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ABSTRACT For fungal plant pathogens, the germinating spore provides the first interac-
tion with the host. Spore germlings move across the plant surface and use diverse pene-
tration strategies for ingress into plant surfaces. Penetration strategies include pressurized
melanized appressoria, which facilitate physically punching through the plant cuticle, and
nonmelanized appressoria, which penetratewith the help of enzymes or cuticular damage
to breach the plant surface. Two well-studied plant pathogens, Fusarium graminearum
andMagnaporthe oryzae, are typical of these two modes of penetration. We applied com-
parative transcriptomics to Fusarium graminearum and Magnaporthe oryzae to character-
ize the genetic programming of the early host-pathogen interface. Four sequential stages
of development following spore localization on the plant surface, from spore swelling to
appressorium formation, were sampled for each species on culture medium and on barley
sheaths, and transcriptomic analyses were performed. Gene expression in the prepenetra-
tion stages in both species and under both conditions was similar. In contrast, gene
expression in the final stage was strongly influenced by the environment. Appressorium
formation involved the greatest number of differentially expressed genes. Laser-dissection
microscopy was used to perform detailed transcriptomics of initial infection points by F.
graminearum. These analyses revealed new and important aspects of early fungal ingress
in this species. Expression of the trichothecene genes involved in biosynthesis of deoxyni-
valenol by F. graminearum implies that toxisomes are not fully functional until after pene-
tration and indicates that deoxynivalenol is not essential for penetration under our condi-
tions. The use of comparative gene expression of divergent fungi promises to advance
highly effective targets for antifungal strategies.

IMPORTANCE Fusarium graminearum and Magnaporthe oryzae are two of the most
important pathogens of cereal grains worldwide. Despite years of research, strong
host resistance has not been identified for F. graminearum, so other methods of con-
trol are essential. The pathogen takes advantage of multiple entry points to infect
the host, including breaches in the florets due to senescence of flower parts and
penetration of the weakened trichome bases to breach the epidermis. In contrast, M.
oryzae directly punctures leaves that it infects, and resistant cultivars have been
characterized. The threat of either pathogen causing a major disease outbreak is
ever present. Comparative transcriptomics demonstrated its potential to reveal novel
and effective disease prevention strategies that affect the initial stages of disease.
Shedding light on the basis of this diversity of infection strategies will result in de-
velopment of increasingly specific control strategies.
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F usarium graminearum and Magnaporthe oryzae are two of the most important
pathogens of staple food crops worldwide (1, 2). Their respective destruction causes

3.3% annual loss in wheat harvests and 4.3% annual loss in rice harvests around the
world (3–5). F. graminearum is the causal agent of Fusarium head blight (FHB) of wheat
and barley and stalk rot of corn. An important component of the pathogenicity of F. gra-
minearum is its secretion of the mycotoxin deoxynivalenol (DON) during fungal coloniza-
tion (6, 7). DON functions as a pathogenicity factor and accumulates in infected grain (8),
rendering the grain unfit for human and animal consumption (9). Development of even
moderately resistant cultivars has proven difficult, and the high tolerance of F. graminea-
rum to extant fungicides has made exogenous control difficult (10, 11).

M. oryzae causes rice blast, a devastating disease throughout Asia. There are highly
effective resistance genes known in rice to combat M. oryzae. However, current resist-
ance genes are not durable or broad spectrum, traits that are essential to successful
long-term control (12). These fungi manifest disease with quite different approaches,
but they share resilience to changing climatic conditions (13). Furthermore, the proba-
bility of disease-causing strains migrating due to global climate change (14) highlights
the importance of better elucidating the very early steps of disease initiation.

Historically, Fusarium and Magnaporthe species have been models for understand-
ing the mechanisms of ingress into plants. Spores are responsible for initiation and
propagation of the majority of biotic plant diseases, including diseases caused by M.
oryzae and F. graminearum (15–19). Spore germination is a promising target for anti-
fungal strategies. Once the fungus has infiltrated host tissue, the pathogen is much
harder to eliminate. Spore germination is the first step toward establishing many fun-
gal diseases (20). Nevertheless, the genetics of spore germination have not been sys-
tematically or comparatively analyzed across multiple fungal species. The formation of
simple appressoria completing direct penetration by using enzymes was first eluci-
dated in F. solani (21–23). Recent studies have highlighted the contrasting approach
used by melanized appressoria in M. oryzae, in which pressure within the appressoria is
built up and drives penetration (24–28). However, to initiate disease, fungal spores
must arrive on a compatible plant surface, germinate, differentiate an infection struc-
ture at the proper location, and then achieve ingress and colonization (29–33). Hyphal
growth from germination to appressorium formation is more extensive in F. graminea-
rum than in M. oryzae, resulting in greater presence of fungal tissue on the plant surface
in the former. F. graminearum germlings locate and interact with trichomes before differ-
entiating hyphopodia consisting of several appressoria (6, 16, 34). In contrast, M. oryzae
germinates to form a short germ tube then generates a simple appressorium (35, 36).

Previous studies of each of these two pathogens have analyzed transcriptomics
across infection time intervals. Investigations of F. graminearum have combined gene
expression analysis with microscopic observation, typically focusing on the progress of
hyphal growth postinfection. Brown et al. (37) investigated symptomless infections
from samples collected 7 days postinfection (dpi). Mentges et al. (7) documented gene
expression in isolated infection cushions and runner hyphae, collecting infection time
points beginning at 6 h postinfection through 3 days, and identified the upregulated
genes characteristic of each of these structures without distinguishing the results of
each time point. Several investigations of the interactions of F. graminearum with sus-
ceptible and resistant wheat lines were sampled at 3 dpi (38–40). In addition,
Bonnighausen et al. (41) performed metabolic profiling of the infected wheat rachis to
document a role for DON in susceptibility. Expression during conidial germination in F.
graminearum was investigated on agar using Affymetrix GeneChip technology (30),
which, as a first look at initial germination of these spores on medium, identified many
categories of metabolic genes and gave a detailed account of genes involved in perox-
isome maturation.

Transcriptomic analyses of conidial germination and appressorium development by
M. oryzae have included studies on artificial surfaces that induce appressorium develop-
ment (42, 43) and on rice, which include disease development (44, 45). Several studies
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(44–47) focused on gene knockouts to study development after appressorium formation
was initiated. Mosquera et al. (44) isolated infection hyphae in host cells and identified
effectors, which are generally expressed during plant ingress, whereas Shimizu et al. (45)
focused on broad metabolic gene expression and expression of avr genes, including
knockouts.

Here, we present transcriptomic analyses from spore arrival on the plant surface to
germination and the formation of appressoria in these two species. To provide com-
parisons for responses to distinct growth conditions, we cultured these species on a
defined medium and through host infection. To extend our study into the initial stages
of plant penetration of F. graminearum, we used laser-dissection microscopy to isolate
and then perform transcriptomics at the first stages of host penetration. Close compar-
ative characterization of the very early infection processes of these two pathogens on
a common host and a common medium enabled us to tease apart some of the mecha-
nisms that differentiate the two infection strategies. In particular, our comparative
analysis revealed evidence of the adaptations of gene expression that were concomi-
tant with the evolution of one type of penetration (use of pressurized appressoria)
over the other (use of simple appressoria), a key component of broad-based compara-
tive study of the transcriptomic and phenotypic evolution of fungal diversity in sexual
and asexual sporulation (48–54).

RESULTS
Four stages of conidial germination on Bird medium and on barley sheaths.

Spore germination was characterized both on Bird medium and on host plants (barley
leaf sheaths), and samples were collected to complete mRNA sequencing for each
stage and species. Using light microscopy, stages 1 to 4 of conidial germination were
delineated in F. graminearum and M. oryzae (Fig. 1): stage 1, fresh conidia directly
obtained from actively growing cultures; stage 2, initiation of polar growth of the germ
tube; stage 3, doubling of the long axis of the germ tube, and stage 4, initiation of the
first hyphal branch on Bird medium or the formation of the appressorium on the host.
Approximately 80% of wild-type F. graminearum and M. oryzae conidia produced their
first polar growth (stage 2) within 3 h following inoculation onto Bird medium (Fig. 1A).
The majority of F. graminearum germlings reached stage 3 on medium by 7 h, whereas
the majority of M. oryzae germlings reached this developmental stage by 5 h. M. oryzae
can be induced to produce appressoria on artificial hydrophobic surfaces (55). However,
Bird medium is not appressorium-inductive for M oryzae. In contrast to germination on
medium, conidial germination and development on host plants progressed faster in M.
oryzae than in F. graminearum—particularly during appressorium formation, where F.
graminearum required 24 h more than M. oryzae to reach peak percentage of germi-
nated conidia with penetration structures (Fig. 1B).

mRNA sequencing during conidial germination and plant penetration. A total
of 20 to 114 million 50-bp single-end reads were obtained from each developmental
stage collected for F. graminearum and 21 to 82 million 50-bp single-end reads from
each M. oryzae stage. The F. graminearum data set on Bird medium was analyzed previ-
ously for long noncoding RNA content and is available through Gene Expression
Omnibus (GEO) series accession number GSE109088 (56). After processing and removal
of poor-quality and short-length raw reads, 93.0% (M. oryzae) and 98.0% (F. graminea-
rum) of reads from Bird medium samples mapped to the fungal reference genomes
(Table S1 in the supplemental material). For both fungal species, reads from in planta
samples that mapped to the fungal reference genomes increased from stage 2 to stage
4 (Table S1), with mapped reads at stage 1 having the highest percentage at 59%. In
contrast, numbers of mapped fungal reads remained roughly consistent along the
time course in the Bird medium samples (Table S1).

Multidimensional scaling (MDS) analysis allows the visual comparison of the levels
of similarity of different parts of a data set (57). We used MDS to visualize and compare
gene expression between biological replicates of stages 1 through 4 on the host and
on Bird medium in both species (Fig. 2). We also sought to identify possible outliers.
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Clustering of samples in both species and under both growth conditions showed that
biological replicates are grouped in close proximity, validating the integrity of our RNA
sequencing. Moreover, the analysis revealed the relative similarity of stages 1 to 3
when compared between the host and Bird medium samples. In contrast, the same
comparison for stage 4 exhibited substantial divergence. Stage 4 on medium was simi-
lar to the other stages on medium, whereas stage 4 on the host exhibited pronounced
transcriptional differences from the other host samples.

Transcriptional reprogramming during spore germination on the host. Analysis
of gene expression across stages 1 to 4 was performed to compare development on a
defined medium versus on host tissue and to better identify affected genes. Distributions
of genes that increased or decreased in expression (>3-fold; 5% false-discovery rate [FDR])
in each stage on the host were compared between the two species (Fig. 3). In F. graminea-
rum, numbers of upregulated genes increased progressively from stages 1 to 4, with stage
4 containing the largest number of upregulated genes of unknown function. InM. oryzae,

FIG 1 (A and B) Stages of conidial germination and development for transcriptome analysis on (A) medium (A) and host (barley leaf
sheaths) (B). Time indicates the point at which peak numbers of conidia reach the indicated stage; AP, appressorium; CN, conidium; BR,
hyphal branch; H, hypha; stage 1, fresh conidia; stage 2, polar growth; stage 3, doubling of long axis; stage 4, first hyphal branching (Bird
medium) or appressorium formation (host).
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a different trend was observed, showing fewer genes expressed in stages 1 to 3 than in
stage 4 and altogether fewer genes expressed at each time point than in F. graminearum.
This observation inM. oryzaemay be consistent with previous studies that demonstrated
that during spore germination on inductive surfaces (such as the hydrophobic host), the
spores undergo autophagy as germination progresses, and gene expression is reduced
(58, 59). Both species have fewer numbers of downregulated genes than upregulated
genes across all intervals, perhaps consistent with increasingly complex development of
new structures.

For genes with stage-specific expression patterns, significant functional enrichment
(P , 0.05) was identified for FunCat pathways across the morphological stages in F.
graminearum and M. oryzae on the host (Table S2A and B). In particular, the initial two
stages (fresh conidia and polar growth) of F. graminearum showed significant enrich-
ment (P , 0.05) of anabolic processes (carbon, nitrogen, and fatty acid metabolism,
biosynthesis of amino acids, energetics, cellular transport, transport facilitation and
transport routes, and biogenesis of cellular components), involving a large proportion

FIG 2 Multidimensional scaling (MDS) analysis plot applied to the transcriptomes of conidial
germination on medium and on the host. (A) F. graminearum. (B) M. oryzae. Each point represents
one sample, and the distance between two points reflects the leading log2 fold change of the
corresponding RNA-seq samples. Plot dimensions 1 and 2 show samples from medium and from the
host at different stages, resulting in separate clusters.
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FIG 3 Distribution of differentially expressed genes (DEGs; >3-fold; 5% false-discovery rate) with predicted and unknown functions in each
stage on the host. (A) F. graminearum. (B) M. oryzae.
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of genes (1,093). These categories reflect the biological transition from conidia tomainte-
nance of polar growth, where hyphal tips undergo continuous elongation. Interestingly,
expression of genes associated with cell rescue, defense, and virulence were enriched for
the first time at stage 2, suggesting response to the host. Stage 3 (doubling of long axis)
requires more cellular components and fungal tissue production because hyphal elonga-
tion continues. In line with those biological needs, stage 3 presented 874 significantly
enriched genes (P, 0.05), with a notable number of them associated with cellular trans-
port, transport facilitation, and transport routes compared with stage 2. In addition, for
the first time, expression of genes associated with interactions with the environment and
secondary metabolismwere significantly enriched at this stage. In F. graminearum, deoxy-
nivalenol genes began to be expressed during this stage. Finally, at stage 4, one new sig-
nificantly enriched category appeared, cell fate, anticipating infection cushion formation
and appressorium formation.

In M. oryzae, the number of significantly upregulated genes (304; P , 0.05) was
quite similar to the number of significantly downregulated genes (399) in stages 1 to 3,
indicating a limited diversity of processes necessary for appressorium formation. Stage
4 exhibited significantly enriched categories similar to the ones reported in F. grami-
nearum, such as metabolism, energy, cellular transport, transport facilitation and trans-
port routes, and cell rescue, defense and virulence. The appressorium of M. oryzae to-
gether with the initiation of the biotrophic phase of infection likely explain this
enrichment.

Gene Ontology (GO) enrichment analysis was performed for the stage-specific dif-
ferentially expressed genes (DEGs), reflecting different key biological processes associ-
ated with germination on the host (Fig. 4; Table S2A and B). In F. graminearum, the
genes involved in each stage increased in the number of categories as development
progressed. Stages 1 to 2 were enriched in GO pathways related to anabolic processes,
including transmembrane transport, ribosome biogenesis, and metabolic processes,
which are involved in the growth of the fungus. Stage 3 was the first stage to have genes
significantly enriched for GO terms related to polysaccharide catabolism (enzymes for
degradation of the host wall), indicating that the recognition and interaction with the
host was already established. In stage 4, genes were significantly enriched for GO terms
related to pathogenesis and posttranslational modification of proteins, including meth-
ylation and phosphorylation, which are key for signal transduction during the infection
process (60–62). In M. oryzae, enriched GO terms at stages 1 to 3 were mainly related to
transport, which could indicate a rapid mobilization of components required for appres-
sorium development. Stage 4 was enriched in GO terms related to interaction with the
host, polysaccharide catabolism, and secondary metabolism, among others, which are
directly related to the infection process.

Transcriptomics of laser-captured trichomes and epidermal cells. Transcriptomics
was applied to laser-capture microscopy to better understand the interactions of F.
graminearum with the surface cells of barley lemmas and paleae during infection.
Infection sites were stained with toluidine blue (hyphae) and Safranin O (host cell
walls), which aided in their identification among the surface cells. Cells at the appropri-
ate infection stage were removed as individuals or in groups by laser capture. About
30 to 40% of these cells included infected trichomes; the rest were colonized epider-
mal and mesophyll cells within which coiled intracellular hyphae were clearly visible in
the lumen (Fig. 5A). Areas where several cells were infected exhibited staining suggest-
ing the presence of lignification in the host cells (Fig. 5A, right). Two pooled samples,
consisting of 516 and 525 captured regions, were generated, and mRNA was isolated
and sequenced. A total of 8.5 million 50-bp single-end reads were obtained from each
sample. The analyses of these sequences are presented in Fig. 5B and C.

MDS analysis was performed for stage 1 growth on the host and was compared with
laser dissections of the initial infections of host cells, which we call stage 5 (Fig. 5B). A
volcano plot was generated to illustrate the distribution of genes up and downregulated
in stage 1 versus stage 5 and comparison of stages 2 to 4 on the host versus stage 5
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(Fig. S1). The most notable finding showed that the GO category proteolysis is signifi-
cantly upregulated between stage 1 and stage 5 (Fig. 5C). All proteins encoded by up-
regulated genes were assessed for signal peptides using SignalP (http://www.cbs.dtu.dk/
services/SignalP) and for nonclassical secretion using SecretomeP (mammalian; http://
www.cbs.dtu.dk/services/SecretomeP). Thirty-one of 89 proteins had an N-terminal signal
peptide sequence (Table S3A) predicted by SignalIP (63), indicating that they are likely
secreted proteins. Moreover, SecretomeP (64) predictions for 18 proteins suggested that
these might be secreted in a nonclassical way (Table S3A). Overall, 55% of upregulated
genes showed secretion signal peptides, a pool of the secretome that could play impor-
tant roles in pathogenicity. Furthermore, some of these genes encode carbohydrate-
active enzymes (CAZymes), many of which are likely involved in plant cell wall degrada-
tion, and possible virulence factors (Table S3A).

Changes in gene expression during appressorium development. In M. oryzae,
gene enrichment analysis highlighted stage 4 as having the highest category diversity
(Table S2B). Conidia undergo autophagy at stages 1 to 3 in preparation for appressorium
formation, which greatly decreases gene expression. Stage 4 gene expression profiles

FIG 4 Comparison of functional enrichment of DEGs in the host for F. graminearum (A) and M. oryzae (B). DEGs (>3-fold for F. graminearum and > 2-fold
for M. oryzae) were assessed for degree of functional enrichment and plotted in two-dimensional semantic spaces. Only GO terms with a P value of ,0.05
are depicted in each panel. The size of the circles indicates frequency of GO term in the underlying Gene Ontology annotation database (circles of more
general terms are larger). The color scale indicates the log10 of the P value. See Table S3 for fully detailed data of GO terms.
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were analyzed to determine gene functions associated with initial growth in plant tissue.
We identified the 100 top upregulated genes at stage 4 (Table S3B). Among these genes,
62% showed secretion signal peptides, which could include secreted fungal effectors
(65). In addition, the majority of the 100 genes (69%) encoded hypothetical proteins
with unknown function, indicating the need for further gene functional characterization.
The remaining 31% of well-annotated genes mainly encode CAZyme degradative
enzymes, secondary metabolite enzymes, and transporters, suggesting activity in the deg-
radation of the plant cell wall, defense against antifungal compounds produced by the
plant, and transport of the acquired nutrients from the host.

During initiation of the infection process, pathogenic fungi are exposed to a nutri-
ent-limited environment. Therefore, metabolism directed at harnessing energy plays a
key role for success in colonization. In F. graminearum, the expression patterns of 176
genes encoding enzymes belonging to energy-harnessing metabolic pathways, includ-
ing the glyoxylate cycle, tricarboxylic acid (TCA) cycle, and fatty acid oxidation, indi-
cated that pathways that produce acetyl-coenzyme A (acetyl-CoA) are active during
the infection process (Table S4A). The key enzymes of the glyoxylate pathway (isoci-
trate lyase and malate synthase) were strongly induced at stage 3, leading to appresso-
rium formation.

In M. oryzae, acetyl-CoA biosynthesis and metabolism also play crucial roles in
appressorium function during host infection (66–70). We examined 47 genes encod-
ing enzymes belonging to different pathways that produce or utilize acetyl-CoA
(Table S4B). Previous studies reported that acetyl-CoA has an essential role in development
of functional appressoria and is mainly produced from beta-oxidation of fatty acids,

FIG 5 Laser dissection of stage 5 F. graminearum infection sites on barley paleae and transcriptomics analysis. (A)
Representative laser-captured infection sites stained with toluidine blue (hyphae) and Safranin O (host cell walls). Left,
hyphal penetration and colonization of a single trichome. Right, infection and colonization of epidermal cells (surface) and
reaction of sclerenchyma cells (below surface) to ingress of fungus. Lignified cell walls stained red with Safranin O; scale
bar, 30 mm. (B) Multidimensional scaling (MDS) plot showing the expression correlation of the stage 1 and stage 5
samples; dim, dimension. (C) Gene Ontology (GO) enrichment analysis of biological processes for upregulated genes
(purple) and downregulated genes (blue) of samples in B.
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transported out of the peroxisome by carnitine acetyltransferase, and used for the glyoxy-
late cycle (43, 69). Our results support these findings that together these two pathways
allow carbon units to be used for glycerol biosynthesis via gluconeogenesis (67), resulting
in the availability of glycerol, which is essential for turgor pressure buildup during the infec-
tion process.

The genome of F. graminearum contains 587 annotated genes encoding CAZymes.
Expression analysis was performed for five important families: polysaccharide lyases,
glycosyl transferases, proteins harboring carbohydrate-binding modules, carbohydrate
esterases, and glycoside hydrolases (Table S4C). Among the CAZymes, the cell wall-
degrading enzymes were the most abundant and have essential roles in penetration,
invasion, pathogenicity, and virulence (71–75). Our data revealed that a high number
of genes encoding cell wall-degrading enzymes were strongly upregulated in conidia
germinating on the host, with the highest expression overall at stages 3 and 4.

M. oryzae also relies on the secretion of a large repertoire of enzymes to break
down the plant tissue. Expression data identified 188 active genes encoding CAZymes
(Table S4D). Of these, 119 (63%) were significantly upregulated during conidial germi-
nation on the host versus in Bird medium and mainly at stage 4. The classes of enzymes
included many involved in the degradation of the plant cell wall. Furthermore, genes
involved in fungal cell wall modification, including chitinases, glucanases, mannosi-
dases, and beta-hexosaminidases, were also differentially expressed.

Chitin deacetylases (CDAs) catalyze the removal of acetyl groups from chitin, one of
the main polysaccharide components of the wall, forming chitosan, which acts with
chitin to provide structural support for fungal cells (76) and has been shown to prevent
ligand-triggered immunity during plant infection (77). Our results showed that as the
germination process progressed from early to late stages, 6 of 12 CDA genes present
in M. oryzae were upregulated and are likely involved in the adhesion of the fungus to
the surface (Table S4E). In F. graminearum, six of nine putative CDA genes were mainly
expressed on the host at stage 4. For F. graminearum, adhesion is most important and
most visible at the formation of penetration structures (7, 16, 34).

Mentges et al. (7) analyzed the secreted fungal putative effector (PE) proteins dur-
ing palea infection and specifically in infection cushions in wheat, defining PE as
secreted proteins without transmembrane domains and having 1,000 amino acids as a
maximum size. By comparison, we analyzed the expression of putative effectors in our
transcriptomic analysis (Table S4F). Sixty-six undescribed effectors were identified with
no predicted domains but were classified according to their taxonomic specificity
based on Mentges et al. (7). Specifically, 48 undescribed effectors were upregulated at
stage 4, and 15 of these effectors were shared with those expressed in infection cush-
ions. In addition, 17 of 20 previously described effectors were upregulated across the
spore germination process on the host during appressorium formation, sharing six of
eight with those upregulated in infection cushions.

Expression of 42 previously described effectors in M. oryzae was analyzed in our
transcriptomic data set (Table S4G). In addition, gene expression analysis was per-
formed on another 33 secreted effector proteins previously described by Chen et al.
(78) (Table S4G).

Expression of genes for synthesis of secondary metabolites (SM), autophagy-
related processes, and hydrophobins. Transcriptomic data were used to determine
and compare the expression profiles of genes involved in synthesis of SMs, autophagy-
related enzymes, and hydrophobins during spore germination on the host versus in
Bird medium in both species. Fifty-five SM genes in F. graminearum and 50 SM genes
in M. oryzae encoding the major SM biosynthetic genes (nonribosomal peptide syn-
thases, terpene synthases, and polyketide synthases) were identified (Tables S5A and
B). Of the genes in F. graminearum, at stage 4, where appressorium development
occurs, 27 SM genes were highly upregulated as indicated by their log2 fold change
values. In M. oryzae, 20 genes were upregulated predominantly at stage 4. SM genes
that are orthologous between the two species are indicated in Table S5C. Expression
levels of polyketide synthase (PKS), terpene synthase (TS), and nonribosomal peptide
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synthase (NRPS) genes from each species on the host and inmediumwere compared and
separated into common expression categories: constitutive, induced (early), induced
(late), and no common pattern (Fig. 6 and 7). Interestingly, in F. graminearum, the majority
of SM genes were induced late (stage 4; 16 of 38 genes), whereas inM. oryzae the majority
of genes were expressed constitutively (16 of 34 genes).

Expression of the Tri genes for deoxynivalenol (trichothecene) biosynthesis in F. gra-
minearum were also revealed by transcriptomic analysis. Expression assays on wheat
sheaths showed that the Tri genes Tri5, Tri6, Tri8, Tri9, and Tri14 lacked significant
expression during the stages of conidial germination and plant penetration, whereas
Tri1, Tri3, Tri4, Tri7B, Tri10, Tri11, and Tri12 showed significant expression only at stage
4, and Tri101 showed significant expression only at stage 2 (Fig. S2 and Table S5D). All
Tri genes examined lacked significant expression on Bird medium at any stage. In the
laser-dissection data, expression of Tri genes was not apparent, and, overall, expression
of genes for secondary metabolites were not identified in the data. However, the qual-
ity and quantity of reads were not as robust as in our other experiments.

In F. graminearum, eight ATG genes, ATG5, 6, 12, 13, 14,18, 22, and 24, exhibited
unique patterns of expression across the time course on the host versus on Bird me-
dium, including stages where they were at very low expression levels (Fig. S3 and

FIG 6 Expression profiles of secondary metabolite genes, presented as log10 (fragments per kilobase per million [FPKM] 1 1), during the stages of spore
germination in F. graminearum on barley sheaths. Genes with similar expression patterns are grouped, with the final group composed of genes that have
unique expression patterns.
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Table S6). However, only ATG12 and ATG13 were expressed on the host during plant
penetration (stage 4). In M. oryzae, expression of ATG genes was uniformly high both
on Bird medium and on the host (Fig. S3 and Table S6).

Fungal hydrophobins are secreted hydrophobic proteins that support the formation of
aerial structures. Hydrophobins also mediate the attachment of the hyphae to hydropho-
bic surfaces and are essential for the initial steps of fungal pathogenesis when the fungus
must attach to the host before penetration (79, 80). The genome of F. graminearum con-
tains five genes encoding hydrophobins (FGHyd1 to FGHyd5) (81, 82). Analysis of gene
expression shows that Hyd1 to Hyd3were expressed at high levels at later stages (3 and 4)
of conidial germination on the host (Table S7). InM. oryzae, expression of 12 hydrophobin
proteins have been analyzed (Table S7). Our results are similar to previous studies (43).

DISCUSSION

Here, we present a comparative RNA-sequencing (RNA-seq) approach to assess the
underlying genetic and physiological divergence in spore germination and very early
plant-fungal interactions in two well-studied pathogens with distinct infection

FIG 7 Expression profiles of secondary metabolite genes, presented as log10 (FPKM 1 1), during the Stages of spore germination in M. oryzae on barley
sheaths. Genes with similar expression patterns are grouped, with the final group composed of genes that have unique expression patterns.
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strategies. Four sequential stages of development following spore localization on the
plant surface, from spore swelling to appressorium formation, were sampled for each
species on a defined medium (saprotrophic conditions) and on barley sheaths (patho-
genic conditions), and transcriptomic analyses were performed.

Gene expression in the prepenetration stages in both species and under both con-
ditions was similar. In contrast, gene expression in the final stage was strongly influ-
enced by the environment. Laser-dissection microscopy was used to perform detailed
transcriptomics of initial infection points by F. graminearum. Expression of the tricho-
thecene genes involved in biosynthesis of deoxynivalenol by F. graminearum implies
that toxisomes are not fully functional until after penetration and indicates that deoxy-
nivalenol is not essential for penetration under our conditions. Expression of autoph-
agy genes that were distinct to each species implies differential application of autoph-
agy in the infection process. These results present the initiation of the pathogenic
cycle in greater detail than previous studies.

In this study, conidia of F. graminearum germinating on the host demonstrated
marked increases in expression of a subset of genes associated with DON biosynthesis
(Tri1, Tri3, Tri4, Tri7B, Tri10, Tri11, and Tri12) between stages 3 and 4. Toxisomes, which
harbor the proteins for DON biosynthesis, are derived from the endoplasmic reticulum
(83, 84). Tri1, Tri4, and Tri11 have been shown to be integral to toxisome membranes,
whereas other Tri biosynthetic proteins are found in the cytosol or other cellular mem-
branes (85). The expression of these three genes just as the fungus is penetrating the
host together with the localization of their proteins on the endoplasmic reticulum (ER)
membrane determined previously (85) suggests that this time point marks the initia-
tion of toxisome formation. Transcripts of the trichodiene synthase gene (Tri5), encod-
ing the major enzyme for trichothecene biosynthesis, were not detected during the
stages we examined on barley sheaths (up to 48 h), despite evidence that DON biosyn-
thetic genes have highly coordinated expression, specifically with Tri5 (86, 87). However,
the data from previously published experiments showing coordinated expression were
acquired at later time points than we studied here, or data from several time points were
combined so that it is not possible to distinguish expression in early and later time
points (7). For example, in a study of Tri gene expression in isolates of F. graminearum
with different toxin profiles on a susceptible wheat cultivar, Tri5 transcripts were present
at 2 dpi (when the sampling began) and peaked at 4 dpi, and Tri4 transcript production
was present at 2 dpi and peaked at 3 to 4 dpi (88). Tri5 has been found to attach to Tri11
and form bridges by homodimerization, contributing to the association of ER mem-
branes in a stack, characteristic of the toxisomes (84). We do not know the longevity of
the proteins or mRNA within the cells, which would be important for evaluating timing
of protein activity. However, our data do strongly suggest that there is processive
expression of genes for DON biosynthesis during toxisome development, which had not
been previously shown. Our data indicate that, under our conditions, the fungus is inside
the host when the toxisomes are formed, that DON production is initiated after penetra-
tion, and, furthermore, that the presence of DON is not important in initiating fungal
ingress. This is further evidence that early DON production is likely absent or in very
small amounts during germination and appressorium formation under the conditions
we studied. These findings provide evidence that the ER in F. graminearum forms the ba-
sic membranes for toxisomes in the initial stages of penetration and has them ready to
mature quickly once the host has been penetrated.

Tri6 and Tri10 are transcription factors that have been shown to regulate overlap-
ping genes involved in trichothecene biosynthesis, and there is evidence that Tri6 has
broader function in this regard (89, 90). The data presented here suggest that Tri10
may be active very early in the process of pathogen ingress and may regulate expres-
sion of Tri genes integral to the toxisome membrane. Tri101 was an outlier among the
Tri genes in our expression analysis on the host, exhibiting expression at stage 2. The
Tri101 protein catalyzes the acetylation of several trichothecene mycotoxins at the C3
position, which has been suggested to reduce toxicity of the mycotoxin and thus

Transcriptomics of Fusarium andMagnaporthe on Host mBio

January/February 2023 Volume 14 Issue 1 10.1128/mbio.02442-22 13

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/m
bi

o 
on

 2
7 

M
ar

ch
 2

02
5 

by
 6

7.
85

.2
.7

7.

https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02442-22


protect the mycelia before secretion of the toxin, at which time the acetyl group is
removed (91–93). Early expression of this gene was surprising but may suggest that
the consequences of not having it present when the mycotoxin is synthesized are
severe. A study by Amarasinghe and Fernando (88) showed that Tri101 expression was
consistent for a longer time on the susceptible cultivar, again supporting the impor-
tance of protection of the fungus from mycotoxin toxicity. It would be interesting to
compare the expression of this gene in cultivars with different types of resistance to
determine if Tri101 is more frequently kept on when the mycotoxin is produced for a
longer time.

The majority of SM genes spike in expression at stage 4 in F. graminearum, whereas
in M. oryzae, the majority of SM genes are expressed constitutively through all stages.
These results reflect the very different uses of SMs in infection between the two fungi.
Whereas F. graminearum may exhibit greater use of SMs to prepare the infection court,
M. oryzae uses predominantly bulk pressure for ingress, which is dependent on mela-
nin biosynthesis (94) but may not depend as much on assistance from other chemis-
tries. LaeA, a global regulator of secondary metabolism in many fungi (95–97), has no
discernible role in the pathogenicity of M. oryzae (98) but profoundly affects produc-
tion of DON and zearalenone in F. graminearum (99). However, while SMs are known to
play important roles during pathogenicity in many fungi (100–102), less comprehen-
sive analyses have been done for SMs in M. oryzae (103).

A comparison of transcriptional profiling of genes involved in autophagy (ATG)
between M. oryzae and F. graminearum shows a strikingly divergent expression pat-
tern on the plant during spore germination and penetration. The ATG genes in M.
oryzae exhibit nearly uniform robust expression during all four stages studied com-
pared to F. graminearum, in which a few of the individual genes are expressed in
unique patterns. Previous studies of ATG genes during pathogenicity in M. oryzae
showed that autophagy plays a role in infection-related processes of conidia and
appressoria (36, 104, 105). Specifically, as conidia germinate and form appressoria,
autophagy within the conidium allows cellular resources to migrate to germ tubes
and then to developing appressoria. Previous studies in F. graminearum demon-
strate that ATG genes contribute to several activities that contribute to pathogenic-
ity and colonization: hyphal colonization (shown on agar medium), conidiation,
lipid catabolism, and DON biosynthesis (106–108). Germ tubes of F. graminearum
establish a more robust surface presence than do germ tubes of M. oryzae, as run-
ner hyphae grow for some distance to locate trichomes, silica cells, and other
points of entry (7, 16). The cells of the expanding hyphae do not undergo autoph-
agy behind the growing front, and germlings on the plant surface are likely to con-
tinue to take up nutrients as they grow and increase biomass. Thus, ATG genes
have multiple purposes and are expressed at different times in F. graminearum and
M. oryzae, and the impacts of these processes are not completely understood par-
ticularly in F. graminearum.

Laser-dissection analysis was used to probe gene expression in F. graminearum dur-
ing ingress into the cells of the epidermis (stage 5), primarily the trichomes. Laser dis-
section followed by transcriptomics has been previously reported for surface tissues of
infected wheat at 4 to 5 dpi (7), where substantially developed infection hyphae occur,
and expression of Tri genes and virulence factors were identified. Upregulated genes
in the infection cushions identified in that study overlap with those upregulated in our
study. Our RNA-seq results from the laser-dissection analysis clearly support catalytic
degradation of the plant tissue once the fungus penetrates the host (stage 5), followed
by rapid intracellular growth of the fungus in the host. Development and spread of
symptoms after a very brief symptomless period is characteristic of head blight devel-
opment (6, 109). Both fungi use the plasmodesmata to move from cell to cell (16, 109,
110), with F. graminearum having a very short biotrophic stage limited to the move-
ment through the first few layers of the chlorenchyma (16, 109, 111), whereas M. ory-
zae exhibits an extended, highly studied biotrophic phase (35, 36, 112, 113).
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The target of rapamycin (TOR) signaling pathway strongly inhibits development of
appressoria in M. oryzae and is controlled, at least in part, by cellular glucose levels.
During spore germination on the plant surface, an inductive, nutrient-limited hydro-
phobic surface, the TOR signaling pathway is off, arresting the cell cycle. This arrest in
G2 induces autophagy and appressorium formation, important processes for infection
(114, 115), as observed here at stage 4. Glucose treatment activates TOR, and the cell
cycle resumes (115, 116). On Bird medium, a noninductive hydrophilic surface contain-
ing glucose, spore germination results in constitutive expression of TOR, enabling mul-
tiple rounds of mitosis and long germ tubes as observed at stage 4. In F. graminearum,
TOR signaling affects vegetative grown and conidial germination and functions in
mycotoxin production, virulence, and sexual reproduction (117–119); thus, its role
appears more diffuse and multifaceted than has been currently documented for M.
oryzae.

Conidia of F. graminearum and M. oryzae germinated on the host versus in medium
during stage 4 revealed a noticeably greater number of genes in both fungi that are
upregulated on the host. Furthermore, in comparison to other stages, approximately
half of these genes have no known function, a striking result considering the history of
concentrated research focused on these two pathogens (36, 120–124). The greater
number of upregulated genes throughout the germination and penetration processes
in F. graminearum than in M. oryzae may reflect the larger and more complex structure
formed by F. graminearum. F. graminearum enters the plant directly in association with
trichomes (16, 125, 126), but penetration follows the formation of hyphopodia, and as
disease progresses, single recognizable hyphopodia develop into infection cushions
comprised of many appressoria beneath layers of hyphae (7, 16, 34, 111). In addition,
gene expression may be more limited in M. oryzae, as germinating spores undergo
autophagic fungal cell death as they prepare for development of a single specialized
appressorium at the end of a short germ tube (24–28, 58). These results demonstrate
vast transcriptional reprogramming associated with these stages of host infection and
reflect our general lack of understanding about the diversity of genes underpinning
these transitions among fungi in this important aspect of the disease cycle.

The most striking contrast between the processes of ingress into hosts by these
two plant pathogens are the melanized appressoria produced by M. oryzae versus hya-
line hyphopodia produced by F. graminearum. The former strategy allows M. oryzae to
penetrate the plant surface immediately, and, in support of this, their spores have a
sticky tip to attach to leaves they land on (127). In contrast, the formation of hyphopo-
dia after homing in on a trichome or finding a crack in the host epidermis, as in F. gra-
minearum, takes more extensive growth. Furthermore, M. oryzae infects mainly leaves,
whereas F. graminearum infects flowers and stalks but is not a leaf pathogen.
Differences in target tissue may have resulted in the different approaches. F. graminea-
rum takes advantage of multiple entry points, including breaches in the florets due to
senescence of flower parts and the ability to take advantage of trichomes and other
silica cells to breach the epidermis (16).

Previously, we paired transcriptomic analysis of diverse fungal species undergoing
sexual sporulation with ancestral reconstruction analysis to identify genes with the
largest evolved increases in gene expression across development. Phenotypic analyses
of mutants of these genes resulted in a highly successful means of finding genes with
important roles in sexual development (51, 52). This process is now being performed
for spore germination in M. oryzae and F. graminearum together with several other fun-
gal genera representing diverse lineages. Shedding light on the basis of diversity in the
infection process will result in development of more specific control strategies. The
threat of both of these pathogens causing a major disease outbreak affecting food se-
curity for millions of people is ever present (127). To discover effective disease preven-
tion and treatment options, it is imperative to identify components of the transcrip-
tional program underlying initial stages of disease.
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MATERIALS ANDMETHODS
Fungal strains and culture conditions. The wild-type F. graminearum strain PH-1 (FGSG9075,

NRRL31084), which has been previously described (128), was maintained as conidial stocks and colon-
ized pieces of V8 agar in sterile 35% glycerol at 280°C. Lyophilized stocks of M. oryzae strain 70-15
(FGSC8958) on colonized filter paper were stored at 280°C and at room temperature (RT). The genomes
of both strains have been sequenced (120–122).

Developmental stages. Asexual development was monitored from germination to hyphal branch-
ing on 2% agar Bird medium (129), a defined minimal medium, and to appressorium formation in planta.
Bird medium was developed by R. Metzenberg to reduce issues occurring with use of some minimal
defined media formulations, resulting in effects on physiology and thus gene expression, particularly for
studies of spore germination (129). This medium was chosen for an ongoing comparative study of spore
germination in several genera of fungi, of which this study is a part (16, 48–53). In M. grisea, germ tube
branching is not the usual pattern of early development leading to pathogenicity. However, the purpose
of germination on Bird medium, together with germination on the host, is to identify genes involved in
infection of barley that have little to do with germination in general, and the medium is sufficient for
this purpose. Furthermore, keeping the common garden aspect for the great variety of fungi we have
studied and are studying is essential (16, 48–53). For convenience, selected asexual stages were labeled
by the approximate time at which the designated stages occurred (Fig. 1). The selected stages were as
follows: stage 1, fresh conidia; stage 2, polar growth; stage 3, doubling of long axis; stage 4, first hyphal
branching or appressorium formation on Bird medium or on the host, respectively. Germination was
performed for both species with fresh conidia from 5-day cultures shaking in carboxymethylcellulose
medium (130) for F. graminearum and 10-day cultures on solidified defined complete medium (131) for
M. oryzae. Conidia for each species were harvested by filtration through three layers of Miracloth
(Millipore, Billerica, MA) and, before use, washed three times with sterile deionized distilled water con-
taining Tween 20 (0.1%). Samples for each stage were collected when approximately 80% of the active
spores showed the morphological characteristics corresponding to that specific stage. For generation of
samples on Bird medium, 1 � 105 total conidia were inoculated onto medium covered with autoclaved
cellophane in petri dishes (diameter of 60 mm; Falcon) and incubated at 24°C under continuous light.
Cellophane membranes bearing fungal tissue were collected at specific postinoculation stages (Fig. 1).
Approximately 250 membranes from each stage were pooled for each experiment. Three independent
experiments were performed per species, each representing a biological replicate.

For host inoculation, barley (Hordeum vulgare L.) cultivars Stander and Golden Promise were sown in
Suremix medium (Michigan Grower Products, Inc., Galesburg, MI) and grown in the greenhouse under
supplemental lighting with a 16-h day at approximately 22°C. Three-week-old seedlings were used for
inoculation of F. graminearum (cultivar Stander) and M. oryzae (cultivar Golden Promise). Conidia were
adjusted to 2.5 � 105/mL in Tween 20 (0.1%). Leaf sheaths from intermediate-aged leaves from the seed-
lings were cut into sections approximately 5 cm long and hand-trimmed along the midvein to expose
the epidermal layer. Each strip was inoculated with five 10-mL droplets of conidial suspension placed
along the length of the epidermis. Inoculated sheaths were placed horizontally in a square culture dish
(120 mm � 120 mm) with each end on a glass slide, and the center area was suspended above wet filter
paper to maintain high humidity. This setup discouraged growth of hyphae across the slides. Plates
were sealed to retain moisture. Inoculated leaf sheaths were incubated at 24°C under continuous light
and harvested at the prespecified stages following inoculation (Fig. 1). Twenty leaf sheaths (each from a
different plant) were harvested for each stage and pooled for each experiment. Three independent
experiments were performed, each representing a biological replicate. Harvested samples were flash-fro-
zen in liquid nitrogen and stored at 280°C until processed.

Detached floret infection assay. Detached floret infection assays similar to those previously
described (16, 132) were performed as follows. Heads of flowering barley were selected following the ini-
tial opening of the flag leaf sheath to reveal the first spikelet (Zadoks stage 47 to 51) (133). For each
assay, the lowest 3 to 5 healthy spikelets from at least five heads were removed. The individual florets
were then isolated, glumes were excised, and awns were trimmed to ;3 to 4 mm above the lemmas.
Florets were placed in a screw-cap tube containing 2.5 � 105 conidia in suspension. The tube was slowly
inverted for 60 s to coat the florets. Florets were then removed from the suspension with forceps,
touched against the side of the tube to drain excess fluid, and placed with the bases down into fresh
0.9% water agar in 100 mm � 20 mm petri dishes. The petri dishes were incubated under continuous
white fluorescent light at room temperature (22 to 24°C). Florets were collected from 4 to 6 dpi. Two in-
dependent biological replicates were generated.

Laser-capture microscopy. RNase-free reagents and labware were used during all steps described
in this section. Methods for isolation of high-quality RNA through microdissection were modified from
Hong et al. (134). RNase-free 0.1% toluidine blue and Safranin O aqueous solutions were generated by
baking the powdered dyes in bottles for 6 to 8 h at $180°C before adding RNase-free water. Inoculated
florets were removed from culture dishes and placed into 50-mL conical tubes, and prechilled Carnoy’s
solution (6:3:1, 95% ethanol:chloroform:glacial acetic acid) was added. The samples were incubated on
ice for 2 h with 3 to 4 gentle inversions every 30 min. To clear the plant tissue, the samples were incu-
bated in fresh Carnoy’s solution at 4°C, exchanging the solution for fresh every 18 to 24 h until the fresh
solution remained visually colorless (generally 2 to 4 days). The samples were either moved directly to
staining or, after a final change to fresh Carnoy’s solution, were stored at 280°C. To stain the florets, the
Carnoy’s solution was removed, and florets were washed twice for 5 min each with 1� phosphate-buf-
fered saline (PBS; pH 7.4). The intact florets, inoculated and uninoculated, were stained for lignin, and
cells wall components were stained in 0.1% toluidine blue (135) at 4°C for 18 to 24 h, washed twice with
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1� PBS (pH 7.4), and counterstained with 0.1% safranin O at 4°C for 2 to 4 h, causing the lignified walls
to stain red (136, 137). The 1� PBS (pH 7.4) washes were repeated a final time. Lemmas and paleae were
removed from florets and placed in the same orientation into cryogenic molds inside a sealable con-
tainer and layered with optimal cutting temperature (OCT) medium (Sakura Finetek USA, Maumee, OH).
To facilitate layering, the container with the cryogenic molds was sealed and placed at 280°C for 5 min
every 2 to 3 layers. Zeiss MembraneSlide 1.0 PEN or nuclease-free MembraneSlide NF 1.0 PEN slides
(ZEISS Group, Oberkochen, Germany) were irradiated with 254-nm UV light for 30 min to increase the
adhesion of sections to the membrane. Slides were placed in staining dishes and wrapped with alumi-
num foil. Dishes containing MembraneSlides were baked at$180°C for 6 to 8 h and cooled before being
stored until use at room temperature with the unbaked dishes containing MembraneSlide NF slides.

Frozen samples were sectioned at 220°C to thicknesses ranging from 5 to 50 mm with a Leica CM
1850 cryostat (Wetzlar, Germany). All removable parts from the cryostat were warmed to >0°C, treated
with RNase Away, rinsed with water, and dried before being reinstalled into the cryostat. Nonremovable
parts were wiped with absolute ethanol. Paint brushes used to manipulate sections onto the slides were
treated with RNase Away for 1 min, rinsed twice with water, and dried using a Kimwipe (Kimberly Clark,
Irving, TX) to wick away water, followed by air drying for 2 min at RT. Slides were kept at RT between the
mounting of each section so that the OCT medium melted on contact, helping sections stick to the
membrane. Filled slides were placed back into the staining dish at RT while sectioning continued. Once
sectioning was completed, slides were either used directly for laser-capture microscopy or were stored
at280°C inside the aluminum foil-wrapped staining dishes until processed.

A Carl Zeiss MicroImaging PALM MicroBeam laser-capture microscope, release 4.3SP2, operated with
PALMRobo software, version 4.3.2.13, equipped with a RoboMover automated stage was used to observe,
image, and capture regions of interest (ROIs) from sections. Images were captured using a Zeiss AxioCam
ICc 1 camera. Catapulted ROIs were collected using Zeiss AdhesiveCap clear or AdhesiveCap opaque (200
mL). AxioVision software version 4.8.1.0 was embedded in the PALMRobo software.

Infected cells were predominantly trichomes and epidermal and mesophyll cells. Captured cells that
were not trichomes were on the surface or within two cell layers of the surface, with a 3:1 proportion of
surface:nonsurface cells captured. Most captures consisted of single cells, but where adjacent cells
appeared to be independently infected, up to three adjacent cells were captured. Larger lesions, where
the outer epidermal cells were no longer present and the cell walls were degraded were avoided. Areas
where the fungus was moving extracellularly or through plant walls were also avoided.

RNA isolation, RNA-seq library construction, and Illumina sequencing. Colonized cellophane
membranes and infected leaf sheaths were ground in liquid nitrogen, and total RNA was extracted from
these two tissues using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA) and the Qiagen RNeasy
plant minikit (Qiagen, Germany) according to manufacturer’s instructions, respectively. Total RNA from
laser-capture samples of detached florets was extracted immediately after microdissection using the
ARCTURUS PicoPure RNA isolation kit (ThermoFisher, Waltham, MA). Part I of the manufacturer’s proto-
col was followed, and samples were stored at 280°C until $500 ROIs had been captured. At that point,
part II of the manufacturer’s protocol was followed to isolate RNA. RNA samples were concentrated
using RNA clean and concentrator (Zymo Research Corp., Irvine, CA) after genomic digestion with the
RNase-free DNase set (Qiagen, Hilden, Germany). RNA was eluted in RNase-free water and checked for
integrity and quantity on an Agilent 2100 Bioanalyzer according to manufacturer’s instructions. RNA was
prepared from two laser-capture samples or from three cellophane membranes plus infected leaf-sheath
samples as biological replicates prepared as independent RNA libraries. Total RNA (2mg) was used to con-
struct strand-specific cDNA libraries from poly(A)-captured RNAs using the Kapa stranded RNA-seq library
preparation kit (Kapa Biosystems, Wilmington, MA). Strand-specific cDNA libraries were sequenced on the
Illumina HiSeq 2500 platform (Illumina, Inc., San Diego, CA) at Michigan State University Research
Technology Support Facility (https://rtsf.natsci.msu.edu/genomics).

Transcriptomic analysis. The quality of raw reads (single end, 50 bp) was assessed with the FastQC
program (v0.11.3; www.bioinformatics.babraham.ac.uk/projects/fastqc). Poor-quality reads, adapters,
and homopolymers were removed using the ngsShoRT program (v2.2) (138), with option arguments
“lqr_5adpt_tera,” “-5a_f n-1,” “-5a_fmi 40,” “-5a_mp 95,” and “–rmHP.” Filtered reads were then mapped
to the reference genome using the HISAT2 program (v2.0.4) (139). BAM files generated from HISAT2 out-
put were sorted using SAMtools (v1.3.1) (140). StringTie (v1.3.0) (141) was used to generate a genome-
guided transcriptome assembly. The reference genomes were downloaded from https://fungi.ensembl
.org/index.html (F. graminearum RR.34 version and M. oryzae MG8.34 version). “FGRRES” is the ID used to
identify the F. graminearum genes in the genome version RR.34 used in this study (122).

Differential gene expression and functional enrichment analysis. Read counts for gene loci were
calculated using the htseq-count program (v0.6.1) (142). Blast2GO suite (143) was used for downstream
analysis. Gene expression levels in counts per million (CPM) values were normalized by effective library
size, as estimated by the trimmed mean of M values (57). Only genes with CPM values greater than 1 in
at least 3 samples and differentially expressed (DE) genes showing a false discovery rate (FDR) of 5%
were kept for further analysis. Functional enrichment analysis for DE genes was performed using
FungiFun2 (144). To assess enrichment of GO terms, the hypergeometric distribution and Benjamini-
Hochberg methods were used to calculate the FDR-corrected P value. The statistical significance of over-
representation of gene groups in functional categories (FunCat analysis) relative to the whole genome
was quantified by calculating P values via the hypergeometric distribution using FungiFun2 (https://elbe
.hki-jena.de/fungifun/). To achieve significance, we required both an exact P value of 0.01 and an
adjusted P value of 0.05.
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Secondary metabolites, autophagy-related genes, and hydrophobin genes. Transcriptomic data
were used to determine the expression profile of secondary metabolites (SMs), autophagy-related (ATG)
genes, and hydrophobins during the spore germination profiles in both species studied. Genes encoding
polyketide synthases (PKSs), terpene synthases (TSs), and nonribosomal peptide synthases (NRPSs) were
identified through SM clusters shown at https://mycocosm.jgi.doe.gov/Fusgr1/Fusgr1.home.html and
through GenBank annotations as well as annotations reported by Trallamazza et al. (145) and Villafana,
Ramdass, and Rampersad (146). ATG genes were identified through annotations reported by Lv et al.
(106). Orthologs between the two species were identified by reciprocal BLASTp analysis through NCBI
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) between each gene against the other species
using predicted protein sequence comparisons with a cutoff protein sequence of the best hit. The best
hit was based on the lowest e value, highest query cover, and maximum score, taking into consideration
predicted domains, resulting in ortholog predictions and comparisons of expression (Table S5C in the
supplemental material). Genes encoding hydrophobins were identified through GenBank annotations as
well as annotations reported by Sarlin et al. (147). CAZymes were retrieved from https://mycocosm.jgi
.doe.gov/mycocosm/home.

Data availability. The RNA-seq data generated in this work have been deposited in NCBI’s Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo) and BioProject (https://www.ncbi.nlm.nih.gov/
bioproject) and are accessible through GEO series accession numbers GSE109088 (spore germination on
medium data set), PRJNA849030 (spore germination on host data set), and PRJNA849358 (infected tri-
chomes and epidermal cells data set).
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