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SUMMARY

Inter-kingdom communication through small molecules is essential to the coexistence of
organisms in an ecosystem. In soil communities, the plant root is a nexus of interactions for
a remarkable number of fungi and is a source of small molecule plant hormones that shape
fungal compositions. Although hormone signaling pathways are established in plants, how
fungi perceive and respond to molecules is unclear because many plant-associated fungi are
recalcitrant to experimentation. Here, we develop an approach using the model fungus,
Saccharomyces cerevisiae, to elucidate mechanisms of fungal response to plant hormones.
Two plant hormones, strigolactone and methyl jasmonate produce unique transcript profiles
in yeast affecting phosphate and sugar metabolism, respectively. Genetic analysis in
combination with structural studies suggest SLs require the high affinity transporter, Pho84,
to modulate phosphate homeostasis. The ability to study small molecule plant hormones in a

tractable genetic system should have utility in understanding fungal-plant interactions.

Keywords: Chemical communication, Interspecies sensing, Saccharomyces cerevisiae,
Strigolactone, Jasmonate, Genetic analysis, Plant hormone signaling, Fungal kingdom, Chemical

ecology

INTRODUCTION

Organisms seldom live in isolation and are exposed to a myriad of molecules released by other
organisms during their lifecycle. Consequently, the success of any organism within an ecosystem
partly relies on their capacity to perceive and respond to these inter-organismal signals, which are
often encoded by small molecules. In prokaryotes, for example, secreted small molecules dictate
population densities both within and between species.! In eukaryotes, many insect-insect and
insect-plant interactions use small molecules as chemical attractants or repellents for social
interactions.?® An astonishing number of inter-kingdom associations also occurs between plants
and their microbiome (bacteria) as well as plants and their mycobiome (fungi); however, only a
few small molecules have been linked to these associations.*>® Curiously, plant hormones
(phytohormones), which normally regulate plant growth and development, appear to be an
important class of small molecules that influence both the micro- and mycobiome associations

with plants, particularly in the soil around the root (rhizosphere).
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Eight phytohormones have been characterized and of these, strigolactones (SLs), jasmonic
acid (JA), auxins, gibberellins (GA), abscisic acid (ABA), cytokinins (CKs), and salicylic acid
(SA) are detected in the soil at varying concentrations (Figure 1A).”8 Although plants are the
major contributor of phytohormone levels in the rhizosphere, many soil bacteria®!%! and fungi*?*3
also make these small molecules. Composition and levels of phytohormone in the soil are therefore
transient and dynamic depending on species composition, developmental stage, and presence of
particular genotypes from all three kingdoms.*4>81" Phytohormones are also critical for plants
to adjust their development to ever changing environments and therefore link environment changes
to bacterial and fungal growth. For example, manipulating hormone levels in the rhizosphere in
response to an abiotic environmental change may sculpt roots to enhance specific microbial
associations. Furthermore, most phytohormones impinge on plant immune systems, which can
both hinder and help pathogenic and beneficial interactions,4181°

Microbes not only make phytohormones to manipulate plants but also directly respond to
these small molecules.'?2021:2223 Unlike plants, however, we do not understand why or how these
organisms perceive and transduce phytohormones into cellular responses. Partly, this is because
most plant-associated microbes are not subjected to trait analysis that links genotype to phenotype
because their genetics and biochemistry is complicated, and many are multinucleated. Also, many
fungal interactions with plants are stochastic rather than functional, which clouds identifying true
physiological interactions.

Fungi in soils predominantly belong to three phyla, Ascomycota, Basidiomycota and
Mucoromycota (Figure 1B). Within Mucoromycota, studies on AM fungi of the
Glomeromycotina clade dominate due to the importance these fungi play in nutrient exchange with
plant roots.?* AM fungal associations, which occur in over 80% of plant species are essential for
plant growth and resilience to environmental stresses and are major drivers of agricultural
productivity. Basidiomycota, which include mushrooms, often thrive as saprophytes living off
wood and leaf litter (Figure 1B). For living plants, many Basiodiomycetes, such as rusts and
smuts, are pathogenic.?®> Ascomycota, which descend from a common ancestor, are by far the
largest and most diverse group of soil fungi encompassing plant pathogens, saprotrophs, and
symbionts.?®

The prevalence of Ascomycota in the rhizosphere suggested to us that the genetic model,

Saccharomyces cerevisiae (yeast), which is also an Ascomycete, may have utility in understanding



111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141

plant-fungi associations. Yeast grows rapidly on defined media, possesses a well-annotated
genome?’ and an abundance of mutational tools quickly connect phenotype to genotype.?
Genome-wide knockout, haploinsufficient and overexpression collections, for example, are
commonly used to identity small molecule protein targets.?>3%3! Moreover, multigenic lines,
forward genetic screens, and transformation facilitate elucidation of signaling mechanisms.
However, laboratory yeasts are not favored in ecological and community studies, as strains are
adapted to artificial environments that may genetically constrain their response to complex natural
niches. 323334

At a granular level, evolutionary studies indicate that fungal regulatory networks are often
rewired across species.®® Yet, many features, such as polarized growth, adhesion, biofilm
formation and drug resistance, are conserved across the fungal kingdom.363738 Indeed, yeast can
naturally associate with plant material and laboratory strains can interact with plants.23 Between
30 to 50% of Ascomycota species are estimated to associate with algae to form lichens* and
astoundingly, yeast can also exchange nutrients with alga.* Although yeast is not filamentous,
diploid yeast undergoes dimorphic growth or forms pseudohyphae under nutrient stress whilst
haploid yeast can grow invasively into agar and even produce multicellular stalk-like structures
under certain stress conditions.*243

With this in mind, we developed a rapid integrative platform using yeast as an experimental
system to identify fungal receptors and downstream effectors of plant-derived hormones.
Elucidating the mechanisms of a hormone’s action in yeast could then guide experiments in non-
model fungi. Having no expectation whether plant small molecules would positively or negatively
influence fungal growth, we used transcript profiling, rather than altered growth, to assess response
to plant hormones. As a proof-of-principle, we demonstrated that two plant hormones induced
distinct gene expression signatures in yeast. Focussing on one hormone, strigolactone (SL), we
developed a pipeline consisting of mutational and structural analysis that identified the high-
affinity Pi transporter, Pho84 as a putative SL target. This information directed experiments on
two plant-associated fungi, an Ascomycete, and a Basidiomycete, which demonstrated that SL
perturbs Pi homeostasis in both species. Our analysis indicated that yeast has utility in
understanding the roles of plant hormones in plant-associated fungi and suggested this approach
could be applied to other small molecule hormones. Furthermore, we believe the yeast platform

developed here will be useful in characterizing the many plant-based natural products with respect



142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172

to fungal biology and should also work for molecules involved in other fungal-based interactions

involving bacteria, insects, and worms.

RESULTS
SL elicits a transcriptional signature of Pi starvation in yeast
To determine whether yeast responds to plant hormones, we focused on the carotenoid-derived
small molecule hormone, strigolactone (SL) (Figure S1). Although SLs regulate a number of
developmental responses within plants including above ground branching and root architecture,
they also emanate into the soil where they communicate to other organisms. Plant-derived SLs
control densities and development within a population of plant species.*** SLs also act as
chemical signals used by parasitic plants to detect host plants, resulting in devastating yield losses
in Africa.*®47 With respect to fungi, the most studied response involves the symbiotic interactions
between plants and Arbuscular Mycorrhizal (AM) fungi within the Mucuromycota phylum
(Figure 1B).?2484% When plants are low on Pi, they produce and exude more SLs that stimulate
hyphal branching, which promotes plant-AM fungal connections.?2%24 These connections allow
the transfer of inorganic phosphate (Pi) from the fungi in exchange for plant-derived carbon.?
Finally, SLs appear to stimulate swarming of Rhizobia impacting root nodulation rates.>® Thus, as
a chemical cue in the soil, SLs are critical to organismal interactions across multiple kingdoms.

Because of the contributions of AM fungi to agricultural productivity and plant
environmental resilience, these fungal species dominate SL studies.®® SLs, however, not only
influence AM fungi but also affect the development of a range of pathogenic Ascomycetes and
Basidiomycetes.?!5? Furthermore, soil microbiome studies indicate that genetically perturbing SL
synthesis in plants affects the growth of several soil fungal taxa.>*** Although these observations
suggest the fungal response to SL is broad, the differences in SL responses between studies
question this conclusion.® To systematically survey the extent of SL response in fungi, we visually
catalogued the response of 296 naturally occurring soil fungi to SL (Figure 2, Figure S2, Table
S1).

Because of the prohibitive costs of natural SL synthesis, we used the synthetic SL, rac-
GR24.%® This artificial SL, which is commonly used for plant and fungal studies, is an enantiomeric
mixture and therefore is not generally as potent as naturally occurring (+)-(2’R)-SLs found in

nature (Figure S1). In the presence of low micromolar concentrations of rac-GR24, approximately



173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203

23% (67 Ascomycota, 2 Mucoromycota) of the fungi displayed visible responses to SL using eight
criteria (Figure 2, Figure S2, Table S1). The high preponderance of Ascomycota species in the
SL-responsive set suggested that yeast, which is also an Ascomycete, will respond to this hormone.

Since the application of rac-GR24 did not change the morphology of yeast, we performed
RNA-seq experiments on SL-treated yeast cultures to determine if there is a transcriptional
response. Addition of rac-GR24 to yeast resulted in a significant over-representation of genes
annotated as involved in Pi acquisition (Figure 3A, Table S2). These included genes encoding
secreted acid phosphatases (PHO5, PHO11, PHO12) that scavenge Pi from the environment, high-
affinity Pi transporters (PHO84, PHO89) that increase Pi uptake efficiency, and vacuolar
transporter chaperone complex subunits (VTC1, VTC3) that recycle Pi storage polymers (PolyP)
(Figure 3B). We also detected an increase in SPL2 expression, which encodes an inhibitor of the
low-affinity Pi transporters, Pho87 and Pho90 (Figure 3A, B). The SL transcriptomic signature
appeared similar to that of yeast cells starved for Pi. When yeast cells are depleted of Pi, they
induce transcription of genes in the PHO regulon, which are involved in Pi homeostasis (Figure
3C).%’

Although rac-GR24 caused changes in transcription, yeast growth on rich media was not
perturbed suggesting there is compensation in response to altered Pi metabolism (Figure S3).
Importantly, the specificity of gene expression pattern caused by SL can guide experiments to
understand the mode of action of this hormone. We next show a methodology to turn SL-dependent
transcriptome data into identification of a candidate target. We then demonstrate how target
information can be expanded to other fungi through the development of new SL-related assays in

two plant-associated fungi.

Strigolactone inhibits Pi uptake

The observation that SL perturbed Pi homeostasis in yeast is remarkable considering the
importance of SL in facilitating plant-AM fungi symbioses, in which fungi provide Pi to the
plant.?22324 Fortunately, the molecular components involved in Pi acquisition in yeast are well
characterized. Briefly, regulation of Pi-dependent gene expression depends on the nuclear
localization of Pho4, a helix-loop-helix transcription factor.®® In high Pi, a cyclin-dependent kinase
complex (Pho80/Pho85) phosphorylates Pho4 excluding it from the nucleus. In low Pi, a decline

in the inositol pyrophosphate 1,5-InPg releases the cyclin-dependent kinase (CDK) inhibitor,
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Pho81, to inactivate the Pho80/Pho85 complex.®® Consequently, unphosphorylated Pho4
accumulates in the nucleus where it interacts with a homeobox protein, Pho2, to activate
transcription. Based on this model, we predicted that Pho4 will localize to the nucleus in the
presence of rac-GR24 in cells grown in high Pi. Indeed, we detected accumulation of a PHO4-
YFP translational fusion in the nucleus in the presence of rac-GR24 versus the mock control
(Figure 4A).

Transcriptome and Pho4 localization data suggested that SL-treated yeast is starving for Pi
and consistent with this, a 30-minute addition of rac-GR24 significantly reduced internal
nucleotide phosphate and sugar phosphate pools, which are all hallmarks of Pi starvation (Figure
4B, Table S3).%° Furthermore, yeast cells did not accumulate vacuolar polyphosphate (polyP)
stores in the presence of rac-GR24 (Figure 4C).5! When we directly monitored Pi acquisition by
exposing yeast to a 32PQq tracer for ten minutes, there was a reduction in uptake of radiolabelled
Pi in cells treated with rac-GR24 (Figure 4D). Furthermore, rac-GR24 addition reduced the rate
at which yeast depleted Pi from the media (Figure 4E). Together, these data suggested that SL
decreases Pi uptake in yeast resulting in Pi starvation and activation of the PHO regulon even in
media replete with Pi.

Commonly used inhibitors of Pi transport normally work at millimolar concentrations in
yeast and by contrast, rac-GR24 was approximately 200 times more potent, suggesting it has a
unique mode of action.®? With this said, the rac-GR24 concentrations we use were high (50 uM)
compared to other SL-based experiments in fungi.??> However, when we precisely measured the
range of yeast response to rac-GR24 dose by monitoring acid phosphatase (AP) activity of a
commonly used PHO reporter, Pho5,%® we found that low micromolar rac-GR24 concentrations
were sufficient to increase Pho5 activity (Figure 4F). Consistent with this, a transcriptional
reporter, PHOS5pr-YFP, also responded to 5 uM rac-GR24 dose (Figure 4G). Addition of the
naturally configured (+)-(2°’R)-GR24 isomer increased YFP signal at half the concentration (2.5
MM) of the racemic mixture (Figure 4G). Together, these results indicated that the SL response in

yeast occurs within ranges commonly seen in other fungal and plant assays.?

Pho84 is a potential target of SL
In non-model systems, differentiating primary from secondary responses to a chemical are

challenging. In yeast, however, primary and secondary responses can be separated by querying the
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chemical response against collections of knockout mutants. Similar to placing genes in a pathway
by genetic epistasis, perturbing proteins downstream of a chemical target usually reduce the ability
to respond to that compound. The higher an insensitive mutant is in the pathway, the closer that
gene is to the primary target. At the bottom of the pathway, PHOS5 expression is controlled by the
transcription factors PHO2 or PHOA4. As expected, deletions of these genes abolished GR24-
dependent AP activity, as did deletions of genes encoding Vipl and Pho81, which inhibit the
Pho80/Pho85 complex (Figure 5A, Figure S4). Notably, rac-GR24 did not induce AP activity
when the high-affinity Pi transporter, Pho84, was deleted but did so in individual mutants deleted
for the other Pi transporters, Pho87, Pho89, Pho90 (Figure 5A, Figure S5). The high placement
of Pho84 in the Pi acquisition pathway, together with the ability of rac-GR24 to inhibit Pi uptake,
suggested that SL inhibits Pho84 transport activity. Furthermore, loss of PHO84 increases levels
of the regulatory protein, Spl2, which further restrains Pi uptake through its negative regulation of
low-affinity transporters.5* Thus, rac-GR24 inhibition of Pho84 action should be suppressed by
Spl2A, and this was indeed the case (Figure 5A, Figure S5).

Aside from mutant knockout analysis, three more lines of evidence suggested that Pho84
is targeted by SL. First, unlike other yeast Pi transporters, Pho84 is also a low-affinity transporter
of manganese (Mn?*) ions, and increased growth on inhibitory concentrations of Mn?* is a good
measure of reduced Pho84 activity.® With respect to Mn?* sensitivity, rac-GR24 addition
phenocopied a pho84A mutant showing reduced sensitivity to this heavy metal (Figure 5B).
Second, overexpressing a target receptor candidate should result in hyposensitivity to the small
molecule while decreasing dose of the target by half should result in hypersensitivity to the
compound, causing haploinsufficiency.3%3! As predicted, overexpression of PHO84 decreased the
ability of rac-GR24 to induce AP activity (Figure 5C) whilst deleting one copy of PHO84 in a
diploid caused a seven-fold increase in rac-GR24 responsiveness, as assayed by a PHOS5pr-YFP
reporter (Figure 5D). To eliminate the possibility that SL acts through the other Pi transporters,
we used the yeast strain, EY917, which is deleted for all five Pi transporters (pho84A, pho87A,
pho89A, pho90A, pho91A).68 EY917 harbors a plasmid containing the PHO84 gene under control
of the GAL1 promoter, making its Pi uptake and viability dependent solely on Pho84, which is
only expressed on galactose.®® The addition of rac-GR24 was sufficient to inhibit growth of EY917
on galactose (Figure 5E). In contrast, rac-GR24 did not inhibit growth of EY917 strains
expressing either PHO89 or PHO90 (Figure S5).
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Our genetic analysis suggests that Pho84 is a target of SL. However, biochemical analysis
of Pho84 was challenging as it is a membrane-bound protein and SLs are hydrophobic. Therefore,
we took advantage of strains expressing either PHO89 or PHO84 in tritiated rac-GR24 uptake
experiments. Since the receptors are expressed inside the cells, any bound SL remains in the
insoluble phase while unbound SL is present mostly in the soluble phase. We detected
approximately 30% more radioactive signal in ethanol extracts from Pho84-expressing compared
to Pho89-expressing yeast cells, indicating that SL preferentially partitions to cells containing
Pho84 (Figure 5F). Next, we performed a drug affinity responsive target stability (DARTS) assay,
which monitors protein stability as an output of ligand binding, on purified membrane fractions
expressing HA-tagged Pho84.5” We observed that the Pho84 protein was more resistant to protease
digestion in the presence of rac-GR24. These results indicated that SL changes the conformation
of Pho84 protein, making it more stable (Fig. 5F). These biochemical findings are consistent with
our genetic analysis that Pho84 is an SL target.

If yeast Pho84 were an SL target, it should be possible to identify Pho84 mutants with
reduced SL sensitivity without compromising Pi transport. To develop this screen, we again took
advantage of the EY917 strain, which was transformed with a library of error-prone PCR
(polymerase chain reaction)-mutagenized PHO84. Yeast that grows in the presence of rac-GR24
and glucose require that Pho84 does not recognize SL but remains functional for Pi transport
(Figure 6A). Using these criteria, we identified two PHO84 mutations, Ala262Pro and
Gly256Asp, which when moved to the BY4742 strain, poorly induced AP activity in the presence
of rac-GR24 (Figure 6A). When we mapped these two mutations onto a structure of the yeast
Pho84 modeled on a highly related transporter from Serendipita indica (SiPT; PDB 7SP5)% as a
template (Figure 6C), we identified a distinctive structural pocket at the lipid bilayer interface.
Based on docking simulations, this pocket had a high fitness value binding likelihood for (+)-
(2’R)-GR24 (Figure 6D). Ligand docking defined seven amino acids within the structural motif
that could interact with GR24 and one of these, Gly256, was identified in our SL insensitive screen
(Figure 6D). Importantly, the Asp substitution at position 256 was predicted to cause a clash with
bound GR24 (Figure 6C). Using this structural information, we mutated other identified amino
acids (Leu74, Ser212, Leu259) to the more hydrophobic and larger Phe and found that these
substitutions also resulted in reduced GR24 sensitivity (Figure 6E). The clustering of these four

single amino acid substitutions together with our modeling strongly suggested this structural

10
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pocket defines a binding site for (+)-(2°’R)-GR24 (Figure 6E). Consistent with this, structural
modeling of the other three yeast Pi influx transporters that do not respond to SL did not reveal a
structural pocket or conservation of amino acid sequence in the equivalent region of the protein
(Figure S5). Finally, to further support the presence of a specific Pho84 SL binding pocket, we
monitored Pho84 protein internalization from the plasma membrane. Pho84 internalizes to the
vacuole in response to high Pi®. We discovered that addition of rac-GR24 internalized Pho84-
GFP (Fig. 6F). By contrast, the addition of rac-GR24 did not internalize a mutant Pho84 receptor,
which contains the L259F mutation on the predicted SL binding pocket and results in SL
insensitivity (Fig. 6F). In summary, genetic, biochemical and cell biological data are all congruent
with model that SL binds a binding pocket in yeast Pho84 protein, which inhibits Pi uptake and

eventual internalizes this transporter from the plasma membrane.

Plant-associated fungi show SL-dependent Pi responses

The identification of Pho84 as a likely target of SL in yeast allows testing of this mechanism in
non-model fungi. We did this using two plant-associated fungi, the beneficial symbiont,
Serendipita indica (Serendipita) and the pathogen, Fusarium graminearum (Fusarium).
Serendipita is a root basidiomycete that colonizes plants using intra- and intercellular hyphal
networks both inside and on the root, resulting in improved Pi assimilation in a wide variety of
plants.”®™ As an endophytic Ascomycete, Fusarium causes head blight, a devastating disease for
many monocotyledonous crops.’”> Both fungal species can grow axenically, reducing the
experimental complexities inherent to obligate biotrophs.

As a test of the in vivo effects of SL on Serendipita and Fusarium we took advantage of
the yeast-based Mn?* inhibition assay.®® As seen with yeast, rac-GR24 addition improved both
Serendipita and Fusarium hyphal mat growth on inhibitory levels of Mn?* compared to the mock
control, a phenotype consistent with rac-GR24 inhibiting Pho84 transport (Figure 7A, Figure
7B).

Mn?* resistance in both fungi was achieved at rac-GR24 levels five to ten times lower than
those required in yeast experiments suggesting these plant-associated fungi are sensitized to this
plant hormone. Addition of Mn?* caused Fusarium to produce a reddish-orange pigment in
response to rac-GR24 (Figure 7A). Aurofusarin, a reddish-orange pigment, is normally produced

by Fusarium under Pi starvation.” Consistent with this, growing Fusarium on decreasing levels

11
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of Pi increased pigment production (Figure 7C). We observed increased pigment production upon
addition of low levels of rac-GR24 despite growing Fusarium on high Pi, suggesting that SLs
induced a Pi-depletion response in this pathogenic Ascomycete. During early stages of plant
infection, Fusarium produces aurofusarin, a response that is assumed to reflect the low Pi levels
of the apoplastic space.”® Our results suggest that aurofusarin production during plant infections
may not be due to low apoplastic Pi levels but rather reflects exposure of Fusarium to plant SLs.

If SL treatment induces a Pi starvation response in Serendipita as it does in yeast, it should
show an AP response. Mock-treated S. indica hyphal mats stained a light red color suggesting a
low level of AP activity, and addition of low micromolar rac-GR24 measurably increased this
activity (Figure 7D). Because AP assays can be performed in small volumes, we also tested AP
activity using a natural, plant-derived SL, 5-deoxystrigol (5DS), and again detected increased AP
activity on 1 uM 5DS (Figure 7D). Unfortunately, because F. graminearum produces aurofusarin
in response to SL this precludes testing the ability of SL to induce AP activity.

SL, however, promotes hyphal branching of symbiotic fungi like AM fungi and
phytopathogenic fungi.?22 Similarly, we observed that rac-GR24 increased hyphal branching,
leading to a significant increase in spore production in F. graminearum (Figure 7E). To determine
whether there is a direct functional connection between SL and PHO84 in Fusarium, we knocked
out PHO84 in F. graminearum by CRISPR/Cas9 deletion methods. This Fusarium PHO84
knockout line (AFGSG_07894) showed increased spore production versus wild type and this
activity was insensitive to rac-GR24 addition (Figure 7E). In summary, SLs affect Pi-related
responses in non-model fungi such as Serendipita and Fusarium and in the case of Fusarium, the

SL-dependent increase in spore production requires a functional Pho84.

Conservation of SL binding pockets

The location of an SL binding pocket embedded in the lipid bilayer of the membrane is not unlikely
as often the druggable sites of receptors, channels, and transporters occur at lipid-protein
interfaces.” This suggests small molecules like SLs initially partition into the membrane before
interacting with Pho84, which in turn, may affect efficacy. Whatever the case, the response of
Serendipita and Fusarium to SLs in Pi-dependent assays led us to predict that Pho84 homologs in
these fungi would contain similar transmembrane pockets. The Serendipita Pho84 crystal (SiPT;

PDB 7SP5) showed a conserved pocket as did a modelled Pho84 structure from Fusarium (Figure
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7F). To expand this analysis, we catalogued the seven amino acids that define the structural motif
in Pho84 homologs from more than 1000 fungal species (Figure 7G).

Because amino acid composition is constrained by ligand binding, this analysis also probes
patterns of binding site evolution. Ascomycota, for example, showed a preponderance of Phe at
position 255 (blue block) compared to other phyla, but within this clade at position 74, the
Saccharomycetales order is highly enriched for Met and Leu variation (yellow and green blocks)
(Figure 7G). By contrast, position 256 dominates with a conserved Gly (grey block) but a section
of Ser (orange block) defines a Basidiomycota clade that includes Serendipita (Figure 7G).
Although the consequences of these phylogenetic differences are unclear, plants make different
types and amounts of SLs,”® so perhaps these differences translate to different plant associations.
Finally, position 259 contains an invariant Pro (ruddy pink block) except for the S. cerevisiae
S288c laboratory strain, which contains a Leu in this position (Figure 7G). Interestingly, swapping
this Leu for a Pro decreases sensitivity to polychlorinated fungicides’® and we find substituting a
Phe at this position results in decreased rac-GR24 sensitivity. Pro and Phe kink transmembrane
helices, which may decrease small molecule binding in this region. Notably, the Ala262Pro

mutation identified in our SL-insensitive screen is a substitution on the same transmembrane helix.

Methyl jasmonate also causes specific transcriptional signature in yeast

The specificity of yeast transcription upon SL addition indicated that this model Ascomycete can
respond to a plant hormone. However, it is possible this response is limited to SL and that other
plant hormones will not cause unique transcriptional signatures. To test this, we tested the ability
of yeast to respond to another structurally unrelated plant hormone, Methyl Jasomonate (MeJA).
Jasmonates represent a class of oxylipins including Jasmonic Acid (JA), its precursor 12-Oxo-
PhytoDienoic Acid (12-OPDA), and JA derivatives such as Methyl Jasmonate (MeJA) and JA-
Isoleucine (JA-lle).”” Jasmonates are made when plants are wounded or during pathogen infections
particularly those involving necrotrophic fungal pathogens.’®”® Furthermore, the volatile nature of
MeJA allows this jasmonate to act as a long-distance communication signal between plants.
Surprisingly, although jasmonates are plant protectants, fungi also produce them, often in large
amounts.2® MeJA inhibits hyphal growth of post-harvest fungal pathogens®: and proteomic
analysis of the medically important basidiomycete, Ganoderma lucidum, shows that MeJA affects

protein levels in multiple processes.®? Interestingly, fungi also respond to other related oxylipins,
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some of which are implicated in quorum sensing.®38* Based on a literature survey, numerous
Ascomycetes and Basidiomycetes respond to MelJa (Figure S6).

MeJA application on yeast also caused changes in gene expression, but unlike SL, these
were not related to Pi homeostasis (Figure S6, Table S2). For example, genes involved in
alternative carbon metabolism such as the glyoxylate cycle (ICL1, IDP2, CIT2, MDH2, MLS1),
gluconeogenesis (FBP1, FBP25, PCK1), sucrose transport (SUC2), galactose (GAL1, GAL2,
GALY7), glycerol (STL1, GUT1, GUT2) and glycogen (GDB1) catabolism were up-regulated whilst
primary glucose metabolism genes (HXT2, HXT3, HXT4, HXK2) were down-regulated (Figure
S6, Table S2). We also detected down-regulation of genes involved in translation (Figure S6,
Table S2). These expression patterns which are characteristic of yeast growing on glucose-
depleted media, were surprising as yeast cultures were grown on rich media containing glucose
and we did not detect any decrease in growth rates (Figure S3). Normally, yeast does not utilize
alternate carbon sources until glucose is consumed.®> A MeJA connection to yeast sugar
metabolism, however, is intriguing since this hormone also appears to down-regulate glucose
metabolism in Ganoderma.®? In summary, yeast shows a specific transcriptional response to
exogenous MeJA but like SL, MeJA did not appear to affect yeast growth on rich media. The

response of yeast to MeJA appeared to involve genes involved in sugar metabolism.

DISCUSSION

An approach to decoding plant small molecule inter-kingdom signals

Identifying plant compounds that communicate across kingdoms is challenging because of a lack
of robust assay systems to query the vast numbers of secondary products produced by plants. In
this study, we present a straightforward approach centered around the model, Saccharomyces
cerevisiae to systematically identify and decipher plant-derived small molecules that communicate
with fungi. Key to our approach was the use of transcript profiling as a chemical output. Gene
expression is a highly sensitive chemotyping tool and importantly, this technique captures the
phenotypic output caused by the chemical input independently of whether the compounds affect
growth. For example, although both SL and MeJA induced specific expression profiles, they did
not appear to impact yeast growth or morphology on rich media. Moreover, by monitoring global
transcriptional patterns rather than changes in expression of a few genes, modes-of-action can be

more confidently hypothesized. For instance, expression patterns of both SL- and MeJA-treated
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yeast clearly pointed to perturbations in Pi and sugar metabolism, respectively. In the case of SL,
our investigation led to the identification of a potential target, the high-affinity Pi influx
transporter, Pho84.

A number of plant-associated fungi models do exist but because they mostly encompass
plant pathogens, research is mostly tailored to identify genes related to pathogenesis.®® By contrast,
models to interrogate inter-kingdom communication between plants and fungi have not been
developed. As an alternative to developing a new system, yeast allows fungal researchers to tap
into the vast genetic resources of this Ascomycete. Mutant libraries can map the action of
compounds to regulators of specific pathways and forward genetics can quickly identify potential
targets. Multigenic strains and reporter constructs simplify genetic redundancy issues that would
be challenging in other fungi. Finally, yeast mutational analysis interfaces well with structural
modeling and, in principle, with the advent of Al-based programs, any yeast protein can be
modelled. SL-insensitive mutants identified a Pho84 structural pocket required for SL action and
combined with in silico ligand binding analysis, this information predicted which fungal species
could respond to this plant hormone without experimentation. Notably, Fusarium and Serendipita,
which also contain a Pho84 pocket, both showed Pi-related phenotypes such as increased Mn?*
resistance in the presence of SL.

The fact that fungi from two different phyla responded in a similar manner to SL suggests
that these perception mechanisms are most likely conserved across the fungal kingdom.8” Our
success with SL and MeJA applications suggest that other plant growth regulators will also
produce specific transcriptional signatures, revealing the process targeted by the small molecule.
Addition of ABA to Aspergillus, for example, results in differential expression of over 15,000
genes, whose functions have been annotated to a variety of categories.®® An ABA target was not
identified likely because many processes were affected, perhaps reflecting the complexity of the
Aspergillus lifecycle. On this note, the developmental simplicity of yeast may result in a more
precise ABA-dependent transcript profile. Importantly, mutational analysis can be applied to
identify hormone-insensitive yeast mutants as was our strategy in identifying PHO84. In
conclusion, it appears yeast is a good model to study inter-kingdom chemical communication

between plants and fungi.

Roles of SL in the rhizosphere
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The identification of Pho84 as a fungal SL target raises questions about both the origin and function
of this phytohormone in the rhizosphere. When plants first colonized land approximately 400
million years ago, they faced a major challenge in acquiring nutrients such as Pi from the soil.®°
To efficiently acquire nutrients, plants are hypothesized to have recruited saprophytic or weakly
pathogenic fungi.®® In this context, SLs most likely acted as defensive chemicals keeping fungal
partners in check. Over time, as plants dampened fungal pathogenesis, mutualistic associations
could evolve SL into a beneficial external signal. This blurring of pathogenesis and mutualism
through shared components is common to plant-fungal interactions.?® Inhibition of fungal Pi
homeostasis, for example, could explain how SLs act as allelopathic compounds in soil.
Decreasing Pi uptake would compromise invasive fungal growth, an action consistent with the
increased pathogen susceptibility of SL-deficient plants.>

For fungal mutualists on the outside of the root, SL inhibition of Pho84 could encourage
these ectophytes to secrete AP, increasing plant accessibility to soluble Pi in the soil. Moreover,
SL could mimic a phosphate starvation response in the fungus by inhibiting Pho84, which
encourages germinating hyphae to grow towards a plant in search of phosphate. Additional
roles of SL on hyphal growth inside plant cells is complicated as measuring internal SL
concentrations in specific tissues or individual cell types is challenging. If, however, SL were
to mediate plant-fungal interactions inside the plant, one could envision a scenario where SL
enhances the net flux of phosphate from the fungus to the plant cell. Although arbuscules allow
Pi to be directly effluxed to the plant cell, in principle, fungi could also reabsorb this Pi through
Pho84. In this context, inhibition of fungal Pho84 by plant SL would facilitate a unidirectional
flow of Pi from the fungus to the plant cell, which may explain why SL is required for activation
of AM fungi in the rhizosphere and their attachment to the root.*® Whatever the case, our
observations that yeast Pho84 function and Pi homeostasis are also regulated by SL posit
mechanisms that would be difficult to discern from AM fungi. An AM fungus called Rhizophagus
irregularis for example, has three full-length Pho84 homologs® but only two possess a SL
transmembrane binding site based on modeling (Figure S7). These observations predict that AM
fungi contains both SL-regulated and SL-independent high affinity Pi transporters, which further
demonstrates the complexities of this system.

Many fungi synthesize different plant hormones, and it is generally thought this is to

manipulate the lifestyle of the plant.”*? It is also possible that fungi produce plant hormones for its
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own growth and plants exude hormones into the soil to hijack functions in fungi. This latter model
would explain why fungi not associated with plants respond to the hormone auxin.%% In this
scenario, fungi may make an SL-like molecule (fungal-SL) under certain physiological conditions
such as high Pi to down regulate its own Pi uptake. Although no SL-like molecules have been
identified in yeast, amino acid substitutions in the Pho84 transmembrane SL binding site alter
responsiveness of yeast to particular fungicides suggesting this pocket does bind other small
molecules.”® At any rate, molecular genetic tools in yeast should facilitate identification of fungal-
SL and its roles in fungal physiology, which again highlights the importance of a yeast model.

Limitations of the study

For half a billion years, plants and fungi have coordinated their association through a language
which includes small molecules. Our methodology used yeast to query how plant hormones elicit
responses in fungi based on the assumption that yeast has similar response pathways to other fungi.
Academic arguments for why laboratory yeast is not a good system for “real-world” fungi
permeate the literature, so we were surprised that the first two plant molecules we chose, SL and
MeJA, both elicited precise and specific transcriptional responses. We do not believe the
similarities in the nutrient-small molecule connection are due to chance, and we predict that other
plant hormones will also generate clear transcriptional patterns that relate to plant processes.
Unfortunately, quickly testing the information gleaned from our yeast pipeline in non-model fungi
is not easy due to the experimental challenges associated with these species. Mostly, these involve
normalizing biochemical and molecular experiments using filamentous mats versus yeast-like
colony growth. By definition, interkingdom studies rely on the presence of a host further
complicating experimental designs. Finally, it is difficult to compare our experimental results to
physiological conditions and concentrations of small molecules both within and outside of plants.
We saw responses in yeast at the low micromolar range and many fungi in petri plate assays
respond at this concentration.?? SLs, however, are suggested to be at nanomolar SL concentrations
based on measurements of hydroponic solutions surrounding growing plants so within and around
the roots this hormone must be markedly higher.”* Furthermore, many fungi, including the
Fusarium sp. and Serendipita sp., used in this study, form intimate connections within plant roots,
where hormone levels will be higher than those found in the soil. Hormones also must accumulate

to higher levels in particular regions of the root, possibly in response to fungal symbionts. Without
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more quantification of hormone levels within plant roots and in the soil around plants, it is difficult
to position our small molecule experimental designs in a context of natural levels of hormones
either in the soil or within plants. AM fungal hyphae, for example, respond to nanomolar
ranges of SLs, which is orders of magnitude less than the response we see in yeast.?3**
Perhaps the SL signal in hyphae of AM fungi does not go through Pho84 but rather, through
a different response system. Alternatively, Pho84-dependent signaling in AM fungi may be
highly sensitized to SL compared to yeast.

Although the effect of SL in perturbing Pi homeostasis appeared to be conserved in yeast,
Serendipita, and Fusarium, there are limitations to our approach based on the extent of pathway
conservation and absence of various developmental stages in lab yeast. First, although SL response
requires PHO84, it may not formally be a receptor that transduces this hormone signal. Possibly
SL is a specific inhibitor of this Pi transporter. Relating to this, the roles of Pho84 in yeast are
complicated as this transporter is reported to have both transport and signaling functions.5? If SL
is an inhibitor of Pho84 function, it appears its mode of action is fundamentally different to
identified Pi transport inhibitors which require orders of magnitude higher concentrations to
work.®2 The sensitivity of SL inhibition on Pho84 may reflect its mode of action, which appears to
be allosteric rather than orthosteric like other Pi transport inhibitors. Whatever the case, more
detailed biochemical analysis, particularly showing direct binding of SL to Pho84, is required to
fully understand SL action on this transporter.

Second, although Pho84, is highly conserved in the fungal kingdom, it is possible that
targets of other small molecules like plant hormones are not conserved. There could also be
multiple targets affected by a single molecule, which are not present in lab yeast. Third, although
core components of signalling pathways are often conserved in fungi, pathways may have been
rewired and/or consist of different components.®” For example, the roles of InP isomers which
function as secondary signals in Pi homeostasis, appear to have flipped in Cryptococcus
neoformans in comparison to yeast.”® Finally, small molecules could perturb processes at
developmental stages that lab yeast do not undergo, such as dimorphic growth. In this scenario,
we will not detect responses to the compound using lab yeast. All these factors could also cloud
validation of the effects of these compounds in other fungi.

The inability of lab yeast to switch to filamentous growth may be key to detecting precise

and specific transcript profiles. Perhaps the reason that hormones like SL and MeJA induce diverse
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transcriptional changes in filamentous fungi is that these fungi can proceed through different
developmental stages. Transcript profiles reflect the cascade of the signalling pathways affected
by the small molecule. While complexities of ‘real world” fungi could complicate extrapolation of
the mechanisms of these signals, our pipeline demonstrated the utility of budding yeast as a model

for fungal responses to small molecules as an essential starting point.
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Figure Title and Legends

Figure 1. Yeast as a model for interkingdom signaling

(A) Chemical structures of the major plant hormones.

(B) Cladogram of fungal kingdom.®8 Saccharomyces cerevisiae (yeast) is identified with a red
box. Arrows and circles denote significant innovations of evolution along the fungal lineage.
Triangles denote the evolution of mycorrhizae along the lineage.

(C) Integrative pipeline to identify fungal processes affected by a plant hormone. The initial
step is transcript profiling of yeast treated with a small molecule. Upon identification of the
process affected by the compound, genetic and genomic tools in yeast pinpoint signalling
components. This information guides structural analysis to identify potential targets. Structure-
function analyses can inform mutational analysis of a target. Once a process is identified, assays
can be developed involving real-world plant-associated fungi.

Figure 2. Response of soil fungal species to SL

(A) NCBI common tree of the Ascomycota and Mucoromycota phyla that respond to SL.
Colored heatmap denotes which clades exhibited physiological effect(s) from the 1 uM rac-
GR24 treatment.

(B) Representative images of each visual category across a collection of fungal species from
Figure 2A. For a complete set of strain lists, data, and images, see Table S1 and Figure S2.

Figure 3. SL elicits transcriptional signature of phosphate starvation in yeast

(A) SL-induced gene expression. VVolcano plot representation of differentially expressed genes
in 50 UM rac-GR24-treated relative to DMSO-treated yeast. Dotted lines represent >2 and <2-
fold changes in gene expression. Labelled red dots depict PHO-related genes (Table S2).

(B) Placement of SL-regulated genes into the phosphate starvation (PHO) regulon. Low
phosphate levels activate transcription of PHO regulon genes (blue arrows). Red arrows
represent rac-GR24-induced genes.

(C) Left, over-representation of rac-GR24-induced genes related to phosphate metabolism by
GO annotation (Table S2). Right, changes in expression levels of genes induced by rac-GR24
in comparison to their induction under low phosphate.

Figure 4. SL inhibits Pi uptake

(A) Representative images of Pho4-eYFP cellular localization after 2 h treatment with or
without 50 uM rac-GR24. White arrows, nuclei.

(B) Metabolome profiling of yeast treated with 50 uM rac-GR24 for 0.5 h. Heatmap shows
log>-fold changes.

(C) PolyP accumulation on 50 uM rac-GR24. Numbers represent relative intensities after 4 h
of treatment relative to the zero timepoint. PPstd, PolyP standard.

(D) rac-GR24 inhibition of Pi uptake. Wild type BY4742 strain exposed to 2P for 10 min.
Uptake was measured by radioactive accumulation. *** p-value < 0.001.

(E) Supernatants measured for Pi concentrations using a molybdenum blue method (see
Methods). *** p-value < 0.001. All experiments were performed using 50 uM rac-GR24.

(F) Sensitivity of yeast to rac-GR24. Response to SL was monitored by following a secreted
acid phosphatase (AP) activity that can be assayed using a colorimetric stain where increased
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activity results in redder colonies.®®* BY4742 yeast were spotted onto 5 mM Pi stained for AP
activity (red).

(G) PHOb5pr-YFP reporter expression. The BY4742 strain was grown in 0.5 mM Pi with
increasing concentrations of rac-GR24 or the (+)-(2’R)-GR24 isomer for 10 h. PHO5pr
expression was normalized to ODeoo. Significance of (+)-(2°R)-GR24 relative to DMSO control
was assessed by two sample t-test. ** p-value < 0.005. *** p-value < 0.0001.

Figure 5. PHO84 is required for SL induction

(A) Acid phosphatase (AP) activity of PHO regulon deletion (A) strains in the presence of 50
uM rac-GR24 on 5 mM Pi. Represented here is an abbreviated version of the yeast PHO
regulon. Pi can enter the cell through multiple Pi transporters (low affinity Pho87, Pho90, high
affinity Pho89, Pho84). Inside the cell Pi can be converted to inositol phosphate intermediates
(InP) and/or transported to the vacuole through the VTC complex. Vacuolar Pi forms Poly
Phosphates (PolyP) which can be metabolized back to Pi and exported though Pho91 into the
cytoplasm under Pi stress. In low Pi, a decline in the inositol pyrophosphate 1,5-InP8 releases
the cyclin-dependent kinase (CDK) inhibitor, Pho81, to inactivate the Pho80/Pho85 complex.
Phosphorylation of Pho4 by Pho85 excludes this transcriptional activator from the nucleus
under Pi replete conditions. Relative intensities of AP staining (red) on rac-GR24 relative to
mock treatment were quantified (Figure S4).

(B) Manganese (Mn?*) sensitivity of yeast on SL. Top row, representative image of the growth
of wild type yeast (BY4742) on media containing 8 mM MnCl, + rac-GR24. Lower row,
representative picture of the growth of pho84A deletion line £ 50 uM rac-GR24.

(C) Overexpression (o/e) of Pho84 in yeast results in hyposensitivity to 50 uM rac-GR24 as
measured by AP activity.

(D) SL-induced haploinsufficiency in yeast. Reduction of Pho84 gene dose by half (pho84Al+)
results in a seven-fold increase in sensitivity to 50 uM rac-GR24 based on expression of
PHOS5pr-YFP relative to culture density (ODsoo) in yeast.

(E) Synthetic lethality in a PHO84-expressing strain on rac-GR24. EY57 is a wild-type strain
containing all functional transporters. EY917 is deleted for five PHO transporters and is
expressing PHO84 from a Gall promoter.

(F) Top panel, SL preferentially binds Pho84-expressing yeast cells. Yeast cells expressing
either PHO89 or PHO84 only were incubated with 1 pM H3-rac-GR24 and then counted for
radioactivity. ** p-value < 0.005 Bottom panel, Pho84 protein is preferentially protected from
degradation in the presence of SL using a drug affinity responsive target stability (DARTS)
assay. Yeast membranes expressing a His-tagged Pho84 were incubated with 50 uM rac-GR24
and subsequently treated with a range of pronase concentrations. Pho84 was detected by PAGE
immunoblotting.

Figure 6. Pho84 contains a transmembrane binding pocket required for SL response

(A) Left, EY917 expressing either a pho84-G256D or a pho84-A262P mutation. Right, BY4742
strains expressing either a pho84-G256D or a pho84-A262P mutation stained for AP activity.
(B) Phosphate uptake in wild type PHO84, pho84-G256D and pho84-A262P lines in the
presence and absence of 50 uM rac-GR24.

(C) Structure of the yeast Pho84 protein modelled on an occluded Serendipida indica high-
affinity phosphate transporter (PDB 7SP5). Enlargement, pocket domain with two mutant

22



669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705

amino acid substitutions (pho84-G256D, pho84-A262P). The Gly256Asp substitution clashes
with a docked (+)-(2°R)-GR24 isomer (cyan sticks).

(D) Left panel, Interactions between Pho84 binding pocket residues (green sticks) and a (+)-
(2’R)-GR24 isomer (blue sticks). Right panel, Red fans indicate potential hydrophobic contacts.
(E) Analysis of mutations in SL binding pocket in Pho84. Position of Pho84 amino acid
residues, AA74, 212 and 259 are represented by yellow spheres. AA256 is represented by a red
sphere. Cyan sticks represent docked (+)-(2 'R)-GR24 isomer. Growth of EY917 expressing
either pho84-L74F, pho84-S212F, or pho84-L259F on 100 uM rac-GR24.

(F) Pho84 localization in response to SL. A line carrying the wild type PHO84-GFP or the
pho84-L259F-GFP allele are imaged before and after a two-hour 50 pM rac-GR24 incubation.
Arrows, white: plasma membrane, yellow: vacuole.

Figure 7. Plant-associated fungi respond to SL

(A) Manganese (Mn?*) sensitivity of Fusarium graminearum (Fusarium) on synthetic media
containing 10 mM MnCI; in the presence or absence of 10 uM rac-GR24. Plates were
photographed from above (top panels) and below (bottom panels).

(B) Mn?* sensitivity of Serendipita indica (Serendipita) on synthetic media containing 0.75 mM
MnCl; in the presence or absence of 5 uM rac-GR24. Growth was quantified for MnCl-treated
cultures (n=8) by measuring fungal area (cm?). Scale represents 1 cm. Cultures grown on 5 pM
rac-GR24 had significantly greater colony areas, *** p-value < 0.001.

(C) Growth of Fusarium on synthetic media in the presence or absence of 5 uM rac-GR24 on
increasing levels of Pi.

(D) Acid phosphatase activity of homogenised Serendipita cultures spotted onto synthetic
media containing 1 mM Pi and supplemented with 5 uM rac-GR24 or 1 uM of a naturally
occurring SL, 5-deoxystrigol. Increased red staining indicates higher AP activity. Intensities of
red staining on SL relative to mock (DMSO) treatment were quantified in the graph below.
(E) SL works through Pho84 to regulate hyphal branching and spore formation in
Fusarium. Left panel, a representative image of Fusarium hyphae in the presence or
absence of 15 pM rac-GR24 3h post-inoculation. Right panel, quantification of spore
production of a wild type PHO84 and mutant pho84 knockout line in the presence or
absence of rac-GR24. ** p-value < 0.01, *** p-value < 0.001, N.S not significant.

(F) Structural models of Serendipita (SiPho84) and Fusarium (FgPho84) Pho84. Red, key
amino acids involved in SL recognition.

(G) Proportion of amino acids in the SL binding motif at each position in Pho84 sequences
from the fungal kingdom. Arrow, Saccharomyces cerevisiae laboratory strain (S288c). Black
lines indicate that gene could not be identified.
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STAR METHODS
RESOURCE AVAILABILITY
Lead Contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the lead contact, Shelley Lumba (shelley.lumba@utoronto.ca).

Materials availability

All strains and constructs generated in this study are available upon request from the lead author.

Data and code availability

Raw RNA sequence data for transcriptome profiling of GR24-treated and MeJA-treated yeast have
been deposited at National Center for Biotechnology Information (NCBI). Raw flow injection
mass spectrometry data have been deposited at the Metabolights database
(https://www.ebi.ac.uk/metabolights). Data are publicly available as of the date of publication.

Accession numbers are listed in the key resources table. Any additional information required to

reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Saccharomyces cerevisiae strains

Table S4 lists all Saccharomyces cerevisiae (henceforth: yeast) strains and plasmids used in this
study. Overexpression plasmids for key genes in the phosphate starvation pathway were gifted by
Dr. Charles Boone (Table S4). Knockout strains were purchased from Transomic Technologies-*,
except for pho84A and pho80A, which were made according to standard laboratory procedures
using homologous recombination to replace the open reading frame with a KANMX gene
conferring resistance to geneticin. To construct the BY4743 pho84A/+ strain, BY4742 MAT«
pho84A was crossed with BY4741 MATa wildtype and diploids selected on synthetic media
lacking lysine and methionine.
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Filamentous fungal strains

The Serendipita indica strain was purchased from ATCC with the strain designation END1 [DSM
11827] (product code: 204458). Fusarium graminearum (strain ID: DAOM 233423) was kindly
gifted by Dr. Rajagopal Subramaniam.

METHOD DETAILS

Saccharomyces cerevisiae growth conditions and transformation

S. cerevisiae was incubated at 30°C with shaking at ~225 rpm when grown in liquid media.
Unless otherwise stated, experiments were conducted in either Yeast Peptone Dextrose (YPD) or
Yeast Nitrogen Base (YNB) without amino acids and without phosphate. For YPD, 12.5 g peptone
and 6.25 g yeast extract were dissolved in 1 L dH20 and autoclaved. For the YNB, amino acids
were supplied with the appropriate dropout, depending on genotype.*'* Unless otherwise stated in
figure legend, 2 % glucose was used as the sole carbon source. Inorganic phosphate (Pi) was
supplied as KH2POg4 to a final concentration of 0.05, 0.5, 5 or 10 mM (as described in figure
legend), and potassium levels were adjusted to 10 mM using KCI. For solid media, agar was added
prior to autoclaving to a final concentration of 2 % (w/v).

In all cases, yeast was transformed using a standard lithium acetate approach.®® Briefly, an
overnight yeast culture was back diluted to ODgoo~ 0.4 in a volume of 40 ml and grown at 30°C
for ~ 4 h. Cells were pelleted, washed twice in dH>O and resuspended in 400 pl 0.1 M sterile
lithium acetate. For each transformation, 50 ul of cells were pelleted and resuspended in 34 pl
dH-0 containing the recombinant DNA fragment or plasmid to transform into yeast. Typically, a
total of 400 ng — 800 ng of DNA / plasmid was used per transformation. The following
transformation mix was then added to the cell suspension and mixed by pipetting: 240 ul 50 %
PEG 3350 (autoclaved), 36 pl 1 M lithium acetate (autoclaved) and 50 pl 2 mg.ml salmon sperm
DNA (boiled for 5 min and cooled on ice for 2 min). Cells were incubated at 30°C for 25 min, then
at 42°C for 25 min. Cells were pelleted and resuspended in 1 ml dH20. Typically 100 ul cell
suspension was spread onto a Petri dish and these were incubated at 30°C for 2-3 d to recover

transformants.

Plasmid construction
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For construction of the PHO5 promoter (PHO5pr)-yellow fluorescent protein (YFP)
transcriptional fusion (PHO5pr-YFP), the pAG415GAL-ccdB-YFP backbone carrying the LEU2
selectable marker®” was modified by PCR-directed deletion of the GAL1 promoter using primers:
remove-GAL1-Sacl-F and remove-GAL1-Sacl-R (Table S5). The resulting PCR product was
digested with Sacl and ligated with T4 ligase, according to the manufacturer’s instructions, and
named pAG415m-ccdB-YFP. Then, a 1,000 bp region upstream of the PHO5 open reading frame
was amplified from genomic DNA extracted from the BY4742 yeast strain with primers containing
Gateway-compatible overhangs. The primers (PHO5pr-attB1 and PHOS5pr-attB2) contained
partial Gateway®-compatible overhangs to add the attB sites (Table S5). The full attB sites were
added by a second round of PCR using a generic primer pair: generic-GW-attB1 and generic-GW-
attB2 (Table S5) and the PCR product cloned into pDONR221 and subsequently into pAG415m-
ccdB-YFP via BP and LR reactions, respectively.

For construction of the PHO4-YFP translational fusion, the PHO4 coding sequence was
amplified from BY4742 genomic DNA using primers (pho4-attB1 and pho4-attB2) that lacked the
stop codon, and which included Gateway®-compatible overhangs (Table S5). The PCR product
was cloned into pAG415m-ccdB-YFP as described above for the PHO5pr. The resulting PHOA4-
YFP fusion was amplified from the plasmid using a forward primer (pAG415-PHO4CDS-up) that
bound upstream of the coding sequence in the plasmid backbone and a reverse primer (PHO4-
YFP-Int-R) that annealed to the LEU2 selectable marker, and which included additional sequence
that was homologous to a region downstream of the PHO4 genomic locus (Table S5). Another
round of PCR using a second reverse primer (PHO4-YFP-Int-R-OH) was used to add further
homology downstream of the PHO4 genomic locus (Table S5). The resulting PCR fragment was
transformed into BY 4742 and integration events selected on media lacking leucine. The integration
at the native locus was confirmed by PCR and by nuclear localisation of YFP under low Pi
conditions.

A plasmid suitable for PCR-directed mutagenesis of PHO84 (called pAG413m-
PHO84pro-PHO84) was made in the following way. First, the pAG413 backbone was amplified
using primers, Pi-pAG413-MCS-F and pAG413-MCS-R (Table S5). Second, a LacZa fragment
containing a multiple cloning site (MCS) from pUC19 was amplified using primers, Pi-pUC19-
LacZa-F and pUC19-LacZa-R (Table S5). The forward primers had a phosphorylated 5° end to
allow blunt end ligation via T4 ligase to yield the plasmid, pAG413-LacZa-MCS. The PHO84
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promoter and coding region (PHO84pro-PHO84) was amplified from BY4742 genomic DNA
using primers, PHO84p-BamHI-F and PHO84-cds-Sacl-R which included Sacl or BamHI
restriction sites (Table S5). The PHO84pro-PHO84 PCR fragment and the pAG413-LacZa-MCS
plasmid were double digested with BamHI and Sacl and then ligated with T4 ligase to generate
pAG413m-PHO84pro-PHO84, which was used as the template for random mutagenesis of PHO84
(see below section entitled PHO84 PCR mutagenesis and GR24 insensitive screen).

The two mutant strains shown in Fig. 6A (pho84-G256D and pho84-A262P) were
constructed by gap-repair cloning in the EY917 background (described below). The constructs
were amplified using a forward primer annealing to the PHO84 promoter (PHO84pr-Int-F) and a
reverse primer against the LEU2 selection marker (PHO84-Int-LEU-R) (Table S5), and integrated
at the native locus (as described for PHO4-YFP) to yield the following strains: BY4742
PHO84::ScPHO84 (wildtype control), PHO84::Scpho84-G256D and BY4742 PHO84::Scpho84-
A262P (Table S4). The presence of the mutations in transformants was confirmed by Sanger
sequencing.

The PHO84-GFP strain (Table S4) was constructed by first amplifying PHO84 CDS from
genomic DNA using primers PHO84-attB1-F and PHO84-attB2-R with Gateway®-compatible
overhangs (Table S5). The PCR product was cloned into pAG415GAL-ccdB-EGFP?’, as described
for PHO5pr. The PHO84-EGFP region was amplified using a F primer that bound to the start of
the CDS (PHO84-CDS-F) and a reverse primer (Pho84-leu2-Int-R) that annealed to the LEU2
selectable marker in the plasmid backbone, and which included sequence homology to a region
downstream of the PHO84 genomic locus (Table S5). Another round of PCR using a second
reverse primer was used to add further homology downstream of the PHO84 genomic locus
(Pho84-leu2-Int-R-OH) (Table S5). The resulting PCR fragment was transformed into BY4742
and integration events selected on media lacking leucine. The integration at the native locus was
confirmed by PCR and by induction of PHO84-EGFP under low Pi conditions.

Generation of a yeast strain expressing PHO84 tagged with an HA peptide tag (RPL18Bpr-
PHO84-3XHA, Table S4) was done using the markerless yeast localization and overexpression
(MyLO) CRISPR-Cas9 toolkit.®® This was accomplished by amplification of the PHO84 coding
sequence from BY 4742 genomic DNA using primers, PHO84Bsal-F and PHO84Bsal-R, followed
by cloning into the Bsal sites of vector pBBK42 by combining 200 ng of Bsal digested PHO84
DNA with 100 ng of Bsal digested vector and ligating at 16 °C for 18 h with T4 DNA ligase. The
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resulting construct has the PHOB84 expression driven by the RPL18B promoter and is
translationally fused to three HA tags on its carboxy-terminal end. The construct was inserted into
a safe-harbour site (FF18; chrXV665159..665140) in pho84A (Table S4) by using the vector
pBBK18, which encodes Cas9 and a pre-cloned gRNA that targets the cut site to this genomic
location. Recombinants were selected on hygromycin and the PHO84-3XHA insertion was
confirmed by colony PCR using the Phire Plant Direct PCR master mix using primers: BB867-
ConLS-F and BB502-SSA1-Chk-R (Table S5).

Isolation of RNA and sequencing

For rac-GR24-treated samples, a single S. cerevisiae colony (EGY48 MATa) was
inoculated into liquid YPD media for 17 h. Then, 500 pl of overnight culture was diluted into 5
ml YPD and incubated for a further 2 h. Cells were treated with DMSO (n=3) or 50 uM rac-GR24
(n=3) and incubated for a further 2 h until log phase. RNA was extracted following a modified
method of (Biss et al., 2014).%° Briefly, cells were washed twice with 5 ml DPEC-treated water
and lysed in 350 ul lysis buffer (200 mM Tricine, 500 mM NaCl, 1% SDS, 10mM EDTA) by
beating for 1.5 min, resting on ice for 30 s, and repeating this once more. Then, 1 ml TRI Reagent
was added and the lysate was centrifuged at 7,000 x g at 4°C for 5 min and the supernatant mixed
with 200 ul chloroform. Samples were vortexed for 30 s, incubated at room temperature for 10
min, and centrifuged at 12,000 x g at 4°C for 15 min. From the resulting upper aqueous phase, 500
pl was mixed with 500 pl 100 % ice-cold isopropanol and incubated at room temperature for 5
min, centrifuged at 12,000 x g for 10 min at 2°C, and washed twice with 1 ml 75 % ethanol. Finally,
RNA was air dried and dissolved in 50 pl DEPC-treated dH>0. RNA was treated with DNase | at
37°C for 1 h and subsequently cleaned up using the Monarch® RNA Cleanup kit. Total RNA
samples were sent for lllumina sequencing at the Donnell Sequencing Centre (Toronto, CA).

For MeJA treated samples, a single S. cerevisiae colony (BY4742 MAT «) was inoculated
into liquid YPD media and grown overnight until culture reached an ODgoo ~ 20. A volume of 5
ml cell suspension was pelleted and resuspended in 10 ml fresh YPD. Cells were treated with
DMSO (n=3) or 50 uM MeJA (n=3) and incubated for 3 h. Cells were pelleted, resuspended in
residual media (~30 pl) and placed on ice. The liquid cell slurry was transferred to a pre-cooled
mortar (placed in a liquid nitrogen bath for 2 mins) and ground to a fine powder. Powdered cells
were transferred to an Eppendorf tube suspended in liquid nitrogen and stored at -80°C until
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extraction. RNA was extracted using the Qiagen RNeasy Plant Minikit and eluted in 30 pl RNase-
free water. RNA was treated with DNase I at 37°C for 30 mins and subsequently cleaned up using
the Qiagen RNeasy MinElute kit. Total RNA samples were sequenced using MGl DNBSEQ
platform at the Centre for the Analysis of Genome Evolution and Function (CAGEF, University
of Toronto, CA).

RNA sequencing, and differential gene expression analysis

Fastq files were quality checked using FastQC'® and aligned with HiSat2!%! against the
reference  transcriptome (file name: GCF_000146045.2 R64 cds_from_genomic.fna)
downloaded from the Saccharomyces Genome Database (SGD).?” Read counts per transcript and
Transcript Per Million (TPM) values were generated using Salmon.1? Read counts were analysed
using DESeq2 in R and differentially expressed genes (DEGSs) were identified between the treated
and mock (DMSO) S. cerevisiae samples using the Wald test.}%®1% DEGs were selected as
significant if the adjusted p-value < 0.05 and logz(fold change) > 1 or < -1. DEGs were visualised
as a volcano plot, plotted using ggplot2 in R.1%31% Toq test for gene annotation category enrichment
in the rac-GR24 transcriptome, we preformed over-representation analysis on DEGs identified in
the transcriptomes. This was performed using SGD Gene Ontology Term Finder, with significance
set at FDR < 0.01. Rac-GR24-induced DEGs annotated to be involved in phosphate metabolism
were compared to a transcriptome in which S. cerevisiae was subjected to phosphate starvation
conditions for three hours.1® Methyl jasmonate-induced DEGs annotated to be involved in sugar
metabolism were compared to a transcriptome in which S. cerevisiae was subjected to varying
carbon sources.'%” The log, fold change values of the compared treatments were collated into a

heatmap using ComplexHeatmap R package.!%®

Profiling PHOSpr-YFP reporter expression in rac-GR24-treated yeast cells

Yeast carrying the PHOS5pro-YFP transcriptional fusion was inoculated into 1 ml YNB
selective media with 5 mM Pi in a deep 96-well block. After ~ 20 hr growth, ODesoo was measured
and 10 ODsoo.mlI™* units of cell culture was transferred to 1.5 ml Eppendorf tubes. Cells were
washed in 1 ml dH20 and resuspended in 1ml dH20. Then, 200 pl cell suspension was diluted in
800 ul 1.25 x fresh YNB selective media supplemented with either 0.5 mM or 5 mM Pi (as
described in figure legends), and cultures incubated for 2 h. Then, 20 pl cell culture was diluted
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again into wells of a Greiner 96-well clear-bottom black-wall plate containing 80 ul fresh 1.25x
YNB selective media with either 0.5 mM or 5 mM Pi, supplemented with either DMSO or rac-
GR24. Plates were incubated in an Infinite M1000 Pro (TECAN) at 30°C and subjected to double
orbital shaking for 180 s with a 3.5 mm amplitude at 108 rpm. At 10 min intervals, two parameters
were recorded for cell suspensions: (i) absorbance at 600 nm (ODeoo); and (ii) YFP emission
intensity at a wavelength of 528 nm following an excitation at 515 nm. Both the excitation and
emission bandwidths were set to 5 nm, and the gain to 100. Four measurements were made per
well and each treatment was replicated in three wells of the same plate. The YFP emission intensity

values were normalised by dividing by the ODsgo values.

Profiling acid phosphatase activity for yeast grown on solid media

Acid phosphatase activity of yeast grown on solid media was assayed using a staining
procedure similar to that described by Toh-E & Oshima (1974).2%° First, a single S. cerevisiae
colony was inoculated into 1 ml YNB liquid media with 5 mM Pi and incubated for ~24 h. A 2 ul
drop of saturated culture was spotted onto solid YNB media containing 5 mM Pi supplemented
with either DMSO or GR24. For yeast spots shown in Fig. 4F, saturated cell cultures were first
washed in 1 ml dH20 and resuspended in low Pi (0.5 mM) for 4 h prior to spotting. After ~ 20 h
growth, spots were stained by overlaying the plate with soft molten agar (0.6 % agar w/v) in 0.05
M acetate buffer (pH 4.0), supplemented with 0.5 mg.ml* 1-naphthyl phosphate disodium and 0.5
mg.ml* Fast Blue B. The acetate buffer was made by dissolving 13.6 g sodium acetate and 3 ml
glacial acetic acid in 800 ml dH20, adjusting pH to 4.0 with HCI, bringing final volume to 1 L with
dH:0, and then autoclaving. The molten agar solution was cooled to ~ 40°C prior to gently pouring
over the yeast spots. Plates were incubated at room temperature for ~ 30 min prior to imaging,
using a dissecting microscope (with a Leica DFC320 camera) or a Nikon D7100 camera.

Microscopy of yeast cells carrying PHO4-YFP or PHO84-EGFP translational fusions

To visualise Pho4 subcellular localisation, a yeast strain carrying a PHO4-YFP
translational fusion integrated at the native locus was inoculated into 4 ml YNB media with 5 mM
Pi and grown for ~ 18 h. Then, 1 ODgoo.ml™* of cell suspension was washed twice in dH.0 and
resuspended in fresh 0.05 mM Pi YNB -leu (4 % glucose) media to an ODeoo~1. The cultures were

incubated at 30°C for 4 h and then 1 ml of cell suspension was treated with either DMSO (mock)
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or 50 uM rac-GR24, plus 5 mM KH2POj4 to replenish the Pi in the media. For visualising YFP, 3
pl cell suspension was loaded onto a glass slide and imaged at 63x magnification using a Leica
TCS SP5 confocal microscope.

Yeast cells integrated with a PHO84-EGFP construct at the native locus were grown in 4
ml YNB media with 5 mM Pi (2 % glucose) media overnight. The following morning, the culture
was washed twice in dH20 and resuspended in fresh 0.05 mM Pi YNB -leu (4 % glucose) media
to an ODego~1. Cultures were incubated at 30°C for 4 h to allow time for PHO84-EGFP to
accumulate on the plasma membrane. At this point, 1 ml of cell suspension was treated with either
DMSO (mock) or 50 uM rac-GR24. After the indicated time (see figure legend), 3 ul cell
suspension was loaded onto a glass slide for visualising at 63x magnification using a Leica TCS

SP5 confocal microscope.

Assaying manganese sensitivity in yeast

Wildtype and pho84A yeast strains were grown in the same way as described for the AP
experiment in Figure 4F. Prior to spotting, cells were washed in dH-0O, adjusted to an ODggo of 10,
and spotted as a 5-fold serial dilution onto YPD media supplemented with 8 mM MnCl. with or
without 50 uM rac-GR24. Plates were incubated at 30°C and imaged at 48 h with a Nikon D7100

camera.

Rac-GR24 yeast killing assay

Single yeast colonies were inoculated into 3 ml YNB —trp —leu supplemented with 5 mM
Pi. After 24 h growth at 30°C, 2 pl of saturated culture was inoculated onto YNB —trp —leu solid
media supplemented with 5 mM Pi, the carbon source indicated in the respective figure, and either
DMSO or rac-GR24. For strains grown on glucose as a sole carbon source, images of yeast growth
were taken ~ 20 h after spotting. For strains grown on galactose as a sole carbon source, images
were taken ~ 44 h after spotting. Images were taken with a dissecting microscope fitted with a
Leica DFC320 camera.

PHO84 PCR mutagenesis and rac-GR24 insensitivity screen
A PHO84 mutant library was constructed using the method established by Weir.1? Briefly,
primers were designed to amplify the PHO84pr-PHO84 fragment from pAG413m-PHO84pr-
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PHOB84. These primers bind approximately 500 bp upstream and downstream of the insert and
attach long arms of homology to the pAG vector series. With these primers, error-prone PCR was
performed with the standard Taq (FroggaBio Tag DNA Polymerase) recipe with altered dNTP
concentrations: dATP (0.2 uM), dGTP (0.2 uM), dCTP (1 mM), and dTTP (1 mM). Additionally,
the reaction was supplemented with 5 mM MgCl..

The EY917 strain was transformed with the PCR-mutagenized PHO84pr-PHO84
amplicons and the pAG415m plasmid backbone digested with Hindl1l and Xhol. Strains carrying
a functional copy of Pho84 and a correctly assembled plasmid were identified by plating the
transformed yeast onto YNB —trp —leu. After two days of growth at 30°C, colonies were picked
and individually inoculated into YNB —trp —leu media in deep 96-well plates. Using a 96-point pin
tool, the cultures were stamped onto OmniTrays™ containing YNB —leu —trp supplemented with
100 uM rac-GR24. Spots containing resistant mutants were identified after ~ 24 h growth and
retested. Genomic DNA was extracted from successful retests and the PHO84pr-PHO84 insert
was amplified using primers specific to the pAG415m-PHO84pr-PHO84 plasmid. The insert was

sequenced at the Centre of Applied Genomics (Toronto, Canada).

Identification of causative SL insensitive mutations and site-directed mutagenesis

To identify mutations causing SL insensitivity, the PHO84 ORF was split into three ~ 600
bp sectors. These sectors were chosen such that only a single mutation would fall within their
borders. Primers were designed so that each sector could be individually amplified and then
recombined with wild type copies of the other two (Table S5; Figure S8). For instance, to
determine if a mutation in sector 1 was causative, two PCRs would be performed: (1) the first (red
primers) uses mutant plasmid as a template and (2) the second (yellow forward primer and blue
reverse primer) uses a wildtype plasmid as a template (Figure S8). These two PCR products would
then be used for gap-repair cloning (described below) into a linearized pAG415m plasmid (Figure
S8). To avoid any inappropriate recombination with the wildtype PHO84 allele, all gap-repair
cloning was carried out in the BY4742 pho84A4 strain (Table S4). Plasmids were isolated from the
yeast as described above in the gap-repair cloning section. Correct assembly was verified by
sequencing the insert. Each construct was then moved into the EY917 genotype and the GR24

killing assay performed (described above).
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For site-directed mutagenesis of PHO84, forward (pAG413-Up-Homology) and reverse
(pPAG413-Down-Homology) primers (Table S5) were designed so that they both contained the
desired mutation and collectively spanned at least 30 bp (Figure S8). These primers were then
paired with reverse and forward primers which bind 500 bp upstream and downstream of the insert
and attach long arms of homology to the pAG vector series (Table S5). These two primer pairs
(orange and purple in Figure S8) were then used for PCR. The PCR products were then used for
gap-repair cloning with a linearized pAG415m plasmid (Figure S8). Correct assembly was
verified by sequencing the insert. Each construct was then moved into the EY917 genotype and

the GR24 killing assay performed (described above).

Yeast gap-repair cloning

To perform gap-repair cloning, primers were designed for each insert such that each end
of the amplicon has at least 30 bp of homology to the destination vector.®® For multiple inserts,
primers were designed so that the outer two PCR products had at least 30 bp of homology to the
destination vector as well as homology to the other insert. For each insert, a 20 pl PCR was
prepared. Additionally, the destination vector was digested with two different restriction enzymes,
which were heat inactivated after the reaction. The uncleaned PCR and digest products are then
directly transformed into yeast according to the lithium acetate approach described above. To
isolate plasmids, 1 ml of saturated overnight yeast culture was spun down and resuspended in 120
ul of sorbitol-EDTA buffer (0.9 M sorbitol, 0.1 M EDTA, pH = 8) containing 10 units of
zymolyase or lyticase. The suspension was then incubated at 37°C for 1 h. After digestion, the
spheroplasts were spun at 3,000 rpm for 5 min in a microcentrifuge. The supernatant was decanted,
and the plasmid was removed from the spheroplasts using the NEB Monarch® Plasmid Miniprep

Kit. Purified plasmids were then transformed into E. coli for storage and propagation.

Piuptake assays

For P32 uptake assays, yeast strains were grown overnight in YPD media to saturation. The
cultures were split in half, either DMSO or rac-GR24 was added, and cells were further incubated
for 4 h. Cells were pelleted and resuspended in fresh YNB with 5 mM Pi to an ODsoo ~ 4 with
DMSO or rac-GR24. For each sample, 100 pul cell suspension was added to an Eppendorf tube
with 900 pl fresh YNB media containing radiolabelled P2 as a tracer. To determine the specific
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radioactivity at point of experiment, we also obtained total Counts Per Minute (CMP) for media
without cells but containing the same volume of radiolabelled tracer. Cells were incubated at 30°C
for 10 min, transferred to ice for 1 min, and then pelleted. The supernatant was removed by
aspiration and 1 ml ice-cold dH.O was added. Cells were vortexed for 1 min, pelleted and
resuspended in a final volume of 100 pl ice-cold dH2O. The cell suspension was transferred to a
scintillation vial with 5 ml scintillation fluid and CPM obtained using a TRICARB 3170 TR/SL
(Perkin Elmer). CPM were expressed as picomole of P32 per minute per ODgoo Unit.

For Pi supernatant depletion measurements, yeast was grown in YPD media overnight. Ten
ODsoo.mlI were resuspended in 1 ml of fresh YPD media, treated with DMSO or 50 uM rac-GR24
and further incubated for 4 h. Then, 10 ODgoo.ml™* of cells were pelleted and the supernatant was
collected to measure Pi in the media according to the molybdenum blue method.! Briefly, 25 pl
of the supernatant from treated and non-treated yeast cultures (plus fresh media as the initial
reference for Pi concentration) was added to glass tubes containing 1 ml of solution A (0.1 M
ascorbic acid; 0.5 M trichloroacetic acid). Then, 200 ul of solution B (0.01 M ammonium
molybdate) followed by 500 pl of solution C (0.1 M sodium citrate; 0.2 M sodium arsenite; 5 %
acetic acid) was added and solutions were mixed by pipetting. Samples (200 pl volume) were
loaded into a 96-well plate and the absorbance at 700 nm was measured in a plate reader (xMark
Microplate Spectrophotometer, BioRad). The change in Pi in the media was obtained by
subtracting the value of Pi in the media of treated and non-treated cells from the value obtained
for fresh media and then normalized by dividing the ODsoo. The cell pellet that was obtained from

this experiment was reserved for polyP extraction (see below).

Binding assay using whole cells

Strains expressing either PHO89 (EY917 p5819-PHO89) or PHO84 (EY917 p5587-
PHO84) (Table S4) were grown for 18 h at 30°C in Yeast Nitrogen Base (YNB) without amino
acids and without phosphate (0.59 % (w/v), supplemented with an amino acid mix lacking leucine
and tryptophan, 2 % (w/v) glucose, and 0.5 mM sodium phosphate. Cells were harvested by
centrifugation at 4000 x g for 5 min and resuspended in the same medium at an ODegoo = 1. For
each strain, aliquots of 0.75 ml were dispensed into three separate Eppendorf tubes on ice. Then,
1 uM [H3]-GR24 was added, the tubes were mixed by inversion and incubated on ice for 30 min.

The inversions were repeated every 10 min of incubation. Following incubation, the tubes were
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centrifuged at 16,000 x g in a pre-cooled centrifuge and transferred to an ice bath. The supernatant
from each was carefully removed without touching the cell pellets. The tubes were then transferred
to a rack and 0.24 ml of 100 % ethanol was added to each tube. The tubes were vortexed at room
temperature (24°C) for 1 h. Following this step, the tubes were centrifuged for 1 min at 16 000 x
g. Exactly 0.2 ml of each supernatant was transferred to scintillation vials to which 5 ml of
UltimaGold scintillation cocktail was added. Samples were counted for 5 min each with a Hidex

300 SL automatic liquid scintillation counter.

Drug affinity responsive target stability (DARTS) assay

For drug affinity responsive target stability (DARTS) assays, Pho84-3xHA protein was
prepared in the following way. The yeast strain RPL18Bpr-PHO84-3xHA (Table S4) was grown
for 18 h at 30°C in 200 ml low phosphate YPD medium, which was made by dissolving 5 g yeast
extract, 10 g peptone, 1.23 g MgSOs in 475 ml ddH.O, followed by slowly adding 4 mi
concentrated NH4OH to precipitate the salts. The solution is then vacuum filtered through a 0.22
mm nitrocellulose filter, adjusted to pH 6.5 with HCI and autoclaved prior to addition of filter
sterile glucose to a final concentration of 2 %. Cells were harvested by centrifugation (3000 x g;
3 min) and the cell pellet was washed by resuspension in 50 ml ddH20 followed by centrifugation.
Cells were then resuspended in 35 ml ice cold lysis buffer which consisted of 50 mM HEPES-
KOH (pH 7.5), 100 mM NaCl, 5 mM MgCl., 5 mM dithiothreitol, 10 % glycerol. The cells were
lysed by two passages in a French pressure cell (Thermo Electron Corporation; FA-032) at 2000
PSIs. The lysate was centrifuged at 4°C at 5,000 x g for 10 min to remove any unbroken cells
and/or cell wall fragments. The supernatant was then centrifuged at 100,000 x g at 4°C for 1 h to
collect cell membranes. Following this step, the supernatant was discarded, and the membrane
pellet was resuspended in lysis buffer using a glass homogenizer at a concentration of 10 pg/pl of
protein. Protein concentration was determined using a Bradford assay. (Kielkopf CL, Bauer W,
Urbatsch IL. Bradford Assay for Determining Protein Concentration.'?

DARTS assays were carried out by combining 230 pug membrane proteins, 1 pl of rac-
GR24 to 50 uM or 1 ul DMSO to a final volume of 25 pl, and incubating the mixture at 30°C for
30 min. This incubation was followed by addition of 1 ul of pronase, which was diluted in water
at different concentrations (1/10, 1/20, 1/30, 1/40, 1/50) from a 10 mg.ml*? stock. A negative

control was included where 1 pl of water was added instead of a pronase dilution. Each of the
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samples were incubated at 22°C for 30 min. The reactions were stopped by adding an equal amount
of 2x SDS-urea sample buffer which consisted of 80 mM Tris-Cl, pH 6.8, 2 % SDS, 8 M urea, 10
% glycerol, 0.1 M DTT, 0.00006 % bromophenol blue) and followed by incubating the samples at
37°C for 30 min. To assess protein stability, 20 pl of each sample was loaded onto 12 %
polyacrylamide SDS gels which were either stained with Coomassie Brilliant Blue R or blotted
onto Polyvinylidene fluoride (PVDF) membranes for western blot analysis. For western blots,
proteins were transferred using a semi-dry transfer system (BioRad; 1704150) for 30 min at 25 V
with a buffer consisting of 24 mM Tris, 192 mM glycine, 20 % methanol. Blots were blocked by
incubating them at 22°C for 1 h with 3 % (w/v) skim milk in TBST (10 mM Tris-Cl, pH 7.4, 0.9
% (w/v) NaCl, 0.02 % (v/v) Tween 20. This was followed by incubation for 16 h at 4°C with Anti-
HA horse radish peroxidase (HRP) conjugated antibody diluted 2000x in the same buffer. The
blots were then washed three times for 10 min at 22°C with TBST before developing and
visualizing antibody dependent signal with a luminol-based chemiluminescent substrate (Thermo
Fisher; 34075).

PolyP extraction

Cell pellets from 10 ODgoo.mlI™ of cells were resuspended in 400 pl of ice-cold AE buffer
(50 mM sodium acetate (pH 5.3); 10 mM EDTA). Cells were lysed by adding 300 ul of phenol
(saturated pH 6.6/7.9 Biotech Grade) and 20 ul of 20 % SDS. Cells were homogenized and
incubated at 65°C for 5 min followed by 1 min on ice. Then, 300 ul of chloroform was added,
homogenized by inverting and centrifuged for 2 min at max speed (room temperature). From the
upper phase, 450 ul was transferred to a fresh tube, and 350 pl of chloroform was added. Samples
were homogenized by inverting and centrifuged again for 2 min at max speed (room temperature).
From the upper phase, 400 ul was recovered and treated with 1 pl of RNase A (10 mg.ml™) and 1
ul of DNase I (10 mg.mlt) for 1 h at 37°C. After incubation, 1 ml of absolute ethanol and 40 pl
of 3 M sodium acetate (pH 5.3) was added and incubated at -20°C for 3 h to precipitate the polyP.
Then, samples were centrifuged for 20 min at max speed (4°C), the supernatant was discarded,
and the pellet washed with 500 ul of 70 % ethanol. Samples were centrifuged again for 10 min at
max speed (4°C). The supernatant was removed, the pellet was air dried and resuspended in 40 pl
of Milli-Q water.
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PolyP samples were analysed using SDS-PAGE. An SDS-PAGE gel (20 % polyacrylamide
gel (acrylamide 10:1 bis-acrylamide) containing 7 M urea in TBE buffer) was loaded with 10 pl
of sample mixed with 10 pl of sample buffer (2x TBE; 20 % glycerol; 0.006 % (w/v) bromophenol
blue). The gel was run for 2 h at fixed 150 volts (initial current around 11 mA) using TBE buffer.
The gel was incubated in staining solution (50 mM TrisHCI pH 10.5; 25 % methanol; 5 % glycerol;
0.01 % Toluidine Blue) for approximately 30 min and distained (50 mM TrisHCI pH 10.5; 25 %
methanol; 5 % glycerol) until bands were visible. Images were taken on Chemidoc Image System
(BioRad).

Metabolite extraction from GR24-treated yeast

Yeast were cultivated in liquid SD media (5 g.I"t ammonium sulfate, 1.7 g.I* Yeast Nitrogen
base, 20 g.I"") with 2 % glucose at 30°C with shaking at 250 rpm. Both the BY4741 pho84A and
wildtype yeast (Table S4) were transformed with the pHLUM minichromosome!*® to restore
prototrophy with transformations performed as described previously.'* BY4741 wildtype and
pho84A strains were grown to a target ODesoo 0f 1 with more than two cell doublings between
inoculation and harvesting. Cultivation was performed in 15 ml culture tubes with a total culture
volume of 5 ml. At the point of sampling, 1 ODeoo.mI™ of each culture was sampled by vacuum
separation of the yeast from the media using PVDF filter membranes. The resulting cell pellets
were extracted for 1 h at-20 °C in 2 ml of extraction solution (40 % (v/v) HPLC-grade acetonitrile,
40 % (v/v) HPLC grade methanol 20 % (v/v) HPLC-grade water. The cells were then treated with
either a vehicle control (0.1 % DMSO (v/v)) or with 25 ul of rac-GR24. Cells were sampled as
described above after a treatment duration of 30 and 60 min. Completed extractions were separated
from cellular debris by 1 min of centrifugation with a force of 2,254 rcf before being stored at -80

°C until measurement.

Metabolomic profiling

Flow injection analysis time-of-flight mass spectrometry was performed using an Agilent
6550 Series quadrupole time-of-flight mass spectrometer (Agilent) by and adaptation of the
method described by Fuhrer et al.}'® Analysis was performed using an Agilent 1100 Series HPLC
system (Agilent) coupled to a Gerstel MPS 3 autosampler (Gerstel). The mobile phase flow rate

was set of 0.15 ml.min™, with the isocratic phase composed of 60:40 (v/v) isopropanol and water
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buffered to a pH of 9 with 4 mM ammonium fluoride. Online mass axis correction was performed
with taurocholic acid and Hexakis (1H, 1H, 3H-tetrafluoropropoxy)—phosphazne)) within the
mobile phase. The instrument was run in 4 GHz mode for maximum resolution while collecting
mass spectra between 50 and 1000 m/z. Mass spectrum centroiding, merging, and ion annotation
was performed as described in Fuhrer et al.*® with annotations performed against the KEGG S.
cerevisiae metabolite database.’'® Raw ion intensities were normalized to counteract temporal
drifts. The normalized ion intensities were subjected to differential analysis where loge-
transformed fold-changes in ion intensities were calculated for each duration of rac-GR24

treatment compared to the untreated control.

Construction of phylogenetic tree of Pho84 homologs

Pho84 homologs from the fungal kingdom were retrieved via BLAST+ 117 in the Uniprot!!®
and FungiDB™'® databases. BLAST hits with an e-value threshold 1032 were used in a reciprocal
BLAST against a reference S. cerevisiae proteome with the same e-value threshold. Alignment of
1,165 Pho84 homologs was done using MUSCLE.'?® Phylogenetic tree construction was
performed using RaXML 821! The tree was constructed unrooted, using the
PROTGAMMAAUTO parameter to select the appropriate model, and otherwise default
parameters. Twenty Maximum Likelihood (ML) searches were performed and bootstrapped 100
times. Visualization of the tree and the sequence heatmap was created using the ggtree R

package.?? Sequence logo was created using the ggseglogo R package.?

Modelling of yeast Pho84 and World Health Organisation fungal priority pathogen Pho84
homologs

Modelling of yeast Pho84 was performed using SWISS-MODEL.?* The occluded form
was done with a template model of the Pho84 homolog from S. indica (PDB code: 7SP5). The
outward-open form was modelled using a template model of E. coli glycerol-3-phosphate
transporter (PDB code: 1PW4). The inward-open form was modelled using a template model of
E. coli fucose symporter (PDB code: 307Q). Visualizations of protein models were created using
PyMol.1?°

Modelling yeast low-affinity phosphate transporters
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Modelling of low-affinity phosphate transporters from yeast was retrieved from the
AlphaFold Database.'?52” Highest confidence models were chosen for each protein. Alignment
of low-affinity phosphate transporters and Pho84 was performed using MUSCLE.!?
Visualizations of protein models were created using PyMol.1%®

Molecular docking analysis

Docking of SL variants into Pho84 was done using Autodock Vina 4.2.12 A bounding box
was created around the suspected binding pocket region for targeted docking. The best docking
pose was chosen in each simulation. PyMol was used to ensure no clashes occurred in the docking

poses. Participating amino acids in the docking pose were analyzed using LigPlot+ 2.2.1%°

Screening of fungi library

Soil-dwelling fungi were isolated from soils sampled from various regions in Japan, and
the fungal library consisting of 315 strains was used for SL response screening. The fungal strains
were grown on potato dextrose agar (PDA) plates, and cylindrical blocks (®7 mm) collected from
the plate cultures were stored at -80°C. The library of 315 fugal strains were first grown on PDA
media for around 10 d at room temperature. Two blocks containing mycelia were collected from
the edge of colonies with sterile straws and inoculated on PDA media containing 1 uM (+)-GR24
or DMSO in 9 cm Petri dishes. Images were taken after 15 d of incubation and strains with visible
phenotype on GR24 plates were marked as positives.

Phylogenetic analysis of fungal species

Genomic DNA was extracted by hot-alkaline DNA extraction method as described
previously™°. In brief, mycelia taken from growing colony were suspended in 100 pl of 50 mM
NaOH and incubated for 15 min at 95°C. After neutralization with 11 pl of 1 M Tris-HCI (pH 7.5)
and dilution by adding 900 pl of distilled water, 0.25 pl was taken as a template for PCR
amplification of nuclear ribosomal internal transcribed spacer (ITS) region with primers ITS-5 and
ITS-4 (Table S5).13! PCR products were purified with Wizard SV Gel and PCR Clean-up System
(Promega) and used as a template for sanger sequencing with SupreDye Cycle Sequencing Kit.
The DNA sequencing was performed at sequencing facility in the Center for Gene Research at

Nagoya University. The species were identified by BLAST-searching of the ITS region. In the
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case that the ITS region was insufficient for taxonomic classification, D1/D2 regions were
amplified by PCR with primers NL-1 and NL-4 (Table S5) and sequenced for BLAST search. The
combination of ITS and D1/D2 led the classification of all the 71 GR24-responsive strains along
with 95 randomly chosen strains from the rest of the library.

Serendipita indica experiments

S. indica was prepared for experimentation by first inoculating an 8 mm-diameter plug of
fungus onto a PDA plate for ~ 6 d at 30°C, at which point the fungus had grown to the
circumference of the plate. PDA plates were made by dissolving 24 g Potato Dextrose Broth in 1
L dH20 and autoclaving. Agar was added to a final concentration of 1.5 % (w/v). To assay
manganese sensitivity, 8 mm-diameter fungal plugs were excised from the circumference of a plate
with a cork-borer and placed upside-down on 8 ml solid PDA media (pH 5.4) supplemented with
0.75 mM MnCl; with DMSO or 5 uM rac-GR24. Plates were incubated at 30°C for 6 d and imaged
with a Nikon D7100 camera.

To assay AP activity, four fungal plugs were homogenised at full speed for 30 s in 2 ml
dH20 in a 15 ml Falcon tube, and then 20 ul fungal homogenate was dispensed onto 1 ml synthetic
media containing 1 mM Pi in a 24 well plate. The synthetic media was made according to Sugiura
et al. (2021)'%, except all Pi sources were omitted and KH,PO4 was added as the sole Pi source.

Plates were incubated at 30°C for 48 h and then stained for AP activity as described for yeast.

Fusarium graminearum experiments

For Fusarium experiments, a minimal medium was prepared as follows (per litre of dH20):
0.5 g MgSQ4-7H20; 0.5 g KCI; 20 g agar; 30 g sucrose; 2 g KNOsz; 1 mL 0.5 M MES (pH 5); and
0.2 ml trace element solution.®®® The trace element solution was prepared as follows (per litre of
dH20): 5 g citric acid; 5 g ZnSO4-6H20; 1 g Fe(NH.)2(S04)2:6H20; 250 mg CuSO4-5H,0; 50 mg
MnSO4; 50 mg H3BOs; 50 mg Na,MoO4-2H,0.1*3 After autoclaving, the media was poured into
the 9 ml plates.

For the Pi dose response, KH2PO4 (pH = 5) was added to these plates to reach final
concentrations of 10 mM, 1 mM, 0.1 mM, 0.01 mM, and 0 mM respectively. Additionally, for
each KH2PO4 concentration, 9 ml of DMSO or 5 uM GR24 was added. After the agar solidified
1 ml of F. graminearum spores were spotted onto the centre of plates, which were then incubated
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for 5-6 d at room temperature in a dark cabinet. Fusarium plates were photographed with a Nikon
D7100 camera.

For manganese assays, minimal media was prepared as described above, except the final
KH2PO4 concentration was adjusted to 5 mM and the pH to 6.4. To each plate, 10 ml of minimal
media was added along with 100 ml of freshly prepared 1 M MnCl; and either 10 pl DMSO or
10 ul 5 mM rac-GR24. After the agar solidified 1 ml of F. graminearum spores were spotted onto
the centre of plates, which were then incubated for 5-6 d at room temperature in a dark cabinet.
Fusarium plates were photographed with a Nikon D7100 camera.

For the Fusarium spore experiments, F. graminearum NRRL29169 is the wildtype strain
and is the parental strain for the construction of FgPHO84 knockout (AFGSG_07894). To
construct AFGSG_07894 by CRISPR/Cas9, two CrRNAs (crRNAup:
GATCTCAGACTGTGTCTCTGTGG and crRNAdn: GTGGTACATCAGAATGCCTTGGG)
were designed for FGSG_07894 using EuPaGDT*3* with DOAM 233423 as reference genome.
The repair template was generated by PCR of the resistance marker hygromycin by the
microhomology primers: MH-F and MH-R (Table S5). MH primers were designed with 50 bp
specificity to the upstream and downstream PAM sites defined by each crRNA respectively and
share 19-21 bp homology to the hygromycin sequence, which was amplified by PCR. The
ribonucleoprotein complex (Cas9-gRNA complex) was assembled in vitro by mixing each crRNA,
the tracrRNA, and the Cas9 nuclease. After incubation, the complex was incubated with F.
graminearum protoplasts to generate transformants. To confirm the AFGSG_07894 mutant strain,
genomic DNA from wildtype and mutant strains were PCR amplified with gene specific primers:
Int-F and Int-R (Table S5). In addition, the marker gene (hygromycin) was amplified in the mutant
strain with primers: Hyg-F and Hyg-R (Table S5). Macroconidia were produced in SNA medium
(per litre): 1 g KH2PO4, 1 g KNO3, 0.5 g MgSO4-7H20, 0.5 g KCI, 0.2 g glucose, 0.2 g sucrose,
1.5 % agar. For experiments involving rac-GR24, the spores were cultured in 25 ml SNA medium
lacking KH2PQOj4. Spores were harvested and counted after 7 d incubation. Conidiophores (1000
spores/ml) were germinated in 4 ml potato dextrose broth in a 6-well culture plate at 28°C, shaking
at 160 rpm in the dark. Germination was monitored over time and photographed 40x by EVOS XL

Core imaging system (Thermo Fisher, Canada).

Quantification and Statistical Analysis
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Quantification of acid phosphatase data was done using ImageJ.**® T-tests were performed using

stats package in R.1%3

Fig. 4D — Pi uptake by P32:

Significance of difference between DMSO and rac-GR24 was measured using a two-sample t-test
(t=40.46; df = 13.80; p < 0.001).

Fig. 4E — Pi uptake by molybdate blue:

Significance of difference between DMSO and rac-GR24 was measured using a two-sample t-test
(t=11.70; df =21.29; p < 0.001).

Fig. 4G — PHO5pr-YFP assay:

Significance of difference between DMSO and (+)-(2°R)-GR24 was measured using a two-sample
t-test (2.5 uM: t = 4.38; df = 9.15; p < 0.005, 5 uM: t = 19.91; df = 10.65; p < 0.0001, 10 uM: t =
24.31; df = 4.44; p < 0.0001, 15 uM: t = 23.37; df = 3.69; p < 0.0001).

Fig. 5F — H3-rac-GR24 binding assay:

Significance of difference between EY917-PHO89 and EY917-PHOS84 was measured using a two-
sample t-test (t = -12.333; df = 2.1886; p-value < 0.005)

Fig. 7B — Serendipita colony area:

Significance of difference between DMSO and rac-GR24 was measured using a two-sample t-test
(t=-10.943; df = 13.8; p-value < 0.001).

Fig. 7E — Fusarium spore count:

Significance of difference between DMSO and rac-GR24 was measured using a two-sample
t-test (wild-type: t = -17.331; df = 3.5918; p-value <= 0.001, Fgpho84A: t = -2.2997; df =
6.2281; p-value >= 0.05). Significance of difference between untreated wild type
and Fgpho84A was measured using a two-sample t-test (t = -3.7326; df = 6.8342; p-value <=
0.01).
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Supplemental Tables

Table S1. List of naturally occurring fungi tested for response to Strigolactone: Related to
Figure 2, Figure S2.

Table S2. Differentially expressed genes in response to (+)-(2°’R)-GR24 and Methyl
Jasmonate: Related to Figure 3A, Figure S6.

Table S3. Processed flow injection mass spectrometry data: Related to Figure 4B.

Table S4. List of yeast strains used in this study: Related to STAR methods.

Table S5. List of primers used in this study: Related to STAR methods.
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Figure S1. Structures of strigolactones. Upper panel. Over 20 plant-derived strigolactone like molecules (SLs) have been characterized from root exudates.
Canonical SLs share an overall structure which includes a three annulated ABC ring scaffold connected to a butenolide ring through an enol ether linkage. Based on
stereochemistry around the BC rings two major SL families, (+)-Strigol and (-)-Orobanchol exist. With respect to the D-ring, all natural SLs have the same 2-R
stereochemistry (5DS). However, artificially synthesized SLs such as rac-GR24 are a racemic mixture of 2-R and 2*-S sterioisomers (ent-5DS).
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Figure S2. Response of naturally occurring fungi to rac-GR24. (A) Compilation of 69 naturally occurring soil fungi which showed a response to rac-GR24.
Each image contains fungi grown on mock media (left) and fungi treated with rac-GR24 (right). (B) Compilation of 155 naturally occurring soil fungi which showed
no response to rac-GR24. Each image contains fungi grown on mock media (left) and fungi treated with rac-GR24 (right).
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Figure S3. Growth of yeast on strigolactone or methyl jasmonate. Two independent experiments were performed in each case
where BY4742 was grown overnight in YPD and then resuspended in fresh YPD media at an ODg,, ~ 0.12, supplemented with either
DMSO or 50 uM GR24 (a) or 50 mM MeJA (b) and further grown further for ~ 20 hrs. ODg,, measurements were made using a plate
reader (TECAN) whilst maintaining the cultures at 30°C.
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Figure S4. Acid phosphatase colony assays of wild type BY4742 and a PHO regulon gene knockout mutants. Cells were spotted onto 5 or 10 mM Pi
concentrations with or without the addition of 50 uM GR24. The darker the red colony color the more acid phosphatase activity. Some knockout strains (pho80A, pho85A,
kcs1A, plclA) are not informative for chemical epistasis with GR24 because they are constitutive for acid phosphatase activity on the mock DMSO control. Mutants with
reduced GR24 responsiveness compared to wild type are outlined in blue.
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Figure S5. SL specifically inhibits PHO84’s phosphate transport activity. A. The EY917 strain is deleted for five Pi transporters (pho84A, pho87A, pho89A,
pho90A, pho91A) and carries a PHO transporter gene under the control of a GAL1 promoter making Pi transport and viability dependent on galactose [Wykoff &
O’Shea, 2001]. On glucose, transporter expression from the GAL1 promoter is turned off. Growth assay of the EY917 transformed strains on either 2% galactose or
2% glucose + GR24. EY917 strains were transformed with high-copy plasmids carrying either PHO84 (p5587-PHO84), PHO87 (p5587-PHO87), PHO89 (p5819-
PHO89), PHO90 (p5819-PHO90), or the empty vector (p5587-EV). EY917 transformed with PHO87 grows poorly on glucose because it encodes an alkaline
phosphatase that activates poorly on slightly acidic yeast media. B. Homology models of the four major Pi transporters in yeast. Red represents amino acids
identified as being important in Pho84 recognition of GR24. As noted, Pho87, Pho89 and Pho90 models do not show a binding pocket. C. Comparisons of amino
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acid sequences of regions with the Pho84 pocket domain. Ten key amino acids identified by LigPlot+ as interacting with GR24 binding are marked with arrows.
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Figure S6. Effect of methyl jasmonate on yeast transcription. A. NCBI common
tree of fungi found to respond to methyl-jasmonate. Ascomycota, Basidiomycota, &
Mucoromycota phyla are colored respectively. B. Left, MeJA-induced gene
expression. Left, Volcano plot representation of differentially expressed genes in
MeJA-treated relative to DMSO-treated. Dotted lines represent 21 and <1-fold
changes. Labelled red dots depict carbon metabolism-related genes (see Table S1).
Middle, Over-representation of GO annotated carbon metabolic processes in the
presence of MeJA (see Table S1). Right comparison of MeJA regulated gene
expression to genes regulated by glycerol. C. Placement of MeJA regulated genes into
sugar metabolism. Left, thick blue arrows: genes transcriptional regulated by MeJA.
Red labels; genes activates by MeJA. Blue labels; genes repressed by MeJA addition.
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Figure S7. Architecture of binding pockets in three Pho84 homologs from Rhizophagus irregularis (RiPT1, RiPT2, RiPT3) modeled on SiPT. RiPT1 and RiPT2

are structurally similar and can accommodate (+)-(2’R)-GR24 based on docking simulations. RiPT3 contains an occlusion in the pocket on the left side caused by a Phe
at position 212 (amino acid coordinate in SCPHO84), which precludes binding to (+)-(2’'R)-GR24.
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Figure S8. Strategy for determining causative SNPs and PCR-directed mutagenesis A. Strategy for determining
the causative SNP underlying strigolactone insensitivity. In some cases, a single mutant PHO84 allele had multiple
SNPs. Thus, to determine which SNP was causative in SL insensitivity, the PHO84 coding region was first split into
three approximately equal sectors and primers were designed to amplify each sector from either the mutant or wildtype
PHO84 (bottom). Gap-repair cloning (Joska et al. 2014) was then used to re-assemble the full PHO84 coding region
on a plasmid such that it only contained one SNP per construct, which was then re-tested for SL insensitivity. B.
Strategy for PCR-directed mutagenesis of PHO84. Primers were designed to incorporate single amino acid changes
into the coding region of PHO84 (top). Gap-repair cloning (Joska et al., 2014) was then used to re-assemble the full
PHO84 coding sequence on a plasmid (bottom).





