riboside 5’ monophosphate phosphoribohydrolase
domain (IPR5269); it was therefore termed CpLOG. The second putative gene CPUR4177
(1585 bp, one 97 bp intron) encodes a protein of 495 aa containing the same IPR5269
domain at the C-terminus. In addition, an isopentenyltransferase domain (IPR2648) and a
tRNA isopentenyltransferase domain (IPR2627) were identified in the N-terminal region of
this protein. Because this gene apparently encodes a bi-functional enzyme, it was termed
CpIPT-LOG. Remarkably, CpIPT-LOG is linked in a head-to-head orientation to the
putative cytochrome P450 monooxygenase gene CPUR4176 (2481 bp, 5 introns, 510aa).

As secondary metabolite genes are often clustered in fungi, this gene was termed CpP450.

The fungal cytokinin biosynthetic genes encode functional enzymes

To determine whether the cytokinin biosynthetic genes from C. purpurea encode functional
enzymes, CpIPT-LOG and CpLOG were heterologously expressed as His-tagged proteins
and purified to homogeneity (Figure 9).

kDa  Fgigure 9 | Expression of recombinant Claviceps enzymes.

Purified proteins were separated by NuPAGE SDS-PAGE
o7 (Thermo Scientific); lane 1, recombinant CpIPT-LOG (57
kDa); lane 2, recombinant IPT domain (36 kDa) from CpIPT-

- 64 LOG:; lane3, recombinant CpLOG (29 kDa). The size of the
— 51 protein molecular mass marker is indicated to the right of the
[ R gel.
| S— - 28
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In addition, the IPT and LOG domains of CpIPT-LOG were expressed separately.
The IPT domain showed strong transferase activity when DMAPP and AMP were used as
donor and acceptor, respectively (Table 3), leading to the formation of iPRMP. CpLOG
exhibited cytokinin-specific phosphoribohydrolase activity (Table 3), but the independently
expressed LOG domain of CpIPT-LOG did not (data not shown). Surprisingly, the full-
length CpIPT-LOG protein clearly exhibited both enzyme activities (Table 3). When the
recombinant CpIPT-LOG protein was incubated with low concentrations of DMAPP and
AMP, iP accumulated in the reaction mixture. However, when the substrate concentration
was increased to > 20 uM and the enzyme concentration was increased proportionately, the
intermediate iPRMP became detectable in the reaction mixture. Thus, CpIPT-LOG encodes
a novel bifunctional enzyme that catalyzes the direct synthesis of active CKs. The
enzymatic properties of the recombinant proteins are summarized in Table 3. CpLOG
shows a slight preference for iPRMP relative to tZRMP and cZRMP: iPRMP is associated
with the lowest Ky, value and the highest ke./Km ratio of these three compounds. In addition
to cytokinin monophosphates, CpLOG can hydrolyze AMP and cytokinin diphosphates and
triphosphates, although it has dramatically lower ke, values for these substrates (Table 3).
The CpIPT-LOG has a 180-fold higher ability to synthesize iP to tZ (Table 3). The limiting
step in tZ production is the transfer of a hydroxymethylbutenyl group from (E)-4-hydroxy-
3-methylbut-2-enyl diphosphate (HMBDP) to AMP. The kinetic parameters of the isolated
IPT domain are comparable to those of the full-length protein (Table 3), indicating that the
LOG domain does not influence transferase activity; it seems likely that the enzyme’s two
domains operate independently. The diphosphorylated and triphosphorylated species
adenosine diphosphate (ADP) and adenosine triphosphate (ATP) cannot serve as acceptor
substrates in the transferase reaction catalyzed by this enzyme; when either was added to
the reaction mixture, the only products formed were iPRMP and iP. The formation of these
products was independent of the incubation time and the amount formed was equimolar to
the amount of recombinant protein in the reaction mixture (data not shown). The same
production of iP and iPRMP was observed without the addition of any acceptor to the
reaction mixture, indicating that the product was probably formed from AMP molecules
that had bound to the active site of the IPT domain when it was expressed bacterially, and

which could not subsequently be displaced by ADP or ATP.
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Table 3 | Kinetic parameters of recombinant CpIPT-LOG and CpLOG proteins.

First Second Vimax  (nmol s
Enzyme substrate substrate K (UM) mg protein! Kea (min) Keat/ Kin (s M)
CpLOG iPRMP - 427+1.71 37.4+8.21 20.801 8.12x 104
tZRMP - 57.63 £10.17 45.74 £10.32 25.345 7.33x 103
cZRMP - 84.57£20.15 188.06 +31.95 104.207 2.05x 10*
tZRDP - 2337+2.84 0.015 +0.003 0.008 5.89x 10!
cZRDP - 76.66 +15.69 0.093 £0.027 0.051 1.12x 102
tZRTP - 66.58 + 14.52 0.005 +0.001 0.003 7.21x 10!
c¢ZRTP - 64.56 + 5.86 0.009 +£0.001 0.005 1.24 x 10!
AMP - 28.36 +3.20 2.045 £0.215 1.133 6.66 x 10?
ADP - 4323 £14.62 0.009 +0.003 0.005 2.01x 10!
ATP - 73.68 £15.12 0.005 +0.001 0.002 5.64 x 10!
CpIPT-LOG iPRMP - 9.01 +£3.23 7.71 £1.34 8.397 1.55x 10*
tZRMP - 46.03 £13.24 31.62+10.03 34.438 1.25x 10*
cZRMP - 61.40 £8.03 50.15+15.88 54.620 1.48 x 10*
DMAPP AMP 1.28+0.27 14.74 +1.78 16.054 2.09x10°
HMBDP AMP 12.21 £2.08 0.78 £0.22 0.849 1.16 x 103
AMP DMAPP 0.78 £0.31 526+2.27 5.726 1.22x10°
AMP HMBDP 0.86+0.12 0.66+0.17 0.721 1.40 x 10*
IPT domain DMAPP AMP 1.75+0.44 14.18 +£5.08 9.755 9.29 x 10*
HMBDP AMP 27.61 £6.36 0.46 +0.16 0.314 1.89 x 102
AMP DMAPP 0.52+0.14 2.68 +£0.59 1.844 591 x 104
AMP HMBDP 0.72+0.23 0.23+0.09 0.158 3.66 x 103

The kinetic parameters for all substrates were measured as described in the Material and Method section. All quoted
values are means based on analyses of at least three independent reactions. Measurements were conducted at 30°C, pH
8.0, and the reactions were stopped at defined time points. Parameters were calculated using the GRAFIT Version 4.0.12
software package.; cZRDP, cis-zeatin riboside-5"-diphosphate; cZRTP, cis-zeatin riboside-5"-triphosphate; tZRDP, trans-
zeatin riboside-5"-diphosphate; tZRTP, trans-zeatin riboside-5 -triphosphate.

CpIPT-LOG, CpLOG and the IPT domain of CpIPT-LOG were overexpressed under
the control of the 35S promoter in 4. thaliana. Homozygous 35S::CpLOG plants have
longer primary roots and significantly darker rosette leaves than control plants (Figure 10).
Conversely, 35S::CpIPT seedlings exhibited delayed growth because of retarded root
development and also underwent premature senescence (Figure 10). CpIPT-LOG
transformants were unable to form roots and died on selection plates, forming only bushy
and stunted aerial parts (Figure 10). The observed phenotypes resemble typical response of
plants towards cytokinin treatment (Smart et al., 1991; Faiss et al., 1997; loio et al., 2008).
These data further support the hypothesis that the Claviceps genes encode functional

cytokinin biosynthesis enzymes.
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Figure 10 | Phenotypes of 35S::CpLOG, 35S::CpIPT and 35S::CpIPT-LOG
transgenic Arabidopsis plants. (A) Twenty-one-day-old plants of 35S::CpLOG,
35S::CpIPT and the wild type grown on horizontal plates with MS phytagel. (B) Twelve-
day-old seedlings of 35S::CpLOG, 35S::CpIPT and the wild type grown on vertical plates
with MS phytagel. (C) Thirty-day-old plants of 35S::CpIPT-LOG regenerated on MS plates
with hygromycin (30 mg I'"). (D) Root length of 12-day-old 35S::CpLOG, 35S::CpIPT and
the wild-type seedlings grown on vertical plates with MS phytagel; *P < 0.05, n = 30.
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Discussion

Previous studies have demonstrated that interactions with phytopathogenic fungi can induce
changes in plants’ cytokinin levels (Behr et al., 2012; Jiang et al., 2013). However, neither
the genes involved in their biosynthesis nor the relevant fungal biosynthetic pathways have
previously been identified. This study presents the first evidence for a fungal gene cluster
associated with de novo cytokinin biosynthesis. The cluster was identified in the biotrophic
fungus C. purpurea and its functional characterization suggested the existence of the
cytokinin production pathways depicted in Figure 11: the initial step, the formation of iP, is
catalyzed by the bifunctional enzyme CpIPT-LOG. This enzyme exhibits both the IPT
activity required for the isoprenylation of adenine and the LOG activity required for the
activation of cytokinin nucleotides. Fungal genome analyses indicated that bifunctional
enzymes of this sort are unique to species from the orders Hypocreales (including the
genera Fusarium, Epichloe, Aciculosporium) and Capnodiales (e.g. Zymoseptoria; Figures
S1, S2). A similar chimeric protein encoded by the bacterial IPT (fasD) and LOG (fasF)
genes was recently identified in isolates of the bacterial plant pathogen R. fascians A21d2

but has yet to be functionally characterized (Creason et al., 2014).
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Figure 11 | Proposed de novo cytokinin biosynthesis and tRNA degradation pathways
in C. purpurea. The bifunctional enzyme CpIPT-LOG catalyzes the prenylation of AMP
using DMAPP as a side chain donor, producing iPRMP. The tRNA-IPT catalyzes the
prenylation of tRNA either using DMAPP or (E)-4-hydroxy-3-methylbut-2-enyl
diphosphate (HMBDP) as a side chain donor, leading to the formation of iPRMP or
cZRMP respectively. These nucleosides are then converted into the corresponding active
bases by the LOG domains of either CpLOG or CpIPT-LOG. Hydroxylation of iP
derivatives to tZ derivatives is catalyzed by a cytochrome P450 monooxygenase (CpP450).
Red labels indicate reactions known to be catalyzed by enzymes examined in this work;
grey labels indicate reactions that may occur but are not expected to be important. Dashed
lines indicate putative reactions for which the associated enzymes are yet to be identified.
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Similarly, a fusion combining the activity of two plant enzymes, copalyl phosphate
synthase and ent-kaurene synthase (CPS/KS), has been identified in the phytopathogenic
fungus F. fujikuroi. CPS/KS catalyzes the conversion of geranylgeranyl diphosphate into
ent-kaurene via entcopalyl diphosphate, a key step in gibberellic acid (GA) biosynthesis
(Tudzynski et al., 1998). The fusion of cytokinin-producing and cytokinin-activating
functions in a single enzyme would give pathogenic fungi a potent tool for the in situ
production of active cytokinins, as demonstrated by the fatal disruption of seedling
morphology in Arabidopsis plants that constitutively overexpress CpIPT-LOG (Figure 10
C). Moreover, the CpIPT-LOG fusion is much more stable than plant IPTs when prepared
in a heterologous prokaryotic system. The high potency of the novel bifunctional enzyme is
further demonstrated by the measured kinetic constants (Km and kca)) of the IPT domain,
which are much better than those estimated for plant enzymes (Kakimoto, 2001; Takei et
al., 2004). However, in contrast to the Agrobacterial IPT, which preferentially uses
HMBDP to directly produce tZ-type cytokinins in planta (Sakakibara et al., 2005; Ueda et
al., 2012), the transferase domain of the Claviceps enzyme preferentially uses DMAPP.
The subsequent hydroxylation of iP to tZ is mediated via a cytokinin-specific cytochrome
P450 monooxygenase encoded by a gene adjacent to Cp/PT-LOG within the Cp20.1
genome. Because the levels of c¢Z derivatives in cultures of both Acpp450 and Acpipt-log
mutants were comparable with those observed in wild-type cultures, it is unlikely that the
CpIPT-LOG/CpP450 gene cluster affects the formation of cZ-type cytokinins (Hinsch et
al., 2015). Because C. purpurea clearly has the ability to produce cytokinins, it also
presumably has the ability to manipulate the cytokinin levels of infected rye plants, thus
potentially changing the within-host environment in a pathogen advantageous way.
Accordingly, the abundance of the most active cytokinin iP and its deactivated metabolites
iPR and iP 9-glucoside in infected plants increased dramatically at 5 dpi (Table 1). During
this colonization phase, none of the plant’s known /PT genes were significantly upregulated
(Figure 8). However, qPCR showed that the fungal CpIPT-LOG gene expression was
upregulated at 3 and 5 dpi, indicating fungal cytokinin production at these time points. The
low expression of CpP450 at 5 and 10 dpi is consistent with the levels of tZ in the infected
plants (Hinsch et al., 2015). Content of tZ was identical to those of mock-treated control
plants at 5 dpi. Subsequently (at 10 dpi), the tZ content of the infected plants fell below that

of the uninfected controls (Table 1). Treatment of monocot plant tissues with exogenous
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active cytokinins usually causes the upregulation of several CKX genes and the
downregulation of /PT genes implicated in de novo cytokinin biosynthesis (Podlesakova et
al., 2012), so the high levels of iP (5 dpi) and the putative accumulation of tZ derivatives (3
dpi) caused by the fungal infection may induce the activity of cytokinin-degrading
enzymes. In keeping with this hypothesis, the expression of several CKX genes was
strongly induced during the early phase of infection (Figure 8), and the levels of preferred
CKX substrates — iP and tZ derivatives except O-glucosides and the primary products of
plant cytokinin biosynthesis (iPRMP and tZRMP) — fell at 10 dpi (Table 1).

The functions of fungus-borne cytokinins during host colonization were unclear
because the Acpipt-log and Acpp450 deletion mutants still contained residual levels of
cytokinins and exhibited similar levels of virulence as wild type (Hinsch et al., 2015).
However, as noted above, both Acpipt-log and Acpp450 were unaffected in cZ production.
In A. thaliana and P. patens, it has been shown that tRNA-IPT cytokinin biosynthesis
accounts for the majority of ¢Z production and also contributes to the formation of iP-type
cytokinins (Miyawaki et al., 2006; Lindner et al., 2014). One copy of a tRNA-IPT gene is
conserved in all of the sequenced genomes of the Clavicipitaceae family (Figure S1) and
homologous proteins are present in all living organisms, except Archaea (Spichal, 2012).
Contribution of prenylated tRNA degradation to the total cytokinin pool in C. purpurea
was shown with the deletion mutant of CptRNA-IPT (Hinsch et al., 2016) which does not
contain c¢Z type cytokinins and displays impaired virulence. The specific functions of cZ
during the infection process are not clear. In theory, cZ could play a role in the preparation
of the host tissue for infection as cZ-type cytokinins are overproduced during early-stage
embryogenesis and are biologically active in in vitro support of embryo growth (Quesnelle
and Emery, 2007). In addition, fungal cZ production might also mimic natural conditions
during pollination. Cytokinins are involved in nutritional signaling (Cerutti and Delatorre,
2013), and could be thus required to nourish the fungus during infection; this putative role
is partly confirmed by delayed sclerotia formation in AcptRNA-ipt mutant (Hinsch et al.,
2016). Double deletion mutant Acpipt-log/AcptRNA-ipt does not produce any cytokinins
and has strong virulence defects, as macroscopic disease symptoms are not visible and
mutant rarely enters ovarian tissue (Hinsch et al., 2016). This is powerful evidence for
cytokinin role in interaction with plant host, nevertheless missing tRNA modification in

AcptRNA-ipt mutant must be taken in account as it could influence protein translation (EI
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Yacoubi et al., 2012). Indeed, mutant AcptRNA-ipt had reduced growth rate in axenic
culture, which could influence fungal virulence (Hinsch et al., 2016). To exclude possible
negative effects of tRNA-IPT deletion on translation process, mutant strains of C. purpurea
with heterologous maize CKX/ expression were prepared (Kind et al., 2018). The strains
had great reduction of iP, iPR, tZ and tZR content, whereas ¢Z and cZR were less reduced
or not affected, respectively. This approach enabled massive manipulation of cytokinin
levels, comparable to Acpipt-log/AcptRNA-ipt double deletion. Mutants with ZmCKX1
overexpression had reduced virulence to 41-67%, thus indicating that residual levels of
zeatins are probably enough for successful infection. iP and tZ seem to be not essential for
penetration and early invasion of the ovary, as was indicated by the WT-like growth on
isolated ovaries (Kind et al., 2018).

Impact of cytokinin-specific phosphoribohydrolase LOG activity on cytokinin
composition and fungal virulence was studied with strains with deleted LOG genes (Kind et
al., 2018). Although the cytokinin composition was altered, both single and double deletion
mutants still contained active cytokinin bases, confirming existence of LOG-independent
cytokinin activation in fungi. Virulence of mutant strain remained unaffected as were
conidia formation and growth in axenic culture. In contrast, the Acpp450 mutant showed an
altered sporulation phenotype in axenic cultures (Hinsch et al., 2015). Sporulation occurred
under non-inducing conditions and hyper-sporulation was observed under inducing
conditions. These results suggest that hormonal balances influence fungal development.
However, only the loss of tZ-type cytokinins in the Acpp450 mutant cannot explain this
phenomenon, because the Acpipt-log mutant, with reduced tZ levels, does not have altered
sporulation. It is possible that the sporulation changes in Acpp450 are due to iP
accumulation or interactions between the two cytokinin types. Nevertheless, transcriptomic
analysis of C. purpurea treated with 1 uM iP for 24 h did not demonstrate any major
change in expression (Kind et al., 2018).
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Part V: Expression of genes participating in cytokinin metabolism

during interaction of Fusarium species with maize (Zea mays L.)

seedlings

Results

Expression of fungal and plant genes involved in cytokinin metabolism during Fusarium —

maize interaction

Infection of maize seedling by F. mangiferae led to a modest increase in cytokinin levels in
shoots, while infection by F. verticillioides and F. fujikuroi led to a decrease (Vrabka ef al.,
2019). To study the origin of cytokinin accumulation in F. mangiferae-infected maize
tissues, the expression of fungal genes encoding enzymes involved in cytokinin synthesis
(IPT-LOGI and IPT-LOG?2), as well as maize genes encoding enzymes involved in
cytokinin metabolism (/PT and CKX) were examined over 10 days post inoculation by
qPCR (Table 4, 5). Total RNA was extracted from roots and shoots of seedlings infected by
F. mangiferae, F. verticillioides and F. fujikuroi. The abundance of fungal transcripts
coding for ubiquitin (FmUBI) and actin (FvACT and FfACT), two common housekeeping
genes, served to follow the growth of the fungi (Table 4). The increase of transcripts in
infected roots observed over time strongly indicates that all three fungi were able to
colonize the plant roots and thrive. Fungal gene transcripts were detected in the shoots of
maize only at 4 dpi and later. Of the fungal cytokinin synthesis genes, /PT-LOG2
transcripts were much more readily and consistently present in roots infected with all three
fungi (Table 4). While transcript for FmIPT-LOG?2 increased steadily with a maximum at
10 dpi, transcripts for FvIPT-LOG?2 peaked at 6 dpi, fourfold higher than FmIPT-LOG?2 at
10 dpi. In contrast, expression of FfIPT-LOG2 was low at 3-4 dpi and decreased
significantly out to 10 dpi. In shoots, fungal /PT-LOG?2 transcripts were detectable only
after infection by F. verticillioides (Table 4).
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Table 4 | Expression of fungal IPT-LOG genes in the roots and shoots of maize

seedlings infected by F. mangiferae, F. verticillioides, and F. fujikuroi.

In roots of maize seedlings

Genes 1 dpi 3 dpi 4 dpi 6 dpi 10 dpi

F. mangiferae FmUBI 19.1+£7.32 889 £492 2169 + 823 2545 +285 7854 + 3600
FmIPTLOGI1 n. d. n. d. n. d. 0.96 +£0.57 0.35+0.26
FmIPTLOG?2 n. d. 0.85+0.74 17.4+7.30 88.9+£58.6 716 +494

F. verticillioides FvACT 7570 £ 1738 222859+ 114805 450178 £157031 281578 + 110834 232959 + 13051
FvIPTLOGI n. d. n. d. 2.86 +£2.48 0.44+0.16 n. d.
FvIPTLOG?2 n. d. 114+61.3 1381 +599 2868 + 1997 1121 +£228

F. fujikuroi FfACT 214+£108 18608 + 100042 15222 +2830 57216 + 18166 85585 36355
FfIPTLOG! n. d. 0.47 £0.20 5.85+2.34 n. d. 0.26 +£0.22
FfIPTLOG2 7.70 £5.25 106 +48.2 73.5+31.6 n. d. 3.97+2.09

In shoots of maize seedlings
Genes 1 dpi 3 dpi 4 dpi 6 dpi 10 dpi

F. mangiferae FmUBI - - 121 £40.8 467 +£214 183 £34.1
FmIPTLOGI1 - - n. d. 1.10£1.55 n. d.
FmIPTLOG?2 - - 1.83+£1.02 n. d. n. d.

F. verticillioides FvACT - - 16175 + 8006 78167 +£36366 106034 + 52104
FIPTLOGI - - n. d. 2.87+241 n. d.
FvIPTLOG?2 - - 344 + 485 121+ 143 n. d.

F. fujikuroi FfACT - - 1872 +920 14695 + 8425 18350 +3175
FfIPTLOG! - - 0.03 £0.05 n. d. n. d.
FfIPTLOG2 - - n. d. n. d. n. d.

Quantity of /PT-LOGI and IPT-LOG?2 transcripts and transcripts for the house-keeping genes UBI (F. mangiferae) and
ACT (F. verticillioides and F. fujikuroi) in 1 ng of total RNA extracted from the root and the shoot of infected plants. Each
value is mean presented with standard deviation of six biological replicates (seedlings). * Significant difference between

mock and Fusarium-infected tissue according to Student’s unpaired t-tests at p < 0.05. n.d., not detected; —, not analyzed.

Analysis of expression of seven maize IPTs (ZmIPT3b, ZmIPT4, ZmIPT5, ZmIPT6,
ZmIPT7, ZmIPT8 and ZmIPTY) potentially involved in cytokinin metabolism in seedling
roots or shoots was investigated (Table 5). In roots, transcripts for all seven IPTs were
detected. At almost every time point after 1 dpi, transcripts for multiple /P7s accumulated
significantly more in infected roots compared to uninfected roots (Table 5). By far, ZmIPT7
transcripts accumulated the most at 10 dpi in roots infected by all three fungi. In the shoots,
transcripts for five of the seven ZmIPT genes were detected (Table 5). The most significant
accumulation was observed in seedlings infected by F. mangiferae at 6 dpi where

transcripts of four IPTs (ZmIPT3b, ZmIPT6, ZmIPT7 and ZmIPT8) were present 4.5- to 74-
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fold greater than mock-treated seedlings or leaves of seedlings infected by the other two
Fusarium species. At 10 dpi, ZmIPT levels had decreased to levels detectable in mock-
treated leaves with the exception of ZmIPT5. The expression of two out of five cytokinin
biosynthesis genes (ZmIPT5 and ZmIPT6) were significantly elevated in shoots of seedlings
infected for 10 dpi by F. verticillioides and to a lower extent F. fujikuroi. The increase of
expression maize IPT genes appeared to be associated with the concomitant increase in
ZmCKX]I gene expression in the roots, as well as in the shoots of seedlings infected by
Fusarium with a peak at 3—4 dpi and 6 dpi, respectively (Table 5). Seedlings infected by F.
mangiferae showed the highest ZmCKX1 expression followed by F. fujikuroi and then F.

verticillioides.

Table 5 | Expression of maize ZmCKX1 and ZmIPT genes in the roots and shoots of

seedlings infected by F. mangiferae, F. verticillioides and F. fujikuroi.

In the roots of maize seedlings

Gene 1 dpi 3 dpi 4 dpi 6 dpi 10 dpi
F. mangiferae ZmCKX1 1.08+£0.13 14.1 £5.94* 118 £58.2* 6.11+£0.81* 145 £ 85.9*
ZmIPTS 0.72+£0.23 3.34+£0.42% 0.97+0.22 0.67£0.13* 1.45+0.37
ZmIPT3b 0.88+0.26 2.48 £0.94 1.82+0.63 0.70 £0.13* 0.57 +0.04*
ZmIPT6 1.10+£0.43 13.9 £4.43* 1.02 +0.05 0.56 £ 0.10* 1.66 +0.52
ZmIPTS8 0.84+0.21 1.91+0.50 0.68£0.17 0.63 +£0.15* 0.41+0.13*
ZmIPT9 1.05+0.29 n.d. 0.58 +£0.37 n.d. 0.47 +£0.24*
ZmIPT7 0.74+0.34 0.55+0.31* 0.68 £0.35 1.38+0.41 6.24 +1.47*
ZmIPT4 n.d. 3.28 £0.05* 0.55+0.28 1.26 £0.45 1.21+0.34
F. verticillioides ZmCKX1 0.60 +0.02* 2.10 +£0.64* 28.7+12.5% 0.68 £0.12* 2.01+0.90
ZmIPTS 1.01+£0.34 1.78 £0.57 1.39+£0.31 0.31+0.04* 2.33 +£0.49*
ZmIPT3b 0.72+0.17 1.22+0.33 1.25+0.06 0.51 £0.10* 0.65+0.10*
ZmIPT6 1.01 £0.54 4.95+2.36% 2.51+£0.51% 0.69 £ 0.23* 11.2+6.87*
ZmIPT8 1.24+£0.37 1.40 +£0.40 0.95+0.22 0.47 +£0.06* 0.70 £0.07*
ZmIPT9 0.92+0.45 n.d. 0.43+0.21* n.d. 0.24+0.16*
ZmIPT7 1.10 £ 0.40 0.30+£0.22* 0.32+0.18* 0.94 £0.10 6.51+1.71*
ZmIPT4 n.d. 0.95+0.28 1.27+0.58 1.56 £0.56 0.96 £0.32
F. fujikuroi ZmCKX1 0.74 £0.10%* 2.59+041* 1.10+£0.27 3.59+1.87 2.06 £0.62
ZmIPTS 1.26+0.21 2.16 £0.72 0.58+0.34 2.03+0.84 0.89+0.41
ZmIPT3b 0.87+0.18 3.50 + 1.49* 0.70+£0.29 1.77 +0.70 0.68 £0.36
ZmIPT6 1.43+£0.44 5.01 £2.32% 0.61 £0.35 1.53+£0.69 1.68 +£0.32
ZmIPT8 0.89+0.17 1.24+0.31 0.94 £0.25 0.39 £ 0.29% 2.36+£1.09
ZmIPT9 0.68+£0.39 n.d. 0.48 +£0.24* n.d. n.d.
ZmIPT7 1.13+£0.32 1.67+£0.38 0.28 £0.20* 1.93+£0.85 531+£2.41%
ZmIPT4 n.d. 0.20+0.13* 1.08 £0.47 n.d. 0.45 +0.25*
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Table S | Expression of maize ZmCKX1 and ZmIPT genes in the roots and shoots of

seedlings infected by F. mangiferae, F. verticillioides and F. fujikuroi (continued).

In the shoots of maize seedlings

Gene 4 dpi 6 dpi 10 dpi

F. mangiferae ZmCKX1 7.84 £2.68* 85.6 £12.9* 36.7+£10.2%
ZmIPTS5 0.79+0.10 2.41+1.05 9.98 £2.71*
ZmIPTS8 1.06 £ 0.32 9.81 £4.59* 0.65+0.41
ZmIPT3b 1.02+0.57 4.53+£2.14* 0.64 +0.35
ZmIPT6 3.20 +1.08* 74.1 +£37.8% 2.63+1.21
ZmIPT7 0.22+0.31 141+691* 0.47 £0.27*

F. verticillioides ZmCKX1 24.1 £8.21% 17.4 £10.7* 13.3 £2.89%
ZmIPT5 0.88 +£0.24 1.68 +0.63 26.8 +5.78%
ZmIPT8 0.57 £0.14* 1.43+£0.85 1.46 £0.41
ZmIPT3b 2.37+1.04 1.06 +£0.50 1.70 £0.37
ZmIPT6 091 +0.45 12.9 + 6.32* 18.6 £4.8*
ZmIPT7 4.60+£2.22% 1.22+0.57 0.38+£0.52

F. fujikuroi ZmCKX1 1.28+£0.30 3.09+1.08* 7.05 +3.58*
ZmIPT5 1.70 £0.75 1.39+0.65 12.5+3.75%
ZmIPT8 0.98 +0.31 0.38 +0.30* 0.74 +£0.38
ZmIPT3b 0.97 +£0.35 0.97 +0.47 1.57+£0.68
ZmIPT6 2.43+1.18 0.80 +0.62 5.70 +£3.43
ZmIPT7 0.62 +£0.42 0.67 +£0.62 0.58 £0.29

Relative expression was compared to mock-treated seedlings. Mean values with standard deviations of six biological
replicates are given. * indicates significant difference between mock and Fusarium-infected tissue according to Student’s
unpaired t-tests at p < 0.05 (n = 6).

Discussion

The study of expression of maize and fungal genes involved in cytokinin metabolism
during infection with different Fusarium uncovered why fungal hormone synthesis
minimally affected maize growth. Along with expression of cytokinin biosynthetic genes
from both organisms, expression of a maize gene encoding a CKX, an enzyme involved in
the irreversible degradation of cytokinins was detected. Thus, despite efforts by the fungus
to alter cytokinin balance in maize tissue (either directly by producing cytokinins or
indirectly by increasing plant cytokinin synthesis) overall levels were actively mitigated by
the plant. This effort to restore hormone homeostasis was most clearly seen in F.
mangiferae infected maize tissue where the highest levels of cytokinins paralleled the
highest level of plant CKX expression observed (Vrabka et al., 2019). As described earlier

in Part IV, Claviceps purpurea possesses a unique biosynthetic pathway for cytokinin
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production based on bifunctional IPT-LOG enzyme (Hinsch et al., 2015). Two IPT-LOG
gene homologs are present also in all of the Fusarium genomes examined. It was initially
assumed that the activity of one or both might contribute to the massive cytokinin increase
observed in maize tissue infected by F. mangiferae (Vrabka et al., 2019). Surprisingly, this
appeared unlikely for multiple reasons. First, both /PT-LOGI and IPT-LOG?2 were either
not expressed or minimally expressed during infection. Any potential impact of [IPT-LOG
in cytokinin levels seems even less likely for the other Fusarium as no significant cytokinin
increase was detected, despite detecting an increase in expression of F. verticillioides IPT-
LOG? in infected tissue. Second, F. mangiferae IPT-LOG2 is likely not functional as its
predicted open reading frame contains two stop codons 71 codons downstream from the
start codon. Predicted 71 amino acid protein expressed in in E. coli exhibited no IPT and
only weak LOG activity (Vrabka et al., 2019). And finally, an IPT-LOG1 deletion mutant
did not alter the amount of cytokinins that accumulated in inoculated seedlings while the
overexpression mutant caused increase in cytokinin production (Vrabka et al., 2019),
similar to the FfIPT-LOGI overexpressing strain (Niehaus et al., 2016). The second
pathway for cytokinin production is based on tRNA decay which can contribute to the total
amount of cytokinins produced by fungi and affect virulence as recently shown in several
fungal species (Chanclud et al., 2016; Hinsch et al., 2016; Morrison et al., 2017). An
orthologue of tRNA-IPT was also identified in F. mangiferae. No significant differences
were however observed among F. mangiferae tRNA-IPT mutants or FmtRNA-IPT/IPT-
LOG]I double deletion mutants in their ability to cause seedling disease symptoms or to
lower plant CKX activity (Vrabka et al, 2019). Taken together, the increase in plant
endogenous cytokinin content is most likely not due to fungal synthesis but rather to
activation by the fungus of maize cytokinin biosynthetic genes by a yet unknown
mechanism. This response has already been observed for two biotrophic fungi,
Magnaporthe oryzae (Jiang et al., 2013) and Colletotrichum graminicola (Behr et al.,
2012), which lack IPT-LOG genes and induce a massive accumulation of cytokinins in
planta. Up-regulation of maize IPT genes both in roots and shoots during infection by any
of the fusaria strongly supports this hypothesis. The accumulation of ZmIPT transcripts was
also accompanied by the up-regulation of the ZmCKXI gene, involved in cytokinin
degradation. The accumulation of cytokinins in plant tissue may benefit fungi through

increased sink activity and attraction of assimilates, providing essential energy for fungal
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growth. Accordingly, fungi which primarily infect non-assimilating sink organs, flowers in
the case of F. mangiferae and spikes in the case of C. purpurea, were found to induce
strong accumulation of cytokinins. The practical consequence of the accumulation of
cytokinins to the plant is host tissue malformation as observed in F. mangiferae infections

which is likely due to a cytokinin-induced increase in cell division.
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Part VI: Identification of putative auxin efflux carrier in Claviceps

purpured

Results

Identification of putative auxin transporters in C. purpurea

To identify fungal proteins homologous to those that transport auxin in plants, BLASTp
search was performed against the Cp20.1 database (Schardl et al., 2013). Using the
sequence of PILS6 from Arabidopsis thaliana as a query, one annotated open reading frame
was detected - CPURS219; (E= 0.012). The putative gene CPURS219 has 1683 bp and 2
introns (85 and 60 bp), encodes a protein of 560 amino acids with predicted domains for
membrane transporter proteins. Phylogenetic analysis using web tool on www.phylogeny.fr
(Dereeper et al., 2008) against auxin efflux carriers PINs and PILS showed, that this
protein clusters with PILS2/6 (Figure 12). Homologous transporter is conserved in diverse

fungal species from division Ascomycetes (Figure S3).

o._E- A._thaliana_PILS3_NP_565133.1
0.91 A._thaliana_PILS4_NP_001319388.1

0.84 A._thaliana_PILS1_NP_683316.2
0.89 A._thaliana_PILS5_NP_565417.1
1 A._thaliana_PILS7_NP_201399.1
0.64 C._purpurea_ AEC_CPUR_08219
0.55 A._thaliana_PILS6_NP_195819.1
A._thaliana_PILS2_NP_565011.1
A._thaliana_PIN5_NP_197157.4
1 A._thaliana_PIN1_NP_177500.1
A._thaliana_PIN2_NP_568848.1
A._thaliana_PINS_NP_197014.1
A._thaliana_PIN6_NP_177836.1
AsA._thaliana_PIN3_NP_177250.1
Off%- A._thaliana_PIN4_NP_849923.1
A._thaliana_PIN7_NP_849700.1
07

Figure 12 | Phylogenetic tree of auxin efflux carriers PILS and PINs in A. thaliana
with C. purpurea AEC. The tree was constructed with MUSCLE, Gblocks, PhyIML and
TreeDyn over the webpage of www.phylogeny.fr.
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The Acpaec deletion mutants have unique IAA production profiles

To resolve the auxin transport in C. purpurea, deletion mutants of CpAEC were generated
via a gene replacement strategy (Figure S4). Three independent deletion strains were
obtained, confirmed by PCR and southern blotting (Figure S5). The deletion mutant does
not show any morphological anomalies when grown on solid Mantle agar. Furthermore, the
deletion mutant did not exhibit altered levels of virulence to the wild type when inoculated
to flowering rye ears. Microscopic observation of dissected rye ovaries several days after
inoculation showed same growth of hyphae through the pistil (data not shown). The TAA
production profiles of Acpaec and the wild-type strain Cp20.1 were determined after 7 days
(or 4 hours) of cultivation in modified liquid Mantle media (Figure 13). Compared to the
wild type after 7 days cultivation, the Acpaec mutants contains 1.5 times higher
concentrations of TAA in mycelium (Figure 13 A), and 20-30 times in medium (Figure 13
B). In the case of short-term cultivation for 4 hours, the Acpaec deletion mutants had 10-20
times higher IAA content in mycelium (Figure 13 C) and 8-12 times higher IAA content in
medium (Figure 13 D).

Total content of IAA in individual samples was calculated by multiplication of TAA
concentration with obtained dry weight of mycelia or with volume of culture media (Figure
14). Early total IAA content in mycelia after 4 hours cultivation is greatly increased, yet
this difference diminishes at 7 days; however increase in total IAA content in Acpaec
mutants compared to WT is still significant (Figure 14 A). Total content of [AA in medium
of Acpaec mutants increases over time, while that of Cp20.1 remains almost unchanged
(Figure 14 B).

In addition to free IAA, content of its biosynthesis intermediate IPA was measured
in fungal mycelia (Figure 15). Differences between Cp20.1 and Acpaec mutants were
significant only after 4 hours cultivation (Figure 15 A), when IPA levels were increased 2-3

times. After 7 days cultivation, IPA levels remained unchanged (Figure 15 B).
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Figure 13 | Free active IAA levels of Acpaec mutants. Content in freeze-dried mycelium
(A, C) and modified Mantle medium (B, D) after 7 days (A, B) or 4 hours (C, D)
cultivation. Graphs represent the values of six (A, B) or seven (C, D) independent
biological replicates. Cp20.1 — WT C. purpurea 20.1, Acpaecl89, 190, 227 — independent
deletion mutants of CpAEC. Asterisk indicates significant differences between mock and
Acpaec mutants according to Student’s unpaired t-tests at p < 0.05 (n = 6/7).
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Figure 14 | Total active IAA levels of Acpaec mutants. Total content in freeze-dried
mycelium (A) and modified Mantle medium (B. Graphs represent the values of six (7 days)
or seven (4 hours) independent biological replicates. Cp20.1 — WT C. purpurea 20.1,
Acpaecl89, 190, 227 — independent deletion mutants of CpAEC. Asterisk indicates
significant differences between mock and Acpaec mutants according to Student’s unpaired
t-tests at p < 0.05 (n= 6/7).
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Figure 15 | Auxin biosynthesis intermediate IPA levels in Acpaec mutants. Content in
freeze-dried mycelium after 4 hours (A) or 7 days (B) cultivation. Graphs represent the
values of six (B) or seven (A) independent biological replicates. Cp20.1 — WT C. purpurea
20.1, Acpaecl89, 190, 227 — independent deletion mutants of CpAEC. Asterisk indicates
significant differences between mock and Acpaec mutants according to Student’s unpaired
t-tests at p < 0.05 (n= 6/7).

Deletion mutants were complemented by reintroducing the original wild-type gene,
and in addition, CpAEC was also introduced under constitutive promotor OIiC.
Complementation of Acpaec did not restore WT IAA levels, although complemented
mutants had altered TAA content (Figure S6). Transformation with in situ complementation
vectors would be necessary for proper restoration of phenotype, as positional effect

probably influences CpAEC expression.

Intracellular CpAEC-GFP localization

For subcellular localization, constitutively expressed Cp4AEC with C-terminal fusion with
GFP (pLoc_ AEC GFP) was transformed into Cp20.1 strain (Figure 16). GFP signal seem

to be localized intracellularly on membrane structures resembling endoplasmic reticulum.
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Figure 16 | In vivo localization of reporter gene fusion protein of CpAEC-GFP in
Cp20.1. Microscopic analyses of hyphal tips of C. purpurea (Cp20.1) containing
pLoc AEC GFP in bright-field (A). A GFP signal could be observed in subcellular
plasmatic structures (B), surrounding nuclei stained by Hoechst 33258 (C).

Arabidopsis plants overexpressing CpAEC gene

To confirm function of CpAEC in IAA translocation, several independent lines of
Arabidopsis thaliana overexpressing CpAEC gene under the control of estradiol inducible
promoter (Zuo et al., 2000) were prepared. Transgenic seedlings did not show any
remarkable phenotypic alterations when grown on medium without estradiol (Figure 17).
Upon estradiol induction, seedlings show significantly shortened primary roots and reduced

number of lateral roots (Figure 17). Negative effect on aerial part growth was also apparent.
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Figure 17 | Arabidopsis plants overexpressing CpAEC gene under the control of
estradiol (EST) inducible promoter of pERS. (A) 14-day-old seedlings of WT and
pER8::CpAEC-42 plants grown on MS medium in the absence (left) or presence (right) of
estradiol (EST). (B) Root length of WT and three independent lines of pERS::CpAEC 14-
day-old seedlings (n=15). (C) Auxin metabolite profile of 14-day-old pERS::CpAEC
overexpressors and WT cultivated on MS media with EST. Mean values with standard
deviations obtained from three biological replicates are presented. Concentrations of IAA
and its metabolites and precursors are presented in nmol per gram of plant dry weight;
IAM, indole-3-acetamide; IAN, indole-3-acetonitrile; IAA, indole-3-acetic acid; oxIAA, 2-
oxindole-3-acetic acid; TAA-Asp, [AA-aspartate; IAA-Glu, [AA-glutamate. Asterisks (*, **
and ***) indicate significant differences between WT and pERS::CpAEC according to
Student’s unpaired t-test at P<0.05, P<0.01, P<0.001, respectively.

Quantification of TAA, its precursors and deactivation products showed significantly less
IAA and more aspartate and glutamate conjugates in transgenic seedlings than in WT
(Figure 17 C). Except reduced amount of indole-3-acetonitrile and indole-3-acetamide and
increased levels of IAA degradation product, 2-oxindole-3-acetic acid, concentration of all

other metabolites was unchanged.
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Discussion

Survey of Claviceps purpurea genome revealed one gene (CPURS219) coding for a protein
with high homology to PILS group of plant auxin efflux carriers. Evolutionary the oldest
lineage of organisms where PILS but not PIN presence has been confirmed so far are green
algae. Thus, intracellular auxin transport has preceded the evolution of PIN-dependent
intercellular auxin transport (Feraru et al, 2012). Similarly to plant PILS transporters,
CpAEC seems to be localized intracellularly on structure resembling endoplasmic
reticulum (Barbez et al., 2012). Mycelium with knocked-out CpAEC gene does not show
any morphological abnormalities. Phytopatogenic fungi produce IAA during interaction
with host plant to induce defence genes (Kidd ef al., 2011), or allow better penetration via
cell expansion (Tanaka et al., 2011). Spores of Acpaec are able to fully invade ovary and
host-pathogen interaction shows all usual symptoms of infection. Hence, CpAEC primary
role is not to secrete auxin into plant tissue to endorse infection. Nevertheless, precise
analysis of IAA revealed imbalanced concentration of IAA in Acpaec mycelia grown in
liquid culture as more IAA was retained in mycelium and more was detected also in culture
filtrates. This is similar to Arabidopsis tissues with pils2/pils5 mutation, which accumulate
more free TAA and where it was hypothesized that PILS function in cellular auxin
homeostasis by regulating auxin metabolism (Barbez et al, 2012). Surprisingly,
considerably more pronounced differences of TAA concentration in mycelium were
observed after short-term cultivation than after 7 days. Comparison of short- and long-term
cultivation reveals that while difference of IAA content between Cp20.1 and Acpaec is
higher in 4 hours mycelium, the main difference in IAA content after 7 days is in medium.
Total content of IAA in mycelia of Acpaec tends to levels of Cp20.1 over time, while total
IAA content in media increases for Acpaec mutants. These results suggest fungal effort to
maintain intracellular balance of free IAA by secretion to media and CpAEC role in IAA
metabolism. Similarly, experiments with Arabidopsis pils2/pils5 double-mutant protoplasts
showed significantly higher auxin export as demonstrated by increased extracellular IAA
concentration, indicating reduced auxin retention capacity in pils2/pils5 loss-of-function
mutants (Barbez et al., 2012). Hypothetical role of CpAEC could be in negative regulation
of TAA biosynthesis, as indicated by increase of IAA biosynthesis intermediate IPA in

mycelium of Acpaec, primarily after 4 hours cultivation.
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At the same time, increased TAA levels in Acpaec could be a result of disturbed
homeostasis of conjugated TAA forms, as was described in Arabidopsis pils2/pils5 mutant,
where ratio of conjugates IAA-Asp/IAA-Glu to free IAA decreased (Barbez et al., 2012).
Localization of PILS on ER membrane facilitates intracellular IAA accumulation; authors
speculate that auxin conjugation might be localized to ER as well. Unfortunately, analysis
of TAA conjugates content was not included in CpAEC experiment.

Based on measurements of auxin biosynthesis intermediates (P. Galuszka,
unpublished results) and Cp20.1 genome mining, possible candidates for IAA biosynthesis
were selected — CPUR4616 (putative indole-3-acetamide hydrolase), CPUR4612 (putative
flavin monooxygenase YUCCA) and CPUR5370/5371 (both tryptophan decarboxylase).
Future monitoring of gene expression of these targets in Acpaec could help to reveal main
IAA biosynthesis pathway. However, only knock-out of multiple genes would bring
definite answer, as TAA is frequently biosynthesized by more parallel pathways.

As CpAEC is the only member of auxin efflux carriers found in C. purpurea and
seems to reside on ER membranes, other transporters might be present on plasma
membrane of C. purpurea. Except PIN and PILS, plants contain two other groups of IAA
specific membrane transporters - auxin influx carrier AUX/LAX (Kerr and Bennett, 2007)
and ATP-binding cassette subfamily B (ABCB) transporter (Geisler and Murphy, 2008).
Since not any AUX/LAX sequence is present in fungal genomes, some members of ABC
transporter family, one of the largest and ubiquitous transporter families found in majority
of organisms, might play role in IAA translocation in fungi. Exact role of PILS in planta is
not known, but it presumably facilitates intracellular IAA accumulation or sequestration
(Barbez et al., 2012). Recently, the importance of PILS2, -3, and -5 for light-induced
growth in apical hook development was shown (Béziat et al., 2017). Negative regulation of
organ growth was described for PILS6, with its abundance sensitive to high temperature
(Feraru et al., 2019). To verify that CpAEC really translocates auxin, the gene was
overexpressed under the control of inducible promotor in Arabidopsis plants. Upon
induction, CpAEC provoked same root phenotype as that observed for plant PILS6
overexpressor (Feraru et al., 2019). Plants also accumulate less free IAA and more amino
acid conjugates similar to plants with constitutive expression of PILS5 (Barbez et al.,

2012). The results suggest that fungal auxin efflux carrier is indeed specific for auxin
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translocation; however its direct function is similarly to plant PILS largely unknown and

probably redundant with other types of fungal transporters.
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Part VII: Conclusions

Experiments showed that infection of rye by C. purpurea is accompanied by change of
cytokinin levels. Gene expression study of selected rye genes participating in cytokinin
metabolism and signaling confirmed response to cytokinin signal, however expression of
cytokinin biosynthetic genes remained identical. In silico survey of C. purpurea genome
revealed the presence of cytokinin-specific biosynthetic genes. Heterologous expression in
bacteria and Arabidopsis confirmed that they encode functional de novo cytokinin
biosynthetic enzymes, identified in a fungus for the first time. It was shown that cytokinin
biosynthesis by C. purpurea occurs via a different mechanism to any that have previously
been suggested to be involved in fungus—plant interactions. The results presented herein
provided basis for follow-up C. purpurea research that has revealed importance of
cytokinins in fungal pathogenicity.

Cytokinins play an important role in some Fusarium—host interactions. Expression
study of maize and fungal genes involved in cytokinin metabolism during infection of
maize with different Fusarium helped to reveal why the fungal hormone synthesis only
minimally affected maize growth. Along with expression of cytokinin biosynthetic genes
from both organisms, expression of a maize CKX encoding enzyme involved in the
irreversible degradation of cytokinins was detected. Thus, despite efforts by the fungus to
alter cytokinin balance in maize tissue (either directly by cytokinin production or indirectly
by inducing plant cytokinin synthesis) overall levels were actively mitigated by the plant.

Genome of Claviceps purpurea contains one gene coding for putative auxin efflux
carrier, whose disruption led to auxin intracellular imbalance. However, loss-of-function
mutation did not result in any phenotypic alteration and mutant ability to infect rye was
unchanged. Inducible heterologous expression of the gene in Arabidopsis led to change of
root morphology, similar to that observed in Arabidopsis plants with constitutive

expression of PILS auxin transporters.

-69-



Part VIII: Abbreviations

ABC ATP-binding cassette transporters
ADP adenosine diphosphate

AMP adenosine monophosphate

ATP adenosine triphosphate

CKX cytokinin oxidase/dehydrogenase
CYP450 cytochrome P450

cZ cis-zeatin

cZR cis-zeatin riboside

cZRMP cis-zeatin riboside 5’-monophosphate
DHZ dihydrozeatin (N6-(4-hydroxy-3-methylbutyl)adenine)
DMAPP dimethylallyl diphosphate

dpi days post infection

EA ergot alkaloids

ER endoplasmic reticulum

ENT equilibrative nucleoside transporter
FAD flavin adenine dinucleotide

FFC Fusarium fujikuroi complex

GA gibberellins

GFP green fluorescent protein

GUS B-glucuronidase

HK histidine kinase

HMBDP (E)-4-hydroxy-3-methylbut-2-enyl diphosphate
HP histidine-containing phosphotransfer protein
IAA indole-3-acetic acid

TIAA-Asp indole-3-acetic acid aspartic acid

[IAA-glc indole-3-acetic acid glucose

TIAA-Glu indole-3-acetic acid glutamic acid

TIAAIld indole-3-acetaldehyde
1AM indole-3-acetamide
TAN indole-3-acetonitrile
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IAOx
iP

IPA
iPR
iPRMP
IPT
LOG
MMD
NHT
oxIAA
PUP
qPCR

TAM
T-DNA
tZ

tZR
tZRMP
WT
YUC

indole-3-acetaldoxime
N6-(A2-isopentenyl)adenine

indole-3-pyruvic acid

isopentenyladenosine

isopentenyladenosine 5’-monophosphate
isopentenyl transferase

Lonely Guy (cytokinin-specific phosphoribohydrolase)
mango malformation disease
N-hydroxytryptamine

2-oxindole-3-acetic acid

purine permease

quantitative real-time polymerase chain reaction
response regulators

tryptamine

transfer DNA of Ti plasmid

trans-zeatin

trans-zeatin riboside

trans-zeatin riboside 5’-monophosphate
wild-type (organism; i.e. non-mutated)

YUCCA flavin-containing monooxygenase
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Part XI: Supplemental information

Table S1 | Primers and Taqgman probes used

Name Sequence (5°-3°)

Replacement vector construction
CpBIleF1 CGGAGACAGAAGATGATATTGAAGGAGCGATCGAGACCTAATACAGCCC
CpBleR1 GTTGGAGATTTCAGTAACGTTAAGTGGGCATTGCAGATGAGCTGTATCTG
5F Aec CCAGGGTTTTCCCAGTCACGACGGAATTCTCTTTGTTGTGCTCCGAGG
5R_Aec CCACTTAACGTTACTGAAATCTCCAACGCAGAGTAATTCGTTGCCC
3F Aec CTCCTTCAATATCATCTTCTGTCTCCGACTGTGGTCAACGCCGAGAGTA
3R Aec ACAATTTCACACAGGAAACAGCGGATCCTGGAGAGTCTGGGCATCTAAC

Diagnostic PCRs

dia_AEC fw ATGACGGCTTATGCATCTTGG
dia AEC WT fw GTCAAATCAAGCGGTGGCG
dia_AEC rev AACACCATGCACATCTCCG
phleooutHefe3 GAGCTCGGTATAAGCTCTCC
Phleohi3F2 GTGTTCAGGATCTCGATAAGATACG

Complementation vector construction

AEC Compl natP_fw
AEC_Compl tgluc rev

TGCTCCTTCAATATCACTAGTTCATGACTGGGATGATCTTGGCATCG
CTAATCATACATCTTATCTACATACGTTAGCGCGCCCATTCAACGACCT

AEC oliC_fw CTCCATCACATCACAATCGATCCAACCATGGATATCGCTGGAGGC
Fusion protein construct

AEC oliC_fw CTCCATCACATCACAATCGATCCAACCATGGATATCGCTGGAGGC

AEC Cgfp rev CTTACCTCACCCTTGGAAACCATGCGCGCCCATTCAACGACCT

Arabidopsis transformation

CpAUX Ascl fw

AGGCGCGCCATGGATATCGCTGG

CpAUX_ Spel rev

GACTAGTTTAGCGCGCCCATTC

Rye expression studies

ScRR1 fw
ScRR1 rev
ScRR1 probe
ScRR3 fw
ScRR3 rev
ScRR3 probe
ScRR4 fw
ScRR4 rev
ScRR4 probe
ScRR6_fw
ScRR6 _rev
ScRR6_probe
ScRRY fw
ScRR9 rev
ScRR9 probe
ScRR11_fw
ScRR11 rev
ScRR11_probe
ScACT _fw
ScACT rev

CGAGCTCCTGCACAGATGGT
GCAGAGCTGCAGCATGTCA
CAACGGCTGCTTCCTCTCCTACCTGA
GAGTTCTCCGACGACATGATCA
CAGCTCATCATCACGGACTACTG
ACCGGCTACGACCTGCTCAAGCG
GGTGGACGACAGCGTCATC
CACCGTGGTGACTTGGTAGGA
CAAGCTCATCGAGATGCTGCTCAGGAC
CCGCAGCTCCAAGTACAGAGT
AGTAGTCGGTGATGATCATGTTCAC
ACCACCGTGGACTCTGCGACCC
GCGGCAGATGACGAAATTCTA
GAACCAAGAAAGGAAAAAAGATTGA
CCAAGACAAGCAGACCAAACCACAGTTG
GATACGAGCTCCTAAAGAAGGTCAA
TCCTTGTCGGCACGTTCTC
AGTCATCCACGCTGAAGCAGATCCCC
TCAGTGGAGGAACGACCATGT
GCGGTGATCTCCTTGCTCAT
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Table S1 | Primers and Tagman probes used (continued)

Name Sequence (5°-3°)

ScACT probe CCCTGGCATCGCCGACCG

ScEF1_fw CGCAAGAGGAAGGGTCTCAA
ScEF1_rev GCAAAACATGACCCCCAAAA
ScEF1_probe AGCAGATGACCCCTCTATCCGATTTCGA
ScCKX1 fw TCGTGCAGATGAAGGACAAGTAC
ScCKX1 rev TTGTTATCTACTCAAAGGCGTTGGT
ScCKX1_probe ACCCCAAGAGGCTGCTCTCCCCT
ScCKX2.1 fw ACGAACAAAGCGCGAGAGAT
ScCKX2.1 rev GGCTCGTCATCGTTGTCTTGA
ScCKX2.1 probe ACCCTGATAGCCGCTCTCTTCGTGCT
ScCKX2.2 fw ATCCCAAGGCGATCATGTCT
ScCKX2.2 rev CCGATCGATTGGCTTTCG

ScCKX2.2 probe AAAGAATTTTCACGTCCCCGCTGGC
ScCKX4 fw CCCGGGACAGAGAATATTTCC
ScCKX4 rev GGCGGATGCTGTTTGTCAA

ScCKX4 probe AAGGCGTCGCTGCCCATGTCC
ScCKX5 fw CCGGGCAGGGCATCTT

ScCKX5_rev ATGGCAAGCAATCAGTCTTCTCA
ScCKX5_ probe CGCCGGCGCTCTTGTCCG

ScCKX8 fw GGCAGACAGAGCTGCTTGTG
ScCKX8 rev AAGGACGGCGGTGTACATGT
ScCKX8 probe ACGCCATGGACCTCAAGGCGC
ScCKX9 fw CCCATATTGCTCTATCCAGTGAAA
ScCKX9 rev ATAGGAATCCCACCAGGTAGAAAA
ScCKX9 probe TCCAGATGGGACAACCGAACATCAGC
ScCKX11 fw CGTGCTCAAGGGCATGCT

ScCKX11 rev GGTCCCACTTGCTCTTGATCA
ScCKX11 probe CGACGGGCCCATGCTCATCTACC
ScHK2 fw TGGCGAACTCCGATATTGG

ScHK2 rev CGAATGGCTTGGAGACATAGC
ScHK2_ probe ACAGCAGACGTCATCCAGGCAACATATG
ScIPT3 fw GAAGACCAAGCTGTCCATCGA
ScIPT3 rev GCGAGGGGCACCTTGTTG

ScIPT3 probe CGGCGAGGTCCTCAACGCCG
ScIPT5_fw GAAACAATCCGCACGAAGAAC
ScIPT5 rev ACCGTCAATGGCGATTGG
ScIPT5_probe CCCCGAACTAGCTGCCACGCC
ScIPT10 fw TGCCTGAATCACTTGAAATGAAA
ScIPT10 rev GCCCAAGGAACACCCTGTT

ScIPT10 probe TGCATACACACAAGCAAGGATCTCAAAACC
ScLOG!_fw GGAGGCGTCGTGCTGATG

ScLOGI _rev CAACCAAAATCTCAACACACTAGTATGA
ScLOG!_probe CATCGCCGTCCCTTGTTGCTCAA
ScLOG5_fw GCACCTAGGGTACTGACCATGAC
ScLOGS5 _rev CAAATCCGCATCATCAGAGTTAGA
ScLOG5_probe CCAGCCGGTTGCCATGCATGT
ScLOG7_fw AGCAGAGATGGCTCGACGAT
ScLOG7_rev CAGCTCCTCCATGGTTCCA
ScLOG7_probe TGAAGCATTCATCGCTCTTCCAGGG
ScLOG8_fw GAACCAGATGCCAAGCAACA
ScLOGS_rev ACATCGATTAGGACGAGGTGATC
ScLOGS8_probe CCTGGTCCCGGAGCCGCTG
ScLOGS8b_fw GCGTCCGCCATCAAGCT

ScLOG8b_rev

GTTTGTCAACTAATCTTGGGTTGGT
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Table S1 | Primers and Tagman probes used (continued)

Name Sequence (5°-3°)

ScLOG8b_probe TCCGTGGACACCATGGCCTGC
ScLOG8c_fw GGGAGACGGATCGCCTAGAC
ScLOGS8c_rev CATGCATCACGCTGACAGAAA
ScLOG8c¢_probe CGCCGCATCATCGTCTCCGC
ScLOG10_fw GTTGGACTGCTGAACGTGGAT
ScLOG10_rev CGCGCTGACGAAGATGTG
ScLOG10_probe CATCCGGCCGTCCCAGCG

Fusarium expression studies

FverIL1 F ACGGAGGCGGCACAACT

FverIL1 R TCAGGCCCAGAAAGGTCAAC

Fver IL1 probe ATGGGCGCAATCGCAAGCACTC

Fver IL2 F GGGTCTATTTGGCGGATCTTC

Fver IL2 R CCGCCGTAGACGAGTTTGTAG

Fver IL2 probe TGCAGCCAAGAAGCTTGCATTTGCTC
Fman IL1_F ACGGAGGCGGCACAACT

Fman IL1 R TCAGGCCCAGAAAGCTCAAC

Fman IL1 probe ATGGGCGCAATCGCAAGCACTC
Fman IL2 F CGGGCTATTTGGCGGATCTTCGC
Fman IL2 R CCGCCGTAGACGAGTTTGTAG

Fman IL2 probe TGCAGCCAAGAAGCTTGCATTTGCTC
Ffuj IL1 _F GCATCTTTGGTGGTTCGTCAT

Ffuj IL1 R ACAGACTCTGCCGAGTGACTTG

Ffuj IL1_probe CGAGCCGGCCCATATAGAAGCCG
Ffuj IL2 F GCTACAGTTTGCGAACGATCAA

Ffuj IL2 R CCGCCAAATAGACCAACGA

Ffuj IL2 probe TCCACCAATGGAACACTAAACTCTAGCCCC
Fman UBI F GATCCTCTTGTGCCCGAGATC

Fman UBI R CCGAGCTGTGGCCTCGTA

Fman UBI probe CCATGTCTACAAGACTGACCGACCCCG

Ffuj/Fver ACTIN_F CATTGTCATGTCTGGTGGTACCA
Ffuj/Fver ACTIN_R AGCAAGGGCAGTGATCTCCTT
Ffuj/Fver ACTIN_probe CATGTACCCTGGTCTCTCCGACCGTATG

Maize expression studies

ZmCKX1_F CGGTGTCGCTGCTCTTCTC
ZmCKX1_R ATCCAGTACAAGACCTACCTGGCG
ZmCKX1_probe TGGCGAGGCTGCAGGAGCAGAACAGGAGG
ZmIPT3b_F GATTGCGTGCAACAGAAACG
ZmIPT3b_R GAAGGAAACAGAGATGCCTAGGTATT
ZmIPT3b_probe CAAGCAGCTGCCCATTTTTGCCG
ZmIPT4_F GGCGACGCGGAAAGC

ZmIPT4 R CGGACGCCCCACATCTT
ZmIPT4_probe CGCCGCCATCGAGGACATCAA
ZmIPT5_F CCGCGCCGTGCATT

ZmIPT5_R CCGTGGAGGCAAACATGGA
ZmIPT5_probe AGTACAGCAGCAGCATGGTCACCGC
ZmIPT6_F CCACGGAGGTGTTCCTGAAG
ZmIPT6_R CCCATGCTGCTGTACTCTTGTT
ZmIPT6_probe CGCCGCGCCCTGCATTG

ZmIPT7_F AGGCTGGAGCGACATCCA

ZmIPT7_R CGCGCTGTGCCTTTGG

ZmIPT7_probe CTTCAGCTCAAGGTCGGGAACGCC
ZmIPT8_F AGGGAGGAGACTGTGAATTCGA
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Table S1 | Primers and Tagman probes used (continued)

Name Sequence (5°-3°)

ZmIPT8 R AAAATTTGAACTGTCTAGTAGTGGTGGAT
ZmIPT8_ probe TTCTTCTTTTTGCTTTTGGTTCGTCCGTTC
ZmIPT9 F CCACGCCGTGCATCGA

ZmIPT9 R AGCAAACACGGGCACTACTTC

ZmIPT9 probe CGTCGTCGCTGCGGCCAAT

ZmEF1_F TGATACCCACCAAGCCTATGGT

ZmEF1 R CATGTCGCGGACAGCAAAC

ZmEF1 _probe AGACATTCTCCGCGTTTCCTCCCCT
ZmACT_F GAGCCACACCGTCCCTATCTAC

ZmACT R CACGACCAGCAAGGTCCAA

ZmACT probe AGGGTACACGCTTCCTCATGCTATTCTTCG
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Figure S1 | Phylogenetic tree of IPT domains. The tree was constructed with MUSCLE,
Gblocks, PhylML and TreeDyn over the webpage of www.phylogeny.fr. Descriptions used
in the tree indicate the presence of certain InterProScan domains: tRNA-IPTs: IPR2627
(tRNA  isopentenyltransferase); IPR18022 (tRNA  A(2)-isopentenylpyrophosphate
transferase); put tRNA IPT LOGs: IPR2627 (tRNA isopentenyltransferase) + IPR5269
(cytokinin riboside 5'-monoP phosphoribohydrolase LOG); IPT-LOGs: IPR2648
(isopentenyltransferase) + IPR5269 (cytokinin riboside 5'-monoP phosphoribohydrolase
LOG). Adopted from Hinsch ef al. 2015.
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Figure S2 | Phylogenetic tree of LOG domains. The tree was constructed with MUSCLE,
Gblocks, PhylML and TreeDyn over the webpage of www.phylogeny.fr. Descriptions used
in the tree indicated the presence of certain InterProScan domains: LOGs: LOG:
IPR0005269 (cytokinin  riboside 5'-monoP phosphoribohydrolase LOG);
put tRNA IPT LOGs: IPR2627 (tRNA isopentenyltransferase) + IPR5269 (cytokinin
riboside 5'-monoP phosphoribohydrolase LOG); IPT-LOGs: IPR2648
(isopentenyltransferase ) + IPR5269 (cytokinin riboside 5'-monoP phosphoribohydrolase
LOG). Adopted from Hinsch et al. 2015.
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Figure S3 | Putative auxin effux carriers homologous to CpAEC in fungi from division
Ascomycetes. Tree was generated by webtool www.phylogeny.fr.
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Figure S4 | Generation of the Acpaec mutants. (A) The replacement vector was obtained
by the yeast recombinational method. It was constructed by cloning the 3‘and 5‘flanking
regions of CpAEC on each side of the phleomycin resistance cassette into the yeast shuttle
plasmid vector pRS426 (see materials and methods for further details). The resulting
replacement fragment was used to transform C. purpurea wild type strain Cp20.1. (B) The
mutants were generated by homologous integration of the resistance cassette via a double
crossover event between the homologous regions of the replacement fragment and the
genomic region of CpAEC. Primers used for diagnostic PCRs are indicated. Primers and

destination vectors are not drawn to scale.
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Figure S5 | Confirmation of CpAEC deletion. (A) Diagnostic PCRs of Acpaec mutants
and Cp20.1. For the deletion mutants a homologous integration event is documented by
amplification of 5’and 3" diagnostic fragments, resp., while lack of the wild type control
fragments proves the absence of the wt gene in the mutants (M — GeneRuler 1 Kb plus
DNA ladder, Thermo Scientific). (B) Southern Blot analyses of Acpaec mutants. Sall
digested genomic DNA of Cp20.1 and the Acpaec mutants were probed with the 3’-flank of
cpaec. Lack of wt fragment and single integration of the replacement fragment is evident
for Acpaec189/190/227, while Acpaec116 has ectopic insertion.
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Figure S6 | Complementation of Acpaec mutants. Free active IAA content in freeze-
dried mycelium (A) and modified Mantle medium (B) after 7 days cultivation. Graphs
represent the values of six independent biological replicates. Cp20.1 — WT Claviceps
purpurea 20.1, Acpaecl89 - deletion mutant of CpAEC, AEC°F:Acpaecl89 -
complemented mutant with constitutive CpAEC expression, AECNAT::Acpaecl89 —
complemented mutant with CpAEC expression controlled by native promotor. a, b
represent significant differences according to Student’s unpaired t-test at P<0.05, when
compared to Cp20.1 or Acpaecl89 respectively.
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Summary

Disease symptoms of some phytopathogenic fungi are
associated with changes in cytokinin (CK) levels. Here,
we show that the CK profile of ergot-infected rye plants
is also altered, although no pronounced changes
occur in the expression of the host plant’s CK
biosynthesis genes. Instead, we demonstrate a clearly
different mechanism: we report on the first fungal de
novo CK biosynthesis genes, prove their functions
and constitute a biosynthetic pathway. The ergot
fungus Claviceps purpurea produces substantial
quantities of CKs in culture and, like plants, expresses
enzymes containing the isopentenyltransferase
and Jonely guy domains necessary for de novo
isopentenyladenine production. Uniquely, two of
these domains are combined in one bifunctional
enzyme, CpIPT-LOG, depicting a novel and potent
mechanism for CK production. The fungus also forms
trans-zeatin, a reaction catalysed by a CK-specific
cytochrome P450 monooxygenase, which is encoded
by cpp450forming a small cluster with cpipt-log. Dele-
tion of cpipt-log and cpp450 did not affect virulence of
the fungus, but Acpp450 mutants exhibit a hyper-
sporulating phenotype, implying that CKs are environ-
mental factors influencing fungal development.

Introduction

Phytohormones are not exclusively synthesized by plants,
but are also produced by plant-interacting bacteria and
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fungi, which seemingly exploit the hormones’ biological
activities to reprogram the host plant’s cells for their own
benefit. It is possible that the biosynthesis of these com-
pounds in microorganisms differs from that in plants. For
example, higher plants and the fungus Fusarium fujikuroi
produce structurally identical gibberellins. However, their
biosynthetic pathways have fundamentally different reac-
tion sequences, involve different enzymes and differ in
their genetic organization (Hedden et al., 2001). Two inde-
pendent biosynthetic pathways for the main natural auxin,
indole-3-acetic acid, have been identified in bacteria and
plants; both of these pathways are also known in fungi
(Tsavkelova et al., 2012). The biosynthetic pathways of
cytokinins (CKs) in plants and plant-associated bacteria
have been investigated intensively (Frébort et al., 2011).
However, to date neither the CK biosynthetic pathway nor
the corresponding genes have been identified in fungi.
CKs were originally defined as cell division-promoting
compounds (Skoog and Armstrong, 1970). However, it
has since been shown that they also play central roles in
plant development and growth by regulating senescence,
apical dominance, seed dormancy, root proliferation,
nutritional signalling, and responses to biotic and abiotic
stimuli (Galuszka etal., 2008). Natural CKs consist
of an adenine core with isoprenoid side-chain substituents
at the N°®-terminus. CK sugar conjugates such as
nucleosides, nucleotides and glucosides may also be
formed. However, only the free base forms are considered
to be biologically active in plant cells; the other conjugates
are less active or inactive, and serve as translocation
or storage forms (Sakakibara, 2006). The CK pool in
plants is largely formed via two major biosynthetic
pathways. The first involves a transfer RNA (tRNA)
isopentenyltransferase (EC 2.5.1.75; tRNA-IPT), which
isoprenylates specific adenosine moieties of certain
tRNAs to increase the fidelity of translation by stabilization
of codon—-anticodon binding (Konevega etal,, 2006).
These modified tRNAs are present in most kinds of
organisms (Persson et al., 1994), and their degradation
contributes to the CK pool (Miyawaki et al.,, 2006). The
bulk of the plant CK pool is formed de novo via the second
pathway. The first step of this pathway is catalysed by
an adenylate IPT (EC 2.5.1.112), which transfers an
isoprenoid moiety from dimethylallyl diphosphate
(DMAPP) to the N®-position of adenosine triphosphate or
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diphosphate, forming a nucleotide of isopentenyladenine
(iP) (Kakimoto, 2001; Takei etal., 2001). This can be
further hydroxylated to form trans-zeatin (Z) riboside
dihosphates or triphosphates by a P450 monooxygenase
(Takei etal., 2004). The subsequent conversion of the
resulting CK nucleotides into free bases is catalysed by a
protein with CK-specific phosphoribohydrolase activity
known as lonely guy (LOG) (Kurakawa et al., 2007).

Beyond their functions in plant development, CKs have
been associated with plant-microorganism interactions
that induce malformations of plant tissue such as flower
deformation following Fusarium moniliforme infection
(Van Staden and Nicholson, 1989; Jameson, 2000). In
mycorrhizal symbiosis, the CK level is increased and
the plant hormone can act as a signal, activating early
nodulation genes (Van Rhijn et al., 1997; Miransari et al.,
2014). Microorganisms may indirectly influence the CK
level by modulating the host’s CK biosynthesis or manipu-
late it directly by de novo synthesis of new CKs. One
well-known example of the host modulation strategy is
that used by the gall-forming bacterium Agrobacterium
tumefaciens. An ipt gene (tmr) located on the T-DNA
region of the Ti-plasmid is integrated into the host genome
during infection. The pathogen-derived IPT is then acti-
vated inside the host cell, leading to the accumulation of
high amounts of {Z and the induction of tumorigenesis
(Akiyoshi et al., 1984). In contrast, the causal agent of
leafy galls, Rhodococcus fascians, produces a mixture of
CKs directly via the action of the fas-operon. The pro-
posed biosynthetic pathway is similar to that seen in
plants, involving an IPT as well as a cytochrome P450
monooxygenase and a LOG homologue (Murphy et al.,
1997; Pertry et al., 2009).

Various apparent cases of fungal CK production have
been reported. For example, early studies on mycorrhizal
fungi revealed CK production by Rhizopogon
ochraceorubens A. H. Smith and Rhizopogon roseolus
(Miller, 1967; Crafts and Miller, 1974). Furthermore,
axenic cultures of the hemi-biotrophic fungi Pyrenopeziza
brassicae and Magnaporthe oryzae contain significant
amounts of isoprenoid CKs (Murphy et al., 1997; Jiang
etal., 2013), as do those of the biotrophs Cladosporium
fulvum (Murphy et al., 1997) and Ustilago maydis (Stacey
et al,, 2011). In addition, the ‘green islands’ formed when
Colletotrichum graminicola infects maize are CK rich
(Behr et al., 2012).

The ergot fungus Claviceps purpurea is a biotrophic
pathogen that infects the flowers of young unfertilized
grasses. It enters the plant through the pistil and grows in
a strictly polar manner through the transmitting tissue to
the base of the ovary, where it taps the plant’s vascular
system to build up a persistent host—pathogen interface.
The hyphae proliferate above this site, forming a
sphacelial stroma. After 1 week, infected ears typically

exude honeydew, a sugar-rich fluid containing the conidia
of the fungus. Two weeks post-infection, honeydew for-
mation ceases and a dark purple sclerotium is formed.
During the infection process, C. purpurea keeps the plant
cells alive for an extended period of time without inducing
necrotic reactions (Tudzynski and Scheffer, 2004; Hinsch
and Tudzynski, 2015).

In this study, we report on the altered CK profile and
signalling of C. purpurea-infected rye ears. Differently
than expected not only the host, but also the fungus
is able to contribute to the CK pool during infection:
C. purpurea contains a gene cluster involved in CK
biosynthesis. To our knowledge, this is the first description
of a de novo CK biosynthesis pathway in fungi. Like
plants, the fungus contains functional IPT, LOG and P450
domains that catalyse the formation of iP and {Z.
However, whereas the IPT and LOG domains are asso-
ciated with separate enzymes in plants, they are fused in
a single bifunctional enzyme in the fungus. The physi-
ological significance of these findings and their evolution-
ary implications are discussed.

Results
CK profile of rye ears is altered after ergot infection

Disease symptoms of some phytopathogenic fungi are
associated with changes in CK levels (Behr et al., 2012;
Jiang etal, 2013). To analyse the CK profile of
C. purpurea-infected rye (Secale cereale) ears, samples
of infected plant tissue were taken 5 and 10 days post-
inoculation (dpi), corresponding to the host tissue coloni-
zation phase and the sphacelial stage respectively. In
control plants (unpollinated rye ears), zeatin-type CKs
were significantly more abundant than iP, with cis-zeatin
(¢Z) and dihydrozeatin (DHZ) riboside O-glucosides being
the dominant forms (Table 1). Shortly after fungal inocu-
lation (5 dpi), the levels of iP increased significantly, as did
those of its riboside and 9-glucoside, but the levels of
zeatin derivatives remained unchanged. Later, when the
sphacelial tissue started to form (10 dpi), the levels of
both iP- and Z-type CKs decreased; this trend was espe-
cially pronounced for the nucleotides (Table 1). The
overall levels of ¢Z derivatives did not change greatly, but
the abundance of the free base and nucleotide forms
increased dramatically at the expense of the O-glucoside
storage forms (Table 1). The CK content was also meas-
ured in infected ears at a later time point (approximately
25 dpi), when sclerotia accounted for the bulk of the mass
of the analysed material, and compared with that of non-
infected sterile ears (Table S1). The total content of Z and
iP derivatives in the sclerotia was between 2 and 10 times
greater than in the uninfected tissue; the Z derivative
profile was dominated by the free base, riboside and
storage O- and N-glucosides. Increased levels of CKs,

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 17, 2935—-2951
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Table 1. CK contents of infected and mock-treated rye ears 5 and 10 dpi.
CK metabolite Mock 20.1 infected (%) Mock 20.1 infected %
iP 3.91+£0.83 8.76 £ 1.15* 224 7.58 £1.81 8.73+1.74 115
iPR 1217 £2.97 24.88 +5.89* 205 13.16 £3.24 5.09 +1.25" 39
iPRMP 16.05 +2.82 12.56 + 2.06 78 25.75+6.24 479+£1.13" 19
iP9G 3.61+1.01 6.16 = 1.46 171 12.00 £2.60 4.85+0.88" 40
Total iP type 35.74 52.36 147 58.49 23.46 40
|74 55.32 + 4.46 58.06 = 8.00 105 95.11 £19.22 62.16 + 5.73* 65
tZR 8.89 £2.25 8.70 £2.28 98 18.49 £ 3.63 13.65+2.72 74
tZRMP 158.18 £ 35.74 152.01 £ 33.49 96 325.88 + 35.55 118.58 + 35.80* 36
tZ0G 37.71 +£11.09 32.26 + 9.67 86 47.72 +15.17 53.71 £ 12.38 113
tZROG 14.02 +1.25 14.45 +2.38 103 21.60+1.28 19.37 +1.81 90
t29G 83.34 + 14.46 80.17 £ 15.11 96 265.69 + 70.78 139.16 + 23.98* 52
Total {Z-type 357.46 345.67 97 774.49 406.63 53
cZ 11.07 £2.37 7.21+1.34 65 8.50+£0.27 51.81 +4.00* 610
cZR 9.84 £2.77 8.70+1.68 88 11.27 £ 0.68 14.66 + 2.08" 130
cZRMP LOD LOD LOD 55.75 £+ 22.73*
cZ0G 330.15 + 36.42 370.27 + 34.83 112 380.89 +79.53 365.76 + 45.17 96
¢ZROG 395.07 £ 45.06 375.71 £13.17 95 462.66 + 41.50 299.32 £ 21.35* 65
Total cZ type 746.13 761.89 102 863.32 787.30 91
DHZ 7.47 £0.58 3.03 £ 0.63" 41 9.19+1.17 33.37 £ 7.44* 363
DHZR 16.99 +1.92 6.63 £ 1.27* 39 19.44 +5.04 35.40 + 4.28* 182
DHZRMP 3.69 £ 0.62 1.96 + 0.40* 53 4.55+0.98 4.52+0.88 99
DHzZOG 47.13+14.48 57.14 £ 17.40* 121 131.07 £ 28.25 188.58 + 37.48* 144
DHZROG 269.59 +42.93 288.75 + 48.46 107 561.58 £ 157.7 198.14 + 24.25* 35
Total DHZ type 344.87 357.51 104 725.83 460.01 63

Percentages indicate the concentration of the relevant CK in the infected plants relative to that in the mock-treated controls. Four biological
replicates of infected and mock ears in both time-points were analysed, each replicate in two technical replicates. Concentrations are in
pmol g fresh weight™'. The asterisk indicates significant difference between mock and infected tissue according to Student’s unpaired ttest at

P<0.05.

¢Z0OG, cZ O-glucoside; cZR, cZ riboside; ¢ZROG, cZR O-glucoside; DHZOG, DHZ O-glucoside; DHZR, DHZ riboside; DHZRMP, DHZR
5’-monophosphate; DHZROG, DHZR O-glucoside; iP9G, iP 9-glucoside; LOD, limit of detection; {Z9G, {Z 9-glucoside; ZOG, tZ O-glucoside; ZR,

Z riboside; tZROG, ZR O-glucoside.

particularly iP derivatives, were observed in infected
plants at 5 dpi and during the sclerotial phase (25 dpi), but
the CK levels of the infected plants were lower than those
of untreated controls at around 10 dpi (Table 1; Table S1).
These results show that the hormonal levels of infected
and uninfected rye tissues differ significantly.

Rye perceives a CK signal in early infection stages

To analyse the host’s CK metabolism during the infection
process, we performed quantitative real-time polymerase
chain reaction (QPCR) of CK-related rye genes. Infected
plant tissue was sampled shortly after infection and during
the colonizing and the sphacelial stages, using mock-
treated plants as controls. The expression of 10 CK
biosynthesis genes, including three ipt and seven log
genes, and eight genes encoding CK-degrading enzymes
(CK dehydrogenases; CKX) were analysed. In addition,
because CK signal transduction in plants is mediated by a
His-Asp phosphorelay consisting of a sensory His-protein
kinase (HK) and response regulators (RRs), the expres-
sion of the putative ScHK2 and six type A ScRR genes
was also investigated (Fig. 1).

Clear differences were detected in the early infection
stage: the infected rye plants exhibited strongly enhanced
expression of five CKX genes (scckx2. 1, scckx2.2, scckx4,
scckx8, scckx9) as well as the sensory HK gene (schk2).
The expression of three RR genes (scrr4, scrr9, scrri1)
was also induced in infected plants; together, these results
indicate the perception of a new CK signal during this
phase. However, only one ipt gene (scipt10) and one log
gene (sclog7) were upregulated within the plant tissue,
while two log genes (sclog1, sclog5) appeared to be
downregulated relative to the uninfected control. In the
colonizing phase, two CKX genes (scckx4, scckx8) and
one RR gene (scrr9) remained upregulated, but the
expression of the plant’s ipt genes did not differ signifi-
cantly from that in the controls. In the sphacelial stage,
scrr9 remained upregulated, but three other RR genes
were downregulated. The expression of the host plants’ CK
biosynthesis and CK-degrading genes was virtually iden-
tical to that in the uninfected controls during this phase
(Fig. 1). Overall, these data indicate that infected plants
perceive a CK signal, especially in the early stages of
infection, but there is no pronounced change in the expres-
sion of the host plant’s CK biosynthesis genes.
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Fig. 1. CK metabolite gene expression of host plants during infection. The expression levels of CK metabolite genes (CK dehydrogenases,
scckx; His-protein kinase, schk; adenylate isopentenyltransferase, scipt; CK-specific phosphoribohydrolase ‘lonely guy’, sclog; response
regulators, scrr) were determined in ovaries infected with Cp20.1 (INF) and mock-treated ovaries (CTRL) (A) 3, (B) 6 and (C) 9 dpi.
Expression levels were normalized against those of the rye housekeeping genes scef1 (elongation factor 1) and scact (b-actin).
Measurements were done in two technical and four biological replicates in each group. The single, double and triple asterisks (*, ** and ***)
indicate significant differences between INF and CTRL according to Student’s unpaired t-tests at P < 0.05; 0.01 and 0.001 respectively.

Claviceps purpurea produces a spectrum of CKs

To determine whether the CK signal perceived by the host
plant might be induced by fungus-derived CKs, the ability
of C. purpurea to synthesize the plant hormone was

assessed. Samples from submerged cultures of wild-type
C. purpurea (strain Cp20.1) were analysed for the pres-
ence of CKs. Significant amounts of iP, {Z and ¢Z deriva-
tives were detected in lyophilized mycelia grown in two
different media (Table 2). In the nutrient-rich BIl medium,
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Table 2. CK levels in the mycelia of the wild-type C. purpurea strain Cp20.1, the Acpp450 knockout mutant and the Acpipt-log knockout mutant.

Line 20.1 20.1 Acpipt-log % Acpp450 %
CK metabolite Bll medium Mantle medium

iP 93.83 £ 28.22 45.36 + 8.71 33.34 + 8.67 74 172.18 + 17.95* 380
iPR 324.42 £54.16 6.81£1.43 8.13£0.61 119 11.75£0.51* 173
iPRMP 135.84 + 52.36 57.80+10.18 50.66 + 3.91 88 186.91 + 32.34* 323
Total iP-type 554.09 109.97 92.13 84 370.84 337
tZ 83.20 + 15.94 71.47 £14.94 13.64 £1.79* 19 1.85 £ 0.20* 3
tZR 4.37£0.78 4.52 +1.08 1.24£0.17* 27 0.22 £ 0.03* 5
tZRMP 19.05 £ 10.07 10.92 £ 1.81 6.51 £ 0.04 60 1.11+£0.27 10
tZ0G 2.33+1.44 7.07 £2.01 0.36 +0.11* 5 0.07 £ 0.00* 1
tZROG 58.93 + 35.42 12.45 £ 3.00 0.51 £0.15* 4 0.43 +£0.08* 3
Total tZ-type 167.88 106.43 22.26 21 3.68 3
cZ 28.09 + 9.41 44.79 + 2.30 40.86 + 10.14 91 34.68 + 5.07 77
cZR 14.14 £8.09 22.39+2.61 16.03 £4.95 72 11.20 £ 0.09* 50
cZRMP 134.90 + 16.35 211.64 + 45.60 207.95+17.48 98 194.30 + 5.87 92
cZ0OG 1.19+1.08 474 +£1.33 3.44 £ 0.31 73 418 £0.47 88
cZROG LOD 6.92+1.28 3.80 + 0.88* 55 17.16 £ 1.68* 248
Total cZ-type 178.32 290.48 272.08 94 261.52 90

Percentages indicate the concentration of the corresponding CK in the deletion mutant relative to that in the wild-type Cp20.1 strain. Two biological
replicates of 4-day-old cultures were analysed in two technical replicates each. The results presented are for one of the two mutants examined in
each case (Acpipt-log-2 and Acpp450-1). Concentrations are in pmol g dry weight™'. The asterisk indicates significant difference between mock and

infected tissue according to Student’s unpaired t-test at P < 0.05.

¢Z0OG, cZ O-glucoside; cZR, cZ riboside; cZROG, cZR O-glucoside; LOD, limit of detection; ZOG, #Z O-glucoside; {ZR, {Z riboside; ZROG, ZR

O-glucoside.

C. purpurea produced higher amounts of iP derivatives
(especially the riboside). Conversely, c¢Z derivatives
were most abundant in the sporulation-inducing Mantle
medium, and all three types of isoprenoid CKs were pre-
dominantly present as free bases or nucleotides.
O-glucosides were detected in lower amounts, while
N-glucosides were almost undetectable and only very
small quantities of DHZ were observed. All of the detected
CK derivatives other than the nucleotides were also
present in the cultures’ supernatants (Fig. S1).

Identification of CK biosynthetic genes in C. purpurea

The results presented above clearly demonstrate that
C. purpurea can synthesize CKs. However, the
biosynthetic pathway and proteins involved remain
unknown. To identify fungal proteins homologous to those
that catalyse CK biosynthesis in plants, BLASTp searches
were performed against the Cp20.1 database (Schardl
etal, 2013). Using the sequence of LOG5 from
Arabidopsis thaliana as a query, two annotated open
reading frames were detected: cpur2269; (E =1.8-36)
and cpur4177 (E = 1.5-23). The putative gene cpur2269
(794 bp, one 70 bp intron) encodes a protein of 240
amino acids (aa). Like plant LOGs, the gene product
was annotated as a lysine decarboxylase and contains a
CK riboside 5" monophosphate phosphoribohydrolase
domain (IPR5269); it was therefore termed cplog. The
second putative gene cpur4177 (1585 bp, one 97 bp
intron) encodes a protein of 495 aa containing the same
IPR5269 domain at the C-terminus. In addition, an IPT

domain (IPR2648) and a tRNA IPT domain (IPR2627)
were identified in the N-terminal region of this protein.
Because this gene apparently encodes a bifunctional
enzyme, it was termed cpipt-log. BLASTp analyses
showed that this gene is only conserved within the
Clavicipitaceae and Fusaria spp. (Fig. S2). In contrast,
LOG domain proteins are present in diverse fungal
species (Fig. S3).

Remarkably, cpipt-log is linked in a head-to-head orien-
tation to the putative cytochrome P450 monooxygenase
gene cp4176 (2481 bp, 5 introns, 510 aa). As secondary
metabolite genes are often clustered in fungi, this gene
was included in subsequent analyses and termed cpp450.

Expression of fungal CK biosynthetic genes

The expression patterns of the identified fungal genes in
culture and in planta were investigated at various points in
time using gPCR (Fig. 2). No clear trend was observed for
cplog; its levels of expression were similar in all tested
samples. Likewise, northern blot analyses indicated that
its expression by cultures grown in Bll and Mantle media
did not differ significantly at any time point (Fig. S4).
Cpipt-log was expressed weakly in axenic cultures. In
planta, the level of cpipt-log expression at 5 dpi was half
that observed at 3 dpi but greater than that at 10 dpi
(Fig. 2B). Cpp450 was expressed very weakly in axenic
cultures and in planta at 5 and 10 dpi. However, its
expression in planta during the early stage of infection
(at 3 dpi) was eight times stronger than in subsequent
stages in one replicate, and 30 times stronger in a second
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Fig. 2. Expression of cpipt-log and cpp450 in axenic cultures and in
planta. Expression levels were determined in the wild-type Cp20.1
strain 3, 5 and 10 dpi as well as in axenic cultures (cultivated in
Mantle medium for 4 days) by qPCR. Expression levels were nor-
malized against fungal housekeeping genes (B-tubulin, y-actin and
glyceraldehyde-3-phosphate dehydrogenase), error bars indicate
technical replicates. (A) Expression of cpp450 in two independent
experiments. (B) Expression of cpipt-log in two independent
experiments. (C) Expression of cpp450 in the Acpipt-log mutant and
the wild-type Cp20.1 in axenic cultures.

(Fig. 2A). Thus, all three genes are expressed (albeit at
different levels) in axenic cultures of C. purpurea and
infected rye plants, with cpipt-log and cpp450 being
strongly induced during the early stages of infection.

The fungal CK biosynthetic genes encode
functional enzymes

To determine whether the CK biosynthetic genes from
C. purpurea encode functional enzymes, cpipt-log and
cplog were heterologously expressed as His-tagged pro-
teins and purified to homogeneity (Fig. S5). In addition, the
IPT and LOG domains of cpipt-log were expressed sepa-
rately. The IPT domain showed strong transferase activity
when DMAPP and adenosine monophosphate (AMP)
were used as donor and acceptor, respectively (Table 3),
leading to the formation of isopentenyladenosine 5’-
monophosphate (iPRMP). CpLOG exhibited CK-specific
phosphoribohydrolase activity (Table 3), but the indepen-
dently expressed LOG domain of CpIPT-LOG did not (data
not shown). Surprisingly, the full-length CpIPT-LOG protein
clearly exhibited both enzyme activities (Table 3). When
the recombinant CplIPT-LOG protein was incubated with
low concentrations of DMAPP and AMP, iP accumulated in
the reaction mixture. However, when the substrate concen-
tration was increased to > 20 uM and the enzyme concen-
tration was increased proportionately, the intermediate
iPRMP became detectable in the reaction mixture. Thus,
cpipt-log encodes a novel bifunctional enzyme that cataly-
ses the direct synthesis of active CKs.

The enzymatic properties of the recombinant
proteins are summarized in Table 3. CpLOG shows
a slight preference for iPRMP relative to #Z riboside
5’-monophosphate (ZRMP) and c¢Z riboside 5'-
monophosphate (¢cZRMP) : iPRMP is associated with the
lowest K, value and the highest k../Kn ratio of these three
compounds. In addition to CK monophosphates, CpLOG
can hydrolyse AMP and CK diphosphates and
triphosphates, although it has dramatically lower k.o values
for these substrates (Table 3). The CpIPT-LOG has a
180-fold higher ability to synthesize iP to #Z (Table 3). The
limiting step in fZ production is the transfer of a
hydroxymethylbutenyl group from 1-hydroxy-2-methyl-2-
(E)-butenyl 4-diphosphate (HMBDP) to AMP. The kinetic
parameters of the isolated IPT domain are comparable to
those of the full-length protein (Table 3), indicating that the
LOG domain does not influence transferase activity; it
seems likely that the enzyme’s two domains operate inde-
pendently. The diphosphorylated and triphosphorylated
species adenosine diphosphate (ADP) and adenosine
triphosphate (ATP) cannot serve as acceptor substrates in
the transferase reaction catalysed by this enzyme; when
either was added to the reaction mixture, the only products
formed were the monophosphorylated iPRMP and iP. The
formation of these products was independent of the incu-
bation time and the amount formed was equimolar to the
amount of recombinant protein in the reaction mixture
(data not shown). The same production of iP and iPRMP
was observed without the addition of any acceptor to the
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Table 3. Kinetic parameters of recombinant CpIPT-LOG and CpLOG proteins.

First Second Vimax (Nnmol s mg Keat Keat/Kim
Enzyme substrate substrate Km (M) protein™) (min™) (/M)
CpLOG iPRMP . 427 +1.71 37.54 £ 8.21 20.801 8.12x 10*
ZRMP - 57.63 +10.17 45.74 £10.32 25.345 7.33 x 10°
cZRMP - 84.57 +20.15 188.06 + 31.95 104.207 2.05 x 10*
{ZRDP - 23.37 £ 2.84 0.015+0.003 0.008 5.89 x 10’
cZRDP - 76.66 + 15.69 0.093 + 0.027 0.051 1.12x10?
ZRTP - 66.58 + 14.52 0.005 +0.001 0.003 7.21 x 10"
cZRTP - 64.56 + 5.86 0.009 + 0.001 0.005 1.24 x 10"
AMP - 28.36 £ 3.20 2.045+£0.215 1.133 6.66 x 10?
ADP - 43.23 £ 14.62 0.009 + 0.003 0.005 2.01 x 10°
ATP - 73.68 + 15.12 0.005 + 0.001 0.002 5.64 x 107"
CplIPT-LOG iPRMP - 9.01£3.23 7.71+1.34 8.397 1.55 x 10*
ZRMP - 46.03 £+ 13.24 31.62 £ 10.03 34.438 1.25 x 10*
cZRMP - 61.40 £ 8.03 50.15 + 15.88 54.620 1.48 x 10*
DMAPP AMP 1.28+0.27 14.74 +£1.78 16.054 2.09 x 10°
HMBDP AMP 12.21£2.08 0.78 £0.22 0.849 1.16x 10°
AMP DMAPP 0.78 £0.31 5.26 +£2.27 5.726 1.22 x10°
AMP HMBDP 0.86+£0.12 0.66 £ 0.17 0.721 1.40 x 10*
IPT domain DMAPP AMP 1.75+0.44 14.18 +5.08 9.755 9.29 x 10*
HMBDP AMP 27.61+£6.36 0.46+£0.16 0.314 1.89 x 10?
AMP DMAPP 0.52+£0.14 2.68 £0.59 1.844 5.91 x 10*
AMP HMBDP 0.72+0.23 0.23+0.09 0.158 3.66 x 10°

The kinetic parameters for all substrates were measured as described in the Experimental procedures section. All quoted values are means based
on analyses of at least three independent reactions. Measurements were conducted at 30°C, pH 8.0, and the reactions were stopped at defined
time points. Parameters were calculated using the GRAFIT Version 4.0.12 software package.
ADP, adenosine diphosphate; ATP, adenosine triphosphate; cZRDP, cis-Zeatin riboside-5"-diphosphate; c¢ZRTP, cis-Zeatin riboside-5"-

triphosphate; ZRDP, trans-Zeatin riboside-5"-diphosphate; {ZRTP, trans-Zeatin riboside-5 -triphosphate.

reaction mixture, indicating that the product was probably
formed from AMP molecules that had bound to the active
site of the IPT domain when it was expressed bacterially,
and which could not subsequently be displaced by ADP or
ATP.

Cpipt-log, cplog and the IPT domain of cpipt-log were
overexpressed under the control of the 35S promoter in

A 358::CpLOG

wild type

358:CpIPT

A. thaliana. Homozygous 35S::CpLOG plants have longer
primary roots and significantly darker rosette leaves than
control plants (Fig. 3). Conversely, 35S::CplPT seedlings
exhibited delayed growth because of retarded root devel-
opment and also underwent premature senescence
(Fig. 3A,B,D). Cpipt-log transformants were unable to
form roots and died on selection plates, forming only

wild type C

3 L "WT
30 4 * uCplPT
25 | [ CpLOG

-
wn

Root lenght (mm)

Fig. 3. Phenotypes of 35S::CpLOG, 35S::CplPT and 35S::CplPT-LOG transgenic Arabidopsis plants. (A) Twenty-one-day-old plants of
35S::CpLOG, 35S::CplPT and the wild type grown on horizontal plates with MS phytagel. (B) Twelve-day-old seedlings of 35S::CpLOG,
35S:CplPT and the wild type grown on vertical plates with MS phytagel. (C) Thirty-day-old plants of 35S::CplPT-LOG regenerated on MS
plates with hygromycin (30 mg I'). (D) Root length of 12-day-old 35S::CpLOG, 35S::CpIPT and the wild-type seedlings grown on vertical

plates with MS phytagel; *P < 0.05, n= 30.
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bushy and stunted aerial parts (Fig. 3C). The observed
phenotypes resemble typical reactions of plants towards
CK treatment (Smart et al., 1991; Faiss et al., 1997; loio
et al., 2008). These data further support the hypothesis
that the Claviceps genes encode functional CK
biosynthesis enzymes.

The Acpipt-log and Acpp450 deletion mutants have
unique CK production profiles

In order to resolve the biosynthetic pathway of CKs in
C. purpurea, deletion strains of cpipt-log and cpp450 were
generated via a gene replacement strategy (Figs S6 and
S7). Deletion mutants were complemented by reintroduc-
ing the original wild-type genes. The CK production pro-
files of Acpipt-log, Acpp450 and the wild-type strain
Cp20.1 were determined after 4 days of cultivation in
liquid Mantle media (Table 1). Compared with the wild
type, the Acpp450 deletion mutant produces 3.3 times
higher concentrations of iP derivatives but 97% lower
concentrations of tZ derivatives. The formation of {Z was
restored in complementation strains (Fig. S1). The deple-
tion of {Z derivatives and corresponding increase in the
abundance of iP forms of CKs in Acpp450 confirms
that cpp450 encodes a CK-specific cytochrome P450
monooxygenase that catalyses the hydroxylation of iP to
form #Z. Thus, cpipt-log and cpp450 comprise a small CK
biosynthetic gene cluster.

Surprisingly, neither of the Acpipt-log mutants produced
appreciably lower concentrations of iP derivatives than
the Cp20.1 wild type. However, their production of all

detectable {Z derivatives was five times lower than that of
Cp20.1 (Table S1). To exclude the possibility that this
effect was due to a decline in cpp450 expression caused
by the integration of the replacement fragment into the
genomic region containing the closely linked cpipt-log,
the mycelia of the Acpipt-log mutants and Cp20.1 wild
type were analysed by qPCR targeting the cpp450 gene;
there was no significant difference in cpp450 expression
between the two strains (Fig.2C). The levels of
cZ-derivatives produced by the two knockout strains were
not significantly different to those produced by the wild

type.

The Acpipt-log and Acpp450 deletions do not
reduce virulence

To assess the impact of the cpipt-log and cpp450 dele-
tions on the virulence of Cp20.1, pathogenicity assays
were performed on intact rye plants and dissected rye
ovaries. Successful infection of intact rye plants can be
monitored macroscopically by considering two param-
eters: the amount and time of appearance of honeydew
and the formation of sclerotia. Of 33 rye ears inoculated
with the Acpp450 mutants, 32 showed wild-type like hon-
eydew production and sclerotia formation (Fig. 4A). In
total, 28 rye ears were inoculated with Acpipt-log. Of
these, 24 showed the typical signs of infection, resulting in
an infection rate of 86%.

Microscopic analyses of dissected rye ovaries 5 days
after inoculation with Acpp450 and Acpipt-log mutants
revealed that the mutants’ infection processes are indis-

Fig. 4. Pathogenicity assays using the

C. purpurea wild type Cp20.1 strain and the
Acpp450 and Acpipt-log deletion mutants.

(A) Rye ears were infected with conidia
suspensions of the different strains.
Honeydew formation and sclerotia formation
were monitored for 3 weeks. (B) In vitro
cultivated rye florets infected with the different
strains. After 5 days, cross-sections of the
ovaries were stained with aniline-blue (which
emits green fluorescence), allowing the
detection of fungal hyphae (indicated by
arrows) within the plant tissue by fluorescence
microscopy. The infection routes of Acpp450
and Acpipt-log are similar to those of the wild
type (bars =5 mm).
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Fig. 5. Phenotype of the Acpp450 deletion mutant and the
wild-type strain Cp20.1. Strains were cultivated on the
non-sporulation inducing BIl medium for 10 days. (A) Microscopic
analyses of Acpp450 show frequent formation of conidiophores,
which form the asexual spores of the fungus (indicated by arrows).
(B) Under these conditions, the wild-type forms long unbranched
hyphae. (C) Quantification of spore formation by the wild-type strain
and the two deletion mutants on sporulation-inducing Mantle media
after 10 days. The mutants show significantly higher sporulation
rates than the wild type. Data shown represent one out of three
biological replicates; the single and double asterisks (* and **)
indicate significant differences between Cp20.1 and the mutants
according to Student’s unpaired t-test at P < 0.05 and 0.005
respectively.

tinguishable from those of the wild type (Fig. 5B) or the
complemented strains (data not shown). This indicates
that neither cpp450 nor cpipt-log is essential for
C. purpurea virulence.

CpP450 is involved in fungal differentiation

Microscopic analyses revealed that the morphological
phenotype of Acpp450 mutants on solid Bll media differs
from that of the wild type. Whereas the wild type forms
long hyphae with relatively rare branches under these

De novo cytokinin synthesis by a fungal pathogen 2943

conditions (Fig. 5B), the mutant frequently forms
conidiophores, which arise vertically from the hyphae to
form the asexual spores of the fungus (conidia; Fig. 4A).
The so formed conidia did not differ in shape and size
from those formed by the wild type when grown on
sporulation-inducing Mantle media (data not shown).

To quantify this formation of conidia, the Acpp450
mutants as well as the corresponding complementants
and the wild-type Cp20.1 were cultivated under sporula-
tion inducing (Mantle media) and non-inducing (Bll media)
conditions. On Bll media, as expected, the wild type and
complementants showed no sporulation. In contrast, both
Acpp450 mutants sporulated frequently. This hyper-
sporulating phenotype was also visible under sporulation-
inducing conditions, which caused the Acpp450 mutants
to sporulate significantly more frequently than the wild
type (Fig. 4C).

Discussion

Previous studies have demonstrated that interactions with
phytopathogenic fungi can induce changes in plants’ CK
levels (Behr etal, 2012; Jiang et al., 2013). However,
neither the genes involved in their biosynthesis nor the
relevant fungal biosynthetic pathways have previously
been identified. This study presents the first evidence for
a fungal gene cluster associated with de novo CK
biosynthesis. The cluster was identified in the biotrophic
fungus C. purpurea and its functional characterization
suggested the existence of the CK production pathways
depicted in Fig. 6: the initial step, the formation of iP, is
catalysed by the bifunctional enzyme CpIPT-LOG. This
enzyme exhibits both the IPT activity required for
the isoprenylation of adenine and the LOG activity
required for the activation of CK nucleotides. Fungal
genome analyses indicated that bifunctional enzymes
of this sort are unique to species from the orders
Hypocreales (including the genera Fusarium, Epichloe,
Aciculosporium) and Capnodiales (e.g. Zymoseptoria;
Figs S2, S3). A similar chimeric protein encoded by the
bacterial ipt (fasD) and log (fasF) genes was recently
identified in isolates of the bacterial plant pathogen
R. fascians A21d2 but has yet to be functionally charac-
terized (Creason etal, 2014). Similarly, a fusion
combining the activity of two plant enzymes, copalyl
phosphate synthase and ent-kaurene synthase (Cps/ks),
has been identified in the phytopathogenic fungus
F. fujikuroi. Cps/ks catalyses the conversion of
geranylgeranyl diphosphate into ent-kaurene via ent-
copalyl diphosphate, a key step in gibberellic acid (GA)
biosynthesis (Tudzynski etal, 1998). The fusion of
CK-producing and CK-activating functions in a single
enzyme would give pathogenic fungi a potent tool for the
in situ production of active CKs, as demonstrated by the
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Fig. 6. Proposed de novo CK biosynthesis and tRNA degradation pathways in C. purpurea. The bifunctional enzyme CplIPT-LOG catalyses
the prenylation of AMP using DMAPP as a side chain donor, producing iPRMP. The tRNA-IPT catalyses the prenylation of tRNA either using
DMAPP or 4-hydroxy-3-methyl-2-(Z)-butenyl diphosphate [HM(Z)BDP] as a side chain donor, leading to the formation of iPRMP or cZRMP
respectively. These nucleosides are then converted into the corresponding active bases by the LOG domains of either CpLOG or CplIPT-LOG.
Hydroxylation of iP derivatives to {Z derivatives is catalysed by a cytochrome P450 monooxygenase (CpP450). Red labels indicate reactions
known to be catalysed by enzymes examined in this work; grey labels indicate reactions that may occur but are not expected to be important.
Dashed lines indicate putative reactions for which the associated enzymes are yet to be identified.

fatal disruption of seedling morphology in Arabidopsis
plants that constitutively overexpress cpipt-log (Fig. 3C).
Moreover, the IPT-LOG fusion is much more stable than
plant IPTs when prepared in a heterologous prokaryotic
system. The high potency of the novel bifunctional
enzyme is further demonstrated by the measured kinetic
constants (Km and kca) of the IPT domain, which are much
better than those estimated for plant enzymes (Kakimoto,
2001; Takei etal., 2004). However, in contrast to the
Agrobacterial |PT, which preferentially uses HMBDP to
directly produce tZ-type CKs in planta (Sakakibara et al.,
2005; Ueda et al., 2012), the transferase domain of the
Claviceps enzyme preferentially uses DMAPP. The sub-
sequent hydroxylation of iP to fZ is mediated via a
CK-specific cytochrome P450 monooxygenase encoded
by a gene adjacent to cpipt-log within the Cp20.1 genome.
Because the levels of ¢Z derivatives in cultures of
Acpp450 and Acpipt-log mutants were comparable with
those observed in wild-type cultures, it is unlikely that the
cpipt-log/cpp450 gene cluster affects the formation of
cZ-type CKs.

Because C. purpurea clearly has the ability to produce
CKs, it also presumably has the ability to manipulate
the CK levels of infected rye plants, thus potentially
changing the within-host environment in a pathogen
advantageous way. Accordingly, the abundance of the
most active CK (iP) and its deactivated metabolites
[isopentenyladenosine (iPR) and iP 9-glucoside] in
infected plants increased dramatically at 5 dpi (Table 1).
During this colonization phase, none of the plant’s

known jpt genes were significantly upregulated (Fig. 1).
However, gPCR showed that the fungal cpipt-log gene
was upregulated at 3 dpi and 5 dpi, indicating fungal CK
production at these time points (Fig. 2). The low expres-
sion of cpp450 at 5 and 10 dpi is consistent with the
measured {Z contents of the infected plants, which
were identical to those of mock-treated control plants at
5 dpi. Subsequently (at 10 dpi), the fZ content of the
infected plants fell below that of the uninfected controls
(Table 1). Treatment of monocot plant tissues with exog-
enous active CKs usually causes the upregulation of
several CK oxidase/dehydrogenase (ckx) genes and the
downregulation of ipt genes implicated in de novo CK
biosynthesis (PodleSakova et al., 2012), so the high levels
of iP (5 dpi) and the putative accumulation of {Z deriva-
tives (3 dpi) caused by the fungal infection may induce the
activity of CK-degrading enzymes. In keeping with this
hypothesis, the expression of several ckx genes was
strongly induced during the early phase of infection
(Fig. 1), and the levels of preferred CKX substrates — iP
and {Z derivatives except O-glucosides and the primary
products of plant CK biosynthesis (iPRMP and ZRMP) —
fell at 10 dpi (Table 1).

The functions of fungus-borne CKs during host coloni-
zation remain unclear because the Acpipt-log and
Acpp450 deletion mutants exhibit almost similar levels of
virulence to the wild type. Assuming that the changes
in CK production caused by these deletions in axenic
culture are reproduced in planta, it appears that fungal tZ
production is not required during the infection process.
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Furthermore, the increased iP production induced by the
Acpp450 deletion also has no adverse effect on the infec-
tion process. However, the impact of low iP production on
virulence could not be tested because surprisingly, the
production of iP-type CKs by Acpipt-log mutants was only
slightly weaker than that by the wild type. This mild reduc-
tion may be due to the activity of a tRNA-IPT and an
associated RNA degradation process. In A. thaliana, it
has been shown that this ubiquitous CK pathway
accounts for the majority of ¢Z production and also con-
tributes to the formation of iP-type CKs (Miyawaki et al.,
2006). To assess the contribution of prenylated RNA deg-
radation to the total CK pool in fungi, the CK content was
measured in the necrotrophic fungus Botrytis cinerea.
This fungus lacks genes for de novo CK biosynthesis, and
we could detect only low quantities of CKs in its cultures
(data not shown), confirming previous findings (Murphy
et al., 1997). The mycelium of B. cinerea contained similar
amounts of iP, iPR and iPRMP to those found in
C. purpurea Acpipt-log, but no other CKs except for
¢ZRMP were detectable in significant quantities. There-
fore, the remaining iP-derived CKs in the Acpipt-log
culture presumably originate from tRNA degradation. The
drastically reduced #Z levels within the Acpipt-log mutant
could be explained by the rapid conversion of iP into {Z in
the wild-type strain. However, it is not clear why the tRNA
pathway-derived iPRMP molecules are not subsequently
hydroxylated by CpP450. Interestingly, a deregulation of
iP- and {Z-type levels was also observed in the moss
Physcomitrella patens upon deletion of the tRNA-IPT
gene, indicating that both CK production pathways are
interconnected on the regulatory level (Lindner etal.,
2014). One copy of a tRNA-IPT gene is conserved in all of
the genomes of the Clavicipitaceae family that have been
sequenced to date (Fig. S2). Recent studies on the
nitrogen-fixing bacterium Bradyrhizobium, which colo-
nizes the nodules of leguminous plants’ roots, revealed a
physiological role of RNA-derived CKs. Specifically,
a strain with a defective copy of the tRNA-IPT gene
exhibit delayed nodule formation and improper nodule
development. The wild-type phenotype could be restored
by reintroducing the tRNA-ipt gene or an Agrobacterium
ipt gene from a de novo biosynthetic pathway into the
genetic background of the tRNA-IPT knock-out strain
(Podlesakova et al,, 2013). It is therefore possible that
the tRNA degradation pathway for CK synthesis may
also be physiologically relevant in C. purpurea. Notably,
nucleotides released by this pathway could be converted
into active bases by the CpLOG protein.

In general, the cis-isomer of zeatin is considered to
have much weaker biological activity than the trans-
isomer. However, ¢Z has been shown to be the dominant
CK in many monocot taxa such as the Poaceae
(GajdoSova et al., 2011). It is speculated that ¢Z may be
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important for reproductive growth after pollination
(Gajdosova et al., 2011). Interestingly, both LOG domains
present within C. purpurea use ¢ZRMP as a substrate
in vitro. As demonstrated for the IPT proteins of
A. tumefaciens, the spatial distribution of substrate and
enzyme in vivo can massively influence product formation
(Ueda etal, 2012). It is therefore possible that the
two different LOG-containing proteins expressed by
C. purpurea function in different pathways. While cpipt-log
only occurs in Clavicipitaceae and Fusaria ssp. and is
closely linked to cpp450, which shows a similar expres-
sion pattern, cplog-like genes are present in many differ-
ent species and this gene is not part of the small
biosynthetic gene cluster described herein. Furthermore,
it is constantly expressed and shows no induction in
planta (Fig. S4). It may therefore be that CpLOG is
involved in the activation of cZRMP via the tRNA degra-
dation pathway rather than de novo CK biosynthesis.
Surprisingly, the Acpp450 mutants showed a distinct
altered phenotype in axenic cultures. Sporulation was
deregulated because (i) it occurred under non-inducing
conditions and (ii) hyper-sporulation occurred under induc-
ing conditions. This phenotype indicates that cpp450 influ-
ences the fungus’ asexual reproductive behaviour, which is
governed by both genetic programming and environmental
stimuli (Park and Yu, 2012). More generally, it suggests
that hormonal balances influence fungal development.
However, the mere absence of {Z-type CKs in the Acpp450
mutant cannot explain this observation by itself because
the Acpipt-log mutant, which also has reduced {Z levels,
does not exhibit abnormal sporulation. It is possible
that the sporulation changes in Acpp450 are due to iP
accumulation or interactions between the two CK types.
Various other cases in which microorganisms produce
phytohormones that influence their own behaviour have
been reported. Forexample, in the basidiomycete Lentinus
tigrinus, CK levels vary during developmental stages. High
quantities were especially associated to basidiospore for-
mation within in the cap and to growth of vegetative hyphae
(Rypacek and Sladky, 1972; 1973). In the slime mold
Dictyostelium discoideum, iP and other CKs produced by
de novo IPT activity are essential for the initiation of sporu-
lation (Anjard and Loomis, 2008). The germination of the
resulting spores could subsequently be inhibited by
discadenine, an N3-(3-amino-3-carboxypropyl) derivative
of iP whose synthesis was proposed to be mediated by a
hypothetical discadenine synthase (lhara etal., 1980).
Similarly, the filamentous saprophyte Neurospora crassa
apparently responds to auxin treatment, which affects
conidial germination and the elongation of young hyphae
(Nakamura et al., 1978; Tomita et al., 1984). Interestingly,
the ratio of CKs to auxins influences various developmen-
tal processes in plants (Su et al., 2011), and it was recently
demonstrated that C. purpurea can produce substantial
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quantities of auxins (P. Galuszka, unpubl. data). Therefore,
similar CK—auxin interactions may be important in the
hyphae of C. purpurea.

In conclusion, CK-specific biosynthetic genes and func-
tional CK biosynthetic enzymes have been identified in
a fungus for the first time. Our results show that CK
biosynthesis by C. purpurea occurs via a different mecha-
nism to any that have previously been suggested to be
involved in fungus—plant interactions. While the increased
iP content of leaf blades of rice seedlings infected by
M. oryzae has been explained by post-transcriptional acti-
vation of plant IPTs (Jiang et al., 2013), the altered hor-
monal balance of maize plants infected by C. graminicola
is probably caused by a fungal enzyme (Behr etal.,
2012). However, there is no evidence of fungal CK
biosynthesis in either case. In contrast, the results pre-
sented herein show that C. purpurea has evolved both
mechanisms for prenylated tRNA degradation and a more
effective and potent mechanism for de novo CK produc-
tion. In addition, it was demonstrated that the differentia-
tion of the fungus is partly regulated by changes in
phytohormone levels.

Experimental procedures
Strains, media and growth conditions

The wild-type C. purpurea (Fr.) Tul. strain 20.1 (HUsgen et al.,
1999), a putatively haploid (benomyl-treated) derivative of
the standard field isolate T5 (Fr.: Fr.) Tul. isolated from
S. cereale L. (Hohenheim, Germany), was used for the gen-
eration of mutants and as the wild-type control in all experi-
ments. Mycelia were grown on complete medium BII (Esser
and Tudzynski, 1978) for cultivation and DNA isolation.
Conidia were obtained from mycelia cultivated on Mantle
medium (Mantle and Nisbet, 1976). For the CK measure-
ments, strains were grown in liquid Bll or Mantle medium
(without yeast extract). All strains were cultivated in the dark
at 26°C. Vector construction using the yeast recombinational
method was performed in the yeast strain FY834 (Winston
et al., 1995).

Nucleic acid extraction and analysis

Standard recombinational DNA methods were used as
described in Sambrook and colleagues (1989) and Ausubel
and colleagues (1987). Genomic DNA from C. purpurea was
prepared from lyophilized mycelia according to Cenis (1992).
PCR was performed as described in Sambrook and
colleagues (1989) using BioTherm Polymerase (GeneCraft).
PCR amplifications of fusion proteins or complementation
fragments were performed using the proof reading Phusion
polymerase (Finnzymes). All primers used are listed in
Table S2 and were synthesized by Biolegio (Nijmegen).
Southern blotting was performed using Hybond-N + nylon
filters (Amersham) according to the manufacturer’s protocol.
Filters were hybridized using [0-**"]-dCTP-labelled probes.
DNA sequencing was carried out as described in Moore and

colleagues (2002). Protein and DNA sequence alignment,
editing and organization were done with DNA Star (Madison).
Further sequence analyses were performed using BLAST at
the National Center for Biotechnology Information, Bethesda,
MD, USA (Altschul et al., 1997).

Replacement and complementation vector construction

All vectors were generated using the yeast recombinational
cloning method (Colot et al.,, 2006). Complementation and
fusion protein vectors were constructed based on the
described vector system (Christianson etal, 1992;
Schumacher, 2012).

CpIPT-LOG

The flanking regions of cpipt-log were amplified with the
following primers containing overlapping sequences towards
the yeast shuttle-vector pRS426 or the phleomycin resist-
ance cassette: 5F_Ipt-Log/5R_Ipt-Log for the 5’-spanning
region (1212 bp); 3F_Ipt-Log/3R_Ipt-Log (EcoRI) for the
3’-spanning region (1221 bp). The PCR products, the
linearized yeast shuttle vector pRS426 (Colot et al., 2006)
and the phleomycin resistance cassette (amplified with
primers CpBleF1/CpBleR1 from pRS426CpBle; 1847 bp)
were transformed into yeast strain FY834 for homologous
recombination. DNA was isolated from yeast cells using the
SpeedPrep yeast plasmid isolation kit (DualSystems) and
transformed into E scherichia coli. After DNA isolation, restric-
tion with EcoRlI resulted in a 4316 bp fragment that was used
to transform the 20.1 strain of C. purpurea. For construction
of the complementation vector pComp_IPT-Log, a 3214 bp
fragment containing the coding region of cpipt-log as well as
the sequences 1330 bp upstream and 250 bp downstream of
it were amplified using the primers IPT_Log_Compl_natP_fw/
IPT_Log_Compl_rev, which contain overlapping sequences
to the vector sequence of pPNDH-OCT for homologous recom-
bination. The obtained plasmid was used to transform the
C. purpurea Acpipt-log mutant strain.

CpP450

Replacement vector construction was performed in the same
way as for the deletion of cpipt-log, using the primers
5F_P450 (BamHI)/5R_P450 for the 5 flanking region
(1154 bp) and 3F__P450/3R__P450 (Hindlll) for the 3’ flank-
ing region (1122 bp) of the cpp450 gene. The 4208 bp
replacement fragment was excised by restriction with BamH]I
and Hindlll. The complementation vector pCompP450 con-
tains a 3532 bp fragment including the coding region of
cpp450 as well as 949 bp upstream and 89 bp downstream.
The fragment was cloned into the Spel/Notl restricted vector
pNDH-OCT, and the resulting plasmid was used to transform
the C. purpurea Acpp450 mutant strains.

Fungal transformation

Protoplasts were prepared from C. purpurea strains as
described previously (Jungehulsing et al., 1994). Integration
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events were confirmed by diagnostic PCR using specific
primers as indicated (Table S2). Single spore isolation was
carried out to obtain homokaryons of putative transformants.
Additionally, Southern blot analyses were performed with
each deletion mutant to confirm single integration events. For
complementation of Acpp450 and Acpipt-log, the mutants
were transformed with 10 ug of pComp:cpp450 and
pComp:cpipt-log respectively.

Expression studies and quantitative RT-PCR

For detection of fungal gene expression, cDNA of infected
and uninfected in planta material was analysed. Total RNA
was isolated using the RNeasy Midi Kit from Qiagen, and
reverse transcription PCR was performed using the Super-
script Il (Invitrogen) and 2 pg of total RNA as a template,
according to the manufacturer’s instructions. gPCR reactions
were performed with the Bio-Rad iQ SYBR Green Supermix
and the iCycler Thermal Cycler (Bio-Rad). Programming,
data collection and analyses were performed with the
ICYCLER 1Q REAL-TIME DETECTION SYSTEM SOFTWARE
Version 3.0 (Bio-Rad). The expression of all tested fungal
genes was normalized to the expression of genes encod-
ing B-tubulin  (CCE34429.1; Tub_uni/Tub_rev), v-actin
(AEI72275.1; Actin_uni/Actin_rev) and glyceraldehyde-3-
phosphate dehydrogenase (X73282.1; Gpd_uni/Gpd_rev) as
described in Giesbert and colleagues (2008). Expression was
verified in at least two independent biological replicates.

For detection of rye gene expression, cDNA of infected and
uninfected in planta material was analysed. Total RNA was
isolated using the RNAqueous kit and Plant RNA Isolation Aid
solutions (Life Technology). The isolated RNA was treated
twice with Ambion’s TURBO DNase-free kit (Life Technol-
ogy), and first-strand cDNA was synthesized using the
RevertAid H Minus Moloney murine leukemia virus reverse
transcriptase with an oligo(dT) primer (Thermo Scientific).
qPCR reactions were performed with TagMan Gene Expres-
sion Master Mix on a ViiA7 Real-Time PCR System (Life
Technology) using a default program. Primers and Tagman
probes for all rye genes, listed in Table S2, were designed
using PRIMER EXPRESS 3.0 (Life Technology). Each sample
was processed in four biological replicates, and at least two
technical replicates were run for each biological replicate.
Expression values were determined and statistically evalu-
ated using DATAAsSIST v3.0 (Life Technologies). CK-related
genes with detectable expression in developing rye ears
were found in RNA-seq data generated from a library pre-
pared from infected rye ears (B. Oeser, J. Hinsch and P.
Tudzynski, unpubl. data). Genes for RR, HK and LOG were
numbered based on the closest rice orthologues (lto and
Kurata, 2006; Kurakawa et al., 2007) while those for CKX,
IPT, b-actin and elongation factor 1 were based on barley
orthologues (Mrizova etal., 2013). Predicted sequences
were deposited in the NCBI database (Table S2).

Production of recombinant proteins

The coding regions of cpipt-log and cplog as well as the IPT
domain of cpipt-log (from the start codon to the beginning of
the intron at position 880) and the LOG domain of cpipt-log
(from ATG at position 1055 to the stop codon) were synthe-
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sized with codon optimization for E. coli expression by
GeneArt service (Invitrogen) and subcloned with Ndel and
Hindlll overhangs into the pET28a(+) vector to generate
N-terminal His-tagged recombinant proteins. Escherichia coli
BL21 Star (DE3) transformed with these constructs was
grown in Luria Broth medium supplemented with kanamycin
at 37°C until the ODsgy reached 0.6. Expression was
induced by treatment with 0.4 mM isopropyl [-D-1-
thiogalactopyranoside, after which the cells were incubated
for 17 h with vigorous shaking at 18°C. Harvested cells were
dissolved in lysis buffer (50 mM phosphate buffer, pH 8.0,
supplemented with 0.3 M NaCl, 20% glycerol and 1 mM
phenylmethylsulfonyl fluoride) and then disrupted using a
French press at 25 000 psi. The cell lysate was clarified by
centrifugation at 20 000 g, after which the supernatant was
repeatedly loaded onto an equilibrated HisPur Cobalt column
(Thermo Scientific) overnight. The column was subsequently
washed with lysis buffer supplemented with 20 mM and
60 mM imidazole. The protein was then eluted with 120 mM
imidazole, dialysed against lysis buffer without imidazole and
concentrated using an ultrafiltration cell with a 10 kDa cutoff
membrane.

IPT and LOG activity assay

Purified protein (25-70 pg) was added to the reaction mixture
(IPT or IPT-LOG coupled reaction: 30 mM Tris/acetate,
pH 8.0; supplemented with 1 M betaine, 20 mM MgCl,
and 5mM B-mercaptoethanol; LOG reaction: 100 mM
K*phosphate buffer, pH 7.0). Kinetic parameters were deter-
mined using a reaction mixture containing 100 uM DMAPP or
HMBDP (Echelon Biosciences, Salt Lake City, UT, USA) as
the donor substrate and 0.5-25 uM AMP, ADP or ATP as the
acceptor, or 100 uM AMP as acceptor and 0.5-25uM
DMAPP or HMBDP as donor respectively. In the case of LOG
reaction, iPRMP, fZRMP, cZRMP (OIChemIm) and the corre-
sponding diphospahtes and triphosphates (BIOLOG Life
Science Institute, Bremen, Germany) were used as sub-
strates at concentrations of 1-50 uM. After incubation for
10 min (or 30 min with weak substrates) at 30°C, the reac-
tions were stopped by adding an equal volume of ethanol and
heated for 5 min at 90°C. The samples were then purified by
passage through 0.22 um nylon filters and injected onto a
C18 reverse-phase column (ZORBAX RRHD Eclipse Plus
1.8 um, 2.1 x 50 mm; Agilent) coupled to an Ultra perfor-
mance liquid chromatograph (Shimadzu Nexera). The
column was eluted with a linear gradient of 15 mM ammo-
nium formate, pH 4.0 and methanol (B): 0 min, 5% B;
2-8 min, 70% B; flow rate of 0.40 ml min~'; column tempera-
ture of 40°C. Peaks were compared with injected standards
(OIChemIm), and activity was calculated from subtracted
peak areas using LABSOLUTIONS software (Shimadzu).
Kinetic parameters were calculated using GRAFIT Version
4.0.12. To determine the kinetic parameters of CpIPT-LOG for
reactions involving DMAPP or HMBDP and AMP, excess
(1 ug) CpLOG was added to the reaction mixture and a
reaction rate was calculated in terms of newly formed iP.

Preparation of transgenic Arabidopsis plants

The cDNA sequences of cpipt-log, cplog and the IPT domain
of cpipt-log were subcloned with Asp718 and Xbal overhangs
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into a binary pBINHygTx vector downstream of the CaMV
35S promoter (Gatz et al., 1992). Agrobacterium tumefaciens
strain GUS3101 harbouring the binary vectors with different
transgenes was used to transform the A. thaliana ecotype
Col-0 via the flower-dip procedure with vacuum infiltration
(Clough and Bent, 1998). Transformed Arabidopsis plants
were grown in a greenhouse until seed production. T1
progeny seeds of Arabidopsis transformants were surface
sterilized and germinated on Murashige—Skoog phytagel
(pH 5.7) supplemented with hygromycin (30 mg I"") in a con-
trolled environment chamber (12 h light, 5000 Lux, 21°C/12 h
darkness, 18°C). Resistant seedlings were transferred to soil
and placed in the greenhouse. Several homozygous lines for
the cplog and cpipt constructs with a single integration were
selected from T2 progeny because of Mendel’s segregation
laws on the phytagel plates with the selection. Root lengths
were calculated with EZ RHizo software (Armengaud et al.,
2009).

Fungal CK measurements

Stable isotope-labelled CK internal standards (OlChemim)
were added, each at 1 pmol per sample, to check the recov-
ery during the purification and to validate the determination.
The samples were extracted with methanol/H.O/formic acid
(15:4:1, v/v/v), and clarified supernatants were subjected to
solid phase extraction. First, non-polar compounds were
removed on Speed SPE Octadecyl C18 cartridges (Applied
Separation). Subsequently, basic compounds together with
CKs were retained on Oasis MCX cartridges (Waters). The
eluates were evaporated to dryness and the obtained solids
dissolved in 20 pl of the mobile phase used for quantitative
analysis. The samples were analysed by ultra-high perfor-
mance liquid chromatography (Acquity UPLC; Waters)
coupled to a Xevo TQ-S (Waters) triple quadrupole mass
spectrometer equipped with an electro-spray interface. The
purified samples were injected onto a C18 reversed-phase
column (BEH C18; 1.7 um; 2.1 x50 mm; Waters). The
column was eluted with a linear gradient (0 min, 10% B;
0-8 min, 50% B; flow-rate of 0.25 ml min~'; column tempera-
ture of 40°C) of 15 mM ammonium formate (pH 4.0, A) and
methanol (B). Quantification was achieved by multiple reac-
tion monitoring of [M + H]* and the appropriate product ion.
Quantification was performed with the MASSLYNX program
(Waters) using a standard isotope dilution method. The ratio
of endogenous CK to the appropriate labelled standard was
determined and further used to quantify the level of endog-
enous compounds in the original extract, according to the
known quantity of the added internal standard.

Samples, whose CK contents are presented in Fig. S1,
were eluted from Oasis MCX cartridges and purified by
loading onto immuno-affinity columns with specificity toward
isoprenoid CKs (OIChemIm) and after the elution and evapo-
ration applied onto a C18 reverse-phase column (ZORBAX
RRHD Eclipse Plus 1.8 um, 2.1 x 50 mm, Agilent) coupled
to Ultra performance liquid chromatography (Shimadzu
Nexera). The column was eluted with a linear gradient of
15 mM ammonium formate, pH 4.5 and methanol (B): 0 min,
5% B; 2—-28 min, 50% B; flow rate of 0.40 mI min~'; column
temperature of 40°C. Peaks were compared with injected
standards (OIChemlIm), and activity was calculated from

subtracted peak areas using LABSOLUTIONS software
(Shimadzu). The unretained fraction from the immuno-affinity
column was treated with alkaline phosphatase (Thermo Sci-
entific) for 1 h at 37°C and purified again on the immuno-
affinity column to estimate the samples’ contents of CK
riboside monophosphates.

Plant growth conditions, infection, and sampling

Pathogenicity assays were performed using the cytoplasmic
male sterile S. cereale Lo37-PxLo55-N (KWS Lochow
GmbH) cultivar, which was cultivated in growth chambers
under conditions of 15 h light (8000 Lux; 16—18°C)/9 h dark-
ness (13-15°C). Before planting, seeds were stratified for
5-6 weeks at 1-2°C and vernalization took place in soil/
compost 3:2 at 14-15°C (day) and 9—10°C (night) with 9 h
light (6000—-10 000 Lux). For in planta pathogenicity assays,
florets of blooming ears (30-40 ear™') were inoculated with
5 ul of a suspension containing about 10° mI~" conidia col-
lected from Mantle agar, as described in Tenberge and
colleagues (1996). To avoid cross-contamination, the ears
were covered with paper bags directly after inoculation. For in
planta measurements of CK levels, three ears per sample
were infected with conidia of C. purpurea or mock treated
with water. Ears were harvested and directly frozen in liquid
nitrogen before being pulverized to facilitate further analysis.
The in vitro pathogenicity assay was performed as described
in Scheffer and Tudzynski (2006).

Microscopic analyses

For microscopic studies in planta, rye ovaries were stained
with KOH-aniline-blue as described previously (Scheffer and
Tudzynski, 2006) and examined with a Zeiss DiscoveryV20
stereo microscope fitted with an AxioCam MRc camera
(Zeiss). Image analysis was performed with AXIOVISION REL
4.8 software (Zeiss).
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Supporting information

Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Fig. S1. Cytokinin content in mycelia (A) and media (B) of
C. purpurea wild-type strain Cp20.1, knock-out strains and
respective complementants. Sum of all iP, #Z and c¢Z types of
cytokinin is presented. Mycelia were cultivated for 4 days in
Mantle media in two biological replicates before purification
via immunoaffinity columns and high-performance liquid
chromatography analysis.

Fig. S2. Phylogenetic tree of IPT domains. The tree was
done with MUSCLE, GBLOCKS, PHYLML and TREEDYN over the
webpage of http://www.phylogeny.fr. Descriptions used in the
tree indicated the presence of certain InterProScan domains:
tRNA-IPTs:  IPR2627  (tRNA isopentenyltransferase);
IPR18022 [tRNA A(2)-isopentenylpyrophosphate trans-
ferase]; put_tRNA_IPT_LOGs: IPR2627 (tRNA
isopentenyltransferase) + IPR5269  (cytokinin  riboside
5’-monoP phosphoribohydrolase LOG); IPT-LOGs: IPR2648
(isopentenyltransferase) + IPR5269  (cytokinin  riboside
5’-monoP phosphoribohydrolase LOG).

Fig. S3. Phylogenetic tree of LOG domains. The tree was
done with MUSCLE, GBLOCKS, PHYLML and TREEDYN over the
webpage of http://www.phylogeny.fr. Descriptions used in the
tree indicated the presence of certain InterProScan domains:
LOGs: LOG: IPR0005269 (cytokinin riboside 5’-monoP
phosphoribohydrolase LOG); put_tRNA_IPT_LOGs:
IPR2627 (tRNA isopentenyltransferase) + IPR5269 (cyto-
kinin riboside 5-monoP phosphoribohydrolase LOG); IPT-
LOGs: [IPR2648 (isopentenyltransferase )+ IPR5269
(cytokinin riboside 5-monoP phosphoribohydrolase LOG).
Fig. S4. Expression of cplog in axenic culture and in planta.
(A) Expression levels were determined in the wild-type
Cp20.1 during infection 3, 5 and 10 as well as in axenic
cultures (cultivated in Mantle medium for 4 days) by qPCR.
Expression levels were normalized to fungal housekeeping
genes (B-tubulin, y-actin, and glyceraldehyde-3-phosphate
dehydrogenase). One experiment is exemplarily shown.
(B) Northern blot analyses were performed with RNA
isolated from Cp20.1 cultivated in BIl and Mantle media for 3
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and 4 days. The coding sequence of cplog was used as a
probe.

Fig. S5. Expression of recombinant Claviceps enzymes.
Purified proteins were separated by NUPAGE SDS-PAGE
(Thermo Scientific); lane 1, recombinant CplIPT-LOG
(57 kDa); lane 2, recombinant IPT domain (36 kDa) from
CplIPT-LOG; lane3, recombinant CpLOG (29 kDa). The size
of the protein molecular mass marker is indicated to the right
of the gel.

Fig. S6. Generation of the Acpp450 mutants. (A) The
replacement vector was obtained by the yeast
recombinational method. It was constructed by cloning the 3’
and 5" flanking regions of cpp450 on each side of the
phleomycin resistance cassette into the yeast shuttle vector
pRS426 plasmid (see Experimental procedures for further
details). The resulting replacement fragment was used to
transform C. purpurea wild type strain Cp20.1. (B) The
mutants were generated by homologous integration of the
resistance cassette via a double cross over event between
the homologous regions of the replacement fragment and the
genomic region of cpp450. Primers used for diagnostic PCRs
are indicated. Primers and destination vectors are not drawn
to scale. (C) Diagnostic PCRs of Acpp450 mutants and
Cp20.1. For the deletion mutants, a homologous integration
event is documented by amplification of 5’and 3" diagnostic
fragments, resp., while lack of the wild-type control fragments
proves the absence of the wt gene in the mutants (A restricted
with Hindlll, fragment sizes are indicated on the left). (D)
Southern blot analyses of Acpp450 mutants. Xhol digested
genomic DNA of Cp20.1 and the Acpp450 mutants were
probed with the 3’-flank of cpp450. Lack of wt fragment and
single integration of the replacement fragment is evident.
Fig. S7. Generation of the Acpipt-log mutant. (A) The
replacement vector was obtained by the yeast
recombinational method. It was constructed by cloning the 3’
and 5’ flanking regions of cpipt-log on each side of the
phleomycin resistance cassette into the yeast shuttle vector
pRS426 plasmid (see materials and methods for further
details). The resulting replacement fragment was used to
transform C. purpurea wild type strain Cp20.1. (B) The
mutant was generated by homologous integration of the
resistance cassette via a double cross over event between
the homologous regions of the replacement fragment and the
genomic region of cpipt-log. Primers used for diagnostic
PCRs are indicated. Primers and destination vectors are not
drawn to scale. (C) Diagnostic PCRs of Acpipt-log and
Cp20.1. For the deletion mutant, a homologous integration
event is documented by amplification of 5’and 3’ diagnostic
fragments, resp., while lack of the wild-type control fragments
proves the absence of the wt gene in the mutant (A restricted
with Hindlll, fragment sizes are indicated on the left). (D)
Southern blot analyses of Acpipt-log. Kpnl digested genomic
DNA of Cp20.1 and Acpipt-log was probed with the 5’-flank of
cpipt-log. Lack of wt fragment and single integration of the
replacement fragment is evident.

Table S1. Cytokinin content in infected ears with fully devel-
oped sclerotia and non-infected sterile rye ears (25 dpi).
Table S2. Oligonucleotide primers used in this study.
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It has long been known that hormones affect the interaction of a phytopathogen with
its host plant. The pathogen can cause changes in plant hormone homeostasis directly
by affecting biosynthesis or metabolism in the plant or by synthesizing and secreting
the hormone itself. We previously demonstrated that pathogenic fungi of the Fusarium
species complex are able to produce three major types of hormones: auxins, cytokinins,
and gibberellins. In this work, we explore changes in the levels of these hormones in
maize and mango plant tissues infected with Fusarium. The ability to produce individual
phytohormones varies significantly across Fusarium species and such differences likely
impact host specificity inducing the unique responses noted in planta during infection.
For example, the production of gibberellins by F. fujikuroi leads to elongated rice stalks
and the suppression of gibberellin biosynthesis in plant tissue. Although all Fusarium
species are able to synthesize auxin, sometimes by multiple pathways, the ratio of its free
form and conjugates in infected tissue is affected more than the total amount produced.
The recently characterized unique pathway for cytokinin de novo synthesis in Fusarium
appears silenced or non-functional in all studied species during plant infection. Despite
this, a large increase in cytokinin levels was detected in F. mangiferae infected plants,
caused likely by the up-regulation of plant genes responsible for their biosynthesis.
Thus, the accumulation of active cytokinins may contribute to mango malformation of
the reproductive organs upon infection of mango trees. Together, our findings provide
insight into the complex role fungal and plant derived hormones play in the fungal-plant
interactions.

Keywords: auxin, cytokinin, Fusarium, host-pathogen interaction, gibberellin, mango malformation disease
(MMD)
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Vrabka et al.

Phytohormones in Fusarium-Maize Interaction

INTRODUCTION

The genus Fusarium is a filamentous fungus found readily in
soil around the world and associated with multiple crop species.
Although it can interact with plants as an endophyte, its growth
as a biotroph, hemibiotroph, or necrotroph cause significant
agronomic losses worldwide. Currently, the genus Fusarium is
divided into 20 species complexes and nine monotypic lineages
(O’Donnell et al., 2013). Species from the Fusarium fujikuroi
complex (FFC) are best known for their ability to induce
diseases such as “bakanae” in rice (Matic et al., 2017), ear and
stalk rot in maize (Presello et al., 2008), pitch canker in pine
(Gordon, 2006) and mango malformation disease (MMD) in
mango (Freeman et al, 2014). Some disease symptoms can be
clearly linked to hormone production by the fungi. In fact,
culture filtrate of Fusarium fujikuroi (Gibberella fujikuroi) was
the first source from which gibberellins (GAs) were isolated and
identified several decades ago (Hedden and Sponsel, 2015). It was
only later discovered that GAs are ubiquitous plant hormones
that promote normal stem elongation. The contribution of
additional GAs to infected rice plants by F. fujikuroi leads to
abnormally long stems which is the typical “bakanae” symptom
observed. The gene cluster responsible for GA synthesis in
F. fujikuroi has been extensively characterized (Tudzynski and
Holter, 1998).

The production of other hormones such as cytokinins (CKs),
auxins and ethylene by fusaria was first suggested over 35 years
ago based on their detection in culture filtrates (Manka, 1980;
Van Staden and Nicholson, 1989; Thakur and Vyas, 1983).
CKs can be produced by the tRNA decay pathway, which is
conserved in almost all living organisms, or by de novo synthesis.
The tRNA pathway was shown to contribute to CK content in
some fungi including Claviceps purpurea (Chanclud et al., 2016;
Hinsch et al., 2016; Morrison et al., 2017). Recently, we found
evidence for possible de novo CK synthesis by members of
the FFC based on whole genome sequence analysis (Nichaus
et al., 2016). We identified two homologous gene clusters,
designated CK1 and CK2 located near the GA gene cluster. Each
cluster contains two genes: IPTLOG and P450. IPTLOG codes
for an enzyme with dual activity: the isopentenyl transferase
domain (IPT) is responsible for the conjugation of dimethylallyl
pyrophosphate with ATP to form a CK precursor, which is
then hydrolyzed by the phosphoribohydrolase domain (LOG)
to form the CK isopentenyladenine (iP). P450 codes for a
putative cytochrome P450 monooxygenase which catalyzes the
hydroxylation of iP to form the CK trans-zeatin (tZ; Hinsch et al.,
2015).

The major auxin indole-3-acetic acid (IAA) can be produced
by at least three pathways. The indole-3-acetamide (IAM)
pathway, present in all FFC species, converts tryptophan into
TIAA via an TAM intermediate (Tsavkelova et al., 2012). The
orchid endophytic F. proliferatum ET1 synthesizes the most
IAA among the Fusarium examined via the IAM pathway
(Tsavkelova et al., 2012). The second pathway involves indole-
3-acetaldehyde and is likely responsible for the low level of
auxins produced by all other Fusarium as this intermediate was
detected in mycelium as well as in media of several FFC species

(Niehaus et al., 2016). In the smut fungus Ustilago maydis, two
genes encoding an indole-3-acetaldehyde dehydrogenase and a
tryptophan aminotransferase were characterized as responsible
for TAA production (Reineke et al., 2008). A possible third
pathway for auxins could be mediated by a Fusarium gene with
homology to the plant gene YUCCA, which codes for a key
enzyme in plant auxin biosynthesis (Kasahara, 2015) located
between the GA and CK clusters. A contribution of the possible
YUCCA pathway to auxin production in fungi has not been yet
functionally proved.

The phytohormones jasmonates, salicylic acid (SA), ethylene
and abscisic acid play a vital role defending plants against
fungal pathogens such as Fusarium oxysporum (Dempsey
and Klessig, 2012; Di et al, 2016). In contrast, the role
of CKs and auxins is poorly understood. In some fungus-
host interactions, CKs are essential for full virulence of the
pathogen (Chanclud et al., 2016; Hinsch et al., 2016). In Ustilago
maydis, the loss of CK production leads to fewer and smaller
tumors in maize (Morrison et al., 2017). The CKs detected in
Magnaporthe oryzae infected rice leaves have been proposed
to serve as a signal to mobilize nutrients, to increase levels of
photosynthesis in host leaves or to activate SA-mediated defense
responses (Jiang et al., 2013). In F. mangiferae infected mango
trees, changes in CK and GA levels are associated with the
inflorescence and vegetative malformations and reduction in
fruit yield (Bist and Ram, 1986; Nicholson and van Staden,
1988).

In addition to changes in GA content in rice seedlings
infected by F. proliferatum, IAA content was twofold higher
in leaves and 1.5-fold lower in roots of a susceptible cultivar.
In contrast, changes in a resistant cultivar of the same
magnitude were reversed (Quazi et al., 2015). IAA contributes
to host vulnerability to a pathogen by inducing acidification
and loosening of the cell wall. Resistance to pathogens has
been attributed to IAA-amino acid conjugating enzymes which
lead to IAA deactivation (Fu et al, 2011). Some bacterial
and fungal pathogens can “hijack” auxin metabolism in plant
hosts leading to more TAA-aspartic acid (IAA-Asp) conjugate,
known to have a role in disease promotion (Gonzalez-
Lamothe et al., 2012). Arabidopsis roots and leaves infected
with F. oxysporum, and causing wilt disease, show alterations
in auxin homeostasis and an up-regulation of plant genes
implicated in auxin biosynthesis. However, plant mutants in
genes related to auxin synthesis or application of exogenous
auxin did not show changes in susceptibility or resistance
to this pathogen while mutants defective in auxin signaling
and transport conferred pathogen resistance, suggesting a
role for auxin in modulating defense responses (Kidd et al.,
2011).

In the present study, we examined the relative differences
in three major groups of hormones, GAs, auxins and CKs, in
plant tissues infected by wild-type (WT) and mutant species
of the F. fujikuroi complex (FFC). We also examined how
FFC species impact expression of maize CK genes during
an infection. Finally, the hormonal role in pathogenicity
and symptom development (e.g, MMD in mango) is
discussed.
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MATERIALS AND METHODS

Fungal Strains

F. fujikuroi (Ff) IMI58289 (Commonwealth Mycological
Institute, Kew, United Kingdom) served as wild type (WT),
GA-producing strain. The mango pathogen F. mangiferae
MRC7560 (Fm), originating in Israel, is deposited in the
culture collection of the Medical Research Council (MRC)
(Tygerberg, South Africa). F. proliferatum NRRL 62905 (Fp_N),
F. proliferatum ET1 (Fp_E) and F. verticillioides M-3125 (Fv)
(Fungal Genomics Stock Centre, Kansas State University,
FGSC 7600) were provided by Elena Tsavkelova, Moscow
State University, Russia, Robert Proctor and Daren W. Brown,
United States Department of Agriculture, United States,
respectively. The following strains were previously described and
were derived from the strains listed above: Ff TAA, Fp_E TAA,
Fm_IAA, Fv_IAA overexpressing both IAAM, coding for a
tryptophan monooxygenase and IAAH, coding for an indole-3
acetamide hydrolase; Fp_E ILI, Fm_IL1, Ff IL1 and Fv_ILI
overexpressing IPTLOGI; Fp_E_IL2, Fm_IL2, Ff IL2 and Fv_IL2
overexpressing IPTLOG2; Fp_E_ILI1P1, Fm_ILIP1, Ff ILIPI
and Fv_ILIP1 overexpressing both IPTLOGI and P450-1; and
Fp_E_IL2P2, Fm_IL2P2, Ff IL2P2 and Fv_IL2P2 overexpressing

both IPTLOG2 and P450-2. IPTLOG1/2 and P450-1/2 originated
from F. fujikuroi IMI58289 (Table 1) (Niehaus et al., 2016).

Generation of New Fungal Strains

Creation of deletion and overexpression vectors was
accomplished via a yeast recombinational cloning system
using Saccharomyces cerevisiae strain FGSC 9721 (FY834)
obtained from the Fungal Genetics Stock Center, Kansas State
University (Schumacher, 2012). The deletion vectors contained
about 1 kb of the 5 flank and 3’ flank of the respective target
gene that were amplified with 5F/5R and 3F/3R primers,
respectively (Supplementary Table S1). The hygromycin
resistance cassette was amplified from pSCN44 as template
with the primer pair Hph-F/Hph-R. The cassette consists of
the hygromycin B phosphotransferase gene (hph) and the trpC
promoter from Aspergillus nidulans (Staben et al., 1989). The
resistance cassette, the shuttle vector pRS426 (Christianson et al.,
1992) and the 5" and 3’ flanks were cloned into FY834 creating
vectors pAFm_IL1 and pAFm_tI. For deletion of IPTLOGI
in the AFm_tI background, a nourseothricin resistance gene
driven by the oliC promoter from A. nidulans was used. To
overexpress (OE) IPTLOGI and IPTLOG2 in F. mangiferae,
the respective genes were amplified by PCR from F. mangiferae

TABLE 1 | Strains of Fusarium species used to infect maize seedlings in the current study and their ability to produce phytohormones in axenic culture.

Strain Overexpressed genes Abbreviation Phytohormone production

GA IAA CK
F. proliferatum ET1 - Fo_E + + +
F. proliferatum NRRL62905 - Fo_N LOD + +
F. verticillioides M-3125 - Fv LOD + +
F. fujikuroi IMI58289 - Ff +++ + +
F. mangiferae MRC7560 - Fm LOD + +
F. proliferatum ET1 FplAAH, FpIAAM Fo_E_IAA ND +++ +
F. verticillioides M-3125 FpIAAH, FplAAM Fv_IAA ND +++ +
F. fujikuroi IMI58289 FpIAAH, FplAAM Ff_IAA ND +4+ ++
F. mangiferae MRC7560 FplAAH, FpIAAM Fm_IAA ND +++ +
F. proliferatum ET1 FAIPTLOGT Fo_E_IL1 ND ND +++
F. proliferatum ET1 FAPTLOG2 Fp_E_IL2 ND ND +++
F. proliferatum ET1 FAIPTLOGT, FfP450-1 Fo_E_ILT1P1 ND ND +++
F. proliferatum ET1 FAIPTLOG2, FfP450-2 Fp_E_IL2P2 ND ND +++
F. verticillioides M-3125 FAIPTLOGT Fv_IL1 ND + +++
F. verticillioides M-3125 FPTLOG2 Fv_iL2 ND ND +++
F. verticillioides M-3125 FAIPTLOGT, FfP450-1 Fv_IL1P1 ND ND +++
F. verticillioides M-3125 FAIPTLOG2, FfP450-2 Fv_IL2P2 ND + +++
F. fujikuroi IMI58289 FAPTLOGT FfL1 ND ND +++
F. fujikuroi IMI58289 FAPTLOG2 Ff L2 ND ND +++
F. fujikuroi IMI58289 FAIPTLOGT1, FfP450-1 FfIL1P1 ND ND e
F. fujikuroi IMI58289 FAPTLOG2, FfP450-2 Ff_IL2P2 ND ND R
F. mangiferae MRC7560 FAPTLOGT Fm_IL1 ND ND +
F. mangiferae MRC7560 FIPTLOG2 Fm_IL2 ND ND +
F. mangiferae MRC7560 FAPTLOG1, FfP450-1 Fm_IL1P1 ND ND +++
F. mangiferae MRC7560 FAIPTLOG2, FfP450-2 Fm_IL2P2 ND ND ++

The number of + characters indicate the levels of hormone detected compared to the respective parent or WT strain; LOD, below the limit of detection;, ND, not

determined.
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genomic DNA. The amplified genes together with a NotI and
Ncol restricted plasmid pNAN-OGG (Schumacher, 2012),
containing a hygromycin resistance cassette, were transformed
into FY834 creating vectors pOE:FmILI and pOE:FmIL2. The
PCR derived fragments were verified by sequence analysis using
the BigDye® Terminator v3.1 cycle sequencing kit and the ABI
Prism® 3730 Genetic Analyzed (Applied Biosystems, Foster City,
CA, United States).

Transformation of Fusarium spp. was carried out according
to Wiemann et al. (2013). Regeneration of transformed
protoplasts was performed over 4-5 days at 28°C in regeneration
medium (0.7M sucrose, 0.05% yeast extract) containing either
100 pg.mL~! nourseothricin (Werner-Bioagents, Germany)
or 100 pgmL~! hygromycin (Calbiochem, Germany).
Transformants were purified by single spore isolation to
homokaryons. Vector integration events were confirmed by
diagnostic PCR using appropriate primers (Supplementary
Table S1). For this work, the following F. mangiferae mutants
were generated: AFm_IL1 (deletion of IPTLOGI), AFm_tl
(deletion of tRNA-IPT), AAFm_IL1/tl (deletion of both
IPTLOGI and tRNA-IPT), Fm_FmILl (over-expression of
FmIPTLOGI), Fm_FmIL2 (over-expression of FmIPTLOG2) and
Fm_FjIL1 (over-expression of FEIPTLOGI).

Fungal Cultivation Methods

Conidial inoculum of each Fusarium strain, used for maize
seedling infections in the hydroponic system, were prepared from
7-day-old potato dextrose agar plates, cultivated at 28°C. Spores
were mechanically dislodged with a loop in 10 mL of sterile
water, filtered and the spore concentration was determined using
a Biirker counting chamber. Conidial inoculum for the maize
seedling assay in soil were prepared by growing Fusarium strains
for 3 days in mung bean medium at 28°C (Bai and Shaner,
1996).

For CK quantification, F. mangiferae strains were first
cultivated for 3 days in 300-mL Erlenmeyer flasks with 100 mL
Darken medium (Darken et al., 1959) on a rotary shaker at
180 rpm at 28°C; 500 L of this culture was then used to inoculate
100 mL of ICI (Imperial Chemical Industries, United Kingdom)
media (Geissman et al., 1966) containing 60 mM glutamine
as a nitrogen source and 40 g per L of glucose. Growth
proceeded for 7 days on a rotary shaker at 28°C in the dark.
The culture filtrates were harvested and lyophilized prior to
analysis.

Plant Material

Hybrid white sweet maize variety Silver Queen (Johnnyseeds,
United States) was used for all maize related experiments. Roots
and shoots of infected maize seedlings were separated and
lyophilized before hormone profiling and gene expression
analysis. Infected mango material was obtained from a
25-year-old heavily infected mango malformation diseased
orchard (cv. Keitt) located in northern Israel, close to Kibbutz
Maagan (320 42’ 23" N; 36’ 31" E). Healthy mango material
was obtained from 3-year-old trees (cv. Keitt) cultivated in a
nursery located in the Volcani Center, Bet Dagan, Israel. The
various sampled tissues were as follows: diseased malformed

and healthy inflorescence tissue (young panicles, 1-month after
development), diseased malformed and healthy inflorescence
tissue (mature panicles, 2- to 3-month after development),
swollen and healthy buds (1-month before bud break).
Immediately after sampling, floral and bud material was
frozen in liquid nitrogen and lyophilized.

Virulence Assays

Maize Seedling Assay in Soil

Maize seeds were sterilized by soaking in 0.82% sodium
hypochlorite for 1 min and then rinsed twice in sterile water for
1 min. The seeds were inoculated by soaking for 2 days in 30 mL
of mung bean medium cultures of individual Fusarium strains.
Ten seeds were sown in a water-saturated soil mixture, consisting
of sphagnum peat moss, vermiculite and dolomite lime (Sunshine
Redi-Earth Professional Growing Mix), in a 10-cm? plastic pot to
a depth of 1 cm. The pots were incubated in a growth chamber
with a light dark cycle consisting of 14 h light at 30°C and 10 h
dark at 20°C.

Disease severity was assessed as follows: (i) at 7 days after
sowing, percent germination was determined by counting the
number of seedlings per 10 seeds sown in each pot; (ii) at 20
days after sowing, seedling height was determined by measuring
the height of each seedling from the soil line to the top of the
longest leaf; and (iii) seedling weight was determined as fresh
weight by cutting a seedling at the soil line. The resulting data
were subjected to analysis of variance (ANOVA), and statistically
significant differences between means were determined by a
least squares means test using a Bonferroni adjustment. These
analyses were done using SAS Statistical Software (SAS Institute
Inc.).

Maize Seedling Assay in Hydroponic System

Maize seeds were sterilized by first soaking in 4% sodium
hypochlorite for 10 min, rinsed twice with sterile water, and then
soaking in 70% ethanol for 1 min and rinsed twice with sterile
water. Seeds were inoculated by soaking in water containing 10°
Fusarium spores per mL in a flask on a rotary shaker overnight
(120 rpm). Inoculated seeds were dried for 2 h and placed in
a petri dish with moistened filter paper to germinate in the
dark at 26°C. After 2 days, germinated seeds were moved into
a hydroponic system consisting of plastic boxes with Hoagland
solution. Seedlings were incubated in a growth chamber with
a light/dark cycle (16 h/8 h) at the constant temperature of
25°C.

Plant Hormone Extraction and

Quantification

Control and infected maize seedling shoots and roots were
analyzed for GAs using the method described by Urbanova
et al. (2013) with minor modifications. Briefly, approximately
10 mg of lyophilized tissue were ground to a powder using
3-mm zirconium oxide beads and extracted overnight at 4°C
with 1 mL of ice-cold 80% acetonitrile containing 5% formic
acid. Seventeen internal GAs standards ([*H,]GA;, [2H2]GAs3,
[*H,]GAs, [*H2]GAs, [*H:]GAs, [*H2]GA;7, [*H;]GAs,
[*H2]GAg, [PH2]GAus, [PH2]GAws, [PH2]GA, [PH2]GAz,
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[*H2]GAz9, [*H2]GAs4, [PH2]GAu4, [*H2]GAs; and [*H,]GAs3;
purchased from professor Lewis Mander, Australia) were added
to each sample. The homogenates were centrifuged at 19,000 rpm
at 4°C for 10 min, and the resulting supernatants were passed
through an jon exchange SPE cartridges (Waters) prior to
analysis by high pressure-liquid chromatography-tandem mass
spectrometry (Micromass). GAs were detected using multiple-
reaction monitoring mode of the transition of the ion [M-H] ™ to
the appropriate product ion. The Masslynx 4.1 software (Waters)
was used to quantify the GAs levels by the standard isotope
dilution method (Rittenberg and Foster, 1940).

Levels of the auxin IAA and IAA metabolites were determined
in the maize seedling shoots and roots using the method
described by Novak et al. (2012). Briefly, approximately
5 mg of lyophilized tissue was extracted with 1 mL cold
phosphate buffer (50 mM; pH 7.0) containing 0.1% sodium
diethyldithiocarbamate, supplemented with internal standards.
After centrifugation at 20,000 rpm for 10 min, one half of each
sample was acidified with 1 M HCI to pH 2.7 and subjected to
solid phase extraction using an Oasis™ HLB column (Waters).
For quantification of indole-3-pyruvic acid, the second half of the
sample was derivatized with cysteamine (0.25 M, pH 8.0) for 1 h,
acidified with 3 M HCI to pH 2.7 and purified by solid phase
extraction. After evaporation under reduced pressure, samples
were analyzed for auxin content by Acquity UPLC™ linked to
Xevo TQ MSTM (Waters).

Levels of CKs were determined in the maize seedling shoots
and roots essentially as described by Hinsch et al. (2015)
using a high-pressure liquid chromatography (Acquity UPLC™;
Waters) coupled to a triple quadrupole mass detector (Xevo
TQ MSTM; Waters) equipped with an electro-spray interface.
To check CK recovery and to validate peak identity, isotope-
labeled CK internal standards (OlChemIm, Czechia) were added,
each at 1 pmol, to samples prior to extraction. Levels of CKs
were determined in lyophilized culture filtrates of F. mangiferae
without addition of internal standards. Filtrates were purified
on immuno-affinity columns (OlchemIm) after pre-purification
on Speed SPE Octadecyl C18 cartridges (Applied Separation)
and Oasis MCX cartridges (Waters) as described by Hinsch
et al. (2016). CKs were quantified after separation on a C18
reverse-phase column (ZORBAX RRHD Eclipse Plus 1.8 um,
2.1 x 150 mm, Agilent) coupled to the Ultra performance liquid
chromatography (Shimadzu Nexera).

Cytokinin dehydrogenase (CKX) activity was measured in
extracts of lyophilized and powdered maize seedling shoots and
roots extracted with 20-fold excess (w/v) of 0.2M Tris/HCI,
pH 8.0, 0.3% Triton-X. The CKX activity was determined
spectrophotometrically with 0.5 mM dichlorophenolindophenol
as an electron acceptor and 0.25 mM isopentenyladenine as a
substrate (Frébort etal., 2002). All measurements were performed
in four biological replicates. The protein content was estimated by
the method of Bradford (1976) with bovine serum albumin as a
standard.

All results are presented as mean value £ standard deviation
from at least three independent biological replicates; statistical
significance of results was revealed by Student’s unpaired ¢-tests
or ANOVA at p < 0.05 (Statistica 13.3, TIBCO Software Inc.).

Gene Expression Profiling by
Quantitative Real-Time PCR (qPCR)

Total RNA was isolated from roots and shoots of maize seedlings
grown in a hydroponic system and infected by wild-type strains
of F. mangiferae, F. verticillioides and F. fujikuroi. Each treatment
was analyzed in three independent biological replicates; each
biological replicate was represented by the shoots or roots
of five maize seedlings. Approximately 100 mg of tissue for
each independent biological replica (n = 3) was ground in
liquid nitrogen and RNA was extracted and purified with the
RNAqueous kit (Thermo Fisher Scientific). The RNA was treated
with DNAse (TURBO DNA-free kit; Thermo Fisher Scientific)
and cDNA was obtained using a RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific) from 2 pg of total RNA
as the template, according to the manufacturer’s instructions.
qPCR was performed using TagMan Gene Expression Master
Mix (Thermo Fisher Scientific) in a Viia7™ Real-Time PCR
System (Thermo Fisher Scientific). For both fungal and maize
genes, primers and TagMan probes were designed with Primer
Express 3.0 software (Thermo Fisher Scientific, Supplementary
Table S1). The maize target genes used here were identified
in a previous study (Vyroubalova et al, 2009). For each
condition, the three independent biological replicates were
analyzed in three technical replicates. Expression of fungal genes
was measured by absolute quantification, whereas maize gene
expression was obtained by relative quantification according to
AACt method (Schmittgen and Livak, 2008). To ensure that
primers amplified the desired gene target, amplicons for every
primer pair were cloned into the pDRIVE vector (Qiagen) and
sequenced. The cloned PCR products were also used as template
to determine PCR efficiency and absolute levels of gene transcript
in isolated RNA. The relative expression of the maize genes were
normalized with respect to B-actin (BT086225) and elongation
factor 1 (AF136829.1) gene expression. Expression values were
determined and statistically evaluated with DataAssist v3.0
Software (Thermo Fisher Scientific).

RESULTS

We previously demonstrated that F. proliferatum strain ET1
(isolated from the roots of an epiphytic orchid), F. fujikuroi
(a pathogen of rice) and F. mangiferae (a pathogen of mango)
are able to penetrate and invade maize seedlings and to
cause blight disease symptoms similar to F. verticillioides and
F. proliferatum strain NRRL 62905, two pathogens of maize
(Niehaus et al., 2016). Here, we found that F. mangiferae also
can cause seedling disease by affecting the growth of maize
primary roots and overall root system development (Figure 1).
In the current study, we examined the hormonal status in maize
plant tissues infected by the following Fusarium: F. verticillioides,
F. proliferatum strain NRRL 62905, F. proliferatum strain
ET1, F. fujikuroi and F. mangiferae, as well as auxin/CK
accumulating or deficient mutant strains derived thereof. All
of the strains were able to synthesize CK in axenic culture
while mutants overexpression IPTLOGI and P450-1 accumulated
more (Table 1). F. proliferatum ET1, F. verticillioides, F. fujikuroi
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FIGURE 1 | Effect of infection by F. verticillioides, F. mangiferae and F. fujikuroi
on the length of primary root of maize seedlings. Hydroponic growth of
seedlings for 10 days. Average value of 20 infected seedlings with standard
deviations is presented. Bars indicated by the same letter are not statistically
significantly different (ANOVA; p < 0.1).

and F. mangiferae strains expressing JAAH and IAAM from
F. proliferatum synthesized more IAA than wild-type (Table 1).
Some GAs were detected in F. proliferatum while significantly
more was detected in F. fujikuroi axenic cultures (Table 1).

Infection by Fusarium Induced Changes
in Gibberellins (GAs) Status in Maize
Seedlings

Gibberellin content was measured in infected roots and shoots
10 days post inoculation (dpi) as active forms (GA;, GAs3,
GA4, GAs, GA7, GAy3), precursors (GAg, GA1z, GAjs5, GAjo,
GAzp, GAz4, GAyy, and GAs;3) and deactivation products (GAsg,
GAjy9, GA34, and GAs;) (referred to as GA turnover) (Table 2).
13-Hydroxylated (GA;, GA3, GAs) and 13-non-hydroxylated
(GA4, GA7, GAj3) active forms, precursors, and deactivation
products were also measured (Supplementary Table S2).

In the roots of maize seedlings infected by F. verticillioides and
F. proliferatum NRRL62905, a slight decrease or no change in
active GAs was observed. This, coupled with an increase in GA
precursor and deactivated product, suggest a tight regulation of
GA status in the roots upon infection. In contrast, a marginal
to significant increase in active GAs was observed in the root
of maize infected by F. mangiferae (3-fold), F. proliferatum ET1
(1.9-fold) and F. fujikuroi (52-fold) (Table 2). The accumulation
of active GAs was consistent with the accumulation of GA
precursors, notably the 13-non-hydroxylated GAg and GAj»,
observed in the maize roots infected by all of the Fusarium
species (Supplementary Table S2). Because these three species
also produce significant GAs in axenic culture, the increased GAs
we detected in infected plants might reflect a failure in the ability
of the plant to maintain root GA homeostasis upon infection.

The amount of GAs detected in shoots of mock-treated maize
seedlings was similar to the amount detected in roots. Active GAs
accumulated significantly more in the shoots of maize seedlings
whose roots were infected only by F. proliferatum NRRL 62905
(native maize pathogen) and F. fujikuroi. In contrast to roots,
active GA accumulation in the shoots appeared related to an
accumulation of GAj, (13-non-hydroxylated) and GAsz (13-
hydroxylated). Also GAg levels in infected shoots were twofold
to fourfold lower than those found in the non-infected shoots.
Taken together, these results suggest that the root-to-shoot
translocation of maize-generated GAs was reduced during the
infection process, or that the biosynthesis or origin of shoot
GAs is via a different mechanism (Supplementary Table S2).
Interestingly the infection by F. verticillioides, the other native
maize pathogen, led to a decrease in active GAs in both roots and
shoots of infected seedlings, suggesting that success of infection of
maize by F. verticillioides might be independent of GAs, at least
10 days post inoculation.

Infection by Fusarium Induced Changes
in Auxin (IAA) Status in Maize Seedlings

The levels of auxin IAA, its precursors and deactivation
products were analyzed in the roots of maize seedlings 10 days

TABLE 2 | Quantification of gibberellins (GAs) in maize seedlings grown in soil and infected by different Fusarium strains (10 dpi).

Mock-treated Fp_N Fp_E Fm Ff Fv

Roots of infected plants

Active GAs 26.8+1.1 255+ 3.4 75.3 £ 22.2* 36.2 +£1.9* 11776 + 665.6* 20.5 +£1.3*

Precursors 367.0 £ 81.1 619.7 £ 72.4* 843.2 + 100.5* 928.2 + 59.7* 1159.6 + 59.2* 492.5 + 35.2*

Turnover 233.4 +40.2 373.1 £ 14.6* 437.4 + 28.0* 726.8 + 81.2* 12134.0 + 649.7* 209.8 £9.8
Shoots of infected plants

Active GAs 274+ 04 1.4 +£7.7% 35.2 £ 9.5% 30.1+24 325.2 + 33.2* 156.7 £ 1.5*

Precursors 636.1 £ 61.4 625.7 £75.9 484.9 + 56.1* 530.8 £ 45.2 634.7 £ 86.7 339.9 £+ 27.0*

Turnover 180.0+21.5 304.4 + 20.5* 143.5 + 26.6* 108.9 + 7.4* 552.2 + 67.6* 194.0+ 2.0

Mean values with standard deviations obtained from four to six biological replicates (independent seedlings) are presented; * indicates significant differences between
mock and Fusarium-infected tissue according to Student’s unpaired t-tests at p < 0.05 (n = 4-6). Concentrations of phytohormones are in pmol per g dry weight plant
material. Active GAs: sum of active GAs (GA1, GAs, GAa, GAs, GA7, GA13),; precursors: sum of GA precursors (GAg, GA12, GA1s, GA19, GAoo, GAz4, GAas, and GAsz);
turnover: sum of deactivated GAs (GA8, GA29, GA34, and GA51); Fp_N, F. proliferatum NRRL62905; Fp_E, F. proliferatum ET1; Fm, F. mangiferae; Ff, F. fujikuroi; Fv,

F. verticillioides.
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TABLE 3 | Quantification of auxin (IAA) in the roots of maize seedlings grown in soil and infected by different Fusarium strains (10 dpi).

Mock-treated Fv Fp_N Fp_E Fm Ff Fp_E_IAA Ff_IAA
Active IAA 590 + 106 1501 + 958 1004 + 421 1520 + 618 3723 + 848* 473 + 88 21234 £ 19574 57402 + 24206*
Total precursors 6782 + 2041 7435 + 707 6188 + 2595 10820 + 3955 13158 + 4700 4784 £3508 35152 +£ 16119* 77237 4 34802*
Storage (IAA-Gic) 4833 + 1603 261 + 33* 593+ 0 574 + 37* 239 + 68* 888 + 126* n.d. n.d.
Total turnover 11267 £ 2582 9136 £ 2220 6799 + 1304* 7047 + 766* 9734 + 1526* 5093 + 876* 32401 £ 25657 75963 + 20478*

Mean values with standard deviations obtained from three biological replicates (independent seedlings) are presented; * indicates significant differences between mock-
treated and Fusarium-infected tissue according to Student’s unpaired t-tests at p < 0.05 (n = 3). Concentrations of phytohormones are in pmol per g dry weight plant
material. Fv, F. verticillioides; Fp_N, F. proliferatum NRRL62905; Fp_E, F. proliferatum ET1; Fm, F. mangiferae, Ff, F. fujikuroi; Fp_E_IAA, Fp_E strain overexpressing IAAM
and IAAH genes; Ff_IAA, Ff strain overexpressing IAAM and IAAH genes; IAA, indole-3-acetic acid; IAA-Glc, IAA-glucose; n.d., not determined.
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FIGURE 2 | Changes in free active IAA (A) and products related to IAA degradation (B) in the roots of maize seedlings infected by F. verticillioides (Fv) and

F. mangiferae (Fm). The analysis was performed after 4, 6, and 10 days of hydroponic growth post inoculation (dpi). Graphs represent the mean value of three
independent biological replicates; bars represent the standard error. * indicates significant differences between mock and Fusarium-infected tissue according to
Student’s unpaired t-tests at p < 0.05 (n = 3). IAA, indole-3-acetic acid; oxIAA, 2-oxindole-3-acetic acid; IAA-Asp, IAA-aspartate; IAA-Glu, IAA-glutamate.
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after infection with different Fusarium species (Table 3 and
Supplementary Table S3). Infection by any of the fusaria (except
F. fujikuroi) seemingly induced the accumulation of free IAA
although only significant for F. mangiferae (Table 3). The
amount of IAA-glucose, a storage form of IAA, was significantly
reduced in the infected roots of maize seedlings in four of the
five fusaria. It is possible that the accumulation of free TAA
resulted from the release of IAA from the glucose-conjugate.
No significant difference in TAA precursor content could be
observed between mock-treated roots and infected roots. Overall,
infection led to an accumulation of compounds related to IAA
degradation, especially TAA-Asp which may be indicative of
IAA turnover needed to maintain basal endogenous IAA levels
(Supplementary Table S3). Albeit not significant, we did note an

increase in the indole-3-pyruvic acid (IPyA), an TAA precursor
of the YUCCA pathway, in tissue infected with F. mangiferae,
suggesting the activation of this pathway in either the plant or
fungus. No significant difference in the pool of auxin and auxin
derivatives between the mock-treated and infected seedlings was
noted, except for F. mangiferae (Supplementary Table $3) which
suggests that most Fusarium strains did not secrete substantial
amounts of auxins into the plant tissue and that the auxins that
were detected were likely of plant origin.

In order to study the dynamics of IAA changes during
infection by Fusarium, we analyzed the content of free IAA
and products related to IAA degradation in the roots of maize
seedlings infected with F. verticillioides or F. mangiferae grown
hydroponically (Figure 2). In both cases, we saw an accumulation
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TABLE 4 | Quantification of maize cytokinins and CKX activity in seedlings grown in soil and infected by different Fusarium strains (10 dpi).

Mock-treated Fv Fp_N Fp_E Fm Ff Ff_IL2P2

Roots of infected plants

Total iP 319.6 + 36.1 414.2 + 27.3* 328.7 +72.6 239.4 + 68.8 655.0 + 160.8* 317.4 £ 55.6 1038.7 + 318.5*

Total tZ 2151 £ 28.2 303.3 +£55.8 189.0 + 46.3 171.4 £52.8 1017.7 £ 275.7* 209.6 + 62.7 4276.9 £ 196.7*

Total cZ 5276.2 £ 783.5 6241.8 + 1188.6 5976.7 £ 1215.2 54241 + 765.6 7730.9 £ 1555.8 5425.0 £ 332.4 6738.4 £ 934.7

Total DHZ 358+ 2.5 58.0 + 4.4* 35.4+9.5 415+11.2 571.6 +£ 89.1* 329+ 9.1 1527.0 &+ 340.6*

Total CKs 5846.7 £ 735.7 7017.3 +£1120.4 6288.0 £ 1177.6 5876.4 + 887.2 9975.2 + 1658.9* 5984.8 + 438.8 13581.1 £ 711.3*

CKX activity 0.54 £0.32 1.37 £ 0.57 1.60 £+ 0.65 0.99 + 0.42 147 + 50* 1.39 £ 0.55 16.3 + 8.32*
Shoots of infected plants

Total iP 31.8+7.7 56.7 £ 15.9 167.0 £ 50.1* 112.0 + 28.4* 176.8 + 30.9* 151.6 + 41.7* n.d.

Total tZ 172+ 16 29.7 £5.1* 16.2 £ 0.2 206 +£0.2 555.6 + 105.7* 21.4+56 n.d.

Total cZ 5031.0 £ 980.8 3482.1 +£ 103.4* 4308.4 £+ 227.3 4214.4 £ 578.8 9110.9 £ 1034.7* 2327.1 £ 293.0* n.d.

Total DHZ 39.3+10.2 17.4 £1.7* 323+7.7 49.1 £5.8 2721.5 £ 630.1* 453 £9.0 n.d.

Total CKs 5119.2 £ 972.6 3559.6 + 95.3* 4518.9 £ 199.3 4396.2 + 555.7 12564.7 + 486.7* 2545.5 + 339.0* n.d.

CKX activity 0.21 £0.10 411 £2.34* 0.52 +£0.33 0.93+0.45 12.3 + 7.86* 0.87 +£0.36 n.d.

Mean values with standard deviations obtained from three biological replicates (independent seedlings) are presented; * indicates significant differences between mock
and Fusarium-infected tissue according to Student’s unpaired t-tests at p < 0.05 (n = 3). Concentrations of phytohormones are in pmol per g dry weight plant material.
The cytokinin oxidase/dehydrogenase (CKX) activity is expressed as pkat per mg of extracted proteins; iF, isopentenyladenine; tZ, trans-zeatin; cZ, cis-zeatin, DHZ,
dihydro-zeatin; Fp_N, F. proliferatum NRRL62905; Fp_E, F. proliferatum ET1; Fm, F. mangiferae; Ff, F. fujikuroi; Fv, F. verticillioides; Ff_IAA, F. fujikuroi overexpressing IAAM

and IAAH genes; Ff_IL2P2, F. fujikuroi overexpressing IPTLOG2 and P450-2 genes; ND, not determined.

of free IAA in the roots as soon as 4 dpi (Figure 2A). At the end of
the experiment, i.e., at 10 dpi, free IAA was significantly increased
more than twofold in fungal infected seedlings. Accumulation of
compounds related to IAA turnover was also observed during
infection. This was particularly significant at 10 dpi with IAA-Asp
contributing to the greatest extent (Figure 2B).

Infection by Fusarium Affects CK Status
in Maize Seedlings

The four plant CKs were extracted and quantified from roots and
shoots of maize seedlings infected with different Fusarium species
grown in soil for 10 days (Table 4 and Supplementary Table S4).
Infection by both F. proliferatum species did not significantly
modify the overall CK levels while infection by F. verticillioides
and F. fujikuroi led to a modest decrease in CK levels (1.4- and
2.2-fold, respectively) in shoots only. In contrast, infection by
F. mangiferae led to a modest increase in CK levels (1.4-fold)
in shoots only. We did note that the predominant CK present
in the seedlings was cZ which accounted for most of the overall
change in total CKs observed (Table 4 and Supplementary
Table S4). The overall increase in free active CK correlated
with a concomitant increase in CK precursors and glucoside
derivatives suggesting that mechanisms exist to adjust levels
of endogenous CKs within the plant due to changing growth
conditions (Supplementary Table S4). The most significant
increases observed were for tissues infected with F. mangiferae
which contained significantly more CKs of all types, except for
cZ derivatives. In roots, the amount of the two major active
CKs, iP and tZ, were 4- and 53-fold higher, respectively; in
the shoots, iP and tZ was 5- and 11-fold higher than observed
in mock-treated plants, respectively (Supplementary Table S4).
Infection by F. fujikuroi did not affect CK status in the roots.

Our observation that maize seedlings infected with F. fujikuroi
overexpressing CK biosynthetic genes FIPTLOG2 and FfP450-2
(Ff_IL2P2) accumulated even more iP, tZ and DHZ suggest that
the fungi were able to produce CKs in planta (Table 4 and
Supplementary Table $4).

Cytokinin levels in planta are regulated inter alia by
irreversible degradation by cytokinin oxidase/dehydrogenase
(CKX). Therefore, we measured CKX activity in the roots and
shoots of maize seedlings infected by the different Fusarium.
CKX activity was most strongly stimulated in the roots and
shoots infected with F. mangiferae and the CK-overproducing
strain Fj_IL2P2. A small but significant increase in CKX activity
was also observed in the shoots, but not roots, infected by
F. verticillioides which was consistent with an overall decrease
in CK content compared to shoots of mock-treated seedlings
(Table 4). Taken together, these data suggest that the regulation
of CK levels upon infection by Fusarium involves production and
glucosylation as well as degradation by CKX.

We also determined CK levels in maize seedlings grown
hydroponically during infection by F. verticillioides and
F. mangiferae at 4, 6, and 10 dpi (Figure 3). An increase in total
CK content was observed in the roots of mock-treated seedlings
over the time course indicating that CKs naturally accumulate
during development (Figure 3A). The same trend was observed
for roots of seedlings infected by both Fusarium. The observation
that roots infected by F. mangiferae accumulated significantly
more CKs than the non-infected roots suggest that this fungus
either induced additional plant CK synthesis, or produced CKs
itself which then accumulated in the roots. The same observation
was noted during the interaction between F. mangiferae and
mango, its natural host (Supplementary Table S5). In contrast,
the overall CK content was lower in shoots of maize seedlings
infected by fusaria than in the roots. No significant change in
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FIGURE 3 | Changes in content of the different active CKs in the roots (A) and shoots (B) of maize seedlings infected with £, verticillioides and F. mangiferae. The
analysis was performed at 4, 6, and 10 days of hydroponic growth post inoculation (dpi). Graphs represent the mean value of three independent biological replicates,
each containing a pool of five seedlings; bars represent the standard error. * indicates significant differences between mock and Fusarium-infected tissue according
to Student’s unpaired t-tests at p < 0.05 (n = 3). Concentrations of hormones are in pmol per g dry weight. The sums of all isopentenyladenine (iP), trans-zeatin (t2),
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CK content was observed during the time-course, either upon
infection by F. verticillioides or F. mangiferae (Figure 3B).

Expression of Fungal and Plant Genes
Involved in CK Metabolism During

Fusarium-Maize Interaction

To study the origin of CK accumulation in F. mangiferae-infected
maize tissues, the expression of fungal genes encoding enzymes
involved in CK synthesis (IPTLOGI and IPTLOG?2), as well as
maize genes encoding enzymes involved in CK metabolism (IPT
and CKX) were examined over 10 days post inoculation by
qPCR (Tables 5, 6). Total RNA was extracted from roots and
shoots of seedlings infected by F. mangiferae, F. verticillioides
and F. fujikuroi. The abundance of fungal transcripts coding for
ubiquitin (FmUBI) and actin (FvACT and FfACT), two common
housekeeping genes, served to follow the growth of the fungi
(Table 5). The increase in transcripts in infected roots observed
over time strongly indicate that all three fungi were able to
colonize the plant roots and thrive. Fungal gene transcripts were
detected in the shoots of maize only at 4 dpi and later. Of
the fungal CK synthesis genes, IPTLOG2 transcripts were much
more readily and consistently present in roots infected with all
three fungi (Table 5). While transcript for FmIPTLOG?2 increased
steadily with a maximum at 10 dpi, transcripts for FvIPTLOG2
peaked at 6 dpi, fourfold higher than FmIPTLOG2 at 10 dpi.
In contrast, expression of FIPTLOG2 was low at 3-4 dpi and

decreased significantly out to 10 dpi. In shoots, fungal IPTLOG2
transcripts were detectable only after infection by F. verticillioides
(Table 5).

Analysis of expression of seven maize IPTs (ZmIPT3b,
ZmIPT4, ZmIPT5, ZmIPT6, ZmIPT7, ZmIPT8 and ZmIPT9)
potentially involved in CK metabolism in seedling roots or shoots
was investigated (Table 6). In roots, transcripts for all seven
IPTs were detected. At almost every time point after 1 dpi,
transcripts for multiple IPTs accumulated significantly more in
infected roots compared to uninfected roots (Table 6). By far,
ZmIPT7 transcripts accumulated the most at 10 dpi in roots
infected by all three fungi. In the shoots, transcripts for five of the
seven ZmIPT genes were detected (Table 6). The most significant
accumulation was observed in seedlings infected by F. mangiferae
at 6 dpi where transcripts of four IPTs (ZmIPT3b, ZmIPT6,
ZmIPT7 and ZmIPT8) were present 4.5- to 74-fold greater than
mock-treated seedlings or leaves of seedlings infected by the other
two Fusarium species. At 10 dpi, ZmIPT levels had decreased
to levels detectable in mock-treated leaves with the exception of
ZmIPT5. The expression of two out of five CK biosynthesis genes
(ZmIPT5 and ZmIPT6) were significantly elevated in leaves of
seedlings infected for 10 dpi by F. verticillioides and to a lower
extent F. fujikuroi.

The increase of expression maize IPT genes appeared to
be associated with the concomitant increase in ZmCKX1 gene
expression in the roots, as well as in the shoots of seedlings
infected by Fusarium with a peak at 3-4 dpi and 6 dpi,
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TABLE 5 | Expression of fungal IPTLOG genes in the roots and shoots of maize seedlings infected by F. mangiferae, F. verticillioides, and F. fujikuroi.

In the roots of maize seedlings

Genes 1 dpi 3 dpi 4 dpi 6 dpi 10 dpi

F. mangiferae FmUBI 19.1 £7.32 889 + 492 2169 + 823 2545 + 285 7854 + 3600
FmIPTLOG1 n.d. n.d. n.d. 0.96 + 0.57 0.35+0.26
FmIPTLOG2 n.d. 0.85+0.74 17.4+£7.30 88.9 + 58.6 716 + 494

F. verticillioides FVACT 7570 £ 1738 222859 + 114805 450178 + 157031 281578 + 110834 232959 + 13051
FVIPTLOGT n.d. n.d. 2.86 +£2.48 0.44 £ 0.16 n.d.
FVIPTLOG2 n.d. 114 £61.3 1381 £+ 599 2868 + 1997 1121 £ 228

F. fujikuroi FACT 214 £ 108 18608 + 10042 15222 + 2830 57216 + 18166 85585 + 36355
FAPTLOGT n.d. 0.47 £0.20 5.85+234 n.d. 0.26 +£0.22
FAPTLOG2 7.70 £5.25 106 + 48.2 735+ 31.6 n.d. 3.97 £2.09

In the shoots of maize seedlings
Genes 1 dpi 3 dpi 4 dpi 6 dpi 10 dpi

F. mangiferae FmUBI - - 121 +£40.8 467 £ 214 183 + 34.1
FmIPTLOG1 - - n.d. 1.10 £ 1.55 n.d.
FmIPTLOG2 - - 1.83 +1.02 n.d. n.d.

F. verticillioides FVACT - - 16175 + 8006 78167 + 36366 106034 + 52104
FVIPTLOGT - - n.d. 2.87 £ 2.41 n.d.
FVIPTLOG2 - - 344 + 485 121 + 143 n.d.

F. fujikuroi FIACT - - 1872 £ 920 14695 + 8425 18350 + 3175
FAPTLOGT - - 0.03 £ 0.05 n.d. n.d.
FAPTLOG2 - - n.d. n.d. n.d.

Quantity of IPTLOG1 and IPTLOGZ transcripts and transcripts for the house-keeping genes UBI (F. mangiferag) and ACT (F. verticillioides and F. fujikuroi) in 1ng of total
RNA extracted from the root and the shoot of infected plants. Each value is mean presented with standard deviation of six biological replicates (seedlings). *Significant
difference between mock and Fusarium-infected tissue according to Student’s unpaired t-tests at p < 0.05. n.d., not detected; —, not analyzed.

respectively (Table 6). Seedlings infected by F. mangiferae showed
the highest ZmCKX1 expression followed by F. fujikuroi and then
F. verticillioides.

Effect of Fungal Auxin/Cytokinin
Modification on the Pathogenicity of

Fusarium in Maize Seedlings
In order to better understand the role of fungal auxin IAA and
CKs in pathogenicity, we examined strains of Fusarium with
altered IAA and CK metabolism. F. verticillioides, F. proliferatum
ET1, F. mangiferae and F. fujikuroi strains over-expressing genes
encoding enzymes for IAA synthesis (JAAH and JAAM) and
for CK synthesis (IPTLOGI and IPTLOG2, and P450-1 and
P450-2) were generated previously (Niehaus et al., 2016). For
this study, we created F. mangiferae single and double deletion
mutants of IPTLOGI and tRNA-IPT, encoding a putative tRNA-
IPT critical for a tRNA-decay-based CK biosynthetic pathway
(FMAN_10018). We also created F. mangiferae IPTLOGI and
IPTLOG2 overexpression mutants as well as a F. mangiferae
mutant overexpressing IPTLOGI from F. fujikuroi (Table 7).
Initial analysis of 7-day-old cultures of the new strains
indicated significant differences between the mutants and wild-
type (Table 7). The FmIPTLOGI mutant presented a slight,
but not significant, decrease in tZ-type CKs. The lack of
cZ derivatives in the FmtRNA-IPT mutant indicate that the
transferase encoded by this gene is responsible for most cZ

production in F. mangiferae. Trace production of iP and tZ
in this deletion mutant excluded a unique role of FmtRNA-
IPT in CK synthesis, suggesting de novo CKs production is
mediated by FmIPTLOGI, FmIPTLOG?2 or both genes. No CKs
were detected in the FmtRNA-IPT/FmIPTLOGI double mutant
indicating that FmIPTLOGI but not FmIPTLOG2 was critical
for CK production in F. mangiferae. This was supported by
a significantly higher level of CK content in the IPTLOGI
as compared to the IPTLOG2 overexpression strain. Indeed,
while the FmIPTLOG?2 overexpression strain did not differ from
the WT strain, up-regulation of FmIPTLOGI led to significant
accumulation of iP and DHZ. A similar increase in CK types was
observed in the F. mangiferae strain overexpressing the IPTLOGI
gene from F. fujikuroi indicating that IPTLOGI gene function was
conserved in both species (Supplementary Table S6).

To explore whether the modification of fungal CK or IAA
content can impact virulence, we examined the ability of the
different TAA and CK accumulating strains to cause maize
seedling blight (Supplementary Figure S1). Seed germination
rate, seedling height and seedling weight were usually lower
than uninoculated plants, after 20 days growth (Supplementary
Table S6), except for F. fujikuroi infected seedlings. In almost
all cases, however, such differences were not statistically
significant, due likely to variability between biological replicas.
Nevertheless, the results indicate that both WT and IAA/CK-
gene-overexpression strains of F. mangiferae, F. proliferatum
and F. verticillioides could inhibit maize seed germination
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TABLE 6 | Expression of maize ZmCKX1 and ZmIPT genes in the roots and shoots of seedlings infected by £ mangiferae, F. verticillioides and F. fujikuroi.

In the roots of maize seedlings

Genes 1 dpi 3 dpi 4 dpi 6 dpi 10 dpi

F. mangiferae ZmiIPT5 0.72 £0.23 3.34 £ 0.42* 0.97 £0.22 0.67 £0.13* 1.45+0.37
ZmIPT3b 0.88 £ 0.26 248 +£0.94 1.82 + 0.63 0.70 £ 0.13* 0.57 £ 0.04*
ZmIPT6 1.10+0.43 13.9 + 4.43* 1.02 + 0.05 0.56 + 0.10* 1.66 + 0.52
ZmIPT8 0.84 £0.21 1.91 £ 0.50 0.68 £0.17 0.63 £ 0.15* 0.41 £0.13*
ZmiIPT9 1.05 +0.29 n.d. 0.58 +£0.37 n.d. 0.47 £ 0.24*
ZmIPT7 0.74 £0.34 0.55 £ 0.31* 0.68 +£0.35 1.38 +£ 0.41 6.24 +1.47*
ZmiIPT4 n.d. 3.28 £ 0.05* 0.55+0.28 1.26 £ 0.45 1.21£0.34
ZmCKX1 1.08 +£0.13 141 £ 5.94* 118 + 58.2* 6.11 £ 0.81* 145 + 85.9*

F. verticillioides ZmIPT5 1.01 £0.34 1.78 £ 0.57 1.39 + 0.31 0.31 £ 0.04* 2.33 £+ 0.49*
ZmIPT3b 0.72+£0.17 1.22+£0.33 1.25 £ 0.06 0.51 £ 0.10* 0.65 £ 0.10*
ZmIPT6 1.01 £ 0.54 4.95 + 2.36* 2,51 £0.51* 0.69 + 0.23* 11.2 £ 6.87*
ZmIPT8 1.24 +£0.37 1.40 £+ 0.40 0.95 +0.22 0.47 £+ 0.06* 0.70 £ 0.07*
ZmIPT9 0.92 £0.45 n.d. 0.43 £ 0.21* n.d. 0.24 £ 0.16*
ZmiIPT7 1.10 £ 0.40 0.30 £+ 0.22* 0.32 £0.18* 0.94 £0.10 6.51 £1.71*
ZmiIPT4 n.d. 0.95 +0.28 1.27 £ 0.58 1.56 + 0.56 0.96 +£0.32
ZmCKX1 0.60 + 0.02* 2.10 £ 0.64* 28.7 £ 12.5* 0.68 £ 0.12* 2.01£0.90

F. fujikuroi ZmIPT5 1.26 + 0.21 216 £0.72 0.58 £0.34 2.03+0.84 0.89 + 0.41
ZmIPT3b 0.87 £0.18 3.50 + 1.49* 0.70 £0.29 1.77 £ 0.70 0.68 £ 0.36
ZmlPT6 1.43+£0.44 5.01 £ 2.32* 0.61+£0.35 1.53 £ 0.69 1.68 £ 0.32
ZmIPT8 0.89 £0.17 1.24 +0.31 0.94 £0.25 0.39 £ 0.29* 2.36 £1.09
ZmIPT9 0.68 £ 0.39 n.d. 0.48 + 0.24* n.d. n.d.
ZmIPT7 1.13+0.32 1.67 +£0.38 0.28 + 0.20* 1.93 +£ 0.85 5.31 £ 2.41*
ZmiIPT4 n.d. 0.20 £ 0.13* 1.08 +£ 0.47 n.d. 0.45 £+ 0.25*
ZmCKX1 0.74 £ 0.10* 2.59 + 0.41* 1.10 £ 0.27 3.59 +£1.87 2.06 £ 0.62

In the shoots of maize seedlings

Genes 1 dpi 3 dpi 4 dpi 6 dpi 10 dpi

F. mangiferae ZmIPT5 - - 0.79 £ 0.10 2.41+1.05 9.98 +2.71*
ZmIPT8 - - 1.06 +£ 0.32 9.81 £ 4.50* 0.65 + 0.41
ZmIPT3b - - 1.02 +£0.57 453 £ 2.14* 0.64 £0.35
ZmIPT6 - - 3.20 £ 1.08* 74.1 £ 37.8* 2.63 £1.21
ZmIPT7 - - 0.22 £ 0.31 141 £ 6.91* 0.47 £0.27*
ZmCKX1 - - 7.84 + 2.68* 85.6 + 12.9* 36.7 £ 10.2*

F. verticillioides ZmiIPT5 - - 0.88+0.24 1.68 + 0.63 26.8 £5.78*
ZmiIPT8 - - 0.57 £ 0.14* 1.43 +£0.85 1.46 + 0.41
ZmIPT3b - - 237 £1.04 1.06 + 0.50 1.70 £ 0.37
ZmIPT6 - - 0.91 £ 0.45 12.9 +£ 6.32* 18.6 + 4.8*
ZmIPT7 - - 4.60 £ 2.22* 1.22 £ 0.57 0.38 £0.52
ZmCKX1 - - 241 £ 8.21* 17.4 £10.7* 13.3 £ 2.89*

F. fujikuroi ZmiIPT5 - - 1.70 £ 0.75 1.39 £ 0.65 1256 £ 3.75*
ZmIPT8 - - 0.98 + 0.31 0.38 £+ 0.30* 0.74 £0.38
ZmIPT3b - - 0.97 £0.35 0.97 £ 0.47 1.57 £ 0.68
ZmIPT6 - - 243+1.18 0.80 £ 0.62 5.70 £ 3.43
ZmlPT7 - - 0.62 £ 0.42 0.67 £ 0.62 0.58 £0.29
ZmCKX1 - - 1.28 £ 0.30 3.09 + 1.08* 7.05 + 3.58*

Relative expression was compared to mock-treated seedlings. Mean values with standard deviations of six biological replicates are given. * indicates significant difference
between mock and Fusarium-infected tissue according to Student’s unpaired t-tests at p < 0.05 (n = 6).

and reduce the height and weight of seedlings resulting from
germinated seeds. The variability between biological replicas
suggest that the strains were inconsistent in their ability to cause
seedling-blight symptoms. The F. verticillioides overexpression

strains were the exception in that they caused statistically
significant reductions in seedling weight compared to the control
treatment (Supplementary Table $6). The most reduced height
and weight (albeit not statistically significant) was observed on
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TABLE 7 | Different £ mangiferae mutant strains derived from MRC7560 with altered CK metabolisms and their ability to produce CKs in axenic culture.

Deletion (A)/overexpressed

Strain (OE) gene Abbreviation CK content (pmol.L~" of culture filtrate)
iP-types tZ-types cZ-types DHZ-types
F. mangiferae MRC7560 - Fm 74+£69 17.2 £13.7 78.4 +45.0 2.45+2.18
F. mangiferae MRC7560 AIPTLOGT AFm_IL1 556+28 4.7 +3.3 47.8 £19.4 <LOD
F. mangiferae MRC7560 AtRNA-IPT AFm_tl 3.9+24 102 +6.5 <LOD <LOD
F. mangiferae MRC7560 AIPTLOG1/AtRNA-IPT AAFm_IL1/t <LOD <LOD <LOD <LOD
F. mangiferae MRC7560 IPTLOG1 (OF) Fm_FmiL1 89.4 £ 55.3* 49.0£17.2 91.6 +£38.4 398.0 + 32.8*
F. mangiferae MRC7560 IPTLOG2 (OE) Fm_FmiL2 11.56+4.9 23.4+13.8 65.7 + 35.2 5.65 + 2.6
F. mangiferae MRC7560 FIPTLOG1 (OE) Fm_FfIL1 261.0 + 12.0* 1156 £+ 64.9* 51.9+10.9 2595.0 + 1642.0*

Mean values of two independent cultures are given. * indicates significant differences between WT and mutant strain according to Student’s unpaired t-tests at p < 0.05
(n = 2). Concentrations are in pmol per 1 | of culture filtrate. iP-types, isopentenyladenine derivatives; tZ-types, trans-zeatin derivatives; cZ-types, cis-zeatin derivatives;
DHZ-types, dihydrozeatin derivatives; <LOD, below the limit of detection.

TABLE 8 | Pathogenicity test of £ mangiferae (MRC7560) wild type and mutants on maize seedlings grown in a hydroponic system and their ability to induce CKX activity.

Shoots Root

Strain Germination (%) Height (cm) Weight (g) Length (cm) Weight (g) CKX activity (pkat mg—7)
Not infected 85 + 202 218+ 252 0.78 + 0.062 744092 0.23 +0.012 0.82 + 0.432

WT 69 + 1920 18.3 £2.1° 0.58 + 0.04° 48+0.8° 0.15 + 0.05° 47.4 +16.2°
AFm_IL1 65 + 1420 19.2 +£2.20 0.62 +0.03° 5.4 4+ 1.2° 0.18 4 0.05% 68.4 + 12.1b¢
AFm_tl 61+ 14P 19.2 4 1.4P 0.63 + 0.02P 5.3 +0.5° 0.17 +0.03° 53.6 + 14.1P
AAFm_IL1/t 65 + 26% 18.3 4+ 1.7° 0.50 + 0.07° 4.2 +0.6° 0.14 + 0.03P° 82.7 + 15.3°
Fm_FmiL1 63 + 18% 14.7 +1.8° 0.47 +0.08° 1.9+ 0.9° 0.10 + 0.04° 159.2 + 9.59
Fm_FmiL2 68 + 182 16.9 & 1.5° 0.56 + 0.04° 3.6+ 1.0° 0.14 +0.01° 80.1 £ 7.1°

Effect of deletion and overexpression of cytokinin biosynthetic genes (FmIPTLOG1, FmIPTLOG2, FmtRNA-IPT) on the ability of Fusarium mangiferae to alter seed
germination, growth of the seedlings and induce CKX activity evaluated 10 days post inoculation. Values for all measurement are means with standard deviation from 40
seeds/plants grown in four independent containers. The CKX activity is expressed as pkat per mg of extracted proteins. Values within a column that are followed by the

same letter are not statistically significantly different (ANOVA; P < 0.1). See Table 7 for strain gene designation.

seedlings infected by WT strain of F. mangiferae, similarly to
previous work (Niehaus et al., 2016). In contrast, a reduction
in growth was not observed for seedlings infected with the
F. mangiferae overexpression strains. Another difference noted
was that the F. fujikuroi strain overexpressing the CK1 cluster
gene FIPTLOGI significantly impacted seedling weight (but not
height) as compared to all other F. fujikuroi strains and the
control treatment.

Because we found that infection by F. mangiferae induced
significant changes in CK content in both roots and shoots
of maize seedlings, we examined the ability of CK-over
accumulating and CK-deficient strains of F. mangiferae to affect
maize seedling growth (Table 8). Mean height of seedlings
infected by all strains including WT was significantly lower
and the length of the primary root was significantly shorter
10 dpi in contrast to non-infected seedlings (Table 8). The
most significant change was observed in seedlings infected with
the strain overexpressing FmIPTLOGI. Seedlings dry weight
or primary root length was significantly correlated with their
reduced growth (Table 8). Besides CK content, the ability of
the strains to activate plant CKX activity was monitored. All
strains were able to induce a significant increase of CKX activity
in infected root tissue compared to uninoculated plants. Three

strains, the IPTLOGI/tRNA-IPT (A AFm_IL1/tI) double mutant
and the two strains overexpressing the F. mangiferae IPTLOGI
and IPTLOG2 accumulated significantly more CKX activity than
plants infected with WT (Table 8). Deletion of IPTLOGI or
tRNA-IPT did not statistically significantly change CKX levels.

DISCUSSION

Hormone signaling networks are believed to play a significant
role in regulating plant-microbe interactions. The stress
hormones SA, jasmonic acid and ethylene are well known
to induce plant defense responses against various pathogens
including Fusarium oxysporum (Dempsey and Klessig, 2012;
Di et al, 2016). Far less is known about the involvement of
the morphogenetic hormones CKs and auxins in fungal-plant
interactions. In a previous comparative “omics” analysis of
species of the Fusarium fujikuroi species complex (FFC), we
found evidence that FFC species can synthesize CKs and
auxins in addition to the previously described production
of the morphogenetic hormone GAs (Nichaus et al., 2016).
Here, we examined the accumulation of these hormones
in planta during a Fusarium-host plant interaction, their
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metabolism and their contribution to disease

symptoms.

possible

Plants Tend to Restore Hormone

Homeostasis Disturbed by the Pathogen
Although fungal infections in general can alter endogenous plant
hormone levels, we found that pathogen produced hormones
rarely affect plant growth and development. Recently, we
confirmed that only two out of five studied FFC species were
able to produce GAs, despite the fact that four of the Fusarium
genomes contain the biosynthetic ability (Niehaus et al., 2016).
F. fujikuroi’s unique ability to produce significant quantities of
GAs leads to the elongation of rice seedling stems, the classic
symptom of “bakanae” disease, and supports the efficient invasion
of rice tissue and penetration of plant cells by hyphae (Wiemann
et al., 2013). In this study, the expression of maize and fungal
genes involved in CK metabolism during infection with different
Fusarium helped reveal why fungal hormone synthesis minimally
affected maize growth. Along with expression of CK biosynthetic
genes from both organisms, we detected expression of a maize
gene encoding a CKX, an enzyme involved in the irreversible
degradation of CKs. Thus, despite efforts by the fungus to alter
CK balance in maize tissue (either directly by producing CKs or
indirectly by increasing plant CK synthesis) overall levels were
actively mitigated by the plant. This effort to restore hormone
homeostasis was most clearly seen in F. mangiferae infected maize
tissue where the highest levels of CKs paralleled the highest level
of plant CKX expression observed.

Cytokinins Present in . mangiferae

Infected Tissue Are of Plant Origin

The quantification of hormones in infected tissue revealed a
significant accumulation of CKs upon F. mangiferae infection.
The accumulation of CKs correlates with the observed retarded
proliferation and elongation of maize seedlings roots infected
with F. mangiferae, compared to roots of mock- or other
Fusarium-treated plants. In contrast, roots infected with the four
other Fusarium contained a slight increase in CKs suggesting
that CKs contributed minimally to the disease symptoms
noted.

A recent study in Claviceps purpurea revealed a unique
biosynthetic pathway for CK production based on the IPTLOG
enzyme (Hinsch et al., 2015). Here, we describe two IPTLOG gene
homologs present in all of the Fusarium genomes examined. We
assumed initially that the activity of one or both might contribute
to the massive CK increase observed in maize tissue infected by
F. mangiferae. To our surprise, this appeared unlikely for multiple
reasons. First both IPTLOGI and IPTLOG2 were either not
expressed or minimally expressed during infection. Any potential
impact of IPTLOG in CK levels seems even less likely for the
other Fusarium as we did not detect a significant CK increase,
despite detecting an increase in expression of F. verticillioides
IPTLOG?2 in infected tissue. Second, F. mangiferae IPTLOG?2 is
likely not functional as its predicted open reading frame contains
two stop codons 71 codons downstream from the start codon.
We expressed the predicted 71 amino acid protein in E. coli

and found that it exhibited no IPT and only weak LOG activity
(data not shown). We also overexpressed IPTLOG?2 in the wild-
type and found that it did not lead to more CKs than the WT
in planta. And finally, an IPTLOGI deletion mutant did not alter
the amount of CKs that accumulated in inoculated seedlings
while the overexpression mutant did lead to an increase in CK
production, similarly to the FIPTLOGI overexpressing strain
(Niehaus et al., 2016).

The second pathway for CK production is based on tRNA
decay. This pathway can contribute to the total amount of
CKs produced by fungi and effect virulence as recently shown
in several fungal species (Chanclud et al., 2016; Hinsch et al,,
2016; Morrison et al., 2017). Here, we identified an ortholog
of tRNA-IPT responsible for CK synthesis in F. mangiferae.
No significant differences were observed among F. mangiferae
tRNA-IPT mutants nor FmtRNA-IPT/IPTLOGI double deletion
mutants in their ability to cause seedling disease symptoms or
to lower plant CKX activity. Taken together, the increase in
plant endogenous CK content is most likely not due to fungal
synthesis but rather to activation by the fungus of maize CK
biosynthetic genes by a yet unknown mechanism. This response
has already been observed for two biotrophic fungi, Magnaporthe
oryzae (Jiang et al., 2013) and Colletotrichum graminicola (Behr
et al., 2012), which lack IPTLOG genes and induce a massive
accumulation of CKs in planta. In our study, up-regulation
of maize IPT genes both in roots and shoots during infection
by any of the fusaria strongly supports this hypothesis. The
accumulation of ZmIPT transcripts was also accompanied by the
up-regulation of the ZmCKX1 gene, involved in CK degradation.

The accumulation of CKs in plant tissue may benefit fungi
through increased sink activity and attraction of assimilates,
providing essential energy for fungal growth. Accordingly, fungi
which primarily infect non-assimilating sink organs, flowers in
the case of F. mangiferae and spikes in the case of C. purpurea,
were found to induce strong accumulation of CKs. The practical
consequence of the accumulation of CKs to the plant is host tissue
malformation as observed in F. mangiferae infections which is
likely due to a CK-induced increase in cell division.

Accumulation of Active Cytokinins Might
Be the Cause of Mango Flower

Malformation

It has been previously suggested that the presence of CKs
in infected mango tissues may be related to pathogenicity
(Nicholson and van Staden, 1988; Van Staden and Nicholson,
1989). Because we revealed in the present study that infection
especially by F. mangiferae induced accumulation of endogenous
CK in maize seedling tissue, we wondered whether a same
response could be observed in mango, the natural host of
F. mangiferae. Malformed tissue of mango buds and panicles
contained up to fourfold higher iP and ¢Z free bases, the two CK
forms shown to efficiently activate known CK receptors (Lomin
et al,, 2015). Since the association of F. mangiferae with mango
tissue is long-term, in contrast to the short-term association we
studied in maize, the CK homeostasis in mango tissues seems to
be balanced as the concentration of some other CK forms were
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lowered to make the total CK pool in infected and healthy organs
equal. The elevated levels of CK free bases we observed could
be crucial to maintain levels of CK signal transduction required
or responsible for development of the malformed mango tissue.
Recently, a whole transcriptome analysis conducted on mango
tissue during a long-term interaction with F. mangiferae revealed
a significant deregulation of 12 plant genes likely associated with
zeatin biosynthesis. The genes were described as coding for IPTs,
tRNA-IPT, CKXs and CK-specific hydroxylases (Liu et al., 2016).
Similarly, crown galls induced by Agrobacterium tumefaciens or
induced by Rhodococcus fascians infections require elevated levels
of active CKs for the development of the malformed plant tissues
(Frébort et al., 2011).

Taken together, the elevated CK in plant tissue infected
by F. mangiferae is likely due to the induction of plant CK
synthesis by the fungus by an unknown mechanism. One
possibility is through the action of other phytohormones or
volatiles. Intriguingly, the largest up-regulation in maize IPT
genes was observed in the shoots 6 dpi when fungal hyphae
were sparse. The plant pathogen Alternaria alternata has already
been shown to produce volatile compounds which dramatically
increase CK content in the rosette leaves of Arabidopsis (Sanchez-
Lopez et al, 2016). Although F. mangiferae can produce the
volatile phytohormone ethylene, for which a role in mango
tissue malformation has been hypothesized (Ansari et al., 2013,
2015), based on our transcriptomic data, ethylene-response
gene expression in maize tissue infected by F. mangiferae was
attenuated suggesting that ethylene is likely not responsible for
CK elevation upon Fusarium infection.

Possible Role of IAA-Aspartate in

Responses to Fusarium Infection

Besides over-accumulating CKs, roots infected with F. mangiferae
also contain a high level of auxin (IAA), similar to roots
infected with F. proliferatum ET1. In F. proliferatum ET1, IAA
accumulation was related to the activation of the IAM pathway.
As F. mangiferae does not have a functional IAM pathway,
the higher amount of free IAA might be attributed to the
IPyA pathway possible via a YUCCA gene homolog located
between the GA and CK clusters. Except for F. proliferatum
ET1, F. mangiferae is the only species that up-regulated this
gene upon infection (Niehaus et al, 2016). Recently, it has
been shown that elevated CK levels promote auxin biosynthesis
in young roots (Jones et al., 2010); while exogenously applied
auxin activates CK degradation (Werner et al., 2006). These
trends in mutual regulation of metabolism can be overruled
by local, developmentally context-specific cues (Bielach et al.,
2012). We observed a twofold increase in total auxin turnover
in tissue infected by Fusarium strains overexpressing either
of the CK clusters. Auxin-CK interactions determine several
processes in planta and have an essential impact on root and
shoot morphology (Werner et al., 2001).

Infection by fungi greatly affect the auxin status in the
plant host, marked by differential regulation of genes involved
in TAA synthesis and conjugation (Niehaus et al., 2016).
In the present study, the ratio between free and conjugated

IAA revealed large differences between root tissues infected
by different species and indicated that the process of IAA
conjugation or conjugate hydrolysis may be part of the maize
response to Fusarium. Surprisingly, higher accumulation of the
aspartate-conjugate (IAA-Asp) was detected in F. mangiferae
infected roots in contrast to roots infected by other Fusarium
or mock-treated roots. IAA-Asp is an irreversible, non-active
conjugate and a precursor of TAA degradation in plants (Ludwig-
Miiller, 2011). Prior to degradation, IAA-Asp can promote
disease development induced by several pathogens in different
plant species (Gonzédlez-Lamothe et al., 2012). For instance,
Arabidopsis inoculated with the fungal necrotroph Botrytis
cinerea accumulates huge amount of IAA-Asp that seemed to
promote plant susceptibility to pathogens via the transcription of
virulence genes (Gonzdlez-Lamothe et al., 2012).

Quantification of IAA-conjugates in axenic cultures revealed
that F. mangiferae is the only Fusarium tested that is not able to
form TAA-Asp (Niehaus et al., 2016). This lack of endogenous
TIAA-Asp suggests a potentially unique role of this molecule
in plant-pathogen interaction. The ability of F. mangiferae to
induce TAA-Asp production or its retention in planta earlier
or more efficiently than the other Fusarium may be related
to how F. mangiferae interacts with its host mango. Tissue
infected by F. verticillioides, an endophyte and pathogen of maize,
also accumulated more IAA-Asp than tissue infected by the
other three fusaria but to a lower extent than F. mangiferae.
Alongside IAA-Asp accumulation, F. verticillioides was also the
second Fusarium isolate beside F. mangiferae, which was able
to extensively accumulate CKs upon infection, especially in the
upper part of the plant. Hence, the observed overproduction of
plant CKs can be a consequence of the accumulation of IAA-Asp
in infected tissue. How Fusarium spp. or the plant itself perceives
and responds to IAA-Asp changes, whether IAA-Asp affects other
fungal virulence factors and how the plant responds to IAA-Asp
changes, will require further studies.

CONCLUSION

Hormones, including GAs, auxins and CKs, play an important
role in some Fusarium-host interactions. Fusarium species,
particularly of the FFC, evolved multiple biosynthetic pathways
for their de novo synthesis. Over time, due likely to changing
evolutionary pressures, these biosynthetic genes have been lost or
gained on multiple independent occasions. The characterization
of CKs in Sordariomycetes provides an example how CK
production may have been selected for during fungal evolution
and their interaction with a plant host. CK production by the
bi-functional enzyme IPTLOG appears to be an evolutionary
relic, persisting only in some species such as Claviceps purpurea
(Hinsch et al., 2015), which was replaced by a biosynthetic
pathway based on the degradation of the isoprenylated tRNA
(Chanclud et al., 2016). Here, we present evidence that although
Fusarium can synthesize CKs, increases in CK levels in planta
during an infection is likely through fungal induced changes in
plant CK biosynthesis, by a yet unknown mechanism. We also
revealed the existence of an alternative biosynthetic pathway for
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auxin production, in addition to the IAM pathway which was
originally identified in bacteria. However, despite the potential
functionality of this alternative pathway, the IAM pathway is the
only one substantially induced during infection of the host plant.
Overall, Fusarium species appear much more likely to manipulate
plant auxin homeostasis by hydrolysis of IAA-amino acid and
sugar conjugates or perhaps, regulating enzymes participating in
synthesis, than de novo synthesis.
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