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A B S T R A C T   

Plant-pathogenic fungi span diverse taxonomic lineages. Their host-infection strategies are often specialised and 
require the coordinated regulation of molecular virulence factors. Transcription factors (TFs) are fundamental 
regulators of gene expression, yet relatively few virulence-specific regulators are characterised in detail and their 
evolutionary trajectories are not well understood. Hence, this study compared the full range of TFs across 
taxonomically-diverse fungal proteomes and classified their lineages through an orthology analysis. The primary 
aims were to characterise differences in the range and profile of TF lineages broadly linked to plant-host asso-
ciation or pathogenic lifestyles, and to better characterise the evolutionary origin and trajectory of 
experimentally-validated virulence regulators. We observed significantly fewer TFs among obligate, host- 
associated pathogens, largely attributed to contractions in several Zn2Cys6 TF-orthogroup lineages. We also 
present novel insight into the key virulence-regulating TFs Ste12, Pf2 and EBR1, providing evidence for their 
ancestral origins, expansion and/or loss. Ultimately, the analysis presented here provides both primary evidence 
for TF evolution in fungal phytopathogenicity, as well as a practical phylogenetic resource to guide further 
detailed investigation on the regulation of virulence within key pathogen lineages.   

1. Introduction 

Plant-pathogenic fungi have adapted to a wide range of ecological 
niches. It is now clear that pathogenic lifestyles, traditionally defined as 
biotrophic, necrotrophic or hemibiotrophic, have evolved indepen-
dently and across distant fungal lineages (Aylward et al., 2017; Möller 
and Stukenbrock, 2017; Ikeda et al., 2019). As such, the molecular 
mechanisms underpinning host infections are often specific to a path-
ogen or its close relatives. In recent years, large-scale comparative ge-
nomics and machine learning approaches have demonstrated that the 
enrichment of particular gene-classes can be predictive of a pathogenic 
lifestyle. This includes carbohydrate-active enzymes, putative effectors, 
phytotoxin-biosynthesis genes and novel classes that currently lack 
functional annotations (Collemare and Lebrun, 2011; Pusztahelyi et al., 
2016; Plissonneau et al., 2017; Hane et al., 2020; Haridas et al., 2020). 
For these genes to promote the virulence of a pathogen, their expression 
requires coordinated regulation to maximise activity at the appropriate 
stage of infection (van der Does and Rep, 2017). Hence, the evolution of 

virulence-lifestyle encoding genes simultaneously requires the pathogen 
to evolve appropriate regulatory systems. 

Transcription factors (TFs) regulate diverse aspects of fungal devel-
opment and virulence, targeting either a small number of genes or by 
exerting broad control as ‘master’ regulators. Conserved TFs originally 
characterised in model saprophytes are now well-studied in plant- 
pathogenic fungi (Tan and Oliver, 2017; van der Does and Rep, 2017; 
John et al., 2021). However, there is extensive variation in the number 
of TFs belonging to different structural families across fungal taxa (Park 
et al., 2008; Todd et al., 2014; Shelest, 2017). TF gene duplications that 
are directly implicated in fungal virulence have been documented in 
several lineages of Fusarium oxysporum, the causal agent of vascular wilt 
on a wide range of plants (de Vega-Bartol et al., 2010; Niño-Sánchez 
et al., 2016; van der Does et al., 2016). On the other hand, broadly 
conserved regulators in plant-pathogenic fungi, such as the Velvet TFs, 
are absent in saprophytic yeasts (Bayram and Braus, 2012; Calvo et al., 
2016). As such, it was hypothesised the range and profile of TF lineages 
in phytopathogenic fungi change in accordance with their host- 
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association & lifestyle. 
Random mutagenesis or high-throughput gene knockout studies are 

established approaches that have been used to identify virulence- 
regulating TFs. For example, VdFTF1 in Verticillium dahliae, which reg-
ulates the expression of secreted virulence factors during infection on 
cotton, was identified by screening a random mutagenesis library 
(Zhang et al., 2018). On the other hand, a genome-wide TF knockout 
screen was undertaken for Fusarium graminearum, which identified 
several virulence regulators otherwise dispensable for saprophytic 
growth (Son et al., 2011). However, the generation and screening of 
fungal mutant libraries in this fashion can be labour intensive. Critically, 
the evolutionary lineages of such virulence regulators are often poorly 
understood through traditional database-similarity searches. It was 
therefore hypothesised that a comprehensive orthology-based analysis 
will reveal novel trajectories for the ancestral orthologues of 
experimentally-validated virulence regulators, and provide key insight 
into their evolution. 

This study aimed to address these hypotheses in two distinct stages. 
First, the TF repertoires (“TFomes”) were compiled from the annotated 
proteomes of 120 representative fungi to identify broad differences 
linked to plant host-association or pathogenic lifestyles. The TFs were 
then classified into orthogroups to characterise the individual lineages 
undergoing major expansion and/or contractions. The second stage 
made use of the TF-orthogroup phylogenies defined in the analysis to 
investigate the evolutionary origin and trajectories for several estab-
lished fungal-virulence regulators to provide novel insight. 

2. Methods 

2.1. Compiling fungal TFomes 

Non-redundant fungal proteomes were sourced for 100 plant path-
ogens, 10 saprophytes and 10 symbionts from UniProt (release 2020_05) 
(Bursteinas et al., 2016) or MycoCosm (Nordberg et al., 2014) and in-
dependent platforms where the proteomes were available with higher 
coverage assemblies (Supplemental item 1). Pathogens were selected 
from diverse fungal taxa of significant research interest (Pedro et al., 
2016; Urban et al., 2020). The saprophytes and symbionts included both 
close and distant pathogen relatives across the taxa. Organisms were 
assigned a five letter organism ID (ORGID) for brevity (Supplemental 
item 1), adapted from their NCBI Taxonomy database naming conven-
tion (Schoch et al., 2020). General lifestyles (biotroph, hemibiotroph, 
necrotroph, saprophyte or symbiont) and plant host-associations (i.e. 
obligate, facultative or not associated) were assigned based on de-
scriptions from the published proteome sources and/or literature 
covering the matter (Möller and Stukenbrock, 2017; Hane et al., 2020; 
Haridas et al., 2020). Interpro protein-domain annotations were also 
downloaded with the respective fungal proteome sources. Interproscan 
(release 82.0) was used to annotate proteomes from the independent 
servers where these were not available (Blum et al., 2020). TFs were 
selected from the annotated proteomes by cross-referencing a list of 
Interpro domain accessions that represent sequence-specific DNA- 
binding domains (DBDs) (Supplemental item 2). Unique protein 
identifiers were assigned to each TF following the format ‘ProteinID | 
ORGID’ where the ‘ProteinID’ was derived from the downloaded pro-
teome source. 

2.2. TFome regression analysis 

The total occurrences of each annotated TF domain across the an-
notated fungal proteomes were counted using a custom bash script 
(which accounted for cases where multiple domains exist within a single 
protein). Linear regressions were then produced to model the associa-
tion between proteome size and TFome size for the entire set of 120 
fungi, as well as for the lifestyle and host-association sub-groups. The 
data analysis, formatting and plotting were undertaken in R (version 4) 

using the ggplot2, ggpubr, rstats, rstatix and emmeans packages (R Core 
Team, 2020). Pearson’s correlation coefficients (Mukaka, 2012) were 
calculated for each linear regression and used as the test statistic to 
assess whether the association was significant (P < 0.05). A covariance 
analysis (ANCOVA) was also undertaken to test whether the regression- 
slopes (i.e. the rate of TFome size increase relative to the proteome size) 
were different between the lifestyle or host-association groups (Bon-
ferroni Padj < 0.05). 

2.3. Orthology analysis and species-tree inference 

Two orthology analyses were separately undertaken using Ortho-
Finder (release 2.4.0) (Emms and Kelly, 2019). The entire set of fungal 
proteomes was analysed to define proteome-orthogroups and the an-
notated TFomes were analysed in isolation to define TF-orthogroups. 
The default OrthoFinder parameters were used with the exception that 
MMseqs2 (Steinegger and Söding, 2017) was invoked for the sequence 
search stage. The annotated TFs among the 64,299 proteome- 
orthogroups were calculated by extracting the number of member- 
proteins with at least one DBD from the annotated list in Supple-
mental item 2. A ‘species tree’ was also produced from 502 of the 
universally conserved proteome-orthogroups as part of the OrthoFinder 
analysis with STAG (Emms and Kelly, 2018), which was used to present 
phylogenetic taxonomic distances. The species tree was manually rooted 
at the most distantly related lineage (Chytridiomycota), inferred from 
the phylogeny documented in a previous study (Choi and Kim, 2017). 
OrthoFinder was subsequently invoked using the ‘-s’ option and sup-
plied the rooted species-tree to resolve the TF-orthogroup ‘protein trees’. 
The protein trees were built on the basis of the DendroBLAST distance 
measure (Kelly and Maini, 2013) as that is built in to the OrthoFinder 
analysis. Tree visualisations and formatting were subsequently under-
taken using iTOL (Letunic and Bork, 2019). NCBI taxonomic rankings for 
each respective phylum, class, order, family and genus were then 
sourced using Taxize (version 0.9.99) to demonstrate the clades in the 
TF-distance based species-tree corresponded with fungal taxonomies 
(Chamberlain et al., 2020). 

2.4. TF-orthogroup size comparative analyses 

Fungal TF-orthogroup datasets were ordered as per the leaf-node 
order derived from the species-tree (beginning with the root at 
SYNEN) for subsequent visualisation and analyses. TF evolution-rate 
parameters were calculated using COUNT, which implements a phylo-
genetic birth-and-death model (Csűös, 2010). These were calculated for 
all internal and extant nodes on the species-tree using a table of the 855 
TF-orthogroup counts across each of the fungi assessed. The default 
gain-loss-duplication model was used in COUNT with the convergence 
threshold of 0.1 and the default “same gain/loss ratio in all lineages” to 
produce a single TF evolution rate parameter at each species-tree node. 
A principal component analysis was then undertaken to identify com-
ponents underpinning fungal differences based on rlog normalised TF- 
orthogroup counts to reduce biases associated with proportionally- 
low-overall orthogroup sizes (Love et al., 2014). A hierarchical clus-
tering analysis was also conducted to group the TF orthogroups based on 
normalised counts across the 120 fungi analysed. The Z-scores were first 
calculated similarly to a previous TF analysis (Charoensawan et al., 
2010a), which represented a clustering measure independent of the 
differences in orthogroup sizes. Clustering distances were calculated 
based on Pearson’s correlation and the orthogroups were clustered using 
the Average linkage function. Data formatting, analysis and the pro-
duction of plots and heatmaps were undertaken in R (version 4) using 
the phylogram, complex heatmap, ggplot2, ggpubr and the rstats 
packages (R Core Team, 2020). 
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2.5. Independent analysis of established fungal-virulence regulators 

Orthogroups harbouring established virulence regulators were 
determined by cross-referencing the respective ProteinIDs with 
experimentally-characterised TFs from the scientific literature (John 
et al., 2021). The related TFs of evolutionary interest were compiled by 
inspection of the respective orthogroup protein-trees. A multiple- 
sequence alignment was then undertaken on the selected protein se-
quences using Clustal Omega (Sievers and Higgins, 2018) and conserved 
regions corresponding to Interpro-domain annotations (Blum et al., 
2020) were assessed across the protein set. These alignments were then 
used to produce Neighbour-Joining trees with the Jukes-Cantor distance 
measure in Geneious Prime (version 2021) as a complementary method 
to assess the orthogroup clade-topologies. 

3. Results & discussion 

3.1. Insights on the range and profile of TFs across plant pathogenic fungi 

Fungal TFomes were defined as the set of proteins harbouring at least 
one sequence-specific DBD, in line with previous analyses (Park et al., 
2008; Shelest, 2008; Todd et al., 2014; Shelest, 2017). The list of cor-
responding Interpro domains was updated from the most recent analysis 
(Shelest, 2017) by incorporating 16 additional sequence-specific DBDs 
such as the Velvet domain (IPR037525), the high-mobility-group box 

domain (IPR009071), the APSES/Swi6 domain (IPR001606) and the 
Sant/Myb domain (IPR001005). Conversely, two domains were 
excluded that represented non-specific single-stranded nucleic-acid 
binding proteins that did not fit the TF definition (IPR012340 and 
IPR001878) (Supplemental item 2). Hence, the TFomes were assem-
bled from a refined fungal TF-annotation criteria, which can also be 
updated in future studies when DBD-models are further improved. The 
100 plant-pathogenic fungi analysed encompassed a broad taxonomic 
set of pathogens, based on research interest and available genomic re-
sources, while accounting for genomic variability in major pathogen 
lineages such as Fusarium, Bipolaris and Puccinia (Ma et al., 2010; 
Duplessis et al., 2011; Baroncelli et al., 2017). Along with the 20 sap-
rophytes and symbiotic fungi included, this provided a practical 
resource to investigate broad trends in the range and profile of TFs 
relevant to virulence on plants (Supplemental item 1). 

3.1.1. Reduction of TFs is correlated with obligate host-associated fungi 
The relative TF content (TFome size) across each of the 120 pro-

teomes was first assessed to gauge any broader trends in TF-regulatory 
capacity (Fig. 1). These ranged from 189 TFs identified (for Blumeria 
graminis f. sp. tritici; BLUGT) to 1,493 (for the F. oxysporum biocontrol 
strain Fo47; FUSO4). The average TFome size was 473 from an average 
proteome size of 12,355. This corresponded to a median of 437.5 and 
12,296.5 respectively. The TF fraction of the proteomes ranged between 
1.2% (for Puccinia triticina; PUCTR) to 6.9% (for FUSO4) with an average 

Fig. 1. Fungal transcription factor content (TFome) 
relative to proteome size. TFome vs proteome sizes 
for the 120 fungi used in this analysis. The five- 
letter fungal ORGIDs are used to label the 
respective points which provide an indication of 
the respective lifestyle and host-association 
(Supplemental item 1). The correlation coeffi-
cient (R) and P-value (p) used to test for any 
association (P < 0.05) and linear regression (y) 
for the relationship are presented at the upper- 
left of the plot. The blue circle encompasses 
the obligate host-associated pathogens, which 
exhibited a significant reduction relative to 
proteome sizes (detailed in Supplemental item 
3). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web 
version of this article.)   

E. John et al.                                                                                                                                                                                                                                     



Fungal Genetics and Biology 161 (2022) 103712

4

of 3.9%. The highest proportion of TFs was generally observed among 
the Fusarium lineages, while rust pathogens such as Melampsora and 
Puccinia spp. shared a relatively low TF content. Overall, a moderate- 
linear correlation (R = 0.58) was observed between TFome size and 
proteome size. A previous study that assessed a broad range of eukary-
otes reported a stronger correlation (R = 0.78) (Charoensawan et al., 
2010b). This suggested TF variation was higher among the fungi 
assessed in this study. 

The higher variation in the TFome ~ proteome relationship 
prompted a comparison based on fungal sub-groups, defined by their 
lifestyle (i.e. biotrophic, hemibiotrophic, necrotrophic, saprophytic or 
symbiotic) or their association with plant hosts (i.e. facultative, obligate 
or not host-associated), to identify any broad trends relevant to phyto-
pathogenicity. Linear relationships were maintained within each divi-
sion. Interestingly, the TFome as a proportion of proteome size was 
significantly reduced for obligate host-associated fungi relative to 
facultative pathogens and non-host saprophytes (Supplemental item 
3). These were largely represented by the rust and mildew pathogens 
from the Pucciniales (1.7% average TF fraction) and Erysiphales (3.2% 
average TF fraction) fungal orders. Although we did not identify sig-
nificant differences based on fungal-lifestyle definitions, a large overlap 
clearly exists where most obligates are also biotrophs. In facultative- 
biotroph lineages (e.g. Clavicipitaceae, Ustilaginales, Mixiomycetes 
and Taphrinomycetes) the TFome sizes, but also proteome sizes, were all 
lower than the median (437.5 and 12,296.5 respectively; Supplemental 
item 1). These observations provide evidence that a restricted TF reg-
ulatory capacity exists where fungal pathogens are intimately connected 
with their host for survival. Conversely, fungi which occupy broader 
ecological niches are likely to encounter diverse selection pressures that 
maintain TF diversity. 

3.1.2. TF lineages evolve in plant-pathogenic fungi 
Differences in size of the fungal TFomes, particularly the reduced 

range in obligate/biotrophic pathogens, motivated a deeper analysis 
into the specific profile of the TF lineages undergoing expansion or 
contraction. Previous studies compared fungal TFs by DBD-family clas-
sifications and revealed the Zn2Cys6 and C2H2 zinc finger domains are 
the most frequent (Todd et al., 2014; Shelest, 2017), which paralleled 
this study. Of the 56,754 TFs compiled from the 120 fungal proteomes 
32,023 Zn2Cys6, 11,436 C2H2, 4,777 homeodomain, 3,168 bZIP and 
2,932 CCCH-type DBDs represented the top families overall (Supple-
mental item 2). Their large sizes indicated an orthology analysis would 
better resolve distinct TF lineages to specify differences in TF evolution 
across pathogenic taxa. 

The first approach encompassed the entire set of 120 fungal pro-
teomes which produced 64,299 orthogroups (Supplemental item 4). 
There were 2,743 proteome-orthogroups with at least one annotated TF. 
Most of the TFs were identified in orthogroups where the majority of the 
proteins also harboured DBDs (Fig. 2A). Specifically, 89% of the 56,754 
annotated TFs were classed in orthogroups where at least half of the 
proteins were considered TFs (Supplemental item 5). This provided 
confidence that DBDs are a conserved factor underpinning proteome- 
orthogroup assignment. However, a large proportion of proteins that 
did not harbour DBD annotations had been incorporated in the 
remaining proteome-orthogroups (Fig. 2A; Fig. 2B). These could 
represent real TFs where the DBD model excludes the domain variant 
(false negatives), ancestral TFs where the DBD has mutated or been lost 
(true negatives), unrelated proteins where a protein-rearrangement 
incorporated a single DBD to an orthogroup-member (true negatives) 
or proteins that are homologous to real TFs in regions outside the DBD 
(true negatives). 

Since most annotated TFs had grouped in common lineages using the 
first approach, a second orthology analysis was undertaken based solely 
on annotated fungal TFomes to remove the true negatives. The result 
was 855 TF-orthogroup lineages that encompassed 56,418 of the 56,754 
annotated TFs (Fig. 2B; Supplemental item 6). While likely some real 

TFs are excluded with this approach, these presented a high-confidence 
set that excluded most non-TFs, and with which expansion and 
contraction could be measured in specific TF lineages across plant- 
pathogenic fungi. 

The rates of TF expansion and contraction at the phylogenetic 
species-tree nodes, their ‘evolution-rate’ parameters (Csűös, 2010), were 
calculated from the relative sizes of the 855 TF-orthogroups across the 
fungal taxa (Supplemental item 7). The species-tree topology aligned 
well with the fungal taxonomic architecture (Fig. 3) and was investi-
gated to identify the higher TF evolution-rates (ER) relative to phylo-
genetic distance at pathogen lineages. The highest rate (ER = 1.235) was 
observed at the Mucoromycota node (N3), an early-diverging fungal 
lineage. Since the early-diverging phyla (Mucoromycota and Chy-
tridiomycota) do not represent major pathogen lineages, it is difficult to 
attribute any significant trends. Within the remaining fungal lineages, 
ERs were highest overall at the terminal fungal nodes, suggesting the TF 
profiles generally do not become fixed and continue to change (Sup-
plemental item 7). The highest ER observed at an internal ancestral 
node was the Pezizomycotina division (N15: ER = 0.346), which rep-
resents filamentous Ascomycete fungi. Interestingly, the subsequent 
highest internal-node ERs were identified at the Clavicipitaceae (N94: 
ER = 0.248), the Erysiphales (N38: ER = 0.248) and the Pucciniales 
(N11: ER = 0.207). These biotrophic pathogen lineages also encom-
passed a large fraction of the obligate host-associated fungi with a 
reduced overall TFome size, likely through contraction (Fig. 3). This 
suggested the reductions associated with these pathogenic lifestyles 
could be attributed to specific TF-orthogroup lineages. 

A principal component (PC) analysis of normalised TF-orthogroup 
counts across the fungal species/strains provided insight into some of 
the major ER differences linked to ancestral fungal nodes. A major 
separation was observed for PC1, which was the largest PC and 
explained 38.75% of the variance, as opposed to PC2 which only 
accounted for 6.33% (Fig. 4). The filamentous Ascomycota (Pezizomy-
cotina) formed a group distinct from other fungi with the exception that 

Fig. 2. Annotated transcription factor (TF) composition of orthogroups. Panel 
A) depicts the annotated-TF distribution across the 2,743 (of 64,299) 
proteome-orthogroups containing at least one annotated TF. The Y-axis 
corresponds to the respective orthogroup sizes. The stacked-bars distrib-
uted along the X-axis represent the proportion of annotated TFs (blue) in 
the 2,743 orthogroups. These were distributed from left to right by 
decreasing size of their annotated-TF counts. Panel B) compares the 
annotated-TF orthogroup composition from the two orthology analyses 
conducted (full-proteome based vs TFome based). The first bar represents 
the total composition of the 2,743 proteome-orthogroups that possessed 
at least one annotated TF. The second bar represents the total composition 
from the ‘high-confidence’ set of 855 TF-orthogroups built solely from 
fungal TFomes. Accordingly, proteins not annotated as TFs had been 
excluded prior to TF-orthogroup assignment and are absent in the second 
bar. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. 3. Fungal phylogenetic species-tree, taxonomy and relative transcription factor (TF) evolution rates. The species tree represents fungal evolutionary dis-
tances, which was built from the 502 proteins that were universally conserved across proteome-orthogroups using STAG (Emms and Kelly, 2018). The 
internal nodes, representing putative ancestral lineages are labelled with node IDs N1 – N118. Clade architectures derived from NCBI taxonomic are 
presented in the right tree with the terminal nodes aligned. The five-letter fungal ORGIDs are used with the respective lifestyle and host-association 
described in the corresponding legends (Supplemental item 1). Fungal proteome and TFome sizes are represented by the width of the blue and green 
bars respectively; the largest bar (maxwidth) corresponds to the respective counts indicated in the legend. The blue bubbles represent the square-root 
values for the COUNT (Csűös, 2010) TF evolution-rate (ER) parameter which measures relative TF-orthogroup expansion/contraction. Higher ER 
values are represented by larger bubble diameters up to the largest value (maxwidth) indicated in the legend. A pdf version is provided for enhanced 
viewing as Supplemental item 8. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the biotrophic lineages within this group (Clavicipitaceae and the Ery-
siphales) grouped closer to the other taxonomies. The Basidiomycota, 
which encompassed a greater proportion of biotrophic fungi overall, 
formed the other major taxonomic grouping separated from the Pezi-
zomycotina across PC1, the obligately-pathogenic Pucciniales in 
particular (Fig. 4). By examining the top loadings values for PC1 (Sup-
plemental item 9), 16 of the top 20 TF-orthogroups consisted primarily 
of TFs harbouring a Zn2Cys6 DBD. This suggested many ancestral 
Zn2Cys6 TF orthologues have undergone major expansions in the 
Pezizomycotina, which subsequently contracted in the biotrophic line-
ages. It is therefore likely that most Zn2Cys6 TFs are dispensable for the 
biotrophic lifestyle, even more so if an obligate host-association evolves. 

A clustering analysis was then undertaken on normalised TF- 
orthogroup counts across the 120 fungi to uncover any other distinct 
trends (Supplemental item 10). There were no obvious orthogroup 
clusters revealing TF expansion/contraction associated with the broadly 
defined pathogenic lifestyle or host-associations. However, several iso-
lated fungal lineages exhibited orthogroup clusters well above (Z-score 
> 2) and/or below (Z-score < − 2) the average TF counts. This indicated 
TF-lineages have evolved, but that identifying changes correlated with 
the regulation of virulence will require more precise lifestyle- 
definitions, or an investigation assessing a greater number of patho-
gens vs non-pathogens from closely related taxa. Nevertheless, this 
analysis provides a useful resource to place TF lineage-composition in 
the broader context of fungi at large. 

3.2. Regulators of virulence in conserved and recently evolved TFs 

It was hypothesised that the TF-orthogroup phylogenies (their ‘pro-
tein trees’) would provide insight into the evolutionary trajectories of 
ancestral TF orthologues. The protein trees of several experimentally- 
validated virulence regulators were investigated to document varia-
tion in plant-pathogen lineages. These were chosen on the basis of a 
recent review (John et al., 2021) which suggested they underpin viru-
lence but not viability, share conserved roles in the pathogens 

experimentally-investigated, and that their prevalence across fungi 
remained unclear which this orthology-analysis could better resolve. 
This included Pf2, Ste12 and EBR1 but should not be considered 
exhaustive. Hence, the respective protein-trees for all TF-orthogroups 
(OG0000000 > OG0000854) are provided (Supplemental item 11) to 
facilitate future investigation on the evolutionary origin and trajectories 
of other TFs that underpin fungal virulence. 

3.2.1. Pf2-orthologues underpin virulence within a lineage of carbohydrate 
metabolic regulators 

Pf2 (Pleosporales spp.) and several other virulence-regulating TFs 
that include ART1 (Fusarium spp.), MoCod1 (Magnaporthe oryzae), PdeR 
(Botrytis cinerea) and Zt107320 (Zymoseptoria tritici) (Cho et al., 2013; 
Chung et al., 2013; Oh et al., 2016; Jones et al., 2019; Habig et al., 2020; 
Han et al., 2020) were identified in the TF-orthogroup OG0000017. 
These were traced as direct taxonomic orthologues that form a distinct 
clade with Neurospora crassa Col-26 (Supplemental item 12). Recent 
studies have established the important role of Col-26 in polysaccharide 
metabolism and plant cell-wall degradation (Xiong et al., 2017; Li et al., 
2021), processes highly relevant to phytopathogenicity. 

The OG0000017 comprised 370 TFs with annotated Zn2Cys6 DBDs 
(IPR001138) and ‘Fungal transcription factor’ domains (IPR007219) 
spanning the Ascomycota. Interestingly, it also includes MAL13, ZNF1, 
MAL33 and YGR288W, TFs characterised in Saccharomyces cerevisiae 
that target either the aerobic and/or anaerobic pathways regulating 
carbohydrate metabolism (Akache et al., 2001; Tangsombatvichit et al., 
2015). Analysis of the OG0000017 protein-tree indicates these four TFs 
are paralogues in the context of this orthogroup (Supplemental item 
12). Further inspection of the protein-tree revealed another clade har-
boured the AmyR regulator (ANIA_02016) from the filamentous sapro-
phyte Aspergillus nidulans. AmyR is known to play a fundamental role in 
starch hydrolysis (Tani et al., 2001; Nakamura et al., 2006). It was 
intriguing that the Pf2/Col-26 monophyletic clade within OG0000017 
did not include TFs from the Eurotiomycetes or Saccharomycetes, such 
as AmyR or MAL13 for which there were no other functionally defined 

Fig. 4. Principal components (PC) by transcription 
factor (TF) orthogroup counts. A PC-analysis plot 
separating fungi based on normalised counts in 
the 855 high-confidence annotated TF- 
orthogroup lineages. The greatest TF- 
orthogroup variance is explained by PC1 on 
the X-axis. The five-letter fungal ORGIDs are 
used to label the respective points which pro-
vide an indication of the respective lifestyle and 
host-association (Supplemental item 1). The 
mini-plot represents the same plot with the di-
visions coloured by taxonomic Phyla. Within 
and across these divisions, the obligate- 
biotrophic pathogens trend to separate towards 
negative values across PC1. The TF-orthogroup 
loadings underlying PC1 and PC2 are docu-
mented alongside the orthogroup DNA-binding 
domain annotations in Supplemental item 9.   
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orthologues identified. A protein sequence alignment/phylogenetic tree 
comparing MAL13, AmyR and the experimentally-characterised Pf2- 
orthologues highlighted common and distinguishing features (Fig. 5). A 
relatively high degree of sequence conservation was observed overall at 
the Zn2Cys6 DBD and the Fungal transcription factor domains. How-
ever, a region unique to the Pf2-orthologues was evident at the C-ter-
minus of the Zn2Cys6 DBD (Fig. 5), suggesting a possible differentiation 
from both AmyR and MAL13 at DNA-binding residues. 

Outside the Pf2-orthologue clade in OG0000017 there were no other 
TFs identified with experimentally-validated virulence roles. This 
encompassed 12 other TFs that were previously screened as part of 
Zn2Cys6 gene-deletion-mutant libraries in both M. oryzae and F. gra-
minearum (Son et al., 2011; Lu et al., 2014). Hence, this TF-orthogroup 
analysis established an evolutionary origin for a distinct Pf2-orthologue 
clade from a lineage of carbohydrate/polysaccharide metabolic regu-
lators. This clade, based on current experimental investigation, has 
evolved a fundamental regulatory role in the respective fungi, particu-
larly relevant to the plant pathogens that exhibit a necrotrophic phase in 
their lifecycle. 

3.2.2. Ste12 lineage loss in Ustilaginomycetes 
Ste12 TFs are downstream targets of mitogen-activated protein ki-

nase (MAPK) signalling that control expansive hyphal growth (as 
opposed to yeast-like budding growth) and the pheromone response 
(sexual development) in S. cerevisiae (Rispail and Di Pietro, 2010; Zhou 
et al., 2020). An analogous function has been attributed in fungal phy-
topathogens, where Ste12 TFs play a significant role in plant virulence 
that is manifested through the regulation of invasive hyphal growth 
(Wong Sak Hoi and Dumas, 2010; John et al., 2021). Interestingly, Ste12 
orthologues in filamentous fungi also harbour C2H2 DBDs located in the 
C-terminal region of the protein (Wong Sak Hoi and Dumas, 2010; Gu 
et al., 2015; Sarmiento-Villamil et al., 2018). 

All TFs harbouring an Ste12-DBD (IPR003120) classed within 
orthogroup OG0000022. An analysis of the corresponding protein-tree 
revealed these TFs are conserved, even among the early-diverging 
fungal lineages such as the Chytridiomycota and Mucoromycota (Sup-
plemental item 13). However, they were not detected among the plant- 
pathogenic fungi of the Ustilaginomycetes class in contrast to other 
Basidiomycetes such as Puccinia striiformis, where PstSTE12 is essential 
for pathogenicity on wheat (Zhu et al., 2018). In Ustilago maydis, the 
model pathogen of the Ustilaginomycetes, three other TFs were identi-
fied outside the Ste12 clade in OG0000022 (Biz1, Mzr1 and Ztf1). 

Interestingly, they are each reported to regulate infectious growth in 
planta (Flor-Parra et al., 2006; Zheng et al., 2008; Velez-Haro et al., 
2020; de la Torre et al., 2020), in contrast to any other experimentally- 
characterised regulators in OG0000022 that lack Ste12 DBDs (Supple-
mental item 13) (Kwon et al., 2010; Son et al., 2011; Wang et al., 2015; 
Cao et al., 2016). 

This prompted a protein sequence alignment to identify any re-
lationships between characterised Ste12-orthologues and the U. maydis 
C2H2-domain regulators Biz1, Mzr1 and Ztf1 (Fig. 6). The highest- 
degree of conservation was observed among the Ste12-orthologues, 
and centred at the corresponding DBD, but did not extend to Biz1, 
Mzr1 and Ztf1. Although the C2H2-domains were largely conserved 
across both clades, other regions of significant identity were not obvious 
(Fig. 6). Hence, it is somewhat paradoxical that the sexual cycle is 
intimately connected with host invasion in U. maydis (Vollmeister et al., 
2012), since both of these roles are driven by Ste12 orthologues in other 
fungi. Although Biz1 and Ste12 TFs are activated and inhibited by 
related MAPK and cyclin-dependent kinase pathways respectively (de la 
Torre et al., 2020), there was little evidence for a direct evolutionary link 
beyond the C2H2 domain. Consequently, while Ste12 domain loss is a 
major distinction identified in the Ustilaginomycete pathogen-lineage, 
the causes and functional significance will require deeper investigation. 

3.2.3. Evidence for further expansion of the EBR1 TFs 
The Zn2Cys6 TF EBR1 was first identified in F. graminearum through 

mutagenesis screening (Dufresne et al., 2008). The TF was subsequently 
investigated and shown to facilitate host invasion in Fusarium spp. by 
suppressing hyphal branching and promoting radial growth (Zhao et al., 
2011). The large protein size and the internal positioning of the DBD, 
rather than the N-terminus, are relatively unusual features for the 
Zn2Cys6 TF family (MacPherson et al., 2006). In F. oxysporum, gene 
expansions are a characteristic of lineage-specific chromosomes (Cole-
man et al., 2009; Niño-Sánchez et al., 2016) and has been well- 
documented for EBR1, where as many as nine paralogues have been 
reported (Jonkers et al., 2014; van der Does et al., 2016). An analysis 
here of the corresponding OG0000121 protein-tree highlights such cases 
in several different F. oxysporum isolates, but also provides novel evi-
dence of EBR1 expansion in other important pathogen lineages within 
the Ascomycota (Supplemental item 14). A protein sequence align-
ment/phylogenetic tree was therefore produced to investigate this in 
greater detail (Fig. 7). 

In the M. oryzae reference isolate causing rice blast (PYROR) both 

Fig. 5. Characterised Pf2-orthologues in relation to established carbohydrate regulators. A protein-sequence alignment is presented with a neighbour-joining 
tree depicting sequence divergence between experimentally-validated Pf2-orthologues (highlighted in green) and the A. nidulans AmyR and S. cerevisiae 
MAL13 proteins that were identified in external clades of orthogroup OG0000017. The protein names correspond to those reported in the relevant 
literature followed by the five-letter ORGIDs used in this study for the respective fungi. The alignment presents the % of residue identity across the 
aligned loci with gaps being ignored. The regions corresponding to the Zn2Cys6 (IPR001138) and the ‘Fungal transcription factor’ (TFD_Fungi - 
IPR007219) TF domains defined in this study are presented above the alignment. Red boxes span the sequences where the respective domains are 
detected. A corresponding protein tree encompassing the full OG0000017 orthogroup complements this figure to provide further context (Supplemental 
item 12). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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MoCod2 (MGG_09263) and Cnf2 (MGG_15023) are TFs simultaneously 
required for pathogenic development (Chung et al., 2013; Lu et al., 
2014). In addition to these individual roles, MoCod2 was also required 
for conidiation and Cnf2 deletion led to overproduction of conidia. This 
analysis presents novel evidence that both are orthologous to EBR1 but 
have therefore undergone duplication and neofunctionalization in 
M. oryzae, with additional duplication events evident in the M. oryzae 
millet pathovar (PYROM) included in this study (Fig. 7). The unique/ 
redundant roles for these paralogues will need to be investigated further, 
as well as any functional interactions between MoCod2 and Cnf2 in M. 

oryzae to better understand the evolution and regulation of virulence by 
this TF lineage. Putative EBR1 duplication events were also evident 
across the fungal Mycosphaerellaceae family (Supplemental item 14), 
which encompasses several damaging pathogens. The protein alignment 
(Fig. 7) suggests the C-terminal region was lost in a sub-lineage that 
included the Z. tritici TF AlmA (Mycgr3g111569). AlmA modulates hy-
phal development (Cairns et al., 2015), suggesting a functional 
connection to other EBR1 orthologues, yet the remaining TFs in the 
expanded Mycosphaerellaceae lineage are yet-to-be experimentally 
characterised. It was striking that most pathogens where EBR1 

Fig. 6. Characterised Ste12-orthologues relative to related C2H2-domain lineages. A protein-sequence alignment is presented with a neighbour-joining tree 
depicting sequence divergence between experimentally-characterised Ste12-orthologues (highlighted in green) and other characterised C2H2 tran-
scription factors (TFs) from the common TF-orthogroup OG0000022. These included the Ustilago maydis regulators of invasive growth (blue) and the 
Aspergillaceae BrlA regulators of conidiation (red), where little identify is shared with Ste12 TFs beyind the C2H2 domain. The protein names correspond 
to those reported in the relevant literature followed by the five-letter ORGIDs used in this study for the respective fungi. The alignment presents the % of 
residue identity across the aligned loci with gaps being ignored. The regions corresponding to the Ste12 (IPR003120) and the C2H2 (IPR013087) TF 
domains defined in this tudy are presented above or within the alignments. Red boxes span the sequences where the respective domains are detected. A 
corresponding protein tree encompassing the full OG0000022 orthogroup complements this figure to provide further context (Supplemental item 13). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. EBR1 expansion events identified in fungal pathogen lineages. A protein-sequence alignment is presented with a neighbour-joining tree depicting 
sequence divergence between the EBR1-orthologues identified in orthogroup OG000121. The respective lineages (and their taxonomic ranking) are 
highlighted according to the figure legend. The yellow labels indicate experimentally-characterised transcription factors. The protein names correspond 
to those reported in the relevant literature followed by the five-letter ORGIDs used in this study for the respective fungi. The alignment presents the % of 
residue identity across the aligned loci with gaps being ignored. The region corresponding to the Zn2Cys6 (IPR001138) TF domain defined in this study is 
presented above the alignment. Red boxes span the sequences where the respective domains are detected. A corresponding protein tree encompassing the 
full OG0000121 orthogroup complements this figure to provide further context (Supplemental item 14). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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expansion events are observed are considered hemibiotrophs. It is 
plausible that EBR1 duplication up-regulates genes underpinning radial 
growth, thereby promoting asymptomatic colonisation of the host 
typical of this lifestyle. The novel evidence presented for EBR1 expan-
sion beyond the Fusarium lineage warrants further exploration to 
establish the regulatory consequences during host infection. 

4. Conclusions 

At the onset of this study, it was hypothesised that the range and 
profile of TF lineages in phytopathogenic fungi change in accordance 
with their host-association and lifestyle. Therefore, we proposed that a 
comprehensive orthology-based analysis would reveal novel trajectories 
of important virulence regulators, and thereby further our understand-
ing of the factors controlling plant pathogenicity. In the first stage of the 
analysis, a reduction in the overall TF content of obligate-biotrophic 
pathogens was identified. Through a TF-orthology analysis, this was 
largely attributed to contractions in several Zn2Cys6-DBD TF-lineages. 
Beyond this, the TF analysis supports the view that the strict-tripartite 
division of fungal pathogenicity into biotroph, hemibiotroph and 
necrotrophy is not well supported by the data. Recent studies have used 
large genomic datasets to demonstrate that the content of other distinct 
gene families, such as carbohydrate-acting enzymes, are predictive of 
plant-pathogenic lifestyles and can provide more precise definitions 
(Hane et al., 2020; Haridas et al., 2020; Wu and Cox, 2021). These 
definitions more accurately reflect the molecular factors that underpin 
virulence, but often only emerge within more recently evolved fungal 
taxa. Incorporating phylogenetic approaches may well offer the best 
way to analyse the evolution of phytopathogenicity. Here we demon-
strated TFs evolve in different fungal lineages at different rates (Fig. 3). 
Deeper insight into the evolutionary pressures underpinning these 
changes in plant-pathogenic fungi will likely be gained using more 
precise lifestyle-definitions, or by assessing the TF-profile in a greater 
number of pathogens vs non-pathogens from closely related taxa. 

The second stage of this analysis demonstrated TF-orthogroup line-
ages were useful for defining the evolutionary-trajectories of several key 
virulence regulators. For example, a Pf2-orthologue clade was distin-
guished and placed within carbohydrate metabolic-regulators. Ste12 
domain loss was also documented in the Ustilaginomycetes and novel 
EBR1 expansions were then presented in M. oryzae and the Mycos-
phaerellaceae lineages. The orthogroups presented in this analysis, such 
as these specific examples highlighted, are a resource for future studies 
to investigate the evolutionary origins and trajectories of virulence- 
regulating TFs in plant-pathogenic fungi. This will provide insight into 
the distinct regulators underpinning plant infection to assist the design 
of targeted mitigation strategies, that could include the direct inhibition 
of the TFs themselves or their upstream/downstream signalling 
components. 
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