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1 | INTRODUCTION
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Abstract

Alcohol oxidases (AOXs) are ecologically important enzymes that facilitate a number
of plant-fungal interactions. Within Ascomycota they are primarily associated with
methylotrophy, as a peroxisomal AOX catalysing the conversion of methanol to for-
maldehyde in methylotrophic yeast. In this study we demonstrate that AOX ortho-
logues are phylogenetically conserved proteins that are common in the genomes of
nonmethylotrophic, plant-associating fungi. Additionally, AOX orthologues are highly
expressed during infection in a range of diverse pathosystems. To study the role of
AOX in plant colonization, AOX knockout mutants were generated in the broad host
range pathogen Sclerotinia sclerotiorum. Disease assays in soybean showed that these
mutants had a significant virulence defect as evidenced by markedly reduced stem
lesions and mortality rates. Chemical genomics suggested that SSAOX may function
as an aromatic AOX, and growth assays demonstrated that ASsAOX is incapable of
properly utilizing plant extract as a nutrient source. Profiling of known aromatic alco-
hols pointed towards the monolignol coniferyl alcohol (CA) as a possible substrate for
SsAOX. As CA and other monolignols are ubiquitous among land plants, the presence
of highly conserved AOX orthologues throughout Ascomycota implies that this is a

broadly conserved protein used by ascomycete fungi during plant colonization.
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et al., 2016). Fungal species are often categorized for their supposed

Fungal-plant associations are ancient, and probably facilitated the
colonization of terrestrial systems by both kingdoms some 400 mil-
lion years ago (Lutzoni et al., 2018). These associations have varied
effects on the health of individual plants, from mutualistic to patho-
genic, but in natural ecosystems fungi play a critical role in both

carbon cycling and the maintenance of plant biodiversity (Zeilinger

ecological niche in relation to plants (e.g., saprophytes, epiphytes,
symbionts, pathogens), but these categories are rarely unambiguous,
with many fungi transitioning between modalities in response to bi-
otic and/or environmental conditions (Zeilinger et al., 2016).
Common fungal components of the plant phyllosphere are
methylotrophic yeasts, including Pichia pastoris, which are nota-

ble as a rare group of eukaryotes capable of utilizing methanol as
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a sole carbon source (Yurimoto et al., 2011). This activity is driven
by the oxidation of methanol into formaldehyde, and subsequently
into energy for the cell, by a peroxisomally localized alcohol oxidase
(AOX) (Cregg et al., 1989). Such a localization is critical, as AOX
generates toxic levels of hydrogen peroxide (H,0,) during the oxi-
dation of methanol, which is subsequently degraded to water and
oxygen by a peroxisomal catalase (CAT) (Yurimoto et al., 2011).
Despite the rarity of true methylotrophy throughout the rest of the
fungal kingdom, disparate reports of AOX orthologues have been
noted in filamentous fungal species throughout the subphylum
Pezizomycotina (phylum Ascomycota) (Holzmann et al., 2002; Isobe
et al., 2007; Kubicek et al., 2014; Segers et al., 2001; Soldevila &
Ghabrial, 2001). Broadly, these genes were characterized as likely
methanol oxidases, despite their poor capacity to oxidize methanol
and other short-chain alcohols and limited evidence that they func-
tion in methanol utilization on an organismal scale (Isobe et al., 2007
Segers et al., 2001). More recent analysis of the orthologous AOX
from the common environmental fungus Aspergillus terreus suggests
that these proteins demonstrate relatively poor activity on short-
chain alcohols (i.e., methanol, ethanol, etc.), but are quite efficient
in the oxidation of aromatic alcohols (Chakraborty et al., 2014). This
finding is intriguing from the perspective of fungal-plant interac-
tions, as aromatic alcohols are major constituents of structural lignin
in plants (Sederoff et al., 1999). Interestingly, the implication of AOX
orthologues in plant disease development has been demonstrated.
In the plant pathogen Passalora fulva (formerly Cladosporium fulvum),
genetic knockouts of AOX resulted in drastically reduced virulence
(Segers et al., 2001). This leads to the possibility that AOXs may
be involved in the degradation/consumption of plant components,
including during pathogenic interactions, rather than simply in the
utilization of methanol.

While discussions of AOXs within Ascomycota often focus on
methylotrophy, AOXs from basidiomycetes are more often discussed
for their role in lignin degradation (Galperin et al., 2016). Rather than
localizing to the peroxisome, basidiomycete aromatic (aryl-) AOXs
are secreted by the fungus and produce H,0O, through the cyclic ox-
idation of p-methoxybenzyl alcohol to p-anisaldehyde, thus facilitat-
ing the activity of a similarly secreted versatile peroxidase enzyme in
attacking structural lignin (Hernandez-Ortega et al., 2012). Although
peroxisomal AOX activity is unlikely to operate on plant material
through such a mechanism, it does provide precedence for the role
of aromatic AOX in the degradation of specific plant components.
The fungal degradation of plant material is an intricate process in
which fungi secrete a repertoire of cell wall-degrading, proteolytic,
and lipolytic enzymes in order to break down plant cellular/struc-
tural components (Kubicek et al., 2014). These elements are actively
absorbed through membrane transporters and are converted to
energy through a number of biochemical pathways. While this is
typically thought to be a primarily metabolic process, the catabolic
breakdown of these components is often necessary to avoid the
accumulation of toxic intermediates in the fungal cell, suggesting that
metabolism and detoxification are probably intertwined processes
(Huisjes et al., 2012; Westrick et al., 2021; Zhang & van Kan, 2013).
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In this study, we identified a specific AOX orthologue with a
role that is distinct from the previously described methylotrophic
and wood rotting niches, and with a wide distribution throughout
the ascomycete subphylum Pezizomycotina. We investigated the
structural and phylogenomic conservation of AOX genes within
Pezizomycotina and demonstrate this protein's possible role in
helping fungi to degrade the monomeric components of structural
lignin. Using a combination of expression studies, reverse genetics
analyses, and chemical genomics, we show that AOX is required for
virulence in the model pathogen Sclerotinia sclerotiorum, by allow-
ing the fungus to cope with and metabolize plant aromatic alcohols,
and thus effectively colonize host tissues. These data represent a
marked shift from the methylotrophy model previously associated
with AOXs and propose that AOXs are broadly conserved proteins
used by ascomycete fungi to promote the colonization of plant

tissues.

2 | RESULTS

2.1 | AOXis broadly conserved within Ascomycota
and preferentially maintained in plant-colonizing
species

To determine the prevalence of AOX orthologues throughout the
phylum Ascomycota, 314 fungal genomes within the National
Center for Biotechnology Information (NCBI) Reference Sequence
(RefSeq) Protein Database were analysed for homology to S. scle-
rotiorum AOX (SsAOX). Approximately 60% (187/314) of the spe-
cies analysed contained at least one putative SSAOX orthologue
(Table S1; Figure S1). AOX early discovery and characterization in
methylotrophic yeast suggested a mechanistic association with this
relatively uncommon lifestyle. All six AOX-containing yeast species
in either Saccharomycotina (6/68) or Taphrinomycotina (0/9) are
known or suspected methylotrophs (Figure S1).

Remarkably, we found that AOX is comparatively more en-
riched in Pezizomycotina (181/236 assessed species), the subdivi-
sion containing filamentous ascomycetes and most known fungal
plant pathogens (Figure S1). The protein sequence is also highly
conserved, as nearly all copies found within Pezizomycotina con-
tain greater than 76% amino acid identity with SSAOX (Figure 1a;
Figure S1; Table S1). This conservation also extends to the predicted
peroxisomal subcellular localization of the various AOX proteins
(Figure 1b,c; Tables S1 and S2). It has been demonstrated that evo-
lutionarily conserved genes preferentially accumulate introns, so an
analysis of intron density within Pezizomycotina genera containing
AOX orthologues was performed (Carmel et al., 2007). While an av-
erage fungal gene contains up to two introns, AOX orthologues have
an unusually high intron content (2-16), with most genera contain-
ing more than six (Figure S2, Table S3) (Csuros et al., 2011; Kupfer
et al., 2004). A separate study analysing splice form variation in
S. sclerotiorum did not find that SSAOX is subject to alternative splic-
ing across multiple hosts, suggesting that these introns probably are
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FIGURE 1 Characteristics of AOX orthologues throughout the phylum Ascomycota. (a) Percentage amino acid (AA) identity of distinct
ascomycete AOX orthologues with Sclerotinia sclerotiorum alcohol oxidase (SSAOX). (b) AA length of AOX orthologues within the phylum
Ascomycota. (c) Predicted subcellular localization of ascomycete AOX orthologues.

not present to maintain multiple isoforms of the protein (Ibrahim
et al., 2021). This supports the theory that there has been strong
evolutionary pressure to limit mutations and structurally conserve
AOX, which is further supported by protein modelling demonstrat-
ing a nearly identical structure of AOX across filamentous ascomy-
cetes (Figure S3).

As the list of species being analysed is probably biased towards
specific genera (e.g., Aspergillus) and lifestyles (e.g., pathogens) that
have been highly sequenced, and such a bias may overstate the value
of AOX in certain ecological niches. A phylogenetic tree was gener-
ated from species in our data set to evaluate gene conservation/loss
(Figure 2a). From this tree we can observe at least 18 distinct AOX
gene loss events within Pezizomycotina. To contextualize these gene
loss events, we consider that phylogenomic evidence suggests that
the most recent common ancestor of Pezizomycotina probably con-
sumed plant hydrocarbons and may have been a pathogen of early
plants (Sanchez-Rodriguez et al., 2010). In more recent millennia
many species within Pezizomycotina have transitioned away from
dependence on plant-derived carbon, and strikingly the loss of AOX
appears to largely coincide with such transitions (Figure 2b; Table S4).
While AOX has been maintained in the genome of nearly all plant
pathogens in our data set (74/80), it has been lost in the genomes of
all primary animal pathogens (0/25) (e.g., Pseudogymnoascus destruc-
tans, Coccidioides immitis, Metarhizium spp.) and some species that
are found primarily on animal faecal matter (e.g., Eremomyces bilat-
eralis, Chaetomium thermophilum) (Table S4). Of the plant pathogens
that have lost AOX, most are known biotrophs (e.g., Ustilagodinea
virens, Blumeria spp., Claviceps purpurea) that acquire plant nutri-
ents through specialized interactions with live plant cells rather
than through the active destruction and digestion of plant cellular

material seen during fungal saprotrophy and necrotrophy (Figure 2b;
Table S4) (Kubicek et al., 2014). These gene loss events suggest that
the loss of AOX strongly correlates with a shift in carbon acquisition
strategy away from plant material. Such a correlation is further sup-
ported by the loss of AOX in true plant endophytes such as Epichloe
spp. and Xylona hevea and the lichen Endocarpon pusillum (Figure 2b;
Table S4) (Becker et al., 2016; Gazis et al., 2016).

Other gene loss events in Pezizomycotina are less easily ex-
plained, including the striking number of opportunistic animal
pathogens that are missing AOX (26/43) across six distinct clades
(Figure 2b; Table S4). It is unlikely that such loss is correlated with
an active evolution towards animal association, as opportunistic
pathogens typically adapted to multiple environments, but may be
associated with a broadening ecological niche related with some

opportunists (Vicente et al., 2017).

2.2 | AOXis up-regulated during infection across
multiple pathosystems

While AOX appears to be maintained in the genomes of most plant-
pathogenic ascomycetes, it is important to establish its specific
expression during plant colonization/pathogenesis. To assess the
importance of AOX during plant infection, AOX expression was
analysed in multiple pathosystems. RNA sequencing data were col-
lected from S. sclerotiorum during infection of soybean and chickpea
(Mwape et al., 2021; Westrick et al., 2019), from Botrytis cinerea dur-
ing infection of tomato fruit and the bryophyte Physcomitrium pat-
ens (Petrasch et al., 2019; Reboledo et al., 2021), from Aspergillus
flavus during infection of peanut (Wang et al., 2016), from Fusarium
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FIGURE 2 Phylogenetic analysis of AOX gene loss events. (a) Cladogram representing the evolutionary relationships of the 236 members
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oxysporum during infection of cucumber (Huang et al., 2019), from
Fusarium graminearum during infection of wheat (Puri et al., 2016),
and from Dothistroma septosporum during infection of pine
(Bradshaw et al., 2016) (Figure 3). These pathosystems allow for the
analysis of AOX usage during infection of angiosperm (fruit, stem,
and root), gymnosperm, and bryophyte tissue. Additionally, the
fungal species contain representatives from the four major classes
within Pezizomycotina: Eurotiomycetes (A. flavus), Sordariomycetes
(F. graminearum and F. oxysporum), Leotiomycetes (S. sclerotiorum and
B. cinerea), and Dothideomycetes (D. septosporum).

AOX expression in each pathosystem is represented as the fold
change in expression when compared to a representative in vitro
control (Figure 3). AOX was up-regulated during infection of all
assessed pathosystems; expression levels largely increased over
the course of infection, from relatively low to no expression at early
timepoints to often >1000-fold induction at the later stages of in-
fection (Figure 3). The two pathosystems in which AOX expression is
more predominant during early infection are B. cinerea-tomato and
F. graminearum-wheat, which are both interesting examples of post-
harvest infections in which the pathogens are invading fruit rather
than photosynthetic/structural plant material (Figure 3). A potential
distinguishing factor behind these different expression patterns is
that infection of either tomato fruit or wheat grains would require
a pathogen to first contend with more lignified tissues prior to pen-
etrating the more carbohydrate-rich interior (Andrews et al., 2002;
Asthir et al., 2010). This runs contrary to many necrotrophic pa-

thosystems in which we expect the pathogen to contend with
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increasingly lignified plant material and a greater concentration of
monolignols over the progression of infection (Huang et al., 2019;
Mwape et al., 2021; Westrick et al., 2019). To assess the relative im-
portance of AOX within a specific pathogen across multiple hosts,
we additionally evaluated the expression of SSAOX during the infec-
tion of six distinct hosts from publicly available transcriptomic data
(Kusch et al., 2021). On all hosts SSAOX was found to be up-regulated
between 200- and 5000-fold when compared to an in vitro con-
trol, suggesting that SSAOX is highly expressed during infection in a
nonhost-specific manner (Kusch et al., 2021).

2.3 | S.sclerotiorum mutants lacking AOX are
undermined in virulence and stem colonization

To assess the role of AOX during infection and development, the
S. sclerotiorum AOX gene, SSAOX, was deleted using CRISPR/Cas9-
mediated homologous recombination, replacing SSAOX with a hygro-
mycin resistance cassette. No developmental defects were observed
in the ASsAOX strains when grown on potato dextrose agar (PDA)
(Figure S4). Pathogenicity assays were conducted by inoculating de-
tached leaves and whole soybean plants with wild-type 1980 (WT)
and ASsAOX mutant strains of S. sclerotiorum.

Lesions on soybeans infected with ASsAOX knockout strains
were significantly smaller than on those infected with the WT on
both detached leaves and stems when measured over the course of

the assay (Figure 4a-c). Surprisingly, even at 9 days postinoculation
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FIGURE 3 AOX expression across multiple pathosystems. The y axes represent the fold change in expression of distinct AOX orthologues
in comparison to in vitro culture controls. NA represents no data for a given timepoint. Expression over (a) 4 days of infection (Sclerotinia
sclerotiorum/chickpea [Mwape et al., 2021] and soybean [Westrick et al., 2019]), (b) 2 days of infection (Botrytis cinerea/Physcomitrium patens
[Reboledo et al., 2021]), (c) 12 weeks of infection (Dothistroma septosporum/pine [Bradshaw et al., 2016]), and (d) 7 days of infection

(B. cinerea/tomato [Petrasch et al., 2019], Aspergillus flavus/peanut [Wang et al., 2016], Fusarium oxysporum/cucumber [Huang et al., 2019],

and Fusarium graminearum/wheat [Puri et al., 2016]).



WESTRICK ET AL.

(a) 1 DPI 2 DPI

3 DPI

WT
(1980)

(c)

100
- BWT ASsAOX-1 ASsAOX-2 *
£ 80
g
= sk ok
g, 60 e
2 40 X ) %
B sk ok :
220w ;o L
[l 1 :
0 L I
3 DPI 4 DPI 5 DPI 6 DPI
Days Post Inoculation (DPT)
e .
@ Exterior
Healthy
WT
(1980)
ASsAOX-1
ASsAOX-2

4 DPI

Molecular Plant Pathology W1 LEYJE

(b)

60 WWT ©=ASsAOX-1 ®ASsAOX-2 e —
50
5‘
S 30 -
<
€ %
g st =
0 = - —sE
0 — —— =
1 DPI 2 DPI 3 DPI 4DPI

Days Post Inoculation (DPI)
(d)
Soybean Mortality (9 DPI)

ASsAOX-2

WT (1980) .

0% 20% 40% 60% 80%  100%
mLiving = Dead
Interior Interior
(2x)

FIGURE 4 Disease assays of wild-type (WT) Sclerotinia sclerotiorum and ASsSAOX mutants on soybeans. (a) Images of detached soybean
leaves infected with either WT or ASsSAOX mutants. (b) Lesion measurements of WT- or ASsAOX-infected soybean leaves. (c) Measurements
of stem lesions on whole soybeans infected with WT or ASsAOX mutants through cut petioles. (d) Mortality of whole soybean plants
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replicates per assay. *p <0.05, ***p<0.001.

whole plants inoculated with ASSAOX showed a noticeably lower
mortality rate (about 11%-22%) than those infected with the WT
(about 77%-89%) (Figure 4d; Figure S5). As S. sclerotiorum typically
kills soybean plants by colonizing the vasculature within the main
stem, WT and ASsAOX infected stems were collected for further
evaluation (Figure 4e). Cross-sections of infected stems demonstrate
that while both WT and ASsAOX appeared to develop similarly on

the exterior cortex cells of the stem, the pith and central xylem cells
of ASsAOX infected stems appeared largely unaffected. Contrary to
this, the vasculature of WT infected stems was fully colonized by
S. sclerotiorum (Figure 4e).

To assess the plant's response to both mutant and WT in-
fections, inoculated soybean stems were subjected to gas
chromatography-mass spectrometry (GC-MS) analysis. Despite
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the induction of surface lesions by both strains, principal com-
ponent analysis shows the metabolic profile of ASsSAOX-infected
stems clustering more closely with healthy tissue than that of
WT-infected stems (Figure 5a). A closer look at metabolites as-
sociated with plant defence revealed a significant accumulation
of defence compounds typically produced against necrotrophs in
WT-infected tissue, including linolenic acid (the precursor to jas-

monic acid), oleic acid, and nicotinamide (Figure 5b; Table S5) (He
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metabolites more typically associated with defence against hemib-
iotrophs and biotrophs were accumulated at significantly higher
levels in ASsAOX-infected stems (Figure 5c) (Lenk et al., 2019).
This is probably due to the less destructive nature of ASSAOX
colonization. To assess this, we examined the accumulation of
metabolites associated with the destruction of structural com-

ponents such as plant cell walls. As predicted, we observed a far
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FIGURE 5 Gas chromatography-mass spectrometry analysis of healthy, wild-type (WT)-infected, and ASsAOX (ASsAOX-1)-infected
soybean stems at 96 h postinoculation. (a) Principal component analysis comparing the metabolic profiles of the analysed samples. (b)
Metabolites commonly associated with plant defence against necrotrophic infections (linolenic acid, oleic acid, and nicotinamide). (c)
Accumulated plant cell wall and cell membrane components (glycerol, galacturonic acid, and cellobiose). (d) Metabolites commonly
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greater accumulation of the cell wall/membrane constituents such
as galacturonic acid (pectin), cellobiose (cellulose), and glycerol
(phospholipids) in WT-infected plants (Figure 5d). This potential
reduction in tissue maceration additionally helps to explain the
altered lesion phenotype observed upon ASsAOX infection of older
soybean leaves (Figure Sé). In conclusion, our data demonstrate
that SSAOX is an important virulence factor of S. sclerotiorum and
probably other fungi, and contributes to the pathogen's capacity

to properly colonize and exploit host tissues.

2.4 | AOXis critical for fungal utilization of specific
plant metabolites

The virulence defect and altered metabolic profile of ASSAOX con-

firm the importance of SSAOX in successful infection; however, it is
important to clarify whether SSAOX plays a role in detoxification/

(@)
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metabolism, subversion of host defences, or physical penetration.
To assess its potential role in the metabolism of plant material, soy-
bean stem extract (SE) was used to supplement 1% glucose minimal
medium (GMM) for fungal growth assays. No significant difference
in growth was observed between WT and ASsSAOX when grown on
GMM + 1% ethanol (control), but when grown in GMM + 1% SE the
WT grew to nearly twice the mass of the control over a 3-day pe-
riod (Figure 6a). Comparatively, ASSAOX appeared unresponsive to
the addition of SE, a surprising result as SE is expected to contain a
number of simple carbohydrates in addition to the phenolics known
to be abundant in lignified plant material (Figure 6a). It is known that
methylotrophic yeast use AOX for carbon acquisition when acting
on alcohols (methanol) and for nitrogen acquisition when acting on
simple amines (methylamine) (Yurimoto et al., 2011). To determine
if this growth phenotype may be due to SsSAOX facilitating nitrogen
assimilation from SE, WT S. sclerotiorum was grown in minimal media

with and without the addition of carbon/nitrogen and supplemented
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FIGURE 6 Fungal growth with the addition of soybean stem extract (SE) and aromatic alcohols. (a) Hyphal dry weight of wild type (WT),
ASsAOX mutants, and other ascomycete fungi grown in 1% glucose minimal medium (GMM) with the addition of either 1% ethanol (control,

EtOH) or 1% SE. (b) Hyphal dry weight of WT and ASsAOX mutants grown in 1% GMM with the addition of either 1% ethanol (control),

1%

SE, coniferyl alcohol (CA), cinnamyl alcohol (CiA), 4-methoxybenzyl alcohol (4-MxA), 4-methylbenzyl alcohol (4-MyA), or alkali lignin (AL).
All aromatic alcohols were dissolved in ethanol and added to a final concentration of 250 pM. AL was dissolved in ethanol and added to a
final concentration of 50 pg/ml. (c) Growth induction of WT, ASsAOX mutants, and other ascomycete fungi grown in 1% GMM (250uM CA)
compared to the ethanol control. (d) Hyphal dry weight of WT and ASsAOX mutants grown in minimal medium (no carbon source, MM), 1%
GMM, 1% xylose minimal medium (XMM), or 1% mannose minimal medium (MMM) with the addition of either 1% ethanol (control), 1% SE,

or CA (250 uM). Colours in (a) and (c) indicate species/strain. Error bars in (b

), (c), and (d) represent standard deviation. Cultures were grown

for 3days, except for Colletotrichum graminicola, which was grown for 4 days at room temperature on a shaker in the dark. Statistical analysis
was conducted by comparing the results from each additive to the ethanol control using a Student's t test. *p <0.05, **p<0.01, ***p<0.001.
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with either ethanol or SE. SE addition amplified growth in C+N+
and C- N+ media, but no growth induction was observed when the
samples were grown in media lacking nitrogen, suggesting that SE
components other than nitrogen are enabling the growth of the WT
(Figure S7). This is in accordance with previous data on the AOX or-
thologue in P. fulva, whose expression was found to be induced in
carbon-poor, nitrogen-rich media (Segers et al., 2001). Further evi-
dence of the importance of SSAOX in metabolism can be seen in the
transcriptomic responses of the WT and mutant strains when grown
in 1% GMM containing SE. A Kyoto Encyclopaedia of Genes and
Genomes enrichment analysis of differentially expressed genes re-
vealed a significant up-regulation of genes associated with primary
carbon and amino acid metabolism in the WT when compared to the
mutant in the presence of SE (Figure S8; Table Sé).

To confirm that the SE growth phenotype observedin S. sclerotio-
rum extrapolates to other AOX-containing fungal species, ascomyce-
tes spanning Leotiomycetes (Clarireedia jacksonii), Dothideomycetes
(Alternaria solani), Sordariomycetes (Colletotrichum graminicola), and
Eurotiomycetes (A. flavus, Aspergillus nidulans) were assessed. The
addition of SE induced growth in all species with the exception of
A. nidulans (Figure 6a). This may be related to the ecological niche of
A. nidulans, as it is the only species among those tested that is not
known to infect plants, or may be related to the insertion event seen
in the A. nidulans copy of AOX, thus affecting its function (Figure S9).
As previously mentioned, AOX appears to have a low tolerance for
mutation as it is structurally conserved in both size and sequence
across Pezizomycotina and computational modelling of multiple AOX
orthologues suggests that the A. nidulans copy of AOX may have a
unique alpha-helix in the C-terminus of the protein that could inter-
fere with enzymatic activity or subcellular localization (Figure S9).

As a secondary validation of SSAOX's importance in the degra-
dation/metabolism of plant tissue, WT and ASsAOX strains were in-
oculated on autoclaved carrots and allowed to colonize for several
weeks. While there was no apparent defect in sclerotial formation
when grown on PDA, the mass of sclerotia produced by ASsAOX
during colonization of autoclaved carrot was significantly reduced
when compared to WT (Figure $10). As no role for SSAOX in scle-
rotia production has been observed, this defect is probably due to
a reduced capacity by the mutant strains to metabolize dead plant

tissue.

2.5 | AOXregulates the S. sclerotiorum response to
specific monolignols

Early theories of AOX activity from filamentous fungi focus on a
role in methanol utilization, which mirrors the role of AOX in yeast
such as P. pastoris (Segers et al., 2001). As pectin is heavily esterified,
pectin methylesterases secreted by fungi probably lead to metha-
nol release during infection and the role of a secreted methanol oxi-
dase in methylotrophy has been demonstrated in the basidiomycete
cacao pathogen Moniliophthora perniciosa (de Oliveira et al., 2012).
Despite this, SSAOX appears transcriptionally decoupled from most

members of the methanol metabolic pathway, all of which have
been characterized in yeast and are known to be methanol-inducible
(Figure S11a) (Yurimoto et al., 2011). This includes the S. sclerotiorum
formaldehyde dehydrogenase (SsFdh1), which has been shown to be
transcriptionally regulated by formaldehyde, the product of metha-
nol oxidation, and does not increase in expression with SSAOX dur-
ing infection (Figure S11a) (Zhu et al., 2019). Additionally, WT and
ASsAOX mutants grew similarly in minimal media supplemented with
glucose, pectin, or methanol, with neither capable of growing with
methanol as a sole carbon source (Figure S11b).

While the AOX orthologue from P. fulva (79.8% identity to SSAOX)
has limited enzymatic activity against methanol, previous research
on the role of AOX in A. terreus (82.1% identity to SSAOX) suggests
that the primary substrates of AOX from filamentous ascomycetes are
aromatic alcohols (Chakraborty et al., 2014). To assess the potential
role of SSAOX in metabolizing aromatic alcohols, WT and ASsAOX
strains were grown in 1% GMM amended with various aromatic al-
cohols (Figure 6b). Cinnamyl alcohol, 4-methoxybenzyl alcohol,
and 4-methylbenzyl alcohol induced slight growth in both WT and
ASsAOX, but distinct divergence between the strains was seen when
grown on coniferyl alcohol (CA), in which growth was strongly induced
in the WT and slightly suppressed in ASSAOX. CA is one of the three
primary monolignols used in the production of plant structural lignin,
so the strains were additionally grown in media amended with alkali lig-
nin, a polymer of lignin extracted from wood pulp. As both strains grew
similarly in response to alkali lignin, it is likely that CA is not released
upon S. sclerotiorum degradation of lignin (Figure 6b). To confirm that
the growth induction phenotype of CA seen in the WT extrapolates
beyond S. sclerotiorum, the previously described panel of fungi were
tested on media amended with CA (Figure 6c). A growth induction sim-
ilar to that of SE treatment was observed.

As the growth induction phenotypes observed in SSAOX suggest
a clear role in metabolism, it was considered whether the carbon
source present in media may play a role in its activity. To evaluate
this, WT and ASsAOX were grown in minimal media containing glu-
cose (GMM), xylose (XMM), mannose (MMM), or no carbon (MM)
and were grown with the addition of SE, CA, or ethanol as a control.
Broadly, the growth induction phenotypes observed in GMM were
maintained, independent of the carbon source (Figure 6d). As it was
initially theorized that SSAOX metabolizes aromatic alcohols as a
carbon source, robust growth was expected from WT grown in MM
with SE and CA as the sole carbon source. While a similar growth
induction to other media types was observed when compared to
ethanol, only a very modest increase in total hyphal mass (<3 mg) was
observed from these additives as opposed to the significant mass
increase seen in other media (more than about 30mg) (Figure 6d).
This suggests that SSAOX may be acting synergistically with other
biochemical pathways to facilitate carbon utilization.

Broadly, AOXs interact with their substrate by oxidizing an
alcohol group to their cognate aldehyde, which in the case of SSAOX
would be the conversion of CA to coniferaldehye (CAld). To assess
this possibility, WT and ASsAOX-1 were grown in GMM supple-
mented with either ethanol or CA and then subjected to LC-MS
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(Figure S12). As expected, a greater accumulation of CAld was de-
tected in WT S. sclerotiorum than in the mutant strain, suggesting
that CAis a possible substrate of SSAOX.

3 | DISCUSSION

Fungal AOXs have traditionally been discussed for the critical role
that they play in plant-fungal interactions, both as drivers of methy-
lotrophy in the phyllosphere and through the facilitation of lignin
degradation by basidiomycete wood rot fungi (Hernandez-Ortega
et al., 2012; Yurimoto et al., 2011). Interestingly, these enzymes
oxidize alcohols to generate cognate aldehydes and H,O,, either of
which may be useful or detrimental to the fungus. In the case of
methylotrophic yeast, formaldehyde is produced by AOX and then
broken down as a carbon source, whereas in the case of wood rot
fungi, the oxidation of p-methoxybenzyl alcohol to p-anisaldehyde is
a means to produce prodigious amounts of H,0, to drive extracel-
lular peroxidase activity (Hernandez-Ortega et al., 2012; Yurimoto
et al., 2011). In this study, we identified a specific AOX orthologue
that appears to have a function distinct from those previously de-
scribed in fungi, with a wide distribution throughout the ascomycete
subphylum Pezizomycotina.

3.1 | AOX gene loss is associated with carbon
acquisition

Genomic evidence suggests that within Pezizomycotina, gene loss,
rather than gene gain, is associated with the transition by some fun-
gal clades from plant saprotrophy/pathogenicity to other ecologi-
cal niches (Sanchez-Rodriguez et al., 2010). Our analysis suggests a
similar phenomenon for AOX, given that the last common ancestor
of Pezizomycotina probably contained an orthologue of AOX, and
gene loss is observed in species that have transitioned away from
plant material as a primary carbon source. The most striking example
of this can be seen in the genomes of obligate animal pathogenic
Pezizomycotina species, all of which have lost AOX (Table S4).

More broadly, AOX gene loss is consistently associated with
some transition in ecological niche, be it animal pathogenicity, plant
biotrophy/endophytism, growth on faecal matter, or lichenization
(Figure 2b). Surprisingly, we also observed independent gene loss
events in opportunistic animal pathogens, which are typically envi-
ronmental saprophytes that might have a use for AOX in consuming
plant carbohydrates (Lowe & Howlett, 2012). By analogy, a compara-
tive genomic analysis of opportunistically pathogenic clinical isolates
and plant isolates of Fonsecaea spp. revealed that genes that encode
enzymes involved in phenolic degradation are enriched in plant iso-
lates versus clinical isolates; this suggests that clinical isolates may
be undergoing a shift away from reliance on plant material (Vicente
et al., 2017). Such a relationship between opportunistic pathogenic-
ity and plasticity in responding to novel environments has been hy-
pothesized (Gostincar et al., 2018). In summary, AOX orthologues are
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highly conserved in length, sequence, structure, and enzyme activity
across large evolutionary distances (Figure 1; Figure S3), and gene
loss of AOX in opportunistic fungal pathogens aligns with a shift in
ecological niche away from reliance on plant tissue.

Comparative transcriptomics from a range of pathosystems
have revealed that many virulence factors are only expressed in
specific hosts/environments (Petre et al., 2020). To assess the
expression of AOX among ascomycete plant pathogens, we ana-
lysed transcriptomic data sets from a diverse range of pathogens,
including Eurotiomycetes, Sordariomycetes, Leotiomycetes, and
Dothideomycetes, across a diversity of hosts, including angiosperms,
gymnosperms, and bryophytes. Broadly, AOX orthologues appear to
be highly up-regulated in all of these pathosystems, typically with
increasing expression over the course of infection. The only excep-
tions to this are during infection of tomato fruit and wheat seeds,
both of which have a much more lignified exterior, suggesting that
AOX may play a role in colonization of lignified plant tissue. This
explanation is confounded somewhat as B. cinerea expresses AOX
during infection of the nonvascular, lignin-deficient P. patens, but
P. patens probably produces the monomeric components of lignin,

if not the structural component itself (Martinez-Cortés et al., 2021).

3.2 | SsAOX plays an important role in plant
pathogenicity and the response to monolignols

To assess the role of AOX in development and virulence, we deleted
SsAOX in S. sclerotiorum. This predominantly necrotrophic pathogen
demonstrates a remarkably wide host range, including economi-
cally important dicotyledonous plants (Kabbage et al., 2015). We
observed that ASSAOX mutants were less virulent to both detached
soybean leaves and whole plants and demonstrated a surprising
defect in colonization of stem vascular tissue. Metabolomic profil-
ing of WT and ASsAOX infection suggests that the mutant prob-
ably macerates host tissue to a lesser degree than the WT during
infection. We postulated that ASSAOX mutation affects how the
fungus utilizes or tolerates some plant metabolites. Indeed, when
the mutant and WT were grown in media containing soybean SE,
we observed significant growth in WT S. sclerotiorum and a num-
ber of other AOX-containing species, but not ASSAOX. This validates
previous studies on the tomato leaf mould pathogen P. fulvum, in
which AOX knockouts were significantly less virulent on tomato
leaves, and the oat pathogen Cochliobolus victoriae, in which AOX
overexpression strains demonstrated increased growth compared
to controls (Segers et al., 2001; Zhao et al., 2006).

There is much to learn about the substrate of choice for this as-
comycete AOX; only a small number of short-chain alcohols have
been tested as substrate, such that methanol was assumed to be
the primary substrate despite limited enzymatic activity (Holzmann
et al., 2002; Isobe et al., 2007; Segers et al., 2001). To the best of
our knowledge, no study has yet demonstrated a capacity for fil-
amentous ascomycetes to utilize methanol. Additionally, S. sclerot-
iorum cannot use methanol as a carbon source, and the enzymatic



WESTRICK ET AL.

&I_Wl LEY- Molecular Plant Pathology @&

machinery required for methylotrophy is enzymatically decoupled
from AOX expression in planta (Figure S$10). Intriguingly, an AOX
study in A. terreus showed that this enzyme has minimal activity
on short-chain alcohols and is much more efficient in oxidizing aro-
matic (aryl-) alcohols, which could be its primary target (Chakraborty
et al., 2014). In this study, a clear deviation in growth was observed
between ASsAOX and WT S. sclerotiorum in response to media
amended with CA, suggesting that this monolignol may be a sub-
strate of SSAOX. This possibility is intriguing as CA is a base com-
ponent of lignin and therefore enriched in lignified plant material,
is stored in plant vacuoles, and is probably released in response to
pathogen infection (Dima et al., 2015).

The role of SsAOX in aryl-alcohol oxidation presents an inter-
esting question, as aldehydes are often inhibitory to fungal growth
(Battinelli et al., 2006; Kishimoto et al., 2008). The simplest expla-
nation is that the conversion of aryl-alcohols to aryl-aldehydes is
simply the first step in a carbon utilization or detoxification pathway
(Yurimoto et al., 2011). The data presented in this study suggest that
SsAOX may be acting directly on aromatic alcohols released from
plant tissue, but previous work on the SSAOX orthologue in A. terreus
suggested that the fungus may convert a wider range of aromatic
compounds to aromatic alcohols (possibly through cytochrome
P450 activity), which are then metabolized through AOX activity
(Chakraborty et al., 2014). Interestingly, S. sclerotiorum encodes and
expresses a vanillyl-alcohol oxidase (Sscle02g021040) during infec-
tion, the orthologue of which is broadly conserved in Pezizomycotina
and has been shown in Penicillium simplicissimum to be capable of
converting a range of phenolic compounds to aromatic alcohols
(Gygli et al., 2018). Synergistic activity between peroxisomes and
mitochondria to facilitate fatty acid biosynthesis has been studied in
animal systems and it is additionally possible that AOX is also driving
similar activity in fungi (Wanders et al., 2016). Such activity may help
to explain why the addition of SE led to such dramatic growth for the
WT in media containing carbon when compared to media without
added carbon. Finally, it is possible that SSAOX oxidation of an alco-
hol substrate would simply act as a mechanism to generate the H,O,
that is produced as a result of alcohol oxidation, as is seen in the
secreted aryl-alcohol oxidase of Pleurotus spp. (Hernandez-Ortega
et al., 2012). This H,0, could act as a cofactor in another enzymatic
reaction or as an important signalling molecule in fungi, leading to
the activation of other plant-specific processes. Importantly, our
data suggest that AOX orthologues play an important role in the me-
tabolism of plant material across a number of ascomycetes, but does
not imply its absolute necessity. Within our data set, a number of
fungi that interact with plant material, at least at some point during
their life cycle, including Fusarium proliferatum, Cordyceps militaris,
and Aspergillus fumigatus, were found to have lost AOX, implying that
some AOX loss may be driven by these fungi developing novel mech-
anisms to interact with monolignols. Such a possibility is intriguing
as F. proliferatum is known for its capacity to degrade lignin and will
be the focus of future research (Anderson et al., 2005). Overall,
this study provides evidence for the preservation and utilization of
a structurally conserved AOX during plant colonization by a wide

group of fungi. Although the precise mechanics and substrate range
of AOX will be the goal of further investigation, the importance in
virulence has been established in multiple pathosystems and may
be an important driver of plant-fungal interactions across a range of
trophic lifestyles.

4 | EXPERIMENTAL PROCEDURES

4.1 | Plant and fungal growth

All plant material was maintained in the greenhouse or growth
chamber at 24 +2°C with a 16-h light/8-h dark photoperiod cycle.
Plants were watered daily and supplemented with fertilizer (Miracle-
Gro) every week.

All fungal cultures were maintained on PDA plates or PDA
supplemented with 50pg/ml hygromycin in the case of knockout
strains. Liquid cultures were maintained in minimal medium (MM)
supplemented with either 1% glucose (GMM), 1% xylose (XMM), or
1% mannose (MMM) and grown at room temperature (Shimizu &
Keller, 2001). Plates were grown with an approximate 16-h light/8-h
dark photoperiod cycle and liquid cultures were wrapped in foil to
maintain full darkness. GMM cultures were inoculated from PDA
plugs of actively growing hyphae.

Carrot cultures were prepared by autoclaving 25g of chopped
carrots with 10 ml of water in 250-ml Erlenmeyer flasks for 20 min.
Three agar plugs of actively growing hyphae were inoculated in
each flask and allowed to grow for 6 weeks in the dark at room
temperature. Carrot material was separated from sclerotia using a
metal soil sieve and sclerotia were sterilized for 1 min in 10% bleach
followed by 1 min in 70% ethanol, and then rinsed three times in
sterile water for 1 min. Sclerotia were dried for 2 h in a laminar flow

hood prior to being weighed.

4.2 | Growth induction/suppression assays

All growth induction/suppression assays were conducted in six-well
plates (Dot Scientific: 229506) containing 10 ml of autoclaved GMM
per well. Each well was supplemented with either 100 ul ethanol,
100 pl soybean SE, or 100 pl of tested compounds dissolved in etha-
nol at a concentration of 25mM (final concentration 250uM). The
top 2mm of actively growing hyphae were excised from 5-mm agar
plugs and were used to inoculate wells. Fungi were grown at room
temperature for 3-6days (dependent on species) in the dark prior
to collection. Hyphae were collected from liquid culture and dried
overnight in an oven at 65°C in tared weigh boats prior to weighing.
Three to six biological replicates were used for each sample and
p values were generated from a Student's t test.

Soybean SE was collected from 5- to 6-week-old soybean stems.
Briefly, soybean stem segments between the first and third trifoli-
ate were cut into 2.5-5-cm segments and frozen in liquid nitrogen.
Segments were roughly ground with a mortar and pestle and about
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12g of stem material was placed in a 50-ml Falcon tube along with
100% ethanol to the 50 ml mark. Tubes were placed at -80°C over-
night prior to filtering through Miracloth. SE was stored at -80°C.
All assays were conducted with a WT (1980) control and two
independent SsAOX knockout strains. A Student's t test was used
to compare the growth of the two strains for each experiment, and
only a single strain is presented in figures for assays in which the

difference between the two strains was statistically insignificant.

4.3 | Plant disease assays

4.3.1 | Whole plant disease assays

Soybean plants were grown for 5weeks prior to being infected with
WT (1980) or mutant S. sclerotiorum by petiole inoculation as previ-
ously described (Ranjan et al., 2019). Stem lesions were measured
every 24 h for 6days.

4.3.2 | Detached leaf assays

Leaves were taken from the first trifoliate of 5-week-old soybean
plants and placed in Petri dishes containing two layers of filter paper
and 7 ml of sterile water. Leaves were inoculated near the centre
with agar plugs of actively growing WT (1980) or mutant S. sclerotio-
rum. Petri dishes were then wrapped in Parafilm and placed on the
bench top to be photographed every 24 h.

Lesions were quantified using ImageJ (Schneider et al., 2012).
Trypan blue staining and leaf clearing were performed in accordance
with the protocol described in Ferndndez-Bautista et al. (2016).

All assays were conducted with a WT (1980) control and two
independent SSAOX knockout strains. A Student's t test was used
to compare the growth of the two strains for each experiment, and
only a single strain is presented in figures for assays in which the
difference between the two strains was statistically insignificant.

4.4 | AOX phylogeny and protein modelling

S. sclerotiorum AOX (SsAOX; SS1G_00840 and Sscle03g024060;
XM_001598701.1) was used as the query in a Protein BLAST (blastp)
targeting the RefSeq protein database filtered for species within
Ascomycota (O'Leary et al., 2016). To confirm that species lacking
an AOX blastp hit were properly queryable, all species were subject
to a blastp search against the actin protein from Trichoderma reesei
(XP_006961104.1) and species with no hits were removed from the
analysis. To identify orthologues and exclude homologous proteins
from related families, only blastp hits of >60% amino acid identity
and >70% coverage were counted as true AOX orthologues. This
threshold was set based on a clear drop-off in sequence homology
below 60% amino acid identity and the apparent interrelatedness of
protein hits below this level (Figure S13). The presence/absence of

AOX was determined by comparing species with a positive blastp hit
to the overall list of Ascomycete fungi in RefSeq.

Phylogenic relationships were characterized with the NCBI
Taxonomy Browser and the Joint Genome Institute Mycocosm
Database (Grigoriev et al.,, 2014; Schoch et al., 2020). Gene in-
tron counts were collected from the Ensembl Genome Database
(Howe et al., 2020).

Computational modelling of protein tertiary structures was per-
formed with Phyre2 (Kelley et al., 2016). Protein structural align-
ments were performed using Partial Order Structure Alignment (Li
etal., 2014).

4.5 | Fungal transformation

Gene knockouts were generated in S. sclerotiorum using a novel
CRISPR/Cas9 approach in combination with a modified varia-
tion of the Rollins (2003) protocol. Split markers targeting SSAOX
were generated by amplifying 500-600-bp regions upstream
(SSAOX-LF-F and SsAOX LF-R) and downstream (SsAOX-RF-F and
SsAOX-RF-R) of SSAOX using PCR. These amplicons were designed
to contain 20-bp sequences with homology to the 5’ and 3' re-
gions, respectively, of the hygromycin resistance cassette (HygR;
1.8 kb) found in pCRISPR-Cas9-TrpC-Hyg (Li et al., 2018). The
HygR cassette including promoter and terminator was amplified
using the primers HygDet F and HygDet R. The two flanking re-
gions and HygR were connected through fusion PCR as described
in Szewczyk et al. (2006) for a product of about 3 kb (Szewczyk
et al., 2006). Split markers were generated from this product as
described in Catlett et al. (2003), using primers internal to HygR
(Hyg Split F and Hyg Split R) in conjunction with SSAOX-RF-F and
SsAOX-RF-R, yielding two fragments with an overlapping region of
about 400bp (Catlett et al., 2003).

Two small guide RNAs (sgRNAs) targeting SSAOX were designed
using the E-CRISP Design Tool (http://www.e-crisp.org/E-CRISP/
index.html) and generated using the GenCrispr sgRNA Screening Kit
(LO0689; Genscript Biotech Corp.). These sgRNAs were diluted to
a concentration of 4 pM. Alt-R S.p. Cas9 nuclease 3NLS (1081058;
IDT) was diluted to a concentration of 4 uM and combined with
sgRNA at a 1.2:1 ratio (3.6 pl of sgRNA to 3 pl of Cas9 protein) and
incubated at room temperature for at least 5 min to assemble the
ribonucleoprotein complex. Ribonucleoprotein complexes were
combined with 1 pg of each split marker and transfected into S. scle-
rotiorum protoplasts using the polyethylene glycol transformation
protocol described in Rollins (2003).

Transformants capable of surviving on PDA containing 50 ug/ml
hygromycin were subjected to five rounds of hyphal tipping before
undergoing DNA extraction to confirm the replacement of SSAOX
with the HygR marker. SSAOX detection primers (SsSAOX Det F and
SsAOX Det R) were used to confirm deletion, and primers target-
ing Histone 3 (H3 F and H3 R) were used as a control (Figure S14;
Table S7). The transformants used in this study were selected from
distinct protoplast populations (i.e., protoplasts transfected in
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separate tubes and selected on distinct plates) to ensure indepen-

dent transformation events.

4.6 | DNA extraction

Fungal DNA was extracted using a modified CTAB method. Briefly,
fungal hyphae were grown in potato dextrose broth for 3days at
room temperature while shaking at 100rpm. Samples were collected
and rinsed briefly in sterile water before being frozen in liquid nitro-
gen and ground with an autoclaved mortar and pestle. Two-millilitre
microcentrifuge tubes were filled to 500l with powdered frozen
hyphae and stored at -80°C. Seven hundred microlitres of 2% CTAB
extraction buffer prewarmed to 65°C was added to each tube, fol-
lowed by 7 pl of 2-mercaptoethanol. Samples were vortexed and
placed in a 65°C incubator for 30min, with a brief vortex at the
halfway point. Four hundred microlitres of chloroform:isoamyl al-
cohol (24:1 vol/vol) was added to each sample, and samples were
briefly vortexed and centrifuged at 16,000 x g for 5 min to separate
phases. Approximately 600 ul was taken from the top phase of each
sample and each sample was subjected to isopropanol precipitation,
followed by two cold 75% ethanol washes prior to being dried and
eluted in nuclease-free water.

4.7 | Metabolite estimation and analysis

Six-week-old soybean plants (Williams 82) were petiole inoculated as
described above. Four stems (3 cm) for each treatment per biologi-
cal replicate were harvested 96 h postinoculation and noninoculated
stems were used as a control. Samples were flash frozen in liquid ni-
trogen and kept at -80°C until used. GC-MS analysis was performed
by West Coast Metabolomics (University of California). Detailed
methods of metabolite derivatization, separation, and detection
are described in Fiehn (2016). Briefly, samples were injected (0.5 pl,
splitless injection) into a Pegasus IV GC (Leco Corp.) equipped with a
30mx0.25mm i.d. fused-silica capillary column bound with 0.25pm
Rtx-5Sil MS stationary phase (Restek Corp.). The injector tempera-
ture was 50°C ramped to 250°C by 12°C/s. A helium mobile phase
was applied at a flow rate of 1 ml/min. Column temperature was
50°C for 1 min, ramped to 330°C by 20°C/min, and held constant
for 5 min. The column effluent was introduced into the ion source of
a Pegasus IV TOF MS (Leco Corp.) with transfer line temperature set
to 230°C and ion source set to 250°C. lons were generated with an
ionization energy of -70eV and 1800V. Masses (80-500m/z) were
acquired at a rate of 17 spectra per second. ChromaTOF v. 2.32 soft-
ware (Leco Corp.) was used for automatic peak detection and decon-
volution using a peak width of 3 s. Peaks with signal:noise below 5:1
were rejected. Metabolites were quantified by peak height for the
quantification ion. Metabolites were annotated with the BinBase v.
2.0 algorithm (Skogerson et al., 2011). Statistical and principal com-
ponent analyses were conducted in MetaboAnalyst v 3.0 using de-
fault values (Xia et al., 2015). Metabolite peak heights were subject

to a Student's t test and those with p<0.05 were considered differ-

entially accumulated.

4.8 | RNA-Seq and RNA-Seq analysis from diverse
pathosystems

WT (1980) and mutant strains were grown in 1% GMM for 3days
before cultures were moved to fresh medium containing 1% soy-
bean SE and allowed to grow for 4 h prior to flash freezing in lig-
uid nitrogen. RNA was extracted with a Maxwell RSC Plant RNA Kit
(AS1500). lllumina raw read data quality was verified with FastQC.
The S. sclerotiorum genome and gene annotations were collected
from the Ensembl Fungi (Howe et al., 2020). Raw sequence reads
were mapped to both genomes using the Subjunc aligner from
Subread (Liao et al., 2013). Alignments were compared to the gene
annotation GFF file of S. sclerotiorum, sclerotinia_sclerotiorum_2_
transcripts.gtf (Amselem et al., 2011), and raw counts for each gene
were generated using the feature Counts tool from Subread. The raw
counts data were normalized with the DESeq normalization method
using the DESeq2 package (Love et al., 2014). The normalized gene
counts were transformed to log, scale using the voom method from
the R Limma package and then used to generate differential expres-
sion (log,(fold change)) values (Law et al., 2014; Ritchie et al., 2015).

Differential gene expression values were additionally culled
from data sets published in other pathosystems: S. sclerotiorum-
soybean, Westrick et al. (2019); S. sclerotiorum-chickpea, Mwape
et al. (2021); B. cinerea-tomato, Petrasch et al. (2019); B. cinerea-P.
patens, Reboledo et al. (2021); A. flavus-peanut, Wang et al. (2016);
F. oxysporum-cucumber, Huang et al. (2019); F. graminearum-wheat,
Puri et al. (2016); and D. septosporum-pine, Bradshaw et al. (2016.
For each pathosystem, the fungal orthologue of SSAOX was identi-
fied through blastp and the fold change values comparing timepoints
during infection to an in vitro control were pulled from supplemen-
tary data.

4.9 | Metabolite extraction

Thin (2-mm) agar plugs of WT (1980) and ASsAOX-1 were placed in
10 ml of 1% GMM supplemented with either 1% ethanol (100pl) or
CA to a final concentration of 250uM (100l of 25mM CA in etha-
nol). Cultures were grown for 3days in the dark on a shaker at 90rpm,
before being lyophilized for 24 h, crushed in mortar and pestle, and
normalized to the lowest sample weight. Six independent cultures
were combined for each treatment. Lyophilized hyphae were then
placed in 25ml of ethanol overnight at room temperature to extract
compounds of interest, followed by filtering through sterile 0.45-pum
filters. Each extract was evaporated and dried weight of extracts
were measured. Crude extracts were suspended with methanol
at a final concentration of 1 pg/ml. Each sample was analysed by
ultrahigh-performance liquid chromatography high-resolution mass
spectrometry (UHPLC-HRMS).
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4.10 | UHPLC-HRMS analysis

UHPLC-HRMS was performed on a Thermo Scientific Vanquish
UHPLC system connected to a Thermo Scientific Q Exactive
Hybrid Quadrupole-Orbitrap mass spectrometer operated in nega-
tive ionization mode. An Agilent Zorbax Eclipse XDB-C18 column
(2.1x150mm, 1.8 pm) was used with acetonitrile (0.1% formic acid)
and water (0.1% formic acid) as solvents at a flow rate of 0.2 ml/
min. The screening gradient method for the extracts was as follows:
starting at 10% organic for 5 min, followed by a linear increase to
90% organic over 20min, another linear increase to 98% organic for
2 min, holding at 98% organic for 5 min, decreasing back to 10%
organic for 3 min, and holding at 10% organic for the final 2 min, for
a total of 37 min. A quantity of 10 pl of each sample was injected into
the system for the analysis. CAld from the extracts was identified by
injecting standard CAld to the same method. The fold accumulation
was calculated based on the intensity of CAld from each extract.
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