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Abstract:
Original Research

Secondary metabolites of fungi, particularly non-ribosomal peptides (NRPs), are key
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Extended Abstract
Introduction

Fungi produce secondary metabolites (SMs) via
dedicated pathways distinct from primary metabolism.
These compounds are vital for ecological roles such as
competition, stress resistance, symbiosis, and pathogenesis
(Bills & Gloer, 2016; Keller, 2019). In phytopathogenic
filamentous fungi, SMs facilitate early infection stages by
enabling host penetration, colonization, and suppression of
plant defenses (Jaswal et al., 2020). They can inhibit innate
immunity, degrade cell walls, or alter host signaling (Bills &
Gloer, 2016).

Fungal SMs include shikimate derivatives, polyketides,
terpenoids, and non-ribosomal peptides (NRPs). Their
biosynthetic genes are typically clustered in biosynthetic
gene clusters (BGCs) (Bills & Gloer, 2016). Non-ribosomal
peptide synthetases (NRPS) are modular mega-enzymes that
assemble peptides from diverse amino acids (including D-
and non-proteinogenic forms) without ribosomes (Walsh et
al., 2013). NRPS-derived NRPs frequently act as virulence
factors, such as phytotoxins or siderophores. Examples
include iron-acquisition siderophores in  Fusarium
graminearum that promote wheat infection (Greenshields et
al., 2007), and alternariol precursors in Alternaria alternata
that suppress salicylic acid defenses (Chen et al., 2013).

Colletotrichum lindemuthianum causes anthracnose in
common bean (Phaseolus vulgaris), leading to major yield
losses. Conventional management (certified seed,
fungicides, rotation, resistant cultivars) is limited by
pathogen variability and resistance issues (Milgroom & Fry,
1997; Pastor-Corrales, 2004). Over 84 Colletotrichum
genomes are sequenced (NCBI GenBank, 2024-2025), yet
many SM genes remain poorly characterized. These
genomes are enriched in pathogenicity genes, including
PCWDEs, proteases, and SM biosynthetic machinery (Rao
& Nandineni, 2017). Recent large-scale analyses identified
BGCs, with >99%

hundreds of thousands of

uncharacterized, highlighting
Colletotrichum (Zhang et al., 2024; Wei et al., 2025).

Tools like antiSMASH enable rapid NRPS and BGC
detection in fungal pathogens (Blin et al., 2023; Sayari et al.,

untapped diversity in

2025). This study is the first comprehensive NRPS analysis
in C. lindemuthianum. To identify NRPS genes and BGCs
in the C. lindemuthianum genome, characterize domain
organization, phylogenetically classify adenylation (A)
domains, and predict potential products (e.g., siderophores,
apicidin-like toxins) through synteny comparisons. The aim
is to uncover SM pathways potentially involved in virulence,

iron uptake, and bean host adaptation.

Methods and Materials

The genome assembly (GCA_001693025) was mined
using antiSMASH v7.1.0 (relaxed detection strictness) for
BGC prediction (Blin et al., 2023). NRPS loci were validated
in CLC Genomics Workbench v21.0.1 and confirmed via
BLASTp/tBLASTn (>60% identity, conserved domains)
against known fungal NRPS. Genes were annotated with
AUGUSTUS (Verticillium model). Domains (A, T/PP, C, E,
Te, etc.) were analyzed using NRPS/PKS portal and NCBI
CDD (Bachmann & Ravel, 2009; Marchler-Bauer et al.,
2010). Functional NRPS required at least one A-T-C module
(Rausch et al., 2007).

A-domain phylogeny employed Neighbor-Joining in
MEGAY (appropriate models, 1000 bootstraps) (Kumar et
al., 2016). Clades were defined by >70% bootstrap, domain
conservation, and synteny. Clusters were compared to
(apicidin), C.
gloeosporioides (ferrichrome), and C. orbiculare (apicidin-
like).

characterized BGCs from F. poae

Findings

From 33 candidate BGCs, 14 NRPS genes clusters were
confirmed (8 multi-modular, 6 mono-modular). Common
domain patterns: A-C-PP, A-PP-E, and A-PP-Te. Multi-
modular examples include PP-C-A-PP-C-C-A-PP (NRPS3),
A-C-A-PP-C-PP-C-A-C-PP-C-PP (NRPS8), and A-PP-C-
C-A-PP-C-A-PP-C-A-PP (NRPSL1).
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Phylogeny of A domains yielded 14 clades (A-N). Key
inferences:
e Clade H (NRPS1):
(orthologous to F. poae)
e Clade F (NRPS4): apicidin/HC-toxin-like (related
to C. orbiculare)
e Clade G (NRPS8): hydroxamate ferrichrome

siderophore synthase (close to C. gloeosporioides,

apicidin-like  synthase

Fusarium, Verticillium)
Synteny analysis:

e NRPS1 cluster (16 genes): shared core genes

(P450, FAD-oxidase,

oxidoreductase, transporter, TF) with F. poae

aminotransferase, FAS,

apicidin BGC, but missing N-methyltransferase.
o NRPS4 cluster (21 genes): partial synteny with C.
orbiculare apicidin-like BGC, lacking key
modifiers.

o NRPS8 cluster (16 genes): highly conserved with
C. gloeosporioides ferrichrome pathway, retaining
SidA-like monooxygenase, transporter, regulator.

Notably, several multi-modular NRPS terminated with

PP domain instead of typical C or Te.

Discussion and Conclusion

This study first maps the NRPS repertoire in C.

lindemuthianum, identifying 14 genes with varied
architectures. Terminal PP domains suggest alternative
peptide-release mechanisms, possibly taxon-specific (Sayari
etal., 2019; Gibson et al., 2014).

NRPS8 is
siderophores, essential for iron chelation and virulence phase
modulation (Caza & Kronstad, 2013; Haas et al., 2008;

Albarouki et al., 2014). Its stronger similarity to Fusarium

predicted to synthesize ferrichrome

orthologs hints at convergent evolution or gene transfer.
NRPS1 and NRPS4 resemble apicidin pathways (cyclic
HDAC-inhibiting tetrapeptides linked to host-specific
virulence) (Darkin-Rattray et al., 1996; Witte et al., 2021),
yet lack tailoring genes, suggesting adapted or partial

pathways suited to bean infection. Rearrangements and

losses in such clusters are frequent in Colletotrichum (Sayari
et al., 2025).

This NRPS diversity likely enhances colonization,
competition, iron homeostasis, and infection-phase
regulation. Many BGCs require plant elicitors for expression
(Brakhage & Schroeckh, 2021), calling for integrated omics
under infection conditions.

Future work (gene knockouts, metabolomics, virulence
assays) is critical to validate products and functions. Results
may inform targeted anthracnose management, e.g., NRPS

inhibitors, siderophore blockers, or HIGS approaches.
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Figure 1: Phylogenetic relationships of the A domain sequence from NRPS gene clusters analyzed in this study. The tree was
constructed using the Neighbor-Joining method. Bootstrap values (1000 replicates) are indicated at the nodes, representing branch

support. Scale bar indicates the number of substitutions per site. Capital letters mark the identified clusters.
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AT, aminotransferase; CYP, cytochrome P450; FADO, FAD-dependent oxidase; FAS, fatty acid synthase; HYP, hypothetical protein;

MT, methyl transferase; NRPS, Nonribosomal Peptide Synthetase; OXR, oxidoreductase; TF, transcription factor; TR, transporter.

Figure 2: Comparison of NRPS gene clusters of Colletotrichum lindemuthianum and Fusarium poae. AT, aminotransferase; CYP,

cytochrome P450; FADO, FAD-dependent oxidase; FAS, fatty acid synthase; HYP, hypothetical protein; MT, methyl transferase; NRPS,

Nonribosomal Peptide Synthetase; OXR, oxidoreductase; TF, transcription factor; TR, transporter.
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Figure 3: Comparison of NRPS gene clusters of Colletotrichum lindemuthianum and Colletotrichum gloeosporioides. CYB,

Cytochrome b561; DEH, dehydratase; elF-2B , translation initiation factor; FF, ff domain protein; HYD, hydrolase; HYP, hypothetical

protein; NRPS, Nonribosomal Peptide Synthetase; OMO, orntithine monooxygenase; OXR, oxidoreductase; P, proteinase; TF,

transcription factor; TR, transporter.
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Figure 4: Comparison of NRPS gene clusters of Colletotrichum lindemuthianum and Colletotrichum orbiculare. ABC transporter; AT,

aminotransferase; CYP, cytochrome P450; DBP; Diphthamide biosynthesis protein; HSP, heat shock protein; FADO, FAD-dependent

oxidase; FAS, fatty acid synthase; HYP, hypothetical protein; LIG, ligase; NRPS, Nonribosomal Peptide Synthetase; OXR,

oxidoreductase; TE, thioesterase; TF, transcription factor; TR, transporter.
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Table ). Comparison of the size and domain sequence of single-modular NRPS proteins of Colletotrichum lindemuthianum
with the top hit obtained from BLASTp in the NCBI database

C. lindemuthianum NRPS used as Size Domain Information regarding the top BLASTp hit
query (bp) Organization Accession no. Name Size (aa) Domain
organization

MASP02000069NRPS6 1934 A-PP-C-PP XP_028492282 Verticillium 1932 A-PP-C-PP
nonalfalfae

MASP02000237NRPS9 1279 A-PP-E RBQ70675 Verticillium dahliae 1284 A-PP-E

MASP02000455NRPS13 1022 A XP_028490747 Verticillium 1029 A
nonalfalfae

MASP02000718NRPS14 1315 A RXG43844 Verticillium dahliae 1060 A

MASP02000025NRPS10 1152 A-PP-E PMD22619 Hyaloscypha 1161 A-PP-E
hepaticicola

MASP02000233NRPS11 961 A-PP-Te XP_045941831 Aspergillus melleus 948 A-PP-Te
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Table Y. Comparison of the size and domain sequence of multi-modular NRPS proteins of Colletotrichum lindemuthianum
with the top hit obtained from BLASTp in the NCBI database

C. lindemuthianum NRPS used as Size Domain Information regarding the top BLASTp hit
query (bp) Organization Accession no. Name Size (aa) Domain
organization
MASP02000566NRPS3 3223 PP-C-A-PP-C- XP_043019359 Diaporthe citri 3249 PP-C-A-PP-C-
C-A-PP C-A-PP
MASP02000157NRPS2 2406 A-PP-C-A-E KAH8893464 Thozetella sp. 2421 A-PP-C-A-E
PMI_491
MASP02000860NRPS12 2791 PP-C-C-A-PP-C XP_028466097 Sodiomyces 2813 PP-C-C-A-PP-C
alkalinus
MASP02000662NRPS7 2455 A-PP-C-A-PP-C  POS71211 Diaporthe helianthi 2460 A-PP-C-A-PP
MASP02000438NRPS4 2487 A-PP-C-A-PP KAH8886122 Thozetella sp. 2518 A-PP-C-A-PP
PMI_491
MASP02000528NRPS8 4915 A-C-A-PP-C- CRK43302 Verticillium 5149 A-PP-C-A-PP-
PP-C-A-C-PP- longisporum C-PP-C-A-PP-
C-PP C-PP-C-PP-C
MASP02000320NRPS1 4935 A-PP-C-C-A- KAF4976734 Fusarium 5113 A-PP-C-C-A-
PP-C-A-PP-C- zealandicum PP-C-A-PP-C-
A-PP A-PP
MASP02000438NRPS5 2112 PP-C-A-PP-C MCJ1247511 Trapelia coarctata 1693 PP-C-A-PP-C




