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Abstract

Fusarium pseudograminearum is an agronomically important fungus, which infects
many crop plants, including wheat, where it causes Fusarium crown rot. Like many
other fungi, the Fusarium genus produces a wide range of secondary metabolites of
which only few have been characterized. Recently a novel gene cluster was
discovered in F. pseudograminearum, which encodes production of cytokinin-like
metabolites collectively named Fusarium cytokinins. They are structurally similar to
plant cytokinins and can activate cytokinin signalling in vitro and in planta. Here, the
regulation of Fusarium cytokinin production was analysed in vitro. This revealed that,
similar to deoxynivalenol (DON) production in F. graminearum, cytokinin production
can be induced in vitro by specific nitrogen sources in a pH-dependent manner. DON
production was also induced in both F. graminearum and F. pseudograminearum in
cytokinin-inducing conditions. In addition, microscopic analyses of wheat seedlings
infected with a F. pseudograminearum cytokinin reporter strain showed that the
fungus specifically induces its cytokinin production in hyphae, which are in close
association with the plant, suggestive of a function of Fusarium cytokinins during

infection.
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1 Introduction

Fusarium pseudograminearum is a filamentous plant pathogenic fungus, which
infects cereal crop plants like wheat and barley, where it can cause both Fusarium
crown rot and Fusarium head blight (Obanor et al., 2013). Together Fusarium crown
rot and head blight cause up to AU$100 million annual losses to the Australian wheat
and barley industry (Murray and Brennan, 2010, 2009). Fusarium crown rot incited
by F. pseudograminearum is also emerging as a major disease threat in China (Li et
al., 2012) and remains a problem in other parts of the world such as Africa and the
pacific midwest of the USA (Burgess et al., 2001; HJ et al., 2001; Kazan and
Gardiner, 2017; Smiley and Patterson, 1996; van Wyk et al., 1987).

Like other Fusaria, F. pseudograminearum produces a wide range of secondary
metabolites, for example the mycotoxin deoxynivalenol (DON). In the closely related
F. graminearum, DON is an important virulence factor during wheat infection and is
required for the spread of the fungus from the infection site through the rachis to
other florets (Jansen et al., 2005; Proctor et al., 1995). The role of DON in
F. pseudograminearum during crown rot is not as well understood, but DON seems
to be required for the spread of the fungus from the crown and stem base to upper
stem nodes (Powell et al., 2017).

Other secondary metabolites produced by F. pseudograminearum are the
polyketides zearalenone and fusarin and non-ribosomal peptides, like ferricrocin and
fusarinine (Hansen et al., 2015). F. pseudograminearum also produces the hybrid
polyketide-non-ribosomal peptides W493 A and B (Sgrensen et al., 2014) which is
not found in the closely related species F.graminearum and F. culmorum.
Comparative genome analysis (Hansen et al., 2015) identified 14 putative polyketide
synthases (PKS) and 16 non-ribosomal peptide synthases (NRPS) in
F. pseudograminearum. However, the products of only 8 PKSs and of 4 NPRSs are
known (Hansen et al., 2015). Moreover, there are also other classes of secondary
metabolites produced by fungi. A genomic analysis of F. graminearum identified 67
putative gene clusters with a significant enrichment of predicted secondary
metabolism-related enzymatic functions that did not necessarily contain PKS and
NRPS genes. Fifty-seven of these had orthologues in F. pseudograminearum
(Sieber et al., 2014).



Recently a gene cluster, lacking obvious secondary metabolism signature genes
such as PKSs or NRPSs, has been identified in F. pseudograminearum, which
synthesises a novel class of cytokinins, called Fusarium cytokinins (Sgrensen et al.,
2018). The gene cluster does not exist in the closely related F. graminearum, but
homologous clusters could be found in F. oxysporum, F. fujikuroi and
F. verticillioides (Sgrensen et al., 2018).

F. pseudograminearum produces the cytokinins fusatin, fusatinic acid, 8-oxo-fusatin
(which are collectively termed Fusarium cytokinins), as well as the more commonly
known cytokinins cis-zeatin and trans-zeatin via two different biosynthesis pathways.
In the tRNA pathway cis-zeatin is produced via the degradation of prenylated-
adenine moieties from tRNA molecules. The Fusarium cytokinins and trans-zeatin
are synthesized from adenosine monophosphate and dimethylallyl diphosphate by
FCK1 and FCK2, which are encoded in a small cytokinin gene cluster consisting of
FCK1-4. FCK1 contains two catalytic domains, one is homologous to the catalytic
domain of the plant protein LONELY GUY (a cytokinin riboside 5-monophosphate
phosphoribohydrolase) and the other is an isopentyl-transferase and is proposed to
be responsible for formation isopentenyladenine (iP) as the initial step of the
biosynthetic pathway. In plants these activities are encoded in separate proteins
(Kakimoto, 2001; Kurakawa et al., 2007; Takei et al., 2001). FCK2 is a cytochrome
P450 monooxygenase proposed to catalyse the downstream steps including
hydroxylation and condensation of iP resulting in trans-zeatin and subsequently the
Fusarium cytokinins. The function of the other members of the cytokinin gene
cluster, FCK3 and FCK4, is still unknown, but their knockouts each resulted in
increased production of cytokinins and thus they could be involved in the
downstream production of yet unknown compounds. FCK3 contains a putative

glycosyl transferase domain and FCK4 a putative alcohol acetyltransferase domain.

The function of the Fusarium cytokinins in the pathogenic or saprophytic life stages
of F. pseudograminearum is still unknown, but the expression of FCK1, FCK2 and
FCK3 is highly induced in F. pseudograminearum during barley and Brachypodium
infection and the Fusarium cytokinins accumulate in infected wheat heads in
concentration levels similar to those of physiologically active plant cytokinins

(Sgrensen et al., 2018). In addition, Fusarium cytokinins can activate signalling from



an Arabidopsis cytokinin receptor in a bacterial reporter strain and fusatinic acid
activates cytokinin signalling in Brachypodium (Sgrensen et al., 2018).

Cytokinins were first identified in plants where they promote cell growth and
differentiation, as well as delay leaf senescence (Ferreira and Kieber, 2005). In
addition to plants, a vast array of bacteria, algae and fungi are also able to produce
cytokinins. During symbiotic mycorrhizal infection of plant roots, cytokinins are
produced by both the plant host and the mycorrhizal fungi (Gogala, 1991) and are
important for successful colonization and symbiosis, but also to prevent parasitism
by the fungus (Cosme et al., 2016; Foo et al., 2013). Similarly, Rhizobia root nodule-
forming bacteria produce cytokinins to induce the development of symbiotic root
nodules in legumes (Phillips and Torrey, 1970). Plant pathogens, such as
Agrobacterium tumefaciens, also produce cytokinins during plant infection to
manipulate their host to their own advantage (Akiyoshi et al., 1984). In addition,
locally increased cytokinin levels in plants infected with the biotrophic rust and
powdery mildew fungal plant pathogens delay senescence of the infected leaves,
which leads to the formation of green islands, though it is not known yet if the fungi
produce the cytokinins themselves, or if the host metabolism is altered to induce
localized cytokinin production in the plant (Ashby, 2000; Walters et al., 2007). The
hemibiotrophic fungus Pyrenopeziza brassicae produces cytokinins which might
suppress host cell death during brassica infection to allow for the colonization of
healthy tissue (Gan and Amasino, 1995; Murphy et al., 1997).

To get a better understanding how Fusarium cytokinin biosynthesis is regulated in
F. pseudograminearum, different carbon and nitrogen sources as well as different pH
were screened. In addition, DON production was also analysed in
F. pseudograminearum in the different growth conditions. Together the results
indicate a similar regulation of DON and Fusarium cytokinin production in
F. pseudograminearum by specific nitrogen sources in a pH-dependent manner.
Further, a Fusarium cytokinin reporter strain was microscopically analysed during
wheat seedling infection, which revealed an induction of Fusarium cytokinin

production in hyphae in close association with the plant.



2 Materials and Methods

2.1 Fungal strains and wheat cultivar

The wheat cultivar Kennedy was used for the wheat seedling infections. The
F. pseudograminearum isolate CS3096 was used as wild type strain for wheat
seedling infections. The F. graminearum DON reporter strain FgTRI5-GFP carries a
translational C-terminal GFP fusion in the endogenous FgTRI5 locus in the CS3005

F. graminearum wild type background (Blum et al., 2016).

2.2 Generation of a cytokinin-GFP reporter strain

The F. pseudograminearum FpFCK1-GFP Fusarium cytokinin reporter strain (here
after referred to as FpFCK1-GFP) carries a C-terminal translational GFP fusion in
the endogenous FpFCK1 locus in the CS3096 F.pseudograminearum wild type
background. The vector to construct this strain was made using yeast
recombinatorial cloning to assemble PCR fragments in pYES2 as previously
described (Blum et al., 2016). Cloning details specific to this vector were as follows
with primers listed in Table 1. The native promoter and FCK1 gene were amplified
using primers 1-2 from gDNA. A GFP fragment (including a four glycine residue
linker for the fusion between FCK1 and GFP) was amplified from a previously
described TRI5-GFP reporter fusion construct (Blum et al., 2016) using primers 3
and 4. The HSVtk terminator and gpdA promoter neomycin phosphotransferase
(nptll) cassette were amplified from pAN9.1 (Gardiner et al., 2009a) with primers 5-6
and 7-8, respectively. The FCK1 terminator was amplified from gDNA using primers
9-10. All fragments were amplified using Phusion DNA polymerase (NEB, Ipswich,
MA, USA) with annealing temperatures at either 55 or 58°C with 2.5 or 3 minutes
extensions in high fidelity buffer as per the manufacturer’s instructions. The final
construct consisted of, in this order: the native FCK1 promoter and coding
information (including native intron), a four-glycine-linker sequence, eGFP, herpes
simplex virus thymidine kinase terminator, Aspergillus nidulans gpdA promoter, nptll
and the FCK1 terminator. The insert of the vector was amplified with primers 11 and
12 which flank the cloning site used in pYES2 for construction (annealing at 53°C
using Phusion DNA polymerase), precipitated using 10% polyethylene glycol 8000
(Sigma) and 10 mM MgCl, (Sigma) and pelleted by centrifugation at 20,000xg for 20

minutes in a microcentrifuge. The pellet was washed with 70% ethanol, dried and
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resuspended in STC for introduction into F.pseudograminearum CS3096 via
polyethylene glycol-mediated protoplast transformation as previously described
(Desmond et al., 2008).

Transformants were verified by whole genome sequencing and alignment of reads
across the FCK1 locus. Genome sequencing was conducted by the Australian
Genome Research Facility (Melbourne, Australia) using Illumina Tru Seq library
preparation and sequencing of each isolate in one seventh of an Illumina MiSeq flow
cell. Reads were imported into CLCbio genomics workbench, quality trimmed and
aligned to the predicted genomic locus to assess for insert copy number and correct
integration. These were determined based on manual inspection of read mappings
across this region. Raw reads have been deposited in the NCBI sequence read
archive under the umbrella bioproject PRINA389763.

2.3 Fusatin and DON production induction assays

For the induction assays, 10,000 spores were inoculated into 100 pL minimal
medium per well in 96 well plates. The minimal medium used was slightly modified
from Correll et al., (1987) and contained the following ingredients per litre: 30 g
sucrose, 1 g KH2POy4, 0.5 g MgS0,4.7H,0, 0.5 g KCI, 10 mg FeS0O,4.7H,0, 200 uL of
trace element solution (per 100 mL, 5 g citric acid, 5 g ZnS0,.7H,0, 0.25 ¢
CuS0,4.5H,0, 50 mg MnS0O4.H,0, 50 mg H3zBO3, 50 mg NaMoO,.2H,0). Either 40
mM arginine, 40 mM asparagine, 40 mM citrulline, 40 mM citrulline with 5 mM
glutamine or just 5 mM glutamine were added as nitrogen sources and the pH
adjusted to 4.5 with HCI or pH10 with NaOH. The citrulline medium also contained
0.02 % yeast extract, because the fungus was growing very poorly in the citrulline
medium without the yeast extract.

For the inducer screening, 1000 FpFCK1-GFP spores were inoculated into 100 pL
minimal medium (as above, but with sucrose and nitrogen sources as described
below) in PM1, PM3 and PM10 Phenotype MicroArray plates (Biolog, Hayward,
USA). In the PM1 plate 5 mM glutamine was added to the minimal medium, in the
PM3 plate 90 mM sucrose and in the PM10 plate 5 mM glutamine and 90 mM

sucrose.

After inoculation, the 96 well plates were incubated at 28°C in the dark and
measured daily with a Perkin ElImer (Waltham, MA, USA) EnVision plate reader fitted
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with monochromators. GFP was excited at 488 nm and detected at 509 nm and
growth rates were determined by measuring the absorbance at 405 nm (OD4ps). The
GFP intensities were then normalised to the measured biomass as previously
described (Blum et al., 2016). Artificially high normalised signals were avoided by
only normalising to biomass when biomass was clearly detectable at OD45>0.5
units. Three biological replicates were averaged for each sample. The results from

the time course experiment were reproduced three times.

2.4 Fusatin and DON liguid chromatography guantification

The total amounts of fusatin and DON produced after 7 days of growth in 96 well
plates were analysed from the same samples which had been analysed for the
fusatin and DON production induction assays. For the high performance liquid
chromatography (HPLC) quantification the metabolites from the whole fungal colony
of each well, as well as the liquid medium, were extracted by adding 100 pyL pure
methanol and 1000 uL extraction buffer (50% ethyl acetate, 33% methanol, 16%
dichloromethane, 1% formic acid) to each sample. Accordingly, the samples were
sonicated for ten minutes before they were centrifuged at 20,000xg for five minutes.
One mL of the supernatant was transferred to a new reaction tube and dried down
under a stream of N, gas before being resuspended in 50 yL methanol. The samples
were centrifuged again at 13,000xg for five minutes and 40 yL of the supernatant
were transferred into a 300 yL HPLC vial (Phenomenex, Torrance USA). The HPLC
system used was a Waters Acquity Arc UHPLC system equipped with a QDa (mass)
detector. For the analysis, 5 yL of the samples were injected and separated on a
Phenomenex Kinetex phenyl-hexyl column (100 mm x 2.1 mm ID, 2.6 um) using a
flow of 0.4 mL/min with a linear water-acetonitrile gradient, where both eluents were
buffered with 0.1% formic acid. The gradient started at 5% acetonitrile and reached
100% in 12 min. Afterwards the solvent conditions were returned to 5% acetonitrile
maintained for 8 min to restore starting conditions for the next sample. Single ion
monitoring ([M+H]" + m/z 0.5) with the mass detector run in positive mode and a
cone voltage of 10 volts were used for each compound. Three biological replicates

were quantified for each treatment.



2.5 Fluorescence microscopy

For the analysis of the subcellular localization of FCK1-GFP, wet mounts of fungal
colonies from the 96 well induction assay were analysed with a ZEISS (Oberkochen,
Germany) AXIO Imager.M2 with a 100x oil objective. For GFP excitation a
470/40 nm bandpass filter was used and for GFP emission detection a 525/50 nm

bandpass filter.

The FpFCK1-GFP infected wheat seedlings were analysed with a Leica (Wetzlar,
Germany) MZ16 FA fluorescence stereomicroscope with a 1,6x planapochromatic
objective. For GFP detection the GFP2 filter set was used with a 425/60 nm

excitation filter and a 510 nm longpass filter for emission detection.

2.6 Wheat seedling infection

Wheat seeds cv. Kennedy were sterilized in 10% ethanol with 0.64% sodium
hypochlorite for five minutes and washed three times in sterile deionized water.
Seven seeds were put onto 15020 mm petri dishes containing two water soaked
filter papers. The plates were wrapped in aluminium foil and placed at 4°C overnight.
The next day the plates were transferred to a 20°C plant growth chamber still
covered in aluminium foil. After two days, the aluminium foil was removed and the
seedlings were infected with 4 yL of either F. pseudograminearum wild type CS3096
spores or FpFCK1-GFP spores (10° spores per mL). The spores were pipetted either
onto the root or the crown of the seedlings. The crown infections were aided by slight

puncturing of the plant with the pipette tip.

3 Results

3.1 Construction of a Fusarium cytokinin production reporter strain

A reporter strain was constructed to allow for analysis of the regulation of Fusarium
cytokinin production. GFP was inserted as a C-terminal translational fusion in the
endogenous FpFCK1 locus in the CS3096 F. pseudograminearum wild type
background. The whole genomes of four individual transformants were sequenced to
allow for selection of correct and single-copy insertion of the construct. Sequence

read coverage analysis suggested transformants 221 and 227 were single copy
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insertions (Figure 1) and also showed reads consistent with correct insertion at the
locus, that is reads all across the key junctions; end of homology flanks, the GFP
fusion site and nptll-FCK1 terminator fusion site (data not shown). In contrast
transformant 223 was most likely multi-copy insertion with the homology flanks used
in the vector showing increased read coverage (Figure 1). Transformant 224 had
lower read coverage, is possibly multicopy and showed reads inconsistent with
perfect insertion at the FpFCK1 locus (data not shown). None of the transformants

showed any obvious growth or sporulation defects (data not shown).

3.2 Fusarium cytokinin production can be induced in vitro by specific nitrogen

sources

Nutrient profiling has previously been applied to identify specific conditions for high
level induction of specific secondary metabolites in F. graminearum (Gardiner et al.,
2009b, 2009c). A similar approach was taken here to identify potential inducers of
Fusarium cytokinin production. To this end, the FpFCK1-GFP strain was grown in
PM1, PM3 and PM10 Phenotype MicroArray plates (Biolog, Hayward, USA). These
are commercially available 96-well plates, which contain different carbon sources
(PM1), nitrogen sources (PM3) or varying pH (PM10) in each well. None of the
carbon sources in the PML1 plate significantly induced FCK1-GFP (data not shown).

Nitrogen source profiling using the PM3 plate revealed asparagine, citrulline,
allantoin, and alanine-aspartate and glycine-glutamine dipeptides as weak to
moderate inducers of FCK1 expression (Figure 2A). Of these, the alanine-aspartate

dipeptide was the strongest inducer (Figure 2A).

In the pH-phenotyping PM10 plate, many growth conditions showed a stronger
FCK1-GFP induction (Figure 2B) compared to the PM3 plate (Figure 2A). The
strongest FCK1-GFP induction could be observed in the presence of citrulline
buffered at pH 4.5 (Figure 2B). Arginine, histidine, threonine and ornithine at pH 4.5
as well as alanine, arginine, isoleucine, proline, ornithine and cadaverine at pH 9.5
also induced FCK1-GFP with intermediate GFP signals (Figure 2B). In contrast to
the PM3 plate (Figure 2A), the medium added to the PM10 plate (Figure 2B) also
contained 5 mM glutamine and the nitrogen sources in the different wells of the
PM10 plate were also at higher concentrations compared to the PM3 plate. These
differences, as well as the fact that the medium in the PM10 plates was buffered at a
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specific pH, may all contribute to the stronger FCK1-GFP induction observed in the
PM10 plate (Figure 2B).

Since the exact contents of the phenotype microarray plates is proprietary
information, validation of the identified inducing conditions was undertaken. In PM3
plates the nitrogen sources are expected to be around 5 mM. In the PM10 plates the
nitrogen sources are at approximately 40 mM, an undisclosed buffer at 60 mM and
yeast extract (0.02%) is also present (Biolog, personal communication). The
validation was undertaken using time course experiments with the FpFCK1-GFP
reporter strain. Standard 96-well plates with minimal media, which only contained
one specific nitrogen source were used, rather than the two which were present in
the PM10 profiling plates. The fungus was grown in media containing arginine,
asparagine or citrulline at 40 mM and the pH was adjusted to either pH 4.5 or pH 10
with hydrogen chloride and sodium hydroxide, respectively. Asparagine was chosen,
because it was able to induce FCK1-GFP without the presence of an additional
nitrogen source in the PM3 plates and in combination with alanine resulted in the
strongest FCK1-GFP induction on the PM3 plate (Figure 2A). Citrulline was also
included in this experiment, because it showed the strongest FCK1-GFP induction
on the PM10 plate and some induction in PM3 (Figure 2). In addition, FCK1-GFP
induction was also analysed in arginine, as arginine has been reported before as an

inducer of DON production in the closely related F. graminearum.

After three days, both asparagine and arginine induced FCK1-GFP, with the
strongest induction observed in arginine (Figure 3A). FCK1-GFP induction by
arginine and asparagine was pH-dependent and could be suppressed by a high pH
(Figure 3A). No significant FCK1-GFP signals could be detected in citrulline during

the seven-day time course (Figure 3A).

As the media in the PM10 plate (Figure 2B) also contained 5 mM glutamine, the
FCK1-GFP induction assay was repeated with 40 mM citrulline with 5 mM glutamine
added. In combination with glutamine, citrulline induced FCK1-GFP after four days,
though to a lesser extent than arginine and asparagine (Figure 3B). Similar to
arginine and asparagine, the induction by citrulline and glutamine was also pH
dependent (Figure 3B). The induction seems to be specific to citrulline, as no
significant FCK1-GFP induction could be detected in 5 mM glutamine until day seven
(Figure 3B).
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3.3 Fusatin production is reminiscent of DON production in different growth

conditions in axenic culture in F. pseudograminearum

It had been shown previously for a F. graminearum FgTRI5-GFP DON reporter
strain, that the TRI5-GFP expression levels reflect the levels of DON produced by
the fungus (Blum et al., 2016). However, expression levels of biosynthesis enzymes
may not necessarily reflect the production levels of a compound. Thus, it is not
known if the FCK1-GFP expression levels correlate to the fusatin production levels.
Accordingly, the total fusatin levels produced by the FpFCK1-GFP reporter strain
during the previous time course experiment (Figure 3) were quantified by high
performance liquid chromatography (HPLC) coupled to a mass spectrometer. In
addition, the total DON levels were quantified in the same samples. As arginine is
known to induce TRI5-GFP expression in F. graminearum (Blum et al.,, 2016;
Gardiner et al., 2009b), we wanted to know if F. pseudograminearum was also

producing DON when fusatin biosynthesis was induced.

Overall, the FpFCK1-GFP reporter strain produced 10-50-fold less fusatin than the
CS3096 wild type strain and 2-40-fold more DON than CS3096 (Figure 4). However,
these differences in production levels (i.e. decreased fusatin and increased DON in
the reporter strain compared to the parent) were not statistically significant, with the
exception of DON production in citrulline and asparagine at pH 4.5 (Figure 4B). The
lack of significance means that the reporter strain behaviour is reflective of the
parental strain with respect to these secondary metabolites. The FpFCK1-GFP and
CS3096 showed similar responses of fusatin and DON production in the different
growth conditions (Figure 4) and the fusatin levels reflect the FCK1-GFP expression
patterns (Figure 3). As an exception, high fusatin levels could be detected in citrulline
in both the FpFCK1-GFP reporter strain and the CS3096 wild type (Figure 4 A),
whereas no significant FCK1-GFP signals were detected in citrulline (Figure 3 A).
Generally, the fusatin levels were about 100-1000-fold lower than the DON levels (on
a weight for weight basis), however it is known, that plant cytokinins and other
phytohormones are active at very low concentrations. DON and fusatin production in
F. pseudograminearum were pH dependent, as high pH suppressed or reduced
DON and fusatin production in otherwise inductive nitrogen sources (Figure 4). This
is in accordance with previous results showing the acid pH dependence of DON
production in F. graminearum (Gardiner et al., 2009c; Merhej et al., 2011) as well as
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the pH dependence of the FCK1-GFP expression levels (Figure 3). The only
exception was a non-significant increase in DON production in CS3096 in
asparagine in pH 10 in comparison to pH 4.5. Only one of the three replicates
produced detectable amounts of DON at pH10.

In summary, the FpFCK1-GFP reporter strain is a useful tool to identify conditions of
high fusatin production, but the FCK1-GFP levels do not perfectly correlate with the
levels of fusatin. In addition, the GFP tag in the FpFCK1-GFP reporter strain seems
to decrease the efficiency of fusatin production, which in turn seems to indirectly

increase DON production.

3.4 The fusatin biosynthesis enzyme FCK1 is localized in the cytosol

As the FpFCK1-GFP reporter strain carries a translational GFP fusion, the
subcellular localization of FCK1-GFP was analysed by fluorescence microscopy.
Similar to the DON biosynthesis enzyme TRI5 in F. graminearum (Blum et al., 2016;
Boenisch et al., 2017), the F. pseudograminearum FCK1-GFP is also localized in the
cytosol (Figure 5). Under the fusatin biosynthesis-inducing conditions,
F. pseudograminearum also developed ovoid cells (Figure 5, second row), which are
similar to those previously observed in F. graminearum during DON biosynthesis-
inducing conditions (Blum et al., 2016; Menke et al., 2013).

3.5 F. pseudograminearum specifically induces fusatin biosynthesis during

infection in hyphae in close contact with the plant

To get a better understanding of whether fusatin is involved in plant infection by
F. pseudograminearum, wheat seedlings were infected with the FpFCK1-GFP
reporter strain and analysed by fluorescence microscopy. During the course of
infection, there was substantial hyphal growth on the outside of the infected
seedlings, yet no FCK1-GFP signals could be detected in the hyphae growing on the
seedling surface (Figure 6A,B). When the infection was repeated, very weak GFP
signals could be seen in some hyphae above the crown and the start of the roots, as
well as in some hyphae growing out of the top of the coleoptile (not shown).
However, when the coleoptile was pulled back 10 days after infection, clear GFP
signals could be detected in densely packed hyphae on the inside of the coleoptile
as well as on the pseudostem, which was previously covered in the coleoptile
(Figure 6C,D). In addition, after removal of the coleoptile the outer leaf was sliced
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open to reveal the younger leaf. Between the two leaves many fluorescing hyphae
could be detected which were interconnected by hyphal clumps (Figure 6E,F). The
FCK1-GFP signal intensities were much higher in the hyphae growing in between
the leaves and the coleoptile than the signal intensities in hyphae growing on the
surface, so that no signals could be detected in the hyphae on the surface with the

acquisition settings used for the hyphae in between leaves.

Fifteen days after infection the coleoptile was almost fully dried out and no
fluorescing hyphae could be found underneath (not shown). However, when the
leaves were pulled apart, strong FCK1-GFP signals could be detected in dense
hyphal mats, which were in close association with the inside of the first leaf (Figure
7A,B). When the second leaf was removed, the surface of the third and youngest
leaf was revealed to be intensely colonised by the fungus and most hyphae showed
GFP signals (Figure 7C,D). The weak signals of the roots (Figure 7A,B, first column)
appeared to be autofluorescence of the roots. Similarly, the signals which can be
seen from the dead coleoptile as well as some parts of the first and second leaves in
column one of C and D of Figure 7, are due to autofluorescence of dead tissue.

The infections were repeated with an independent spore preparation, which also
included another FpFCK1-GFP transformant. This experiment showed that the
above- described scenarios were not specific to a certain time point after infection,
but rather seemed to be dependent on the course of infection in each individual
plant. Fluorescing hyphae in between the coleoptile and the pseudostem were
usually found during earlier infection stages, when the crown was already brown, but
the leaves did not show symptoms yet. The fluorescing hyphae in the pseudostem in
between the leaves were found when the infection had progressed further and the
leaves were showing clear symptoms. However, during final infection stages, when
the plant tissue was completely necrotic, none of the hyphae within the plant were
fluorescing. Thus, FCK1-GFP seems to be mainly induced in hyphae growing in
close association with the plant in between living plant tissue, and less in dead tissue

or outside the plant.

Wheat seedlings were also infected with the CS3096 F. pseudograminearum wild
type strain (Figure 7E,F). A similar auto fluorescence could be observed from dead
plant tissue, which can be seen in the background in Figure 7F, but as expected no

fluorescence could be detected in the hyphae.

14



4 Discussion

Here we show that the expression of the F. pseudograminearum fusatin biosynthesis
enzyme FCK1 can be induced in vitro by specific nitrogen sources, similar to the
DON biosynthesis enzyme TRI5 in F. graminearum (Gardiner et al., 2009b). During
the seven-day time course experiment high concentrations of asparagine, arginine
and citrulline in combination with glutamine induced FCK1-GFP in
F. pseudograminearum. FCK1-GFP was only induced in low pH and high pH
repressed otherwise inducing conditions. This is similar to TRI5-GFP expression
during DON production in F. graminearum, which is also dependent on low pH
(Gardiner et al., 2009c). The DON levels produced by the F. pseudograminearum
FpFCK1-GFP strain showed similar patterns to the fusatin levels in the different
nitrogen sources and the production of both was pH dependent. Thus, fusatin and
DON production seem to share similar regulatory mechanisms in

F. pseudograminearum.

In comparison to the CS3096 wild type F. pseudograminearum, the FpFCK1-GFP
reporter strain produced less fusatin and more DON. The decrease in fusatin
production is most likely due to the GFP tag, as this was inserted in the endogenous
FpFCK1 locus as a translational fusion. The increase in DON production could be
caused by a shift in a precursor pool, as fusatin and DON are synthesized from
dimethylallyl pyrophosphate and farnesyl pyrophosphate respectively, which are both
produced via the mevalonate pathway. Thus, the decreased fusatin production might

indirectly cause an increase in precursor availability for DON production.

Similar to DON production in F. graminearum, F. pseudograminearum develops
ovoid cells in asparagine containing medium, however as the fungus also produces
DON under these conditions, the cellular development could also be linked to DON
production. Nevertheless, in F. pseudograminearum FCK1-GFP is expressed in
these ovoid cells and is localised in the cytosol, similar to TRI5-GFP in
F. graminearum (Blum et al., 2016; Boenisch et al., 2017).

Although, previous experiments indicated that fusatin behaves as a cytokinin and
that it can induce cytokinin signalling in Brachypodium (Sgrensen et al., 2018), the
actual function of fusatin in F. pseudograminearum is still unknown. Our previous

work described that (as data not shown) the FCK1 mutant strain did not alter
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infectivity (Sgrensen et al., 2018), although analyses of these mutants is complicated
by the presence of the tRNA-derived cytokinin pathway in F. pseudograminearum.
Using F. graminearum strains carrying the Fusarium cytokinin cluster (Sgrensen et
al.,, 2018) a trend towards reductions in FHB and seedling disease severity, and
reduced chlorosis in the FHB assays, was observed although this was only
statistically significant for one transformant (Supplementary Figure 1). The
microscopic analysis of FpFCK1-GFP infected wheat seedlings also indicates that
fusatin might play a role during wheat infection, as FCK1-GFP is mainly induced in
hyphae growing in close association with living plant tissue. However, not all hyphae
growing in between leaves were fluorescing. This seemed to be most often the case,
when the plant tissue showed substantial cell death, but also when there was no cell
death at all. Often, FCK1-GFP positive hyphae could be found in a zone in between
mainly dead tissue and the still healthy tissue, where cell death was starting to occur
in some isolated cell groups. Thus, fusatin might play a role during a very specific
time point of infection, which seems to be in between the biotrophic and the
necrotrophic phase of infection. Although in vitro fusatin production-inducing
conditions also induce DON production, this does not necessarily mean that they
would be coproduced during the same infection stages or in the same hyphae at the
same time. It would be interesting to introduce a DON reporter construct, like TRI5-
RFP, into the FpFCK1-GFP strain to analyse the spatial and temporal production of

these two secondary metabolites during plant infection at the same time.

In other plant pathogenic fungi cytokinins are produced during plant infection to delay
senescence and to allow the colonization of healthy plant tissue by the fungus
(Ashby, 2000; Gan and Amasino, 1995; Murphy et al.,, 1997, Walters and
McRoberts, 2006). Accordingly, fusatin could play a similar role in F.
pseudograminearum during wheat infection and suppress host cell death to allow the
spread of the fungus in the still healthy plant tissue before the fungus switches to the
necrotrophic infection phase during which DON production is potentially induced to
kill the plant cells. The trends observed with the infection assays with the F.
graminearum strains expressing cytokinins are consistent with this hypothesis,
although further testing with additional genetic material such as a F.
pseudograminearum double mutant lacking both cytokinin pathways is required. In

addition to delaying senescence, plant cytokinins also increase the sink strength,
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especially in younger plant tissue (Leopold and Kawase, 1964; Richmond and Lang,
1957; Roitsch and Ehnel3, 2000). Hence, F. pseudograminearum could produce
fusatin to manipulate the tissue it is infecting to become a sink tissue, so there will be
more nutrients available for the fungus. On the other hand, cytokinins have also
been shown to regulate the accumulation of defense metabolites in different plant
species (Brutting et al., 2017; Dervinis et al., 2010; Schafer et al., 2015; Smigocki et
al., 1993) which would be counterproductive for the fungus during infection. Thus, it
would be very interesting to see if the Fusarium cytokinins are able to only activate
certain cytokinin signalling pathways in the plant which are beneficial for the fungus,
but are able to avoid those that would induce plant defense responses. However, the
cost of the plant defense metabolite accumulation, might also be less than the
benefit of the nutrient accumulation for the fungus. In addition,
F. pseudograminearum is able to detoxify wheat benzoxazolinone defense
metabolites (Kettle et al., 2015) and thus may have evolved to tolerate the
accumulation of certain plant defense metabolites. In summary, the data so far
support a potential role of the F. pseudograminearum produced cytokinins during

wheat infection, however the exact mechanisms of action still remain to be revealed.
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7 Table

Table 1: Primers used to construct the FpFCK1-GFP reporter strain

Numbe | Name Sequence

r

1 FCKlprom | CTGTAATACGACTCACTATAGGGAATATTAAGCTTTTGCGGCTTTAGCTAG
F GCTT

2 FCK1- CACCATACCTCCGCCACCGACCCACTCAAGTTCACCCTTTCG
ofpR

3 FCK1-gfpF | TGAACTTGAGTGGGTCGGTGGCGGAGGTATGGTGAGC

4 ofpR TGGTCGGTCATTTCGAACCCCAGAGTCCCGCTTACTTGTACAGCTCGTC

5 HSV-tkF GCGGGACTCTGGGGTTCGAAAT

6 HSV-tkF CTTTTGGTTACGCCGTCAAGCTTTAACCTGAGGCTATG

7 gpdAF CTCAGGTTAAAGCTTGACGGCGTAACCAAAAGTCAC

8 nptR TCAGAAGAACTCGTCAAGAAGGC

9 FCKlterm | TTCTATCGCCTTCTTGACGAGTTCTTCTGAACTATAGCCATGAATAGAGTT
= CGAT

10 FCKlterm | GTGACATAACTAATTACATGATGCGGCCCTCTAGACGAGAGCGTCGTAGT
R CAGAC

11 CYCIR GCGTGAATGTAAGCGTGAC

12 T7 TAATACGACTCACTATAGG

8 Figure legends

Figure 1: Read coverage analysis of F. pseudograminearum FpFCK1-GFP reporter strains.
Four transformants (numbers 221, 223, 224 and 227) were whole genome sequenced and reads
aligned to the predicted genome of a single copy insertion of the transforming DNA at the FCK1 locus.
The predicted locus is shown at the top of the image and the read coverage graphs below. The
maximum read coverage depth observed in this region for any of the transformants was 55 reads and
the y-axis has been set to this maximum for all four transformants. Transformants 221, 224 and 227
appear to have a single copy insertion based on the similar coverage of reads across the regions
corresponding to the transforming DNA and the flanking DNA sequences not included in the vector
used for transformation. Transformant 223 appears to have multiple insertions based on the higher
read coverage of the transforming DNA.

Figure 2. FCK1-GFP induction in different nitrogen sources (A) and different pH (B). FpFCK1-GFP

spores were grown in nitrogen source phenotyping plates (PM3) (A) and in pH phenotyping plates
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(PM10) (B) for seven days. The colour scale from black to green indicates the range of the normalised

GFP signals from weak to strong. The same colour scale was applied for the PM3 and PM10 plates.

Figure 3. FCK1-GFP induction in different nitrogen sources. FpFCK1-GFP spores were grown for
seven days in minimal medium with arginine, asparagine, citrulline (A), citrulline with added glutamine
or only glutamine as sole nitrogen sources (B). GFP signals were normalised to the culture optical
density at 405 nm only if the OD4s was greater than 0.5 representing obvious fungal growth. These
optical densities were typically reached 3 days post inoculation. The error bars show the standard

error of the three technical replicates.

Figure 4. HPLC quantification of total fusatin (A) and DON (B) levels. FpFCK1-GFP and CS3096
spores were grown in minimal media with either asparagine, arginine, citrulline or citrulline with
glutamine as sole nitrogen sources for seven days. Asterisks indicate statistical significance in a two-
tailed student’s t-test type two with * p<0.05 and *** p<0.0005.

Figure 5. Fluorescence microscopy of FpFCK1-GFP hyphae. FpFCK1-GFP spores were grown in
minimal media with asparagine as sole nitrogen source for four days. The first column shows the GFP
channel, the second a DIC image and the third an overlay. In the first row a hyphae can be seen and

in the second row an ovoid cell. The scale bars indicate 10 pum.

Figure 6. Fluorescence microscopy of FpFCK1-GFP infected wheat seedlings. A and B show
hyphae growing on the surface of intact seedlings 15 dpi and 11 dpi (last column). In C and D the
coleoptile was removed to show hyphae growing in between the coleoptile and the pseudostem 10
dpi. E and F show hyphae growing in between the outer and inner leaf in an open cut pseudostem of

a seedling 10dpi. A, C and E show bright field images and B, D and F GFP images.

Figure 7. Fluorescence microscopy of FpFCK1-GFP (A-D) and CS3096 (E, F) infected wheat
seedlings. The wheat seedlings were imaged 15 days past inoculation. A and B show hyphae
growing in between the first and second leaf, which have been pulled apart. In C and D the older first
and second leaves have been removed to show hyphae growing on the youngest leaf (third) which
was fully wrapped in the second leaf before. E and F show wheat seedlings infected with CS3096. A,

C and E show bright field images and B, D and F GFP images.

Supplementary Figure 1. Disease assays with a Fusarium cytokinin producing strain of
Fusarium graminearum. (A) Fusarium head blight assay with F. graminearum strain Phl and a
transformant (Ph1+FpCK1) carrying the entire Fusarium cytokinin cluster. Assays were performed

using susceptible Italian wheat cultivar A416. For Phl and Ph1+FpCK1 strains, 9 and 10 heads were
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inoculated, respectively, with 10 yL of a 1x10° spores mL* suspension of macroconidia applied to a
single central spikelet, covered with moistened plastic bags for 3 days and then scored 14 days post
inoculation. Dashed lines are the mean and solid lines the median. No statistically significant
differences were observed between the two strains in a t-test (p-value of 0.76). No symptoms were
observed on water inoculated plants (not shown). Representative heads are shown. (B) An
independent FHB assay using additional transformants (Phl+FpCK34, Phl1+FpCK36 and
Ph1+FpCK58) on susceptible wheat cultivar Apogee. Five biological replicates were used per strain
with two central spikelets inoculated per head using 10 pL of a 1x10° spores mL* suspension of
macroconidia. Symptoms were not observed on water inoculated control plants. Plants were scored
12 days post inoculation. An ANOVA detected no differences between strains (p-value = 0.108)
although pairwise t-tests suggested Ph1+FpCK34 was slightly less virulent than Phl (p-value shown
on graph). Representative heads are shown. (C) Fusarium seedling disease assay with Phl,
Ph1+FpCK1 and a mock control. Pre-germinated seedlings (4 days at room temperature) were
inoculated on the central root with 250 pL of 5x10° spores mL™" in macerated 0.9% agarose. Three
biological reps were used with each replicate consisting of 10 plants that were pooled together prior to
weighing shoot tissue. Values represented are the average weight of these three replicates divided by
10. Error bars represent the standard error of the mean. No statistically significant differences were

observed between the two strains in a t-test (p-value 0.17).
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Negative Control
Ammonia

Nitrite

Nitrate

Urea

Biuret

L-Alanine
L-Arginine
L-Asparagine
L-Aspartic Acid
L-Cysteine
L-Glutamic Acid
L-Glutamine
Glycine
L-Histidine
L-Isoleucine
L-Leucine
L-Lysine
L-Methionine
L-Phenylalanine
L-Proline
L-Serine
L-Threonine
L-Tryptophan
L-Tyrosine
L-Valine
D-Alanine
D-Asparagine
D-Aspartic Acid
D-Glutamic Acid
D-Lysine
D-Serine
D-Valine
L-Citrulline
L-Homoserine
L-Ornithine
N-Acetyl-D,L-glutamic Acid
N-Phthaloyl-L-Glutamic Acid
L-Pyroglutamic Acid
Hyroxylamine
Methylamine
N-Amylamine
N-Butylamine
Ethylamine
Ethanolamine

Time (days)
02345867

pH 3.5

pH 4

pH 4.5

pH5

pH 5.5

pH 6

pH7

pH 8

pH 8.5

pH9

pH 9.5

pH 10

pH 4.5

pH 4.5 + L-Alanine

pH 4.5 + L-Arginine

pH 4.5 + L-Asparagine
pH 4.5 + L-Aspartic Acid
pH 4.5 + L-Glutamic Acid
pH 4.5 + L-Glutamine

pH 4.5 + Glycine

pH 4.5 + L-Histidine

pH 4.5 + L-Isoleucine

pH 4.5 + L-Leucine

pH 4.5 + L-Lysine

pH 4.5 + L-Methionine
pH 4.5 + L-Phenylalanine
pH 4.5 + L-Proline

pH 4.5 + L-Serine

pH 4.5 + L-Threonine

pH 4.5 + L-Tryptophan
pH 4.5 + L-Citrulline

pH 4.5 + L-Valine

pH 4.5 + Hydroxy-L-Proline
pH 4.5 + L-Ornithine

pH 4.5 + L-Homoarginine
pH 4.5 + L-Homoserine
pH 4.5 + Anthranilic acid
pH 4.5 + L-Norleucine
pH 4.5 + L-Norvaline

pH 4.5 + a- Amino-Nbutyric acid

pH 4.5 + a-Amino malonate
pH 4.5 + B-Hydroxy Glutamate
pH 4.5 + y-Hydroxy Glutamate
pH 4.5 + 5-Hydroxy Lysine

Time (days)
0234567

pH 4.5 + 5-Hydroxy Tryptophan

Ethylenediamine pH 4.5 + D,L-Diaminopimelic acid

Putrescine pH 4.5 + Trimethylamine-N-oxide
Agmatine pH 4.5 + Urea
Histamine pH 9.5

B-Phenylethylamine pH 9.5 + L-Alanine
Tyramine pH 9.5 + L-Arginine
Acetamide pH 9.5 + L-Asparagine

Formamide
Glucuronamide
D,L-Lactamide
D-Glucosamine
D-Galactosamine
D-Mannosamine
N-Acetyl-DGlucosamine
N-Acetyl-DGalactosamine
N-Acetyl-DMannosamine

pH 9.5 + L-Aspartic Acid
pH 9.5 + L-Glutamic Acid
pH 9.5 + L-Glutamine
pH 9.5 + Glycine

pH 9.5 + L-Histidine

pH 9.5 + L-Isoleucine

pH 9.5 + L-Leucine

pH 9.5 + L-Lysine

pH 9.5 + L-Methionine

Adenine pH 9.5 + L-Phenylalanine
Adenosine pH 9.5 + L-Proline
Cytidine pH 9.5 + L-Serine
Cytosine pH 9.5 + L-Threonine
Guanine pH 9.5 + L-Tryptophan
Guanosine pH 9.5 + L-Tyrosine
Thymine pH 9.5 + L-Valine
Thymidine pH 9.5 + Hydroxy-L-Proline
Uracil pH 9.5 + L-Ornithine
Uridine pH 9.5 + L-Homoarginine
Inosine pH 9.5 + L-Homoserine
Xanthine pH 9.5 + Anthranilic acid
Xanthosine pH 9.5 + L-Norleucine
Uric Acid pH 9.5 + L-Norvaline
Alloxan pH 9.5 + Agmatine

Allantoin

Parabanic Acid
D,L-a-Amino-N-Butyric Acid
y-Amino-N-Butyric Acid
e-Amino-N-Caproic Acid
D,L-a-Amino-Caprylic Acid
8-Amino-N-valeric Acid

pH 9.5 + Cadaverine

pH 9.5 + Putrescine

pH 9.5 + Histamine

pH 9.5 + Phenylethylamine

pH 9.5 + Tyramine

pH 9.5 + Tryptamine

pH 9.5 + Trimethylamine-N-oxide

a-Amino-N-valeric Acid pH 9.5 + Urea
Ala-Asp X-Caprylate
Ala-GIn X—-a-DGlucoside
Ala-Glu X-B-DGlucoside
Ala-Gly X-a-DGalactoside
Ala-His X-B-DGalactoside
Ala-Leu X-a- DGlucuronide
Ala-Thr X-B- DGlucuronide
Gly-Asn X-B-DGlucosaminide
Gly-GIn X-B-DGalactosaminide
Gly-Glu X-a-DMannoside
Gly-Met X-PO4
Met-Ala X-S04



>

Normalised Fluoresence (RFU)

o)

Normalised Fluoresence (RFU)

ACCEPTED MANUSCRIPT

60
50
40
30
20

10

0 ———

0 1 2 3 4 5 6 7
Time (days)

~——40mM Arg pH 4.5 = = =40mM Arg pH 10
———40mM Asn pH 4.5 ———40mM Asn pH 10
—40mM Cit pH 4.5 =———40mM Cit pH 10

60
50
40
30
20

10

: L

0 1 2 3 4 5 6 7
Time (days)

e 40mM Cit + 5mM GIn pH 4.5
= 40mM Cit + 5mM GIn pH 10

= 5mM GIn pH 4.5
= 5mM GIn pH 10



aulwen|b WG+

aulnD INWOY auuibiy NWOY auibeiedsy WOy

sullinID INWOt

GyHd OLHd GyHd OLHd GyHd OLHd GyHd

OLHd

Deoxynivalenol (ug) normalised by OD405

00k
000}
00001

N )
FpFCK1-GFP I
CS3096 M- I
FpFCK1-GFP
CS3096 M———
FpFCK1-GFP I
CS3096 MEEEEE——
FpFCK1-GFP
CS3096
FpFCK1-GFP I |
ol I
CS3096 IEE—- o
FpFCK1-GFP I
CS3096
FpFCK1-GFP I
CS3096 Mm——
FpFCK1-GFP I

CS3096 —

o

aulwen|b WG+

aulnD INWOP auluibiy NWO auibeiedsy NWOy

sullinID INWOt

GyHd OLHd GyHd OLHd GyHd OLHd GyHd

OLHd

Fusatin (pg) normalised by OD405

00k
0001
00001

N =

FPFCK1-GFP -

CS3096 M
FpFCK1-GFP

CS3096
FpFCK1-GFP I

CS3096 Mm——
FpFCK1-GFP

CS3096
FpFCK1-GFP I

CS3096 I
FpFCK1-GFP I

CS3096 I
FpFCK1-GFP I

CS3096 I
FpFCK1-GFP

CS3096 N

00000}

>






A Before coleoptile removal Pseudostem with coleoptile Pseudostemwith coleoptile
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E

B Before coleoptile removal Pseudostem with coleoptile Pseudostem with coleoptile

C Coleoptile removed

- >

D Coleoptile removed Inner side of coleoptile Pseudostem under coleoptile

E Pseudostem cut open Younger leaf within pseudostem

F Pseudostem cut open
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A Interface between

B 1%t leaf removed from 24 |eaf Interface between 1%t and 2" |eaf Inside of 1°t |eaf (oldest)

im 5 200 um

C Coleo st nd moved Youngest (39) leaf Youngest (3") leaf

2

D Coleoptile + 1t and 2" |eaf removed Youngest (39) leaf Youngest (3") leaf

E Coleoptile removed im and inside of

%

F Coleoptile removed Pseudostem and inside of coleoptile Pseudostem without coleoptile



