
RESEARCH ARTICLE Open Access

Impacts of fludioxonil resistance on global
gene expression in the necrotrophic fungal
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Abstract

Background: The fungicide fludioxonil over-stimulates the fungal response to osmotic stress, leading to over-
accumulation of glycerol and hyphal swelling and bursting. Fludioxonil-resistant fungal strains that are null-mutants
for osmotic stress response genes are easily generated through continual sub-culturing on sub-lethal fungicide
doses. Using this approach combined with RNA sequencing, we aimed to characterise the effects of mutations in
osmotic stress response genes on the transcriptional profile of the important agricultural pathogen Sclerotinia
sclerotiorum under standard laboratory conditions. Our objective was to understand the impact of disruption of the
osmotic stress response on the global transcriptional regulatory network in an important agricultural pathogen.

Results: We generated two fludioxonil-resistant S. sclerotiorum strains, which exhibited growth defects and
hypersensitivity to osmotic stressors. Both had missense mutations in the homologue of the Neurospora crassa
osmosensing two component histidine kinase gene OS1, and one had a disruptive in-frame deletion in a non-
associated gene. RNA sequencing showed that both strains together differentially expressed 269 genes relative to
the parent during growth in liquid broth. Of these, 185 (69%) were differentially expressed in both strains in the
same direction, indicating similar effects of the different point mutations in OS1 on the transcriptome. Among these
genes were numerous transmembrane transporters and secondary metabolite biosynthetic genes.

Conclusions: Our study is an initial investigation into the kinds of processes regulated through the osmotic stress
pathway in S. sclerotiorum. It highlights a possible link between secondary metabolism and osmotic stress signalling,
which could be followed up in future studies.
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Background
Fludioxonil is one of two commercial fungicides, the
other being fenpiclonil, derived from the compound pyr-
rolnitrin, which was first isolated from bacteria in the
genus Pseudomonas [1, 2]. It is a broad-spectrum fungi-
cide used to control many crop pathogens before and
after harvest [3]. It inhibits fungal growth by over-

stimulating the high osmolarity glycerol (HOG) pathway
to induce hyphal swelling and bursting [4].
The HOG pathway is a branched mitogen activated

protein kinase (MAPK) signal transduction system that
has been well characterised in Saccharomyces cerevisiae
[5, 6]. The major role of this pathway is to adapt fungi
to the osmolarity of the surrounding environment. In-
creased osmolarity in the environment leads to water
loss and cell shrinkage. To compensate for this, the
HOG pathway stimulates production of intracellular gly-
cerol to draw in more water.
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A key enzyme in the S. cerevisiae HOG pathway is
HOG1, which is the final MAPK in the signalling cas-
cade [7]. Phosphorylation of HOG1 leads to transcrip-
tional activation of downstream genes involved in
biosynthesis of glycerol. Another key enzyme that may
be involved in the HOG response is the Neurospora
crassa two component histidine kinase known as osmo-
sensing 1 (OS1) [8, 9]. This protein may be involved in
the initial response to osmotic stress, prior to activation
of the HOG pathway [10].
The reason that fludioxonil is thought to over-

stimulate the HOG pathway is that null mutants for
genes in this pathway are often resistant to it, as well as
being hypersensitive to osmotic stress [11]. Furthermore,
exposure to fludioxonil seems to stimulate production of
glycerol under normal growth conditions, analogous to
the addition of osmolytes such as sorbitol or NaCl2 to
the growth medium [12].
Although there are few instances of fludioxonil re-

sistance among field isolates of pathogens [3], labora-
tory mutants are easily induced through continual
exposure to sub-lethal doses of the fungicide [13–17].
Most of these mutants harbour mutations in members
of the HOG pathway or related genes such as OS1.
Presumably, these mutations inactivate the osmotic
stress response, leading to a phenotype that is analo-
gous to the null mutants developed through targeted
gene deletions or other means.
Laboratory mutants and targeted null mutants alike

often have marked physiological and growth defects. For
example, in Parastagonospora nodorum, deletion of
HOG1 led to reduced production of pycnidia. Further-
more, P. nodorum Δhog1 strains were not only suscep-
tible to osmotic stress in vitro but heat stress as well
[18]. In B. cinerea, laboratory mutants resistant to flu-
dioxonil that had mutations in the homologue of N.
crassa OS1 were less virulent on strawberry and tomato
leaves and grew more slowly in vitro [14]. Defects such
as these could be caused by the multifaceted role of the
HOG pathway, which is known to be involved in
response to a variety of stressors other than high
osmolarity [19–24].
Some responses to cellular stress, such as accumula-

tion of glycerol under hyperosmotic conditions, have an
obvious compensatory function. However, others may
have more cryptic roles in nature. For example, fungal
secondary metabolites are compounds that are, by defin-
ition, unnecessary for normal growth under non-stress
conditions. These compounds have various roles in na-
ture such as microbial competition, defence against par-
asites and mitigation of the harmful effects of
environmental stressors such as ultraviolet light [25].
MAPK cascades such as the HOG pathway may mediate
their production in response to stress. For example, in

Fusarium graminearum, individual null mutants for the
three MAPKs of the HOG pathway showed enhanced
pigmentation and over-expression of the aurofusarin
biosynthetic pathway and reduction of trichothecene
production [26].
The fungus S. sclerotiorum is a broad host range

pathogen that infects hundreds of plant species [27]. It is
controlled on some crops using fludioxonil to which it
shows no evidence of resistance in the field. Laboratory
mutants of S. sclerotiorum resistant to fludioxonil have
shown physiological defects similar to those in other
fungi, including reduced growth and pathogenicity [15].
However, little is known about the broader transcrip-
tional impact of mutations in osmotic stress response
genes in S. sclerotiorum or other fungi. Therefore, we
generated two fludioxonil-resistant S. sclerotiorum la-
boratory strains that were confirmed to have independ-
ent mutations in the S. sclerotiorum homologue of N.
crassa OS1 and sequenced their transcriptomes under
standard in vitro culture conditions.
Both of these strains exhibited a similar transcriptional

profile that was different to their parent. Changes in ex-
pression of some genes downstream of the HOG path-
way in yeast was observed. In addition, many secondary
metabolite biosynthetic clusters, including those in-
volved in carotenoid biosynthesis, were affected in both
of these mutants. This highlights a potential link be-
tween secondary metabolism and HOG signalling in S.
sclerotiorum.

Results
Fludioxonil-resistant strains of Sclerotinia sclerotiorum
have defects in in vitro growth and pathogenicity
We generated fludioxonil-resistant strains of S. sclero-
tiorum by continual sub-culturing on inhibitory doses of
the fungicide. To assess their levels of resistance to flu-
dioxonil, a discriminatory dose assay comparing them
with their parent was performed. On the control plates,
which had no fludioxonil added, mycelial growth was
observed for the parent CU11.19, while no growth was
observed at 5 μg / ml and 10 μg / ml fludioxonil. The
two fludioxonil-resistant strains F4 and F5 exhibited my-
celial growth on the control plates and on both fungicide
concentrations (Fig. 1a). This suggests that F4 and F5
were resistant to fludioxonil.
Fludioxonil-resistant strains of numerous fungi exhibit

growth defects. Therefore, we assessed growth rates of
F4 and F5 in vitro. We found that the parent strain,
CU11.19, had the highest mean radial mycelial growth at
each time point. Despite the fact that F4 and F5 also
grew on the control plates, their mycelial growth rates
were significantly lower (P = 0.0024, n = 15, α = 0.05)
than that observed for the WT (Fig. 1b), which
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underscores the significant growth defects observed in
the fludioxonil strains.
We also assessed pathogenicity of these strains on the

S. sclerotiorum host species B. napus. We found that the
parent strain, CU11.19, produced the highest mean le-
sion lengths (4.47, 11.0 and 32.79 cm) at seven, 14 and
21 days post-inoculation (DPI). These lengths were sig-
nificantly greater (P = 0.002, n = 30, α = 0.05) than those
observed for F4 (1.93, 2.21 and 2.33) and F5 (0.2, 0.46
and 0.5) (Fig. 1c). This shows that both fludioxonil-

resistant strains were less pathogenic than the parent
strain.

Fludioxonil-resistant strains of Sclerotinia sclerotiorum are
less tolerant of osmotic stress conditions in vitro
Fungal mutants, including Δos1 strains, that have defects
in HOG signalling are often hypersensitive to osmotic
stress [8]. Therefore, we grew the two mutant S. sclero-
tiorum strains under hyperosmotic conditions to test
their sensitivity to osmotic stress. We found that both

Fig. 1 Sensitivity to fludioxonil and growth defects in Sclerotinia sclerotiorum mutant strains. a The image shows representative plates of the two
fludioxonil-resistant and the wild-type isolate CU11.19 strains after 3 days of growth on potato dextrose agar (PDA) amended with 5 and 10 μg /
ml fludioxonil. No growth was observed in the wild-type parent strain CU11.19 at this fungicide concentration. b The y axis shows radial growth
(mm) after 1, 2 and 3 days post-inoculation (1DPI, 2DPI and 3 DPI) of PDA for each of the strains, CU11.19, and F4 and F5. Thick horizontal lines
show medians and boxes and whiskers show interquartile range. c The same format as for b but showing lesion length on Brassica napus stems
at seven, 14 and 21 DPI

Taiwo et al. BMC Genomics           (2021) 22:91 Page 3 of 15



F4 and F5 did not exhibit any growth on potato dextrose
agar medium containing the salts KCl and NaCl,
whereas their wild-type parent did. Similarly, F4 and F5
did not exhibit any growth on medium containing the
sugars sorbitol and mannitol, whereas the wild-type par-
ent did (Fig. 2). Overall, this shows that the fludioxonil-
resistant S. sclerotiorum strains were hypersensitive to
osmotic stress.

Fludioxonil-resistant strains exhibit a handful of genome-
wide mutations and both have a modified OS1 sequence
The objective of our study was to assess the impacts of
mutations in osmotic stress response pathway genes on
the broader transcriptome. So far, we have shown that
the fludioxonil-resistant strains were less tolerant of os-
motic stress but we wished to determine the likely muta-
tions that were responsible for this phenotype. To do
this, we performed whole genome sequencing.
A total of 11 mutations were found in association with

six genes in F5, while four mutations associated with
one gene were found in F4 (Table 1). Most of these mu-
tations were intergenic, occurring fewer than 5 Kb from
the nearest coding sequence. However, in F5, the gene
sscle_10g077450 harboured a disruptive in-frame dele-
tion, and in both F4 and F5 the gene sscle_02g013550
harboured a missense mutation. The latter gene is hom-
ologous to OS1 from N. crassa (amino acid identity =
79%), forming a one-to-one orthologous group in the
OrthoFinder output.
There was a different missense mutation in this gene

in the two different strains. These mutations both

occurred between the HAMP (found in Histidine ki-
nases, Adenylate cyclases, Methyl accepting proteins and
Phosphatases) and His kinase A (phosphor-acceptor) do-
mains [28] (Fig. 3a). In F4, a non-synonymous mutation
at position 1474 from G to A resulted in an amino acid
substitution from Alanine (A) to Threonine (T). In F5, a
non-synonymous mutation at position 1756 from G to A
caused an amino acid substitution from Glycine (G) to
Arginine (R) (Fig. 3b). Given the known role in fludioxo-
nil resistance of the HOG pathway and the fact that this
was the only gene that exhibited mutations in both
strains, it is likely that this was the basis of the resistance
phenotype observed in F4 and F5.

The two fludioxonil-resistant strains exhibited similar
transcriptomic profiles that were distinct from their
parent
Given the observation that both F4 and F5 harboured a
non-synonymous mutation in an S. sclerotiorum
homologue of a HOG pathway-related gene, we specu-
lated that they may have similar perturbations in the
HOG pathway. If this were the case, we would expect to
observe similar alterations in the transcriptome relative
to the fungicide-sensitive parent CU11.19. We found
that 269 genes were differentially expressed across both
strains relative to CU11.19. Out of these, 121 were up-
regulated and 148 were down regulated. Of the genes
unique in their differential expression to F4, 16 were up
and 26 downregulated. In F5, 21 genes were uniquely
upregulated and 21 uniquely downregulated (Fig. 4a and
b). However, 185 (69%) genes were differentially

Fig. 2 Sensitivity to hyperosmotic stress in the fludioxonil-resistant strains. From left to right shows growth after 4 days on potato dextrose agar
(PDA) with no amendments, with 0.5 M KCl, NaCl, Sorbitol and Mannitol. The top row is the wild-type parent strain CU11.19 and rows two and
three are the mutant strains F4 and F5, respectively. Whereas CU11.19 grew on medium containing the osmolytes, the fludioxonil-resistant strains
did not
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expressed in both F4 and F5 in the same direction, with
84 up-regulated and 101 down-regulated. The two
strains also clustered together, away from the parent, in
a hierarchical clustering analysis based on their gene ex-
pression profiles (Fig. 4a is a heatmap based on the top
100 P values and Supplementary Figure 1 is a heatmap
based on the top 500 P values). Since the transcriptomes

of these two independent strains were so similar, it is
likely that they suffered similar physiological impacts
from their different missense mutations in the OS1
homologue. By investigating the functional domains of
the differentially expressed genes, we thus hoped to un-
cover some aspects of OS1 and HOG pathway regulation
in S. sclerotiorum.

Table 1 Description of mutations identified in mutants F4 and F5 from comparative genomic analyses with parent CU11.19

Gene ID Strain Mutation impact on gene Mutation type Nucleotide Change

sscle_02g013550 F5 missense_variant MODERATE Missense C > T

sscle_04g033580 F5 upstream_gene_variant MODIFIER Intergenic C > T

sscle_05g043100 F5 downstream_gene_variant MODIFIER Intergenic 685 bp deletion

sscle_10g077450 F5 disruptive_inframe_deletion Frameshift 157 bp deletion

sscle_11g082170 F5 upstream_gene_variant MODIFIER Intergenic C > T

sscle_11g082170 F5 upstream_gene_variant MODIFIER Intergenic A > G

sscle_11g082170 F5 upstream_gene_variant MODIFIER Intergenic T > C

sscle_11g082170 F5 upstream_gene_variant MODIFIER Intergenic C > A

sscle_11g084380 F5 upstream_gene_variant MODIFIER Intergenic T > C

sscle_11g084380 F5 upstream_gene_variant MODIFIER Intergenic T > TC

sscle_11g084380 F5 upstream_gene_variant MODIFIER Intergenic T > C

sscle_02g013550 F4 missense_variant MODERATE Missense C > T

sscle_04g034270 F4 upstream_gene_variant MODIFIER Intergenic G > GT

sscle_05g046610 F4 upstream_gene_variant MODIFIER Intergenic A > G

sscle_11g084380 F4 & F5 upstream_gene_variant MODIFIER Intergenic G > A

Fig. 3 Mutations in the Sclerotinia sclerotiorum os1 gene likely conferred resistance to fludioxonil. a Alignment of the OS1 protein sequences of
the strains F4 and F5 and their parent strain CU11.19. The top line is the consensus sequence. Each amino acid is represented in a different
colour. The blue bars represent PFAM domains present in the OS1 protein. The grey bars represent the amino acid substitutions present in F4
and F5. b The non-synonymous nucleotide substitutions in F4 and F5 that caused missense amino acid replacements in the OS1 protein. A point
mutation at position 1474 of the OS1 coding DNA sequence (CDS) from G to A in F4 caused a non-synonymous mutation from Alanine (A) to
Threonine (T). A point mutation at position 1756 of the OS1 CDS from G to A in F5 caused a non-synonymous mutation from Glycine (G) to
Arginine (R)
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Enzymes transcriptionally regulated by members of the
HOG pathway show alterations in expression in both
fludioxonil-resistant strains
An obvious place to start elucidating the role of the
HOG pathway in gene expression regulation in these
mutant strains is the well-characterised genes of S.

cerevisiae. Using the protein sequences encoded by these
genes, we searched for homologues in the S. sclerotiorum
proteome. We found that many of the yeast HOG path-
way genes had homologues in S. sclerotiorum, including
all three MAPKs, STE11 (the MAPKKK), PBS2 (the
MAPKK) and HOG1 (the MAPK) (Fig. 5a). Most of

Fig. 4 The two fludioxonil-resistant strains exhibited similar transcriptional profiles during in vitro growth. a The top 100 differentially expressed
genes, based on ranking of P values, across both strains. Hierarchical clustering grouped the two strains together, away from the wild-type parent
(CU11.19). The colouring represents log2(edgeR normalised expression), going from blue (low) to red (high). b Venn diagrams showing the
number of genes differentially expressed across F4 and F5 relative to the parent strain. The intersection consists of genes that were differentially
expressed in both strains in the same direction relative to expression in CU11.19
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Fig. 5 Expression of genes associated with the high osmolarity glycerol pathway in the fludioxonil-resistant strains. a A reproduction of the high
osmolarity glycerol (HOG) pathway of Saccharomyces cerevisiae. Green circles had homologues in the Sclerotinia sclerotiorum proteome. Those
outlined in red are known to be involved in transcriptional regulation of other genes. b Expression of the HOG pathway homologues in S.
sclerotiorum. Again, expression is log2(edgeR normalised expression) going from low (blue) to high (red). None of the S. sclerotiorum genes
homologous to yeast HOG pathway genes were significantly differentially expressed in either F4 or F5. c Expression of genes downstream of
transcriptional regulators from the HOG pathway. Seven genes in S. sclerotiorum were differentially expressed in F4 and F5 and were homologous
to S. cerevisiae genes known to be regulated by HOG pathway associated genes. These genes are known to be regulated by HOG1 and TUP1

Taiwo et al. BMC Genomics           (2021) 22:91 Page 7 of 15



these genes were one-to-one homologues. However, the
genes TUP1 and GRE2 were present in two and five
copies, respectively, in S. sclerotiorum.
None of the S. sclerotiorum HOG pathway homo-

logues were differentially expressed in either F4 or F5
(Fig. 5b). However, using the S. cerevisiae genome portal
we were able to identify genes transcriptionally regulated
by HOG1, SMP1, MCM1 and TUP1 that were not actu-
ally members of the pathway themselves. Some homo-
logues of genes transcriptionally regulated by TUP1 and
HOG1 in S. sclerotiorum showed evidence of differential
expression in both fludioxonil-resistant strains (Fig. 5c).
Homologues of the TUP1-regulated genes PMP3 and
RCK2 were downregulated in both strains. The TUP1-
regulated gene DIT2 / CYP56 was present in three cop-
ies in S. sclerotiorum, two of which were downregulated
in both strains and one up-regulated. The HOG1-
regulated gene STL1 was significantly downregulated in
both strains. Overall, our data suggest that there was no
impact directly on expression of HOG pathway genes in
S. sclerotiorum in the fludioxonil-resistant strains. How-
ever, there was some evidence of altered expression of
non-HOG pathway genes transcriptionally regulated by
a few HOG pathway members.

Transmembrane transporter genes are over-represented
in the differentially expressed set shared between the
fludioxonil-resistant strains of Sclerotinia sclerotiorum
Having established that the two strains had independent
mutations in OS1 and exhibited broadly similar tran-
scriptomes, we aimed to determine what kinds of bio-
logical process were impacted at the transcriptomic level
in response to these mutations. To do this, we per-
formed a GO term enrichment analysis on the gene set
that was differentially expressed in both strains relative
to the parent. We found that several GO terms were
over-represented among these 185 genes. In particular,
terms associated with membrane transport such as
‘Transmembrane transport’ (GO:0055085), ‘Transition
metal ion transport’ (GO:0000041), ‘Membrane’ (GO:
0016020) and ‘Transition metal ion transmembrane
transporter activity’ (GO:0046915) (Fig. 6, Supplemen-
tary Table 1).

Many secondary metabolite biosynthetic clusters have
altered expression in the Sclerotinia sclerotiorum
fludioxonil-resistant strains
There are known links between secondary metabolism
and response to cellular stresses in fungi. In addition to
our broader assessments of the transcriptome, we aimed
to specifically characterise the impacts of mutations in
OS1 on expression of secondary metabolite clusters. To
do this, we used the manually curated secondary

metabolite biosynthetic clusters identified by Graham-
Taylor et al. (2020) [29].
We identified 31 genes present in these secondary me-

tabolite biosynthetic clusters that were differentially
expressed in the same direction in both F4 and F5
(Fig. 7). A total of 16 of these genes were downregulated
and the other 15 upregulated. Among these genes, one
was a polyketide synthase, five were glycoside hydrolases,
two were methyl-transferases and four were transporters.
One of the genes, ‘sscle_02g017910’, is a taurine catabol-
ism dioxygenase (PF02668) that is part of a cluster
homologous to carotenoid biosynthetic clusters in other
fungi. This gene was downregulated in the two
fludioxonil-resistant strains. Overall, these data suggest
that common osmosensing perturbations in these two
strains led to differential regulation of secondary metab-
olite biosynthetic genes, including those involved in ca-
rotenoid biosynthetic.

Discussion
In our study, we generated two fludioxonil-resistant
strains of S. sclerotiorum. Both strains had missense mu-
tations in the S. sclerotiorum homologue of N. crassa
OS1. Disruption of the osmotic stress response in our
strains was supported by the observation that they were
less tolerant of hyperosmotic conditions than the parent
strain.
In addition, the two strains had marked growth de-

fects, which is similar to observations in other fungi. For
example, B. cinerea fludioxonil-resistant strains devel-
oped through laboratory selection had different non-
synonymous mutations in OS1. These isolates had
reduced rates of growth and significant reductions - up
to 100% in some cases - in sporulation [14]. In N. crassa,
deletion of OS1 results in aberrant hyphal morphology;
aerial hyphae in these strains are bulbous and prone to
lysing [9].
Any mutations that inactivate os1 are likely to be both

non-lethal and to induce fludioxonil-resistance. This
makes fludioxonil-resistant strains easy to generate in
the lab through experimental evolution. However, the
extensive physiological defects of os1 null mutants in
most fungi likely precludes their survival in the field [3].
For example, despite the widespread use of fludioxonil
for preventing grey mold, B. cinerea os1 null mutants
with fludioxonil-resistance have only been sampled once
at very low frequency from the field [14]. Other mecha-
nisms conferring partial resistance to fludioxonil may be
more relevant to industry. For example, several B.
cinerea field isolates harbour so-called multi-drug resist-
ance [30]. These strains overexpress efflux transporter
genes that encode proteins capable of forcing multiple
fungicide compounds, including fludioxonil, out of the
cell [31]. There is thus an important distinction between
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os1 null mutants generated in the laboratory and field
isolates with fludioxonil-resistance.
The main purpose of our study was to assess the im-

pacts of mutations in OS1 in global transcriptional regu-
latory networks. Although we cannot say for sure, we
infer that the two mutant strains likely exhibited aber-
rant OS1 activity. This is because the only gene that har-
boured mutations in both strains was OS1 and the two
strains had defects typical of null mutants for osmotic
stress response genes.
The independent mutations in OS1 in the different

strains likely had similar impacts on the transcriptome.
The 269 genes impacted in expression in these strains
highlights the multifaceted role of the HOG pathway in
direct and indirect transcriptional regulation. It also

indicates that the two strains, despite their different OS1
missense mutations, likely had similar changes in their
gene regulatory networks.
To assess the direct impacts of the OS1 mutations on

osmotic stress signalling, we investigated the expression
of homologues of the S. cerevisiae HOG pathway in S.
sclerotiorum. However, we found that none of these
genes were differentially expressed in the mutant strains.
This fits with the general signal transduction mechan-
ism, which involves protein-protein interactions rather
than transcriptional activation or repression.
Looking outside of the HOG pathway, we then aimed

to assess the impacts on expression of genes that are
known to be transcriptionally regulated by pathway
members in yeast. We found that homologues of some

Fig. 6 Gene Ontology term enrichment analysis of the 185 genes differentially expressed in both mutant strains. The y axis shows -log(P) of the
Gene Ontology (GO) term enrichment test after false discovery rate correction. The size of points represents the number of genes annotated with
the different GO terms. The x axis represents the number of genes with that GO term observed over the number expected given the frequency
at which that GO term was observed in the rest of the genome

Taiwo et al. BMC Genomics           (2021) 22:91 Page 9 of 15



of these genes were indeed differentially expressed in the
mutant S. sclerotiorum strains. Three were paralogues in
S. sclerotiorum that were homologous to the S. cerevisiae
gene DIT2. This gene is usually expressed in the middle
phase of sporulation, and it encodes an enzyme that is
involved in biosynthesis of dityrosine –a compound in-
corporated into the outermost layer of the spore wall
[32]. During vegetative growth, DIT2 expression is re-
pressed by a SSN6-TUP1 complex [33]. Two of the S.
sclerotiorum DIT2 homologues were downregulated in
the mutant strains, whereas one was upregulated.
Though we do not know the precise functions of these
genes, we can speculate that they respond to the external
environment via OS1 in S. sclerotiorum. Thus, OS1 may
be involved in a developmental process in S. sclero-
tiorum that is analogous to sporulation in yeast.

We also investigated the expression of secondary me-
tabolite biosynthetic cluster genes in these strains, as
secondary metabolism is often linked with response to
environmental stress in fungi. We found that a number
of genes in putative secondary metabolite biosynthetic
clusters were differentially expressed in both fludioxonil-
resistant strains. This has some precedent from other
studies. For example, a Fusarium graminearum Δos1
strain produced less of the red secondary metabolite pig-
ment aurofusarin [26]. Interestingly, deletion mutants
for other members of the HOG pathway, including OS4,
OS2 and OS5, showed enhanced pigmentation and re-
duction of the mycotoxin deoxynivalenol (DON). This is
possibly suggestive of differing secondary metabolism
regulatory roles of different points in the HOG pathway.
Furthermore, another study in F. graminearum showed

Fig. 7 Differential expression of secondary metabolite biosynthetic genes in the fludioxonil-resistant strains. Expression is log2(edgeR normalised
expression), which goes from low (blue) to high (red). All genes that were differentially expressed in the same direction in both strains and that
also occurred in secondary metabolite biosynthetic clusters are given to the right. Those of the same colour are in the same secondary
metabolite biosynthetic clusters and their cluster IDs are also given. The different symbols refer to the different functional domains present in
these genes (listed below)
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that the gene Sch9 is an integral mediator of the tran-
scriptional response induced by the nutrient sensing
(target of rapamycin (TOR)) and HOG pathways. Inter-
estingly, this protein co-precipitates with both HOG1 it-
self and the core component of the TOR pathway.
Deletion of this gene in F. graminearum caused a reduc-
tion in production of DON [34]. Although the exact
links between osmosensing and secondary metabolism
are fairly elusive in fungi, we can speculate that OS1 in
S. sclerotiorum is somehow involved in both secondary
metabolite suppression and activation during in vitro
growth.
A major limitation of the current study is that we did

not use targeted gene deletion strains for OS1. This was
a particular issue with the strain F5, which had a major
disruptive mutation in a non-target gene. However,
given the weight of literature supporting defects in
osmosensing in fludioxonil-resistant strains and the
known role of OS1 in this pathway, we infer that our ob-
servations are truly reflective of perturbations in this
pathway and not mutations in other parts of the gen-
ome. The similarity in transcriptomic response of both
strains supports this inference. Future research could in-
clude targeted gene deletion of OS1 in S. sclerotiorum,
which may elucidate the effects of the non-OS1 muta-
tion we observed in F5.
Another limitation of the current study is that we se-

quenced the transcriptomes of the two strains under
standard laboratory conditions, without osmotic stress
exposure. This only allows us to determine differences
in basal gene expression between the parent and the mu-
tant strains. Although it gives us some insight into the
kinds of genes regulated by OS1 and the HOG pathway,
genes that would have changed expression in response
to osmotic stress cannot be identified. Future studies
could add to this RNA sequencing data set, using more
data generated under osmotic stress conditions.

Conclusions
In conclusion, we generated two laboratory mutants re-
sistant to fludioxonil by continual subculturing on sub-
lethal doses of the fungicide with the purpose of
understanding the transcriptional impacts of mutations
in osmosensing genes. These two strains were likely re-
sistant to fludioxonil because of mutations in OS1 and
perturbations in the osmosensing signalling cascade. The
physiological and growth defects observed in these
strains were reflected in a substantially altered transcrip-
tome under standard in vitro conditions. Several genes
homologous to those transcriptionally regulated by
HOG pathway members were differentially expressed in
these strains. These included three genes homologous to
the yeast spore wall associated gene DIT2, one of which
was down-regulated and two up-regulated in the mutant

strains. This suggests that OS1 is in some way involved
in an analogous process in S. sclerotiorum. In addition, a
number of genes from previously identified secondary
metabolite biosynthetic clusters were differentially
expressed in the fludioxonil-resistant strains. This high-
lights a link between osmosensing and secondary metab-
olite production in S. sclerotiorum. Under basal
conditions, it is likely that OS1 has a role in the signal-
ling cascades that lead to secondary metabolite produc-
tion in this species.

Methods
Culturing of Sclerotinia sclerotiorum and media
preparation
The S. sclerotiorum isolate CU11.19 was selected based
on the history of its pathogenicity on canola in Australia
[35]. CU11.19 was cultured by sterilising sclerotia in
70% ethanol, rinsing them with sterile water, then cut-
ting them into two halves and placing them on Potato
Dextrose Agar (PDA) plates facing down under a lam-
inar flow hood to prevent contamination. The plates
were incubated at 20 °C in the dark for 4 days. The
potato dextrose agar (PDA) medium was prepared by
dissolving 39 g of PDA (200 g of potato, 20 g of agar and
20 g of dextrose) in one litre of distilled water. The mix-
ture was autoclaved for 2 h before pouring onto plates.

Generation of fludioxonil-resistant Sclerotinia sclerotiorum
strains from in vitro cultures
To select for fludioxonil-resistant laboratory strains of S.
sclerotiorum, 40 mycelial plugs of S. sclerotiorum were
obtained from the edge of an actively growing colony on
PDA. The plugs were placed in a grid like pattern on 90
mm PDA plates, amended with 1 μg / ml of fludioxonil.
The plates were incubated at 20 °C in the dark for 3
weeks. Plugs exhibiting fast-growing mycelium were
sub-cultured, with each placed on freshly prepared PDA
amended with 1 μg / ml of fludioxonil. This selection
process was repeated on further plates until at least two
mutants were found. A total of six fludioxonil-resistant
strains were isolated. Two of these were chosen for fur-
ther experimentation and they are referred to as strains
‘F4’ and ‘F5’. The sclerotia and mycelium on agar plugs
obtained from the laboratory resistant strains of S. scler-
otiorum were stored at 4 °C.

Assessment of growth of CU11.19 and fludioxonil-
resistant laboratory cultures on discriminatory
concentrations of fludioxonil
Mycelial plugs of resistant and parent strains of S. sclero-
tiorum obtained from freshly prepared culture were
placed on PDA amended with fludioxonil (0, 5 and
10 μg / ml). Each concentration was replicated five times
and plates were incubated at 20 °C for 7 days. Mycelial
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growth of the resistant strains and the parent was ob-
served under each concentration and scored as positive
or negative. ‘Positive’ refers to gradual spread of the my-
celium across the plate, whereas ‘negative’ refers to no
growth at all.

Assessment of the growth rates of the parent and
fludioxonil-resistant laboratory strains
Agar plugs containing mycelium of resistant or parent
strains of S. sclerotiorum obtained from freshly prepared
culture were inoculated onto PDA plates without fungi-
cide. Each plate was replicated five times. The plates
were incubated at 20 °C. Radial growth of the mycelium
of each strain was measured with a Vernier Caliper in
two perpendicular directions at one, two and three DPI.

Assessment of sensitivity of mutant strains to
hyperosmotic stress
The sensitivity of the resistant strains to hyperosmotic
stress was tested on two salt compounds (NaCl and KCl)
and two sugar compounds (sorbitol and mannitol). Agar
plugs containing mycelium of resistant or parent strains
of S. sclerotiorum were inoculated onto freshly prepared
PDA plates containing a 0.5M concentration of each
compound prepared separately. Each plate was repli-
cated ten times and incubated at 20 °C. Mycelial growth
of the resistant strains and the parent was observed
under each compound after four DPI.

Assessment of pathogenicity of the parent and
fludioxonil-resistant laboratory strains
A pot experiment was carried out to determine the
pathogenicity of the fludioxonil-resistant strains of S.
sclerotiorum on B. napus plants. The experiment com-
prised of two fludioxonil-resistant laboratory strains (F4
and F5) and the parent (CU11.19) of S. sclerotiorum.
The experiment was carried out on the B. napus cultivar
Tribune, which has been commercially grown in
Australia, where S. sclerotiorum is a significant issue,
and is not known to be resistant. B. napus seeds were
sown in the pot (4 seeds / pot) and thinned to one plant
per pot after 4 weeks of growth. The plants were grown
in a plant growth chamber with a 12-h photoperiod and
22 °C temperature cycle. The relative humidity was set at
60% and day light intensity was 130 μmol / m2 / s. At
50% flowering, each plant was inoculated with a PDA
plug containing mycelium obtained from F4, F5 or
CU11.19 plate cultures. These cultures were grown from
sclerotia derived from previous plate cultures stored at
4 °C. The plugs were bound to the stem with Parafilm®,
with the mycelial plug in contact with the stem. The cul-
tures were prepared from their respective sclerotia as de-
scribed above. Lesion lengths on stems were measured

at seven, 14 and 21 DPI. The experiment had a rando-
mised design with ten replicates.

Extraction of DNA and Illumina sequencing
The fludioxonil-resistant strains F4 and F5 and parent
strain CU11.19 of S. sclerotiorum were cultured on PDA
as described above. Four plugs of actively growing myce-
lium were used to inoculate 100 ml of potato dextrose
broth (PDB) in an Erlenmeyer flask and grown for 3 days
at 150 RPM at room temperature. Fungal tissue was
washed in sterile distilled water, snap-frozen in liquid ni-
trogen and freeze-dried before DNA extraction. The
DNA was extracted using the procedure described in
[36]. DNA sequencing was conducted by Novogene
(Wan Chai, Hong Kong, China) using an Illumina® (San
Diego, CA, USA) based method to obtain one gigabase
(Gb) of 150 base pair (bp) paired-end reads. The library
preparation was carried out with the NEBNext® Ultra™
Library Prep Kit for Illumina® and sequencing was per-
formed on an Illumina NovaSeq PE150.

Extraction of RNA and RNA sequencing
Mycelium of the parent and fludioxonil-resistant labora-
tory strains were obtained as described above. Both
fludioxonil-resistant strains and WT strains were grown
at the same time for the same amount of time (3 days)
under the same conditions (shaking at 150 RPM at room
temperature) in PDB, then mycelium was collected at
the same time. RNA was extracted from samples using
the TRIzol method (Invitro Corp., Carlsbad, CA, USA).
RNA concentration and quality were assessed using a
nanodrop and gel electrophoresis. The samples were
stored at − 80 °C. RNA sequencing was conducted by
Novogene (Wan Chai, Hong Kong, China) using an Illu-
mina® (San Diego, CA, USA) based method to generate
20 million 150 bp paired-end reads per sample. The se-
quencing library was prepared with the NEBNext® Ultra™
RNA Library Prep Kit for Illumina® and sequencing was
performed on the NovaSeq PE150.

Statistical analyses
Data generated from the fitness assessment and patho-
genicity assessments were subjected to analysis of vari-
ance (ANOVA) using the R statistical package [37]
version 4.0.3. Data were screened for normality and
homogeneity of variance and histograms of residuals
from the two models showing an approximately normal
distribution are in Supplementary Figure 2. Mean differ-
ences were compared using Tukey’s honest significant
difference (HSD) post hoc test. All plots were generated
using the R package ‘ggplot2’ [36].
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Whole genome sequence bioinformatic analysis
Fragments of Illumina adapters and poor-quality se-
quence were removed from reads using the software
package Trimmomatic version 0.36 [38], with the set-
tings ILLUMINACLIP:Truseq3 adapters.fasta:1:30:12
LEADING:20 TRAILING:20 SLIDINGWINDOW:4:5′,
where’Truse3 adapters.fasta’ is a file containing adapters
from the Illumina Truseq3 library prep kit. Reads of the
isolates CU11.19, F4 and F5 and the chromosomes of
the complete genome of S. sclerotiorum isolate 1980 [39]
were compared using the coloured the Bruijn graph
method implemented in McCortex (version 1.0.1, release
date 05/27/2018) [40]. Only variants that had a GQ
value of more than five that differed between CU11.19
and F4 or F5 were kept. The program SnpEff version
4.3 t [41] was used to determine effects of variant on
genes using the high-quality annotations of the S. sclero-
tiorum reference genome. The likely effects of SNPs
were annotated with respect to the reference genes of S.
sclerotiorum. Where a reference gene ID prefixed with
‘sscle_’ is discussed as having a certain kind of mutation
in one of the re-sequenced strains, we are referring to
SNPs called in these strains that likely had an impact on
that gene.

Detection of Sclerotinia sclerotiorum homologues of
previously characterised genes
The homologue of the OS1 protein from N. crassa
(GenBank accession: XP_964471.1) was identified in the
S. sclerotiorum reference proteome as the protein ‘sscle_
02g013550’ (GenBank accession APA06585.1) using
OrthoFinder version 2.4.0 [42]. The inputs for OrthoFin-
der were the S. sclerotiorum strain 1980 reference prote-
ome (GenBank BioProject ID: PRJNA348385) and the
genome of N. crassa strain ATCC 24698 downloaded
from EnsemblFungi [43]. OrthoFinder was also used to
infer orthology relationships between the proteins of S.
cerevisiae (downloaded from the Saccharomyces genome
database [44]) and S. sclerotiorum to interrogate poten-
tial perturbations in genes linked to the HOG pathway.
In both instances, we did not assess gene duplication
events or relationships between paralogues as we were
only interested in broadly describing the relationships
between the genes. For instance, where multiple recent
paralogues were found in S. sclerotiorum that had more
similarity to each other than they did to their yeast
homologue, we did not investigate their evolutionary his-
tory in a broader taxonomic sample. Further, we did not
investigate cryptic orthology relationships where a gene
may have been duplicated and its original copy lost as
this is not in the scope of the current study.
The sscle_02g013550 protein sequence from the refer-

ence strain was then aligned to the assembled genomes
of F4, F5 and CU11.19 using Exonerate version 2.4.0

[45] with the options ‘--model est2genome’ and ‘--bestn
1’. The gene sequences of os1 were extracted from the
assembled genomes based on the coordinates of the
alignment of sscle_02g013550 using the Bedtools version
2.26.0 [46] tool ‘getfasta’. The CDS sequences of these
were identified via MUSCLE [47] (in Geneious version
9.0.5) alignment with the CDS sequence of sscle_
02g013550 downloaded from GenBank. Concatenated
CDS sequences and their translations were then aligned
using MUSCLE (in Geneious version 9.0.5).

Differential expression analysis
Paired reads from F4, F5 and CU11.19 (in three repli-
cates) were aligned to the S. sclerotiorum strain 1980
reference genome using Bowtie 2 version 2.3.4.1 [48]
with default settings. The program HT-seq count ver-
sion 0.12.4 was then used alongside the reference gen-
ome gene annotations to generate a table of counts for
each gene. The count table was used as input for edgeR
version 3.26.8 [49]. The quasi-likelihood ratio test of
differential expression was used to assess differential ex-
pression between either CU11.19 and F4 or CU11.19
and F5. P values were adjusted using the method of Ben-
jamini and Hochberg [50] and genes with an adjusted P
value below 0.01 were designated as differentially
expressed.
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