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Abstract

Tar Spot Complex (TSC) is a devastating foliar disease of maize that threatens global food security,
causing yield losses of up to 50%. While the disease is initiated by Phyllachora maydis, the
"fisheye" necrosis that intensifies disease severity is attributed to Monographella maydis.
Historically, the precise role of M. maydis has remained elusive due to a lack of reliable in vitro
culture systems and genomic resources. This study reports the first successful isolation and
reproducible in vitro culture of M. maydis, identifying V8 agar as an optimal medium for mycelial
growth and sporulation.

Using PacBio long-read sequencing technology, we generated a high-quality 39.8 Mb genome
assembly for M. maydis, predicting 10,228 protein coding genes, 227 non-coding RNAs, 175
tRNAs and 45 rRNAs. Functional annotation identified a diverse repertoire of secreted proteins
and multiple biosynthetic gene clusters, likely involved in the tar spot disease pathosystem
interaction. Phylogenomic analysis confirmed that M. maydis is distinct from P. maydis, supporting
a synergistic rather than evolutionary relationship between the two fungi. Furthermore, the
identification of a conserved adenosine deaminase residue (H352) suggests potential for A-to-I
RNA editing during sexual reproduction. Finally, we report the use of ITS1 and ITS4 primer pair
for successful detection of M. maydis from infected leaf tissues. These findings provide a
foundational genomic and microbiological framework for improving molecular diagnostics and
developing effective management strategies to mitigate the economic impact of TSC on maize
production.



47

48
49
50
51
52
53
54
55
56
57
58

59
60
61
62
63

64
65
66
67
68
69
70
71
72
73
74
75

76
77
78
79
80
81
82
83
84

Background

Tar spot complex (TSC) is a destructive foliar disease of maize causing up to 50% yield loss,
affecting both the maize growers and regional food security in the Americas [1]. While the tar spot
disease can appear at any developmental stage of the plant, appearance of tar spot before or during
the flowering stage leads to inadequate formation of the inflorescence, which can result in
complete crop loss [2]. The TSC disease causes significant yield loss and a challenge for farmers
in different countries of the American continent such as Mexico, Guatemala, El Salvador,
Colombia, Nicaragua, Honduras, Bolivia, Costa Rica, Dominican Republic, Panama, Peru, Puerto
Rico, Venezuela [3, 4]. Leaving the infected crop residue (like leaves and stalks) on the farm or
near the storage area allows overwintering of the pathogen and release of spores during the
following growing season [5]. Harvesting machinery, if not properly sanitized, can also help in
spore dispersal to uninfected fields.

Maize tar spot is also continuously spreading to newer horizons. In 2015, it was first reported in
the USA [6]. In 2024, the yield loss due to tar spot disease in the USA reached nearly 1.3 billion
dollars; almost doubling the losses between 2018 and 2024 [7]. Since many developing countries
rely on the import of maize originating from the USA, there is a potential of disseminating the
disease to other countries through infected debris in grains [8].

TSC was first reported in Mexico over a century ago and two fungi, Phyllachora maydis and
Coniothyrium phyllachorae were identified to be involved in its formation [9]. Monographella
maydis was later found inside the necrotic areas of the infected leaf [10]. While P. maydis is
believed to initiate the tar spot, subsequent co-infection by M. maydis is known to cause the
damaging fisheye like necrosis around the
tar spot or simply the fisheye symptom (Fig.
1) [4]. Accordingly, inoculation of M.
maydis conidia enhances the severity of the
tar spot disease under field conditions
reinforcing the temporal sequence of
infection of this synergistic plant pathogen
interaction.

The fisheye symptoms appear 2—7 days
after P maydis colonization, followed by
the proliferation of M. maydis, which
eventually predominates in the lesions and Figure 1: Fisheye symptom, seen through a stereo

coincides with empty perithecia of P microscope.

maydis [4]. Thus, M. maydis that drives lesion expansion, intensifies infection, and underpins the
destructive nature of the tar spot complex although P. maydis initiates the disease. The conidia of
M. maydis survive as long as 109 days under ambient conditions [11]. This means M. maydis can
overwinter on debris and infect the maize leaves as soon as the P. maydis starts to colonize.
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However, a few recent reports have challenged the role of M. maydis in development of fisheye
symptoms in tar spot disease of maize in the United States and Mexico [12, 13]. In the absence of
areproducible in vitro culture system and reliable molecular markers to clearly distinguish between
these fungal species, these studies have contributed to greater ambiguity rather than resolving the
identity of the causal agents of TSC disease, particularly with respect to the more destructive
fisheye symptom.

Significant progress has been made in studying the molecular nature of P. maydis infection because
of the availability of molecular markers and recent availability of its genome sequence [14—16].
However, the biology, pathogenic nature and molecular characteristics of M. maydis have not yet
been delineated so far, limiting our capacity to develop accurate diagnostic tools and effective
management strategies to limit yield loss. The lack of a reliable in vitro culture protocol and
genome sequence of M. maydis have remained the primary limitations to these studies.

The M. maydis was first morphologically characterized by Miiller & Samuels [10] as a
pyrenomycetous fungus, found within the necrotic areas of tar spot. Its ascomata are initially light
colored but become brownish with age. The asci inside the ascomata are unitunicate and carry an
amyloid apical ring. Each ascus contains eight colorless, phragmosporous ascospores. Ascomata
are accompanied by light-colored sporodochia from which annellidic conidiogenous cells arise
and produce narrowly clavate to cylindrical, hyaline, phragmosporous conidia. This species was
placed in Monographella by Petrak [17]. The associated anamorph was a species of Microdochium
H. Sydow, similar to the Microdochium anamorph of Monographella nivalis [10].

Monographella spp. belongs to the phylum Ascomycota and possess septate hyphae exhibiting
both sexual (telomorph) and asexual (anamorph) forms of reproduction in their life cycle [18]. The
teleomorph of M. maydis produces flask-shaped perithecia with an ostiole that allows release of
the asci. Each ascus carries 8 trisepted ascospores. The anamorph Microdochium maydis forms tri-
septed conidia, crucial for asexual reproduction. Though these are hyaline at the beginning, they
turn darker on maturity.

Thus, this study was designed to isolate and characterize M. maydis through whole-genome
sequencing and functional annotation. This outcome represents the first comprehensive report of
in vitro culture and characterization of M. maydis, providing critical insights into genomics and
fungal pathology, setting up a platform for further studies to confirm its role in TSC and its
interactions with other co-colonizing fungi. Additionally, we report the first molecular marker for
early detection of M. maydis in TSC. Combinedly, these results open a new avenue for molecular
diagnostics, host—pathogen interaction studies, and disease management strategies in maize.

Results and discussion

Isolation of Monographella maydis and optimization of in vitro culture conditions

After incubating the infected leaf samples for approximately one week in a humid chamber,
perithecia and sporodochia, growing on the fish-eye lesions, were isolated with fine sterile needles
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and cultured on media plates. Although Microdochium maydis (the anamorph of M. maydis) could
be morphologically mistaken for Fusarium spp., distinctive characteristics such as the round
triseptate sporodochia of Microdochium versus the pointed sporodochia of Fusarium, which were
divided by a greater number of septa, allowed for accurate differentiation (Fig. 2a, b, c).

Among four different media that were tested, the uniform mycelial development and sporulation

were obtained on V8 medium, which was selected for all further culturing and subculturing (Fig.
2d). In other three media, the fungal growth remained limited and patchy and was also non-

reproducible. Three isolates (plates
MNG128, MNG133, and
MNGI137), all derived from leaf
sample #86, showed consistent
growth and produced perithecia in
vitro. Perithecia from these plates
were preserved on sterile filter paper
at 4°C for further use.

Identification of Monographella
maydis

PCR primers targeting the highly
conserved ribosomal DNA (rDNA),
flanking the Internal Transcribed
Spacer  (ITS) region  allow
amplification across broad fungal
taxa and have been used for clear
identification of different fungal
species [19, 20]. The PCR
amplification using ITS1 and ITS4
primers produced clear bands
between 500 — 600 bp (Fig. 3). The

a.
.'

Figure 2: a) Microdochium maydis sporodochia; b)
Fusarium sp. sporodochia found in the same leaf; c) Isolated
ascus as seen through a compound microscope; eight
ascospores, visible inside the ascus are characteristic of
Monographella. Another ascus (almost empty) can be seen;
these are unitunicated and d) Mycelia from the subculture of
the original strains of M. maydis (isolate MNG133).

amplicon of Monographella was slightly smaller than that of Aspergillus flavus that was used as a
negative control. Amplicons obtained from isolates MNG128, MNG133, and MNG137 exhibited

the same fragment length.
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The gel eluted fragments of all three ITS-
specific PCR products were sequenced at

128 133 137 +

Macrogen, Korea (Supplementary fig. 1).
Analysis of these sequences using NCBI B &
BLAST identified Microdochium as the best
match with above 95% identity and nearly 97% Figure 3: Differentiation between
coverage, confirming the identity of the fungal Monographella maydis and Aspergillus flavus
isolates. by PCR: The genomic DNA was amplified
using ITS1 and ITS4 primer pair and separated
Extraction of high-quality DNA and PacBio in a 1% agarose gel by running for 45 min at
long-read sequencing 100 V. The M. maydis isolates (128, 133, 137

) ) ) . and +) show slightly smaller bands than A.
While good quality DNA is the basic g,,,c The ‘+ indicates an isolate that was

requirement  for the long-read PacBio characterized morphologically during the initial
sequencing, many fungal species, especially isolation.

filamentous fungi, produce robust DNases that

are not fully inactivated or removed during standard extraction protocols. The extraction process
is also challenged by the complex fungal cell wall composition, primarily consisting of chitin,
glucans, and glycoproteins [21]. Therefore, the Quick-DNA™ Fungal/Bacterial Miniprep Kit
(Zymo Research, USA) and an in-house CTAB method were tested for the initial genomic DNA
extraction. The Quick-DNA™ kit produced low molecular weight DNA (~5 kb) (Supplementary
fig. 2a) and the concentration was not sufficient for long-read sequencing while the alternative
protocol, based on Phenol:Chloroform:Isoamyl alcohol (25:24:1) extraction, proved more efficient
and cost-effective, producing higher molecular weight DNA (>15 kb) and concentration (>200
ng/ul), suitable for third-generation sequencing (Supplementary fig. 2b). High quality library
preparation and genome sequencing at the depth of 250X was performed at Novogene and 21.5,
17.8 and 27.3 Gb of raw read data was received in bam format for isolates MNG128, MNG133
and MNG137 respectively.

Genome assembly and quality assessment

A consensus genome assembly (NCBI BioSample accession: SAMNS56535211) was generated
using Canu Version 2.2 [22]. Total 71 contigs were generated with a total length of 39,490,855 bp.
The BUSCO (Benchmarking Universal Single-Copy Orthologs) Version 5.83 search found 99.9%
completeness of the assembly [23, 24]. Our search included 758 universal single-copy ortholog
genes (n) of which 748 (98.7%) were single-copy, 9 (1.2%) were duplicated while only one (0.1%)
was missing and none were fragmented. The contig N50 value, defined as the length of the shortest
contig, such that 50% of the total genome assembly is contained in contigs of that length or longer,
was 3 Mb (Supplementary table 1).

The QUAST analysis of the assembly showed that more than 60% of the contigs were larger than
10 Kb in length while contigs of more than 50 Kb contributed more than 25% of all contigs (Error!
Reference source not found.) [25]. The overall GC content was 54.21%. Ascomycetes exhibit a
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wide range of genomic GC content, generally from around 38% to over 50%. While genomes of
some species like Saccharomyces cerevisiae (budding yeast) contain about 38% GC, others show
significantly higher percentages, illustrating substantial evolutionary diversity in base composition
influenced by mutational biases and selection. The GC content of M. maydis was significantly
lower than P. maydis (47.2%) and major Fusarium species associated with maize, such as
Fusarium verticillioides and Fusarium graminearum, which have about 48% GC content [ 14, 26,
27].

The QUAST size-threshold statistics indicate that the assembly is highly contiguous and contains
very few small contigs. The total assembly length remained the same after removing contigs less
than 1,000 bp indicating that very short contigs are absent in the assembly. When the size
thresholds were progressively increased (> 5 kb, > 10 kb, > 25 kb, and > 50 kb), the total assembly
length decreased only slightly at each step demonstrating that most of the genomic sequence was
contained in large contigs (Supplementary table 2). Notably, even when only contigs > 50 kb were
considered, the retained length remained very close to the total assembly size, confirming that most
of the genome was assembled into long, high-quality sequences. One single contig (~5.5 Mb)
contributed 13.8% of the total assembly. Overall, these patterns reflected a robust and well-
assembled genome with strong contiguity and minimal fragmentation.

The assembly consisted of 71 contigs totaling 39.6 Mb. The number of contigs and scaffolds
remain the same since scaffolding was not performed. The absence of N bases, L50 and N50 values
also reflect the high contiguity and relatively less fragmented nature of the assembly, generated
from the long-read PacBio CLR data. This reference assembly represents the first genomic
characterization of Monographella maydis, providing valuable information for understanding its
pathogenic potential and evolutionary relationships within the TSC. The high-quality assembled
genome will serve as the foundation for the subsequent functional annotation and phylogenomic
analyses.

Presence of repeat and transposon elements

The RepeatMasker (version 4.2.3) analysis showed that 6.73% of the M. maydis genome consisted
of repetitive sequences, including 5.47% interspersed repeats and 1.26 % simple sequence repeats
(SSRs) [28]. Notably, the repeat content of M. maydis genome is over 8-fold lower than P. maydis.
The repeat content in Ascomycetes fungi is highly variable, ranging from very low in yeasts to
significant amounts in filamentous fungi, with transposable elements (TEs) acting as a major driver
of this diversity. The significant differences in repeat content highlights distinct evolutionary
strategies, genomic structures, and pathogenic lifestyles between these two maize pathogens.

The M. maydis genome also included approximately 2% DNA transposon elements
(Supplementary table 3). The low percentage of DNA transposon elements suggest a relatively
stable genome where Class II elements might be playing only a subtle role in genome evolution
and regulation. It also contained 17 Long Interspersed Nuclear Elements (LINEs), but no Short
Interspersed Nuclear Elements (SINEs).
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Gene prediction and functional annotation

Building upon the obtained assembly, the next phase of the study focused on the structural and
functional genome annotation of M. maydis, integrating multiple bioinformatic tools to predict
gene models, assign functional roles, and explore the molecular basis of its interaction with the
host and other fungi involved in the tar spot complex. The FunAnnotate pipeline and BLAST
analysis predicted a total of 10,392 annotated genes, of which 10, 228 are protein coding. which
is approximately 70% higher than P. maydis [14]. Rest 164 genes were identified as tRNA genes
by the FunAnnotate pipeline. For accurate detection and functional prediction, we reanalyzed the
genome with tRNAscan SE 2.0 [29, 30]. Total 175 Infernal-confirmed tRNAs were predicted by
tRNAscan of which 166 were encoded standard 20 amino acids while 9 others were pseudogenes.
M. maydis tRNA count was almost double of P. maydis. Additionally, 119 M. maydis tRNAs
contained introns too. Total 227 non-coding RNA (ncRNA) loci were identified using Infernal
(v1.1.5) with the Rfam database. Similarly, Barrnap (v0.9) identified 45 rRNA genes in the genome
[31]. This indicates that gene prediction pipeline worked well and M. maydis has higher metabolic
versatility than P. maydis.

To understand the biological blueprint of M. maydis, we identified 12,177 Pfam conserved domains
in 7,543 genes (Table 1). The average Pfam count (1.2 per gene) is comparable to the average of
1.7 domains per gene in eukaryotes [32]. The high Pfam count suggests a complex life cycle with
diverse metabolic capabilities (e.g., secondary metabolism, cell wall degradation, saprotrophic
absorption of nutrients). Multidomain proteins are also common in fungi and play important roles
in catalysis, signaling and interactions with the host [33].

We also identified 773 UniProt hits from our predicted proteins representing genes with known
experimental functions (Table 1). However, there was a large difference between the number of
Pfam domains and Uniprot hits. This indicates that most of the genes were recognizable by their
Pfam domains, but the whole protein sequences might not have been documented before. This is
common in fungal genomics because fungal diversity is vast and remains substantially under-
sampled.

Table 1. Results of the structural and functional annotation of M. maydis

Category Count
Annotated genes 10,392
Protein coding genes 10, 228
Total tRNA related genes 175
tRNAs coding standard amino acids 166
tRNA pseudogenes 9
tRNASs containing intron 119
ncRNA 227
rRNAs 45
Pfam domains 12,177
Pfam domain containing genes 7,543
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UniProt hits 773
MEROPS entries 449
CAZy families 849
Predicted secreted proteins (SignalP) 970

Similarity searches against MEROPS database identified putative peptidase or protease-related
proteins in the predicted M. maydis proteome. Of 511 total genes that showed a top MEROPS hit,
449 passed stringent filtering criteria (percent identity > 30%, bit score > 100 and e-values < 1.0e-
20) (Supplementary table 4). Nearly one third of these entries were secreted (Supplementary table
4). The top represented MEROPS proteins were peptidases that are crucial for fungal
pathogenicity, nutrient acquisition and cellular signaling [34].

The Funannotation pipeline also identified 849 putative carbohydrate-active enzymes (CAZy) in
M. maydis proteome, including 246 glycoside hydrolases, 81 glycosyltransferases, 99 with
auxiliary activities, 31 carbohydrate esterases, 8 polysaccharide lyases, and 88 carbohydrate-
binding modules. These enzymes may serve as virulence factors, allowing pathogens to degrade
plant cell walls and penetrate host tissues using specialized infection structures [35-37]. Our
analysis predicted 970 secreted proteins, which are short peptides, generally secreted out of the
cells. These represent nearly ~9.5% of the total proteome.

Further analysis identified 252 of these CAZy proteins, belonging to the family of secreted
proteins. The glycoside hydrolases (GH) family 76 (GH76) represented the highest portion of the
secreted proteins. GH76 proteins are essential for fungal cell wall biosynthesis and pathogenic
development, acting as endo-a-1,6-mannanases that remodel cell wall mannoproteins. In
pathogens like Pyricularia oryzae, they are critical for appressorium maturation and host
penetration [38]. Therefore, the overrepresentation of GH76 in the secreted CAZy proteins of M.
maydis may be responsible for its fitness to thrive on maize leaves. GH18 and Auxiliary Activity
Family 9 (AA9) represented the second and third highest represented class of secreted CAZy
proteins (Supplementary Table 4).

Orthology analysis

KEGG Orthology (KO) analysis of Monographella proteins linked their roles to some key
functions (Table 2). For example, we identified 30 Glucokinase orthologs in Monographella
genome. Glucokinase facilitates the sugars assimilation that helps the fungus outcompete host cells
for nutrients supporting the energetic demands during the infection [39, 40]. Inhibition of fungal
glucokinase has been shown to inhibit growth of fungus Diaporthe citri, a pathogenic fungus
affecting citrus [41].

Our genomic analysis identified 15 predicted Glutamine synthetase (GS) genes in M. maydis. GS
is a critical regulator of fungal growth, conidiation, and oxidative stress resistance, as evidenced
in pathogens like Aspergillus flavus [42]. Plant GS genes can also bolster resistance against
pathogens like M. oryzae. Therefore, the outcome of an infection often depends on a metabolic
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"tug-of-war" for glutamine. The presence of 15 GS genes suggests a robust metabolic strategy for
the adaptation and virulence of M. maydis.

Adenosine deaminase (ADA) orthologs were the second highest populated enzymes in KO
analysis. Our comparative ortholog analysis revealed a striking divergence in the ADA catalytic
domains between M. maydis and P. maydis. The M. maydis ADA sequence retains a highly
conserved catalytic motif, specifically the H352 residue similar to FgTad? ortholog in F
graminearum while this domain has been completely disturbed in P. maydis due to a large deletion
[43] (Fig. 4). Genomic sequences for the M. maydis and the P. maydis genes could not be aligned
due to low sequence similarities highlighting their possible complementarity in causing tar spot
complex. Other known protein families with critical role in metabolic networks have been listed
in Table 2 with their corresponding functions.

Table 2: Top 10 most frequent KOs.

KO ID Count Description
K00505 30 Glucokinase [EC:2.7.1.2]
K01426 24 Adenosine deaminase [EC:3.5.4.4]
K16261 21 FAD-dependent oxidoreductase
KO01183 17 Alpha-glucosidase[EC:3.2.1.20]
K05349 15 Fungal zinc-finger transcription factor
K00799 15 Glutamine synthetase [EC:6.3.1.2]
K08286 14 F-box protein
K08141 14 Kinase protein
K00480 11 Cytochrome c oxidase subunit 1 [EC:7.1.1.9]
K01230 10 Beta-galactosidase [EC:3.2.1.23]
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Functional implications of ADA polymorphism on sexual stage-specific A-to- mRNA
editing

Emerging evidences highlight importance of ADA in fungal sexual reproduction, metabolic
survival, and potential immune evasion [44—46]. In Fusarium species, Fglad2, an adenosine-
deaminase-acting-on-tRNA (ADAT), catalyzes Adenosine-to-Inosine (A-to-I) mRNA editing
during sexual reproduction [47, 48]. A-to-I editing generates adenosine (A)-to-guanosine (G)
substitutions in coding RNA, because the ribosome interprets I as G during translation. FgZad?2
proteins purified from perithecia show mRNA editing activities, but not from vegetative hyphae.
In filamentous ascomycetes, the H352 residue is conserved and is indispensable for A-to-l mRNA
editing that governs perithecial maturation and ascosporogenesis [43]. Accordingly, H352 of
FgTad? is conserved in its orthologs of other filamentous ascomycetes such as F. graminearum,
N. crassa, and S. macrospora, but not in Tad2 of S. cerevisiae that lack A-to-I editing (Fig. 4).
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Figure 4: Alignment of the partial amino acid sequence of FgTad2 from Fusarium graminearum
(Fg) and the predicted protein sequences from our genome assembly for M. maydis (Mm.7485 t)
and Phyllachora maydis (Pm). Orthologs from Sordariomycetes Neurospora crassa (Nc) and
Sordaria macrospora (Sm) were included in comparison in which stage-specific A-to-I RNA
editing also occurs during sexual reproduction. Saccharomyces cerevisiae (Sc) was added for
comparison in which stage specific A-to-I RNA editing is not observed. The conserved H352
residue has been highlighted by the light pink rectangle. Dot (.) indicate consensus residue.

Sequence alignment of M. maydis and P. maydis orthologs revealed presence of the conserved
H352 residue in M. maydis indicating its ability to catalyze mRNA editing. Interestingly, a large
deletion was observed in the corresponding domain of P. maydis ortholog, effectively disrupting
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the catalytic pocket. This structural impairment aligns with the significantly lower ascospore
germination rates previously reported in P. maydis [5].

Other functions of ADA in M. maydis may include an advantage in metabolic evasion within the
maize apoplast. By deaminating host-produced purine analogs or nucleoside-based defensive
metabolites, M. maydis could effectively detoxify its local environment. In addition to facilitating
its own survival, this enzymatic activity may also influence the broader dynamics of the maize tar
spot complex by altering the chemical ecosystem in which P. maydis and other secondary
pathogens persist [48]. While self-germination inhibition was suggested due to high spore
densities, the lack of a functional deaminase motif in P. maydis may also be limiting its ability to
neutralize host-produced purine analogs [5]. However, experimental verification is required to
confirm the role of ADA in metabolic evasion.

The presence of a functional ADA in M. maydis is likely to support superior fitness through both
sexual vigor and metabolic evasion while the impaired ADA in P. maydis may force a reliance on
alternative survival strategies. This structural loss likely represents a specialized evolutionary
trade-off and complementation between P. maydis and M. maydis, where the earlier could initiate
the disease during the biotrophic phase while the latter has enhanced survival on the host during
hemibiotrophic and necrotrophic phases.

Secondary metabolite analysis

Small bioactive compounds are produced by fungi as a part of their specialized mechanism to
survive upon their hosts, crop debris and soil. Biosynthetic gene clusters are physically clustered
groups of two or more genes that encode biosynthetic pathways for the production of a specialized
metabolites [49]. Our antiSMASH analysis identified multiple biosynthetic gene clusters such as
terpenes, polyketide synthases (such as TI1PKS and T3PKS), and nonribosomal peptide
synthetases (NRPS) that allow the production of many secondary metabolites, which are key
mediators in plant-fungal interactions [50, 51].

Secondary metabolites play important roles in virulence and infection of plants, acting as toxins,
compounds that affect the plant growth or its immune system, and for competing or having
symbiotic relationships with other organisms [52-54]. Since antiSMASH prediction does not
imply active production of these compounds, further quantitative experimental validation is
required to establish the involvement and mode of action of these compounds in tar spot complex
of maize.

Phylogenomic analysis

To infer evolutionary relationships between P. maydis and M. maydis, a phylogenetic tree was
constructed using the whole proteome data. Two common maize fungi, F. graminearum and F.
verticilliodes and three Microdochium species were also included in the tree. The phylogenetic tree
branching showed that P. maydis is the most divergent taxon within the dataset (Fig. 5a). The
remaining species formed a well-supported clade in which M. maydis clustered closely with M.
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trichocladiopsis, suggesting a relatively recent common ancestor. Slightly deeper branches
separate M. bolleyi and M. nivale, which group together as sister taxa.

The relatively low proteomic similarity between Monographella and Phyllachora species indicates
that these are functionally divergent and their association is likely the result of a complex
synergistic interaction rather than a shared evolutionary origin. Although both fungi co-occur
within the same lesions, they appear to exploit the maize host using distinct biological strategies
and molecular tools. This interaction likely reflects the progression of pathogenic phases in the tar
spot complex. Accordingly, P. maydis initially establishes infection through a biotrophic phase,
maintaining host tissue viability, which is followed by colonization by M. maydis exhibiting
hemibiotrophic to necrotrophic behavior. The transition to necrotrophy ultimately drives tissue
necrosis and lesion expansion, resulting in the characteristic fisheye symptoms associated with
severe tar spot disease.

To further understand the genetic relationship among these species, a heatmap was constructed
using the pairwise mash distance between individual species. The mash distance was calculated
based on the genome-wide sequence similarity using Kmer-based comparison and genomes were
clustered based on their genetic distances (Fig. 5b). The deep red colored blocks in the heat map
clearly demonstrate that M. maydis is genetically very distant from P. maydis, and both Fusarium
species. In contrast, its genome showed high similarity to all three Microdochium species, as
expected. Combinedly, these analyses reveal significant genetic and functional differences
between M. maydis and P. maydis and indicate mutualism rather than competition between them.

[a] 0.20 (b] I
P.maydis : ‘
0.07 P.maydis
0.29 F.verticillioides B O
= 0.08 1
F.graminiarum — M.nivale
0.08 [ M.maydis
0.04 Mnivale
0.20 0.06 M.trichocladiopsis
M.boile)n F.graminearum
N 007 M trichoclapdiosis Fiverticilioides
0.29 , P
0.11
0.03 M maydis PR v‘P'b & &
& (Qo QT“

Figure 5: a) Phylogenetic relationships among M. maydis and related fungal species using whole
proteome data, b) Heatmap indicating pairwise distance between species using the whole
genome data.
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Molecular markers to detect the presence of both species

We initially used ITS1 and ITS4 primers to characterize the M. maydis cultures. Sanger sequencing
of the PCR amplicon and further BLAST analysis against our assembled genome identified unique
regions on the contig 5 with 100% identity. Though these primers show binding sites in 4. flavus
genome, the amplicon length is longer (595 bp) than the shorter amplicon (561 bp) of M. maydis
(Fig. 3). Interestingly, neither of the two primers have binding sites in the P maydis genome,
making them a suitable choice for identification of M. maydis in the tar spot complex while the
earlier can be detected using our previously reported marker [15].

Conclusions

This study is the first comprehensive genetic characterization of Monographella maydis, a tar spot
complex (TSC)-associated fungus. After successful in vitro culture, DNA isolation and high-
quality genome sequencing, a complete and near-contiguous genome assembly was obtained. A
robust list of predicted genes with their functional domains and potential virulence factors were
derived, offering valuable insights into the molecular mechanisms that form the makeup of this
species. Comparative analyses using phylogenomic approaches revealed that M. maydis shares
evolutionary relationships with other members of the Microdochium/Monographella genus, while
also showing that it has unique characteristics that could explain its specialization and role in the
TSC.

Our analysis revealed the presence of a conserved H352 residue in the M. maydis ADA protein,
which indicates its ability for A-to-I RNA editing required during sexual reproduction in
filamentous fungi and their survival in comparison to P. maydis, which lacks the residue as well as
the conserved domain. Finally, we have verified the usefulness of ITS1 and ITS4 primer pairs for
PCR-based detection of M. maydis from the infected maize leaves.

Overall, this work establishes a genomic and analytical framework for M. maydis, opening new
avenues for understanding the evolution, pathogenic potential, and adaptations of fungi involved
in maize diseases. Future experimental approaches should aim to verify the role of ADA in sexual
reproduction in both fungi.

Declarations

Authors declare no conflict of interest.
Materials and methods

Isolation of M. maydis

The morphological characteristics described by Miiller & Samuels [10] were used as the basis of
identification and isolation of Monographella maydis and its anamorph Microdochium maydis
from the tar spot complex of maize leaves. Infected maize leaves exhibiting both tar spot and
fisheye symptoms were collected from the CIMMY T Experimental Station in Poza Rica, Veracruz,
Mexico, during the second agricultural cycle of 2022. The site was selected because of its favorable

14



413
414

415
416
417
418
419
420
421
422
423
424
425

426
427
428
429
430
431
432
433
434
435
436
437
438
439

440

441
442
443
444
445
446
447
448
449
450

climatic conditions for disease development and the persistence of the fungus in the soil as sclerotia
[2, 18].

Leaf samples were then placed in humid
chambers to promote stromatal hydration and
fungal sporulation. Briefly, 1 x 1 sq. inch of dry
tissue containing lesions with halos were cut and
placed on petri dishes layered with moist filter
paper. Unsealed petri dishes with the leaf discs
were placed in a plastic box with wet paper towels
at the bottom. The sealing of the petri dishes were
avoided to maintain the humidity inside it without

Figure 6: Zone of sampling for the isolations.
condensation. The plates were observed on daily
basis to identify swollen hydrated stromata (Fig. 6).

After approximately one week, perithecia, formed on the leaf surface were isolated and transferred
to petri dishes containing sterile media using a fine sterile needle. A small amount of ascospore
was put into distilled water in a microfuge tube and mixed well by inversion. About 10 pl of this
solution was added to another microfuge tube containing 900 pl of distilled water and mixed as
before. This process was repeated several times to get a highly diluted preparation. Ten pl of this
preparation was added to a water drop on a clean glass slide. The slide was briefly observed on a
compound microscope to ensure that the fungal asci were clearly separated. It was allowed to air
dry followed by a brief passage through a Bunsen burner for a few seconds to fix the asci on the
slide with heat. A drop of methylene blue solution (1:4 v/v in water) was applied to the top of the
fixed sample for staining. The slides were then rinsed with a soft stream of distilled water followed
by air drying. A wax ring (paraffin wax) was placed around the sample to create a seal and the
coverslip was applied to it. The slide was briefly warmed to set the coverslip and was stored in a
sample box at room temperature for long term reference after labelling with the date and number
of strains.

Optimization of the media and growth conditions

Spores were subsequently inoculated on four different media to assess the optimal growth media.
Potato Dextrose Agar (PDA) (Himedia, USA) was the first choice since it is commonly used for
isolation and growth of wide range of fungi [13, 55]. In addition to the commercial PDA media,
we prepared and tested a natural Potato Dextrose Agar (PDAn). Briefly, 250 g of skinless potato
was boiled in 750 ml of distilled water for 20 min in a pressure cooker. The water was filtered with
cheese cloth and 20 g of Bacto-Agar, 10 g of Dextrose was added to the flowthrough. The volume
was made upto 1L with distilled water and autoclaved for 15 min at 121°C, 15 PSI. Carnation Leaf
Agar (CLA) (EI Crisol, Mexico) was the next choice since it has been successfully used for culture
of fungi [56]. Similarly, the V8 agar (V&) media has also been popularly used for culture of several
fungal species [57, 58]. Our V8 media comprised Bacto-Agar 20 g/L, V8 original 100% vegetable
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juice (V8 Juice brand from Walmart, Mexico) 200 ml/L, CaCO3 3g/L. The plates were incubated
at 25°C with 12 h light / 12 h dark photoperiod and monitored every day. Contaminated plates
discarded immediately.

Developing monosporic culture

A single sporodochium from the fungal plate was transferred with an insulin needle to a microfuge
tube containing 1 ml of sterile distilled water. The tube was vortexed so that the sporodochium
could release all the conidia. Once the solution appeared homogeneous, 20 ul of the solution was
spread well in a petri dish carrying fungal media (any media available can be used in this step). An
isolated conidium was located in the plate by observing under a compound microscope. The piece
of media that contained the spore was taken out by using a sterile scalpel and placed on a petri dish
containing V8 media which was found to be the best media to support the M. maydis growth in the
previous experiment and grown as before.

DNA extraction of M. maydis

Several perithecia were aseptically transferred using an insulin needle to a sterile microfuge tube.
These were suspended in sterile distilled water and macerated using sterile microtube pestles to
release asci. Hundred pl of the asci solution was spread in a petri dish with V8 media and incubated
for approximately 5-7 days at 25°C with 12 hours of light, and 12 hours of dark photoperiod. The
white mycelia was scraped from the plate using a sterile pipette tip (200 ul) for DNA extraction
(Fig. 2d).

Genomic DNA was extracted from freshly grown mycelium obtained from subcultures of isolates
MNGI128, MNG133, and MNGI137 that showed clean and uniform growth without any
contamination. The extraction process was challenging due to the complex fungal cell wall
composition, primarily consisting of chitin, glucans, and glycoproteins [21, 59]. Therefore, the
Quick-DNA™ Fungal/Bacterial Miniprep Kit (Zymo Research, USA) was used for the initial
genomic DNA extraction. Though this DNA was good for PCR analysis, it was of low molecular
weight (~5 kb), and the concentration was insufficient for long-read sequencing (Supplementary
Fig. 2a).

An alternative protocol based on Phenol:Chloroform:Isoamyl alcohol (25:24:1) extraction was
used to extract the fungal genomic DNA with slight modification [60]. This method proved more
efficient and cost-effective, producing higher molecular weight DNA (>15 kb) suitable for third-
generation sequencing (PacBio). Briefly, fresh fungal mycelia was pulverized in liquid N2 using
clean and sterile mortar and pestle. About 500 pl of the fungal mycelia powder (light pink to white
colored) was transferred to a 2 ml microfuge tube with a sterile spatula and 600 pl prewarmed 2X
CTAB extraction buffer (20mM EDTA, 1.4M NaCl, 100mM Tris-HCI, pH 8, 2% CTAB, 2% PVP)
was added to it. The contents were mixed well by inversion and incubated at 65°C water bath for
30 - 60 min, while inverting every 10 min. Subsequently, the tube was cooled on the work bench
and an equal volume (600 pl) of chilled phenol:chloroform:isoamyl alcohol (25:24:1) added to it
in the fume hood. The contents were inverted several times by hand, followed by 5 min of mixing
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in a rotor at room temperature (RT) and centrifuged at 14,000 rpm for 20 min at RT. The aqueous
phase (750 pul approximately) was carefully transferred to a fresh 2 ml microfuge tube without
disturbing the intermediate layer. It was mixed with another 800 pl of chloroform in a rotor for 3
min and centrifuged for 10 min at 14,000 rpm at RT. The final aqueous phase was transferred to a
fresh 1.5 ml tube using a 200 pl pipette tip (precut to reduce the suction pressure).

To remove the RNA, three pl of RNase (10 mg/ml) (Qiagen, USA) was added to each tube and the
contents were incubated at 37°C for 20-25 min. The DNA was precipitated by adding an equal
volume (700 pl) of chilled 2-propanol (Sigma, USA) and mixed gently by inverting. High quality
DNA threads were clearly visible, which were spooled and transferred to a fresh microfuge tube
containing 1 ml of 70% (v/v) ethanol by using a sterile 200 pl tip. The DNA was reprecipitated by
centrifuging at 13,000 rpm for 2 min. This step was repeated by discarding the supernatant, adding
500 pl of 70% (v/v) ethanol and centrifuging as above. The pellet was dried in the fume hood for
10 min and dissolved in 100 pl 1xTE, pH 8.0 (10 mM Tris-HCl and 1 mM EDTA). The DNA was
left overnight at 4°C and the quality was checked by loading 4 ul of DNA in 1% agarose gel and
running at 100 V (5V/cm) for an hour.

Estimation DNA concentration

For PacBio sequencing, the recommended input is approximately 3 pg of DNA per Gb of genome
size. Considering the expected genome size for Ascomycota (~37 Mb), concentrations above 200
ng/uL and volumes above 100 L were deemed suitable for sequencing [61, 62].

Given the possible interference of CTAB and phenol residues with spectrophotometric readings,
DNA concentration was semi-quantitatively estimated by agarose gel electrophoresis. One
microliter of each sample was loaded on a 1% agarose gel alongside a 1 Kb Plus DNA Ladder®
(Thermo Fisher, USA, Catalog number 10787026). The relative band intensity when compared to
the 1,500 bp reference band of the ladder allowed a semi-quantitative estimation (When 10 pl of
Ladder (50 ng/ul) was loaded in a single lane, the 1,500 bp band represented approximately 70 ng)
and so on. DNA from all three isolates showed higher concentrations than 210 ng/pl
(Supplementary fig. 2b-d) and was used for PacBio sequencing.

Confirmation of M. maydis identity

Ribosomal Internal Transcribed Spacer (ITS) regions, which is located between the small subunit
(SSU) and large subunit (LSU) rRNA genes is a hyper variable region and can be utilized for
developing molecular markers for species identification and phylogenetic studies. The ITS primers
are suggested as the most successful markers for identification for the broadest range of fungi and
in determining inter- and intra-specific variation [63—66]. The ITS1, which hybridizes at the end
of 18S rDNA, and ITS4 which hybridizes at the beginning of 28S rDNA have been successfully
used to identify several fungal pathogens [67]. Therefore, these primer pairs were adopted for
amplification of M. maydis.
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Genomic DNA, previously extracted by the Quick-DNA™ Fungal/Bacterial Miniprep Kit from
the mycelia of selected strains, was diluted to 20 ng/ul with nuclease free water and PCR amplified
using primer pair ITS1 (5-TCC GTA GGT GAA CCT GCG G-3") and ITS4 (5-TCC TCC GCT
TAT TGA TAT GC-3") [12, 64]. The 20 ul PCR reaction mixture comprised 1x reaction buffer, 250
uM each dNTP), 4.0 pmol of forward and reverse primers, 1 unit of GoTaq® DNA Polymerase
(Promega, USA) and 50 ng of DNA template. The cycling parameters were 95°C for 1 min for
initial denaturation followed by 32 cycles of denaturation at 95°C for 20 s, annealing at 55°C for
20 s and amplification at 72°C for 1 min. The final amplification was made for 5 min at 72°C.

For the Sanger sequencing, the PCR was repeated using a high-fidelity DNA polymerase. The 50
ul reaction mix comprised Phusion DNA polymerase (NEB, USA) 1 u, 1 x reaction buffer, 200
uM dNTP each, 20 picomoles of forward and reverse primers, 3% (v/v) Dimethyl sulfoxide
(DMSO) and 2 pl of DNA template DNA. The reaction was carried out in a VeritiPro thermal
cycler (Thermo Scientific, USA). The initial denaturation was performed at 98°C for 3 min
followed by 35 cycles of denaturation at 98°C for 20s, annealing at 64°C for 20s and extension for
30 sec at 72°C. The final extension was performed for 5 min at 72°C. All PCR products were
separated on 1% (w/v) agarose gels (SeaKem LE agarose, Lonza Bioscience, USA), stained with
SYBR Safe gel stain (Thermofisher, USA) and documented in a gel doc (Bio-Rad, USA).

The target bands were excised by a scalpel and purified using the QIAquick Gel Extraction Kit
(Qiagen, USA). The purified products, with concentrations between 70—-80 ng/ul and OD260/280
values ranging from 1.82 to 1.91, were sequenced externally at Macrogen Inc. (Seoul, Korea). The
resulting sequences were analyzed using the BLASTn tool (NCBI), which confirmed their identity
as Monographella spp.

Preservation of strains

To ensure long-term preservation and prevent loss of vitality or genetic drift, M. maydis isolates
were cryopreserved [68]. Perithecia from each strain (MNG128, MNGI133, MNG137) were
suspended in sterile distilled water, homogenized, and mixed with equal volume of glycerol
solution (1:1 v/v glycerol with either V8 medium or LB medium). Aliquots in 1.5 ml cryotubes
were snap chilled in liquid N> and stored at —80°C freezer.

Whole genome sequencing

Sequencing strategy

High molecular weight genomic DNA, extracted from all three isolates (MNG128, MNG133, and
MNG137) using the CTAB protocol, was sent to Novogene (USA) for whole-genome sequencing

using the PacBio Sequel Il DNA CLR library platform®. This method was chosen because long-
read sequencing technologies overcome common challenges of de novo assembly such as coverage
gaps and unresolved repetitive regions that often occur with short-read platforms [69]. The
expected read length exceeded the so-called “golden threshold” of 7 kb, which is considered
sufficient to resolve structural complexity and improve contiguity in de novo genome assemblies
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[70]. Total 1,821,240 reads were generated ranging from 56 bp to 223,285 bp. The average genome
coverage was about 250X.

Genome assembly and quality assessment

Since this was the first time M. maydis had been efficiently cultured in vitro, there were no
previously available reference genomes. Reads with a mapping quality below 10 were filtered out
prior to assembly. Genome assembly was performed using Canu, version 2.2, optimized for long-
read data generated on the PacBio Sequel II platform [22]. A consensus genome assembly was
performed combining the genome assemblies of all three replicates using programs such as
Minimap2, SAMtools, BCFtools [71-73]. The consensus assembly was further polished using the
software, Racon v1.5.0. Assembly quality and completeness were evaluated using BUSCO v5.5.0
fungal database (Ascomycota_odb10) [23] and QUAST v5.0 [25] (Supplementary table 1 and 2).
The coding scripts used in the assembly and other analyses are available at:
https://github.com/Sameerpokhrel1028/Monographella_maydis Paper/tree/main.

Gene prediction and functional annotation

Structural and Functional Annotation

Gene prediction and structural annotation were performed on the assembled genome using the
FunAnnotate pipeline (v1.8.15), optimized for fungal genome annotation [74]. Repetitive
sequences were masked with FunAnnotate’s masking tool before conducting the gene prediction
(Supplementary fig. 9). This process used gene prediction tools such as AUGUSTUS, SNAP,
GlimmerHMM, and GeneMark-ES, generating 10,228 predicted protein coding genes [75-78].
The rRNA prediction was conducted using Barrnap (v0.9) while the non-redundant ncRNAs were
predicted using Infernal (v1.1.5) with the Rfam database.

The predicted protein coding sequences were then submitted to BLAST+ (v2.14.1) searches for
homology and functional annotation. Protein sequences, extracted from the .gff3 file were queried
against the UniProt protein database to identify homologous proteins and assign putative functions
[78, 79]. A local BLAST database was generated from the UniProt dataset, and BLASTp was
executed to compare the predicted protein sequences against it.

Predicted proteins were searched against the MEROPS peptidase database using DIAMOND
BLASTP [80, 81]. For each query, only the top hit was retained. MEROPS annotation with a
percent identity of more than 30%, bit score > 100 and e-value < le —20 were defined as high
confidence. Carbohydrate-active enzymes (CAZy) were identified using dbCAN
(http://csbl.bmb.uga.edu/dbCAN/annotate.php) by integrating HMMER, DIAMOND, and
dbCAN_sub predictions [82, 83].

Presence of signal peptides was predicted using SignalP 6.0 [84]. Analysis was conducted on all
10,228 predicted protein sequences from funannotate using default deep learning model and
eukaryota as organism setting [84, 85].
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Orthology analysis

Functional annotation and orthologous group identification were performed using EggNOG-
mapper (v2.1.9), which assigns predicted proteins to orthologous groups and KEGG Orthology
(KO) identifiers based on the eggNOG database [86, 87]. The predicted proteins from M. maydis
were formatted in FASTA and analyzed, employing Diamond for fast sequence alignment against
the eggNOG database [28]. This analysis generated annotations from KEGG Orthology, functional
categories and metabolic pathway information. KEGG Mapper was used to visualize the annotated
pathways [87].

Secondary metabolite analysis

The prediction of biosynthetic gene clusters (BGCs) and secondary metabolite pathways was
performed using antiSMASH (v4.1.0) [88]. Although an attempt was made to execute funannotate
remote -m antismash, the job was eventually completed by manually uploading the annotated
GenBank file to the fungiSMASH server.

Phylogenomic analysis

To infer evolutionary relationships and identify conserved gene families, a comparative genomic
analysis was conducted among three Microdochium spp. (Microdochium bolleyi
(GCA_001566295), Microdochium trichocladiopsis (GCA_020744255), Microdochium nivale
(GCA_026745475)), Monographella maydis (this study), common maize fungi such as Fusarium
gramenearum (GCA900044135v1) and Fusarium verticillioides (ASM14955v1) and Phyllachora
maydis (GCA_029339225) with which M. maydis co-colonizes in tar spot. The genomic data in
GenBank (.gbff) format were downloaded from NCBI and analyzed using Get Homologues
(v14112024), employing the BBH, COG, and OrthoMCL algorithms to identify orthologous
clusters [89]. A total of 2,034 core orthologous groups containing one protein per species were
retained and further processed with Get Phylomarkers (v2.8.1.4) [90].

A phylogenetic tree was constructed using the proteomes from all seven fungal genomes. The
protein sequences were predicted for M. maydis as mentioned above and the reference protein
sequence files for rest four pathogens were obtained from NCBI database. The software [Q-TREE
(v3.0.1) was used to generate a species tree based on 1,000 bootstrap replicates [91]. The output
phylogenetic tree represented the evolutionary relationship at the whole-proteome level and was
visualized with MEGA v12.1 [92].

Mask sketch and mash dist were used to calculate the pairwise genetic distance using 32 CPU
threads. The hierarchical clustering and heatmap visualization of the distance were performed
using R v4.3.2 using the package ComplexHeatmap and circlize. A dendrogram was also included
in the heatmap. The coloring was set to enhance the sensitivity to small genomic distances.

Keywords

Monographella maydis, Fisheye symptom, tar spot, RNA editing, genome assembly, sexual
reproduction.
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