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Endophytic fungi constitute a rich source of secondary metabolites that can be
manipulated to produce desirable novel analogs for combating current
agricultural challenges for crop production, especially controlling plant
disease. The endophytic fungus Daldinia eschscholtzii MFLUCC 19-0629, was
newly isolated from tropical ancient plants, Oncosperma sp., and displays a
broad-spectrum of antifungal and antibacterial activities against several plant
pathogens including Ralstonia solanacearum, Fusarium oxysporum,
Colletotrichum gloeosporioides, Colletotrichum acutatum, Stagonosporopsis
cucurbitacearum, Corynespora cassiicola and Stemphylium spp. A high-quality
genome sequence was obtained using Oxford nanopore technology, the
accuracy and length of reads resulting in no need for Illumina or other
sequencing techniques, for D. eschscholtzii MFLUCC 19-0629, resulting in a
genome size of 37.56 Mb assembled over 11 contigs of significant size, likely to be
at the chromosomal level. Bioinformatics analysis revealed that this strain is
biosynthetically talented encoding 67 predicted biosynthetic gene clusters
(BGCs). Only eight of the 67 BGCs matched or demonstrated high similarity to
previously characterized BGCs linked to the production of known secondary
metabolites. The high number of predicted unknown BGCs makes this strain a
promising source of novel natural products. The discovery that D. eschscholtzii
MFLUCC 19-0629 has a broad spectrum of antimicrobial activity against seven
major plant pathogenic microorganisms relevant to crop production and its
complete genome sequence carries immense importance in the advancement
of novel microbial biocontrol agents (MBCAs). This also unveils the prospect of
uncovering new compounds that could be utilized for sustainable agriculture and
pharmaceutical purposes.
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1 Introduction

Vegetables are affordable sources of vitamins, minerals, and
antioxidants which are vital for human health. Thus, vegetables are
essential for world food security, and culinary diversity. The most
dominant vegetables that provide positive economic impacts are
tomatoes, cucurbit, and chilies (Rajasree and Pugalendhi, 2021).
Several factors can have an impact on vegetable production such as
soil (soil type, soil pH, soil fertility, soil salinity) and environment
(humidity, light, and temperature). In addition, plant diseases
caused by pathogenic organisms, especially fungi and bacteria
have tremendous negative impacts on vegetable production. For
instance, 20–100% of yield losses in Solanaceae family including
tomato, chili, and hot peppers are due to infection of bacterial soil-
borne pathogens, Ralstonia solanacearum, that causes bacterium
wilt disease, and fungal soil-borne pathogens, Fusarium oxysporum
and Colletotrichum spp. that cause Fusarium wilt and anthracnose
disease, respectively (Saxena et al., 2016; Ma et al., 2023; Wang et al.,
2023). Leaf spot and late blight that are caused by pathogenic fungi,
Corynespora cassiicola and Stemphylium spp., also significantly
impact the yield of tomato crops, which is commonly a
susceptible host, by causing severe leaf chlorosis, necrosis
followed by leaf defoliation (Farr and Rossman, 2013; Bessadat
et al., 2020). As for cucurbit, several diseases threaten the yield of
this family, gummy stem blight caused by Stagonosporopsis
cucurbitacearum (syn. Dimymella bryoniae) is one of the major
devastating diseases, especially for watermelon, cantaloupe,
cucumber, pumpkin and other melons (Seblani et al., 2023).

Chemical pesticides have been applied to control those
pathogenic organisms; however excessive applications have
simultaneously increased concern about negative effects on
human health and the environment (Aktar et al., 2009; Tudi
et al., 2021). Sustainable agriculture is increasingly recognized as
a green strategy to manage plant diseases with less concerns for
pollution from inorganic residuals. Interestingly, fungi are an
excellent source of bioactive molecules, especially secondary
metabolites with antimicrobial properties. Microbial biological
control agents (MBCAs) from fungi have become increasingly
recognized as solutions to disease management in sustainable
agriculture. Various species of Trichoderma spp., Clonostachys
spp., Coniothyrium sp., and Phoma sp. are either commonly used
as MBCAs or well-studied on their biocontrol potential (Cao et al.,
2009; Hamid et al., 2013; Park et al., 2019; Sood et al., 2020;
Thambugala et al., 2020; Srisuksam et al., 2021). The genus
Daldinia within the Xylariaceae family also has been widely
reported as a rich source of various bioactive compounds (Stadler
et al., 2014; Li et al., 2021). In particular, D. eschscholtzii species have
been documented to produce a great number of secondary
metabolites (SMs), (Wang et al., 2015; Shylaja et al., 2018; Yang
et al., 2018; Zhang et al., 2019; Liao et al., 2019; Lin et al., 2019;
ZHOU et al., 2019), even when compared to other Daldinia species
including D. concentrica (Quang et al., 2002), D. hawksworthii
(Pažoutová et al., 2013) and D. childiae (Stadler et al., 2014).

Although, MBCAs have been proven to be effective agents in
sustainable agriculture, at present there is a great need for novel
sources of antimicrobials that could prevent or control a broad range

FIGURE 1
Bioactivity screening against plant pathogens. The percent of inhibition of antibiotic, recommended fungicide (Captan, Mancozeb) or antibacterial
(ampicillin) (shown in blue), and fungal crude extract of D. eschscholtzii MFLUCC 19-0629 (shown in orange) towards inhibition of bacterial strain, R.
solanacearum BWHP-03 and mycelium growth of six strains of fungal pathogens F. oxysporum MFLUCC BK-0012, C. gloeosporioides MFLUCC CK-
0032, C. acutatum MFLUCC CC-0036, S. cucurbitacearum MFLUCC BB-001, Corynespora cassiicola MFLUCC TSM-EB11 and Stemphylium
spp. MFLUCC TSM-LB13. Standard deviation (±SD) is calculated from the nine replications.
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of diseases. In our ongoing bioactivity screening against crop
pathogens, the newly isolated fungal strain Daldinia eschscholtzii
MFLUCC 19-0629 showed an excellent broad range inhibition
against relevant plant pathogens, Ralstonia solanacearum,
Fusarium oxysporum, Colletotrichum spp., Corynespora cassiicola,
Stemphylium spp. and Stagonosporopsis cucurbitacearum. This
suggested the huge potential of this strain to develop high-
efficiency MBCAs.

Here, we addressed its molecular phylogeny and fully annotated
the high-quality, uncontaminated genome of this novel strain to
further understand and facilitate research into the function of BGCs
associated with valuable SMs. More importantly, this will be a major

step in developing effective MBCAs that provide a broad range of
protection against major diseases in vegetable production which will
indirectly increase crop yields while contributing to sustainable and
eco-friendly farming practices.

2 Materials and methods

2.1 Isolation of fungal endophytes from
nibung palm

Fresh and healthy samples of nibung palm (Oncosperma spy.)
were collected from Suratthani province, Thailand (8° 37′ 47″N, 99°
20′ 35″ E). Plant materials were transferred to the laboratory in
sterile bags and stored at 4 °C until processed. The surfaces of plant
material were washed with running tap water to remove surface
microbes and sterilized with 70% ethanol for 3 minutes followed by
5% sodium hypochlorite for 3 minutes and rinsed with sterilized
water for 3 minutes in aseptic conditions twice. The sterile plant
tissues were dried on sterile filter paper, cut to obtain small tissue
sections (0.5 × 0.5 cm2) and transferred to potato dextrose agar
(PDA) plates. The plates were incubated for 2–10 days at 28°C.
Growing hyphal tips from the plant tissue sections were transferred
to fresh PDA plates and incubated at 28 °C to obtain pure cultures.
Pure cultures were preserved in separate 1.5 tubes of sterilized 15%
glycerol, distilled water, and PDA for further use.

2.2 Antimicrobial activity assessment

2.2.1 Fermentation and extraction of fungal
crude extract

Sixty-two endophytic strains isolated from the native palm
Oncosperma were grown on potato dextrose agar (PDA,
Himedia, India) at 28°C for 7 days. Then, five fungal mycelial
plugs (5 mm in diameter) were inoculated into 1,000 mL
Erlenmeyer flask containing 500 mL of PDB (Himedia, India).
The cultures were grown in an incubator at 28 °C with shaking at
100 rpm on a reciprocal shaker. After 3 weeks, the cultures were
filtrated by Whatman’s No. 1 paper to collect the supernatant. After
that, the culture filtrate of endophytic fungi was extracted twice with
an equal volume of ethyl acetate (1:1 v/v). The upper solvent phase
was collected and evaporated using a rotary evaporator. The crude
extract of each strain was stored at −20°C for further experiments.

2.2.2 Antifungal activity
All seven pathogenic fungi used in this study were kindly

provided by Chia Tai Co., Ltd. (Bangkok, Thailand). Three
pathogenic fungi, Fusarium oxysporum MFLUCC BK-0012,
Corynespora cassiicola MFLUCC TSM-EB11, Stemphylium
spp. MFLUCC TSM-LB13, Alternaria solani MFLUCC
AS0050 were isolated from tomato plants with Fusarium wilt,
leaf spot, late blight, and early blight respectively. Two strains of
Colletotrichum spp., C. gloeosporioides MFLUCC CK-0032 and C.
acutatum MFLUCC CC-0036, were isolated from chili with
anthracnose disease. Stagonosporopsis cucurbitacearum MFLUCC
BB-001 was isolated from honeydew melon. All of them were
cultured on PDA at 28 C.

FIGURE 2
Poison food assay plates. (A) S. cucurbitacearum MFLUCC BB-
001; (B) C. acutatum MFLUCC CC-0036; (C) Stemphylium
spp. MFLUCC TSM-LB13 (D) C. gloeosporioides MFLUCC CK-0032;
(E) Corynespora cassiicolaMFLUCC TSM-EB11; (F) F. oxysporum
MFLUCC BK-0012; inoculated on PDA (negative control; left column),
recommended fungicides (positive control; middle column), and
fungal crude extract of D. eschscholtzii MFLUCC 19-0629 (crude
extract = C. E., right column).
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The poisoned culture technique was performed to investigate the
antagonistic activity of crude extracts from the 62 isolated fungal
strains following a protocol modified from the previous protocol
(Schmitz, 1930). The effect of dimethylsulfoxide (DMSO) and
recommended fungicides, Captan and Mancozeb were pre-
evaluated on the growth of all pathogenic strains that were
tested. The most effective fungicide was used as positive control,
namely, Captan with F. oxysporum MFLUCC BK-0012, C.
gloeosporioides MFLUCC CK-0032, C. acutatum MFLUCC CC-
0036 and S. cucurbitacearum MFLUCC BB-001; while Mancozeb
was used with Corynespora cassiicola MFLUCC TSM-EB11 and
Stemphylium spp. MFLUCC TSM-LB13. Since DMSO did not result
in hyphal growth inhibition in any of the plant pathogenetic strains,
PDA mixed with sterile water was used as a negative control plate.
The fungal crude extract solution was prepared by dissolving it in
DMSO, then the fungal crude extract was added to the autoclaved
PDA media to obtain a final concentration of 1 mg/mL. The
experiments were each carried out with triplicates for each
sample and the whole experiment was repeated three separate

times. Briefly, a 7 mm dish from a week-old culture of
pathogenic fungi on PDA medium was inoculated at the center
of PDAmixed with fungal crude extract, fungicides and sterile water.
All plates were incubated at 28 C for 7–10 days before measuring
radial mycelial growth. The percentage of inhibition (PI%) was
calculated as follows:

The percentage of inhibition � C − T( )
C

x 100

where PI% is inhibition of radial mycelial growth; C is radial growth
measurement of the pathogen in the negative control; T is the radial
growth of the pathogen in the presence of fungal crude extract.

2.2.3 Antibacterial activity
Three bacterial strains of Ralstonia solanacearum, including

BWTM-01, BWEP-05, and BWHP-03 that cause bacterial wilt in
eggplant (BWTM-01), tomato (BWEP-05), and hot pepper (BWHP-
03), and one strain of Acidovorax citrulli JT-0003 that causes
bacterial fruit blotch in the cucurbits family, were kindly

FIGURE 3
Morphological analysis of D. eschscholtzii MFLUCC 19-0629. (A,B) Colonies on PDA after 10 days. (C) Mycelium with septa. (D,E) Conidiophores
with di–or trichotomously branching, showing nodulisporium-like branching pattern in the mycelium. (F) Conidiogenous cell with conidia. (G) Conidia.
Scale bar: c = 20 μm, d–g = 5 μm.
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provided from Chai Tai Co., Ltd. Antimicrobial activities of fungal
crude extract were determined by the broth microdilution technique
using 96-well microplates (Sarker et al., 2007). All four strains were
cultured in Nutrient Broth (NB) at 37 °C for overnight, and bacterial

suspensions were adjusted to 0.5 McFarland standard turbidity
(1×108 CFU/mL). The stock concentration of fungal crude extract
(10 mg/mL) was prepared by weighing 10 mg of dry crude extract
and dissolved in 1 mL of 10% methanol. Each well in a sterile

FIGURE 4
Phylogenetic tree based on the nucleotide sequences of rDNA-ITS. Partial sequences of the large subunit of the rDNA, RNA polymerase II, and beta-
tubulin regions involved 56 nucleotide sequences. The isolates and their phylogenetic position are based on the ITS region according to the RAxML
analyses. Bootstrap support values for ML equal to or greater than 90%.
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microdilution plate was filled with 100 µL NB and 100 µL of each
treatment was added (sterile distilled water and 10% methanol as a
negative control; Ampicillin as a positive control; fungal crude
extract with the final well concentration was 1 mg/mL). Then,
10 µL of bacterial suspension was added to all wells and mixed
thoroughly. After overnight incubation at 37°C, 15 µL of 0.01%
resazurin was added to all wells and then incubated for 3 h before the
absorbance was measured at 600 nm. The reduction percentage was
calculated as follows:

Reduction percentage � Abs600 of treatment − Abs600 of control( )

Abs600 of control( )
x 100

2.3 DNA extraction and PCR amplification

The 10-day-old pure cultures of D. eschscholtzii strain MFLUCC
19-0629 on PDA were used for DNA extraction. The mycelia were
scraped off from pure cultures and genomic DNAwas extracted using
a PureDire X genomic DNA isolation kit (Plant) (bio-helix. Co., Ltd,
United States) following themanufacturer’s instructions. The quantity
and quality of the genomic DNA were evaluated by a Thermo
Scientific NanoDrop spectrophotometer, Qubit Fluorometer and by
visual observation through 1.5% agarose gel electrophoresis.

The molecular identification of the endophytic fungi was
performed with four sets of primers. The internal transcribed
spacer regions (ITS4/5) (White et al., 1990) and partial sequences

of the large subunit of the rDNA (LR7/LROR) (Vilgalys and Hester,
1990; Bunyard et al., 1994), RNA polymerase II (RPB2-5F/RPB2-
7C) (Liu et al., 1999), and beta-tubulin (T1/T22) (O’Donnell and
Cigelnik, 1997). PCR reactions were carried out in a total volume of
25 μL, containing 2 μL of genomic DNA, 1.25 μL of MgCl2, 0.5 μL of
deoxynucleoside triphosphate (dNTP), 2 μL of 10x buffer, 1 μL of
each primer, 0.25 μL of Taq DNA polymerase and 17 μL Milli-Q
waters in ram1x reaction buffer. The PCR amplifications were
performed following the thermal cycling conditions mentioned in
Supplementary Table S1. The PCR products were checked on 1.5%
agarose gel electrophoresis for 30 min at 100 V. PCR purification
and DNA sequencing of PCR products were carried out at
Biogenomed Co., Ltd, Thailand.

2.4 Phylogenetic analyses

The BLAST search engine of the National Centre for
Biotechnology Information (NCBI) was used for the
preliminary identification of DNA sequences of the new
isolates. Sequence data of the closely related taxa to our isolates
were retrieved from GenBank based on the BLAST search results
and recent publications (Supplementary Table S2). Sequences of
the individual loci were aligned with MAFFT v. 7 online versions
using default settings. BioEdit v. 7.0.5.2 software was used to refine
the alignments manually where necessary. Maximum likelihood
(ML) trees were generated using CIPRES Science Gateway v. 3.3;

TABLE 1 Genome assembly statistics for Daldinia eschscholtzii.

Parameter Daldinia eschscholtzii MFLUCC 19-0629

Number of contigs 11

Total contigs length 37,560,068

Mean contig size 3,414,551.64

Contig size first quartile 3,383,044

Median contig size 4,014,089

Contig size third quartile 4,210,062

Longest contig 4,699,783

Shortest contig 189,066

Contigs >100 K nt 11 (100.00%)

Contigs > 1 M nt 10 (90.91%)

N50 4,014,089

L50 5

N80 3,185,576

L80 8

Genes 10,619

Protein-coding genes 10,466

exons 29,811

CDSs 29,658

tRNAs 153
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http://www.phylo.org/portal2/. Parameters of maximum
likelihood were set to 1,000 bootstrap replicates with the
GTRGAMMA+I model of nucleotide evolution. The best fit
nucleotide substitution model for the dataset was separately
determined using MrModeltest v. 2.2. The Bayesian analysis
was conducted with MrBayes v. 3.2.2 to evaluate posterior
probabilities (PP) by Markov Chain Monte Carlo sampling
(MCMC). Two independent runs of six simultaneous Markov
chains were run for 1,000,000 generations and trees were
sampled every 100th generation and 10,000 trees were obtained.
The first 20% of trees, representing the burn-in phase of the
analyses, were discarded. The remaining 80% of trees were used
to calculate PP in the majority rule consensus tree. Trees were
visualized with FigTree v. 1.4.0 (http://tree.bio.ed.ac.uk/software/
figtree/) (Rambaut, 2014).

2.5 Nanopore sequencing

2.5.1 Library preparation and sequencing
A genomic DNA library was prepared using kit SQK-LSK109

from Oxford Nanopore Technology (ONT). The manufacturers
protocol was modified for DNA repair and end-prep stages by
increasing the incubation time and temperature after ethanol
washing to 15 min minimum at 37°C. Native barcode ligation
took place at 37°C for 30 min. The long fragment buffer was
used to enrich DNA fragments of 3 kb or longer. 1.2 μg of
genomic DNA was loaded at the beginning of library

preparation. The library was sequenced on a MinION Mk1C
(ONT) with a FLO-MIN-106 R9.4 flow-cell (ONT).

2.5.2 Genome assembly and error correction
The raw data produced was base-called and demultiplexed

using Guppy v6.0.1. Guppy used config file dna_r9.4.1_450bps_
hac.cfg, all other parameters were left on default. Outputs were
merged into a single.fastq file that was inputted into Flye version
2.9 using the nano-hq setting to assemble the draft genome
(Kolmogorov et al., 2019). The draft genome was polished by
aligning to the raw reads with Minimap2 v2.24 (Li, 2018) and
correcting errors using Racon v1.4.20 (Vaser et al., 2017), the
values given to bases were as follows; 8 for matches, −6 for
mismatches, −8 for gaps, with a 500 base window size. The output
from Racon was entered back into Minimap2 and the process
repeated for 4 total rounds of polishing. Medaka v1.5.0 (ONT)
was used to make further corrections for the genome against
model r941_min_high_g360. The polished genome was analyzed
using BUSCO v5.0.0 against the sordariomycete_odb10.
Functional annotation was performed using the Funannotate
version 1.8.9 pipeline (Palmer and Stajich, 2020). The
prediction and annotation of functional elements were done
using Neurospora crassa as the seed species and the BUSCO
sordariomycetes database, minimum training models were
lowered to 100, and the Augustus optimization setting was
called. Unless specified all settings were left on their default
parameters. CMscan (Burge et al., 2013) was used with
StructRNAfinder (Arias-Carrasco et al., 2018) for screening

FIGURE 5
Overview of the secondarymetabolites and BGCs fromD. eschscholtziiMFLUCC 19-0629. (A)Compounds that could be produced byMFLUCC 19-
0629 based on a complete match to characterized BGCs. (B) Compounds that could be produced because they share a high similarity to known BGCs.
(C) Comparison of the distribution of BGCs by types of secondary metabolites for D. eschscholtzii MFLUCC 19-0629 and three other D. eschscholtzii
strains that have their genomes available.
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for non-coding RNA, with the Rfam database (Griffiths-Jones,
2004) as the input.

2.6 Bioinformatics analysis

The genomes of D. eschscholtzii strains IFB-TL01 (GCA_
001951055.1) (Fang et al., 2012), UM1020 (GCA_000261445.1)
(Ng et al., 2012), FL0578 (GCA_022478725.1) (Franco et al.,
2022) were downloaded from NCBI. The annotated genome of
D. eschscholtzii MFLUCC 19-0629 and the other genomes were
analyzed using antiSMASH fungal version 7.1.0, the detection
strictness was set to ‘relaxed’ and the extract features
‘KnownClusterBlast’, ‘ClusterBlast’, ‘SubClusterBlast’, ‘MIBiG
cluster comparison’, ‘ActiveSiteFinder’, ‘REFinder’ and ‘Cluster
Pfam analysis’ were set on (Blin et al., 2023). The genes
predicted in BGCs were further searched using NCBI BLAST.
BGCs comparison across strains and to the MIBiG database was
done using BiG-SCAPE (Navarro-Muñoz et al., 2020).

3 Results

3.1 Broad range antimicrobial activity of
crude extract from strain MFLUCC 19-0629

The 62 fungal endophytes were isolated from healthy plant
tissue of the Nibung palm (Oncosperma sp.) an ancient plant aged
over 50 years. The fungal crude extracts of these endophytes were
evaluated for their antagonistic activity against six plant pathogenic
strains by poison food assay. In general, fungicides that were used as
positive control exhibited a higher percentage of mycelium
inhibition against all tested pathogens than fungal crude extracts
(Figures 1, 2). While antagonistic activities were observed in at least
20 fungal crude extract (data not shown), only fungal crude extract
from strain MFLUCC 19-0629 displayed varying high degrees of
inhibitory activity against six pathogenic fungi except for Alternaria
solani MFLUCC AS0050. Consequently, this strain was selected for
further investigation. The highest inhibition of fungal crude extract
was observed towards the pathogen that causes gummy stem blight
disease in cucurbits as shown by a 92.88 ± 3.28% inhibition which is
the same level inhibition of Captan (92.97 ± 0.92% inhibition;
Figure 1). While the potence of fungal crude extract toward C.
acutatum MFLUCC CC-0036, Corynespora cassiicola MFLUCC
TSM-EB11 and Stemphylium spp. MFLUCC TSM-LB13 was
slightly lower than the recommended fungicide (Figure 1). The
lowest effect of fungal crude extract of strain MFLUCC 19-0629 was
observed in F. oxysporum MFLUCC BK-0012 as shown in only
38.84 ± 6.38% mycelium growth inhibition while Captan provide
82.12+3.56% inhibition (Figure 1).

The crude extract from this strain was also used to screen for
antibacterial activity against three strains of R. solanacearum and
one strain of Acidovorax citrulli. The antibiotic ampicillin, used as
positive control, had the highest inhibitory percentage against all
strains of tested bacteria (percentage of reduction 44.762 ± 0.047 to
70.580 ± 0.010%), while the negative control, methanol, did not
present any growth inhibition. The MFLUCC 19-0629 crude extract
showed no inhibitory effect against Acidovorax citrulli and weak

inhibitory effect (percentage of reduction of less than 5%) on two
strains of pathogenic bacteria (R. solanacearum BWTM-01 and
BWEP-05); however, potent inhibition was observed against R.
solanacearum BWHP-03 with a reduction percentage of up to
54% (Figure 1).

3.2 Morphological and phylogenetic analysis
of Daldinia eschscholtzii MFLUCC 19-0629

Fungus culture MFLUCC 19-0629 was identified based on both
morphology and molecular means. The morphology is matched to
the previous report of Daldinia eschscholtzii (Figure 3) (Rehm,
1904). The growth rate of colonies grown on PDA for 2 weeks
ranged from 3 to 4 mm (diameter)/day. Early hyphae were showing
fairly rapid growth, at first whitish hyphae becoming form a felty,
azonate mycelium and become greenish in patches, finally turning
mouse grey in the rings of white: reverse green/yellow and become
dull green (with age resulting). Asexual morph:Mycelium composed
of septate, branched hyphae. Conidiophores hyaline with virgariella-
like to nodulisporium-like branching patterns, di- or trichotomously
branched, with two to three conidiogenous cells arising from each
terminus. Conidiogenous cells are hyaline, cylindrical, holoblastic,
terminal or intercalary. Conidia size and shape were 4.49–6.24 µm ×
2–3.7 µm (x = 5.2 × 2.7, n = 30), aseptate, hyaline, smooth, obovoid
to ellipsoid.

Molecular characterization was performed through PCR
amplification and Sanger sequencing of four target conserved
sequences, which were compared with available sequences from
NCBI. Based on the analysis of the homology of the ITS rDNA
sequences, partial sequences of the large subunit of the rDNA, RNA
polymerase II, and beta-tubulin regions, a phylogenetic relationship
was constructed by RAxML analyses (Figure 4). The maximum
composite likelihood analysis of MFLUCC 19-0629 sequences
alignment revealed that the D. eschscholtzii species form a
monophyletic group in a consensus tree. The bootstrap value of
90% supported the MFLUCC19-0629 sequence analysis, thus
inferred that the isolate belongs to the D. eschscholtzii species.

3.3 Whole genome sequencing

Genomic DNA from Daldinia eschscholtzii MFLUCC 19-
0629 was sequenced harnessing Oxford nanopore sequencing.
This led to approximately 2,779,445,032 bases from the nanopore
data. As our assembly ofD. eschscholtzii has a 37.56 Mb genome, this
gives a coverage of 73.9 reads per base. The assembly presented here
is of similar size to D. eschscholtzii genome analysis carried out by
other researchers (35 Mb) (Chan et al., 2015). Assembly statistics
shown in Table 1 show this assembly has 11 contigs of significant
size, these are likely to be assembled at the chromosomal level
although this requires further investigation to determine.

BUSCO (Manni et al., 2021) was used to determine the quality of
the genomes by quantifying the completeness of core conserved
genes in D. eschscholtzii that would be expected across the
sordariomycetes class. Table 1 shows the conserved genes
identified across the scaffold of this assembly, while
Supplementary Table S3 shows the conserved proteins identified
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in the predicted proteome for this species. Predicted non-coding
RNA can be found in Supplementary Table S4, generated using
StructRNAfinder, this data is publicly available at NCBI (Bioproject
PRJNA1053602).

3.4 Genome analysis

The predicted proteome generated using the Funannotate
package was run through Eggnog-mapper v2.1.7. Where 80.3% of
the 10,466 protein coding genes were able to be assigned a COG
(Clusters of Orthologous Groups) functional category. The
distribution of genes across these categories is shown in
Supplementary Figure S1. It is important to note that some genes
are assigned multiple COG categories. Eggnog-mapper was also
capable of assigning gene ontology terms, frequently with multiple
terms assigned to individual predicted proteins, enzyme commission
numbers, matches across multiple KEGG databases, and BRITE
hierarchies are also included (Supplementary Figure S2). A small
number of predicted proteins (1.7%) could be assigned to matches in
the CAZy database for carbohydrate active enzymes, 1.3% were
found to match with BiGG IDs. 74% of genes were matched to the
pfam database. All the Eggnog-mapper results are included in
Dataset Supplementary Figure S2.

3.5 Biosynthetic gene cluster analysis and
link to secondary metabolites

The genome of D. eschscholtzii was analyzed using antiSMASH
fungal version 7.1.0. This analysis revealed that there are 67 putative
biosynthetic gene clusters (BGCs). Polyketide synthase (PKS)
containing BGCs were the most prevalent with 23, followed by
non-ribosomal peptide synthetase (NRPS) and NRPS-like BGCs
with 15 (6 and 9 respectively), ribosomally synthesized and post-
translationally modified peptides (RiPPs) with 13, terpenes with 10,
indole with 3 and one each for hybrid PKS/NRPS, indole,
betalactone and the newly reported isocyanide. Analysis of the
PKS domain architecture determined that they can be subdivided
into 19 highly-reducing Type I PKS, two non-reducing Type I PKS,
one partially-reducing Type I PKS and one Type III PKS (Cox,
2007). Out of 67 predicted BGCs, only eight matched or have close
similarity with known clusters. A complete match was observed to
the BGCs for mellein 1 (Zhang et al., 2019), naphthalenes 2-3 (Chooi
et al., 2015), 1-(2,6-dihydroxyphenyl)but-2-en-1-one (PBEO) 4
(Fang et al., 2012) and ergotamine 5 (Lorenz et al., 2007)
deposited in the MiBiG database (Figure 5A). Other strains of D.
eschscholtzii have been previously reported to produce mellein
(Zhang et al., 2019), PBEO and naphthalene-derived compounds
(Fang et al., 2012). Comparison with MiBig database identified
BGCs with high similarity to cytochalasin E 6 (Qiao et al., 2011),
trichoxide 7 (Liu et al., 2019), solanapyrone D 8 (Kasahara et al.,
2010) (Figure 5B). Other D. eschscholtzii strains have been reported
to produce cytochalasins (Yang et al., 2018).

The biosynthetic potential of this strain was compared to other
D. eschscholtzii strains that had their genome available on NCBI.
They are strain IFB-TL01 isolated from mantis gut (Wang et al.,
2015), strain UM1020 isolated from human blood (Ng et al., 2012)

and FL0578 isolated from lichen thallus of Cladonia evansii (Franco
et al., 2022). Their genomes were analyzed using fungiSMASH,
which revealed a huge variation in biosynthetic potential across
different D. eschscholtzii strains (Figure 5C). The strains isolated
from gut or blood sample (IFB-TL01 and UM1020) encoded only for
32 and 34 BGCs respectively. While the strain (FL0578) isolated
from lichen encoded for 70 BGCs, which is slightly higher than the
strain from this study.

4 Discussion

Various mechanisms are employed to maintain a harmonious
equilibrium among the endophyte, host, and pathogen, involving
strategies like mycoparasitism, the generation of lytic enzymes or
antibiotics, and the secretion of secondary metabolites (Hassan et al.,
2013; Cheong et al., 2017; Yan et al., 2018). This study particularly
assesses the efficiency of secondary metabolites derived from
62 endophytic fungi isolated from Oncosperma in managing
destructive pathogenic bacteria and fungi in vegetable crops.
Among the tested pathogens, Fusarium oxysporum MFLUCC
BK-0012, Corynespora cassiicola MFLUCC TSM-EB11,
Stemphylium spp. MFLUCC TSM-LB13, Alternaria solani
MFLUCC AS0050, Colletotrichum spp., C. gloeosporioides
MFLUCC CK-0032, and C. acutatum MFLUCC CC-0036,
Stagonosporopsis cucurbitacearum MFLUCC, and bacterial
pathogens Ralstonia solanacearum BWTM-01, BWEP-05,
BWHP-03, and Acidovorax citrulli JT-0003 were tested against
the crude extracts from these fungal endophytes. One strain, D.
eschscholtziiMFLUCC 19-0629, exhibited a notably broad spectrum
of microbial activity by displaying antagonistic effects against seven
out of the eleven tested pathogenic microorganisms. This strain
showed notably high antagonistic activity, especially against C.
acutatum MFLUCC CC-0036, S. cucurbitacearum MFLUCC BB-
001, and Stemphylium spp. MFLUCC TSM-LB13, inhibiting their
mycelium growth by 72.44–92.88% in this study.

Presently, research developments regarding the utilization of
endophytic fungi and the production of biocontrol agents (BCAs)
are progressing. Nevertheless, their efficacy remains limited in terms
of the range of pathogens they can effectively control. For instance,
the endophytic fungus Phoma sp. L28 that colocalized with
mangrove was reported to produce macrosporin that displayed
the ability to control F. oxysporum, C. gloeosporioides, and A.
solani (Huang et al., 2017). Similarly, an alkaloid compound,
penochalasin, secreted from Penicillium chrysogenum V11 was
able to inhibit the growth of plant pathogenic fungi (C.
gloeosporioides) and bacteria (Rhizoctonia solani) (Zhu et al.,
2017). Highlighting the significance of this study, we successfully
identified a fungal endophyte strain, D. eschscholtzii MFLUCC 19-
0629, whose crude extract displayed a broad-spectrum activity
against seven major pathogenic strains in vegetable crop
production. The crude extract bioactivity against a range of
pathogens suggests the presence of other metabolites contributing
to antifungal and antibacterial effects. The genome was sequenced
using Oxford Nanopore Technology, which resulted in a very high-
quality genome assembly, which highlights the advancement of this
sequencing technology and its application for sequencing fungal
genomes. Previous flow cells which are used to collect the long-read

Frontiers in Chemical Biology frontiersin.org09

Brooks et al. 10.3389/fchbi.2024.1362147

https://www.frontiersin.org/journals/chemical-biology
https://www.frontiersin.org
https://doi.org/10.3389/fchbi.2024.1362147


data generated by nanopore sequencing were not of sufficient
accuracy to assemble a fungal genome by themselves, requiring a
supplementary round of polishing by aligning to short read
sequencing as shown in previous work (Tamizi et al., 2022). This
is no longer the case and Oxford Nanopore Technology flow cells are
now capable of generating reads of an accuracy on par with that of
other high throughput yet shorter read length sequencing (Ni et al.,
2023). Bioinformatics analysis uncovered 67 putative BGCs within
this fungus strain, indicating the potential to produce many SMs.
Furthermore, four out of 67 BGCs had a complete match to
characterized ones, while another four had high homology to
previously mined BGCs, suggesting that similar molecules to
these may be produced. Some of these predicted compounds are,
for example, mellein 1 which has been reported to have broad-
spectrum antimicrobial activity against several bacterial and fungal
plants and human pathogens (Morales-Sánchez et al., 2021;
Saraswathi et al., 2022), 8-Methoxy-1-naphthol 2 which has
shown antifungal activity against Athelia rolfsii responsible for
blight disease on tomatoes (Tanapichatsakul et al., 2020), the
naphthalene derivative 1,8-dimethoxynaphthalene 3, which
proved superior anti-fungal activity against several pathogens that
threaten agroeconomic security (Santra and Banerjee, 2022),
ergotamine, which is the main ingredient to treat migraines and
cluster headaches (Tfelt-Hansen, 2000) and cytochalasins, a class of
compounds which have been reported to improve the efficacy of
chemotherapeutics (Trendowski et al., 2015). In conclusion, the high
number of unknown BGCs encoded in the genome of D.
eschscholtzii MFLUCC 19-0629 and the broad range of
bioactivities against plant pathogens make this newly isolated
fungal strain an excellent candidate to mine novel bioactive
natural products with applications in agriculture and medicine.
Future work will combine metabolomics studies, bioactivity
screening and fungal engineering to increase the production of
new secondary metabolites and identify potential bioactive
compounds to develop effective MBCAs from this strain.
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