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Abstract

Usnea is one of the largest and most diverse genera of fruticose lichens with global
distribution. Endolichenic fungi, which thrive within lichen thalli, have emerged as a
promising source of bioactive compounds, with the ability to synthesise a variety of
metabolites with biopharmaceutical potential. In this study, four isolates of endolichenic
fungi isolated from Usnea spp. were identified using comprehensive multi-gene phy-
logenetic analyses. These isolates were evaluated for their anticancer, antifungal, and
antibacterial properties, as well as for their ability to produce extracellular enzymes. Our
findings revealed that the isolates represent four novel species, named as Amphisphae-
ria falcata, Kirschsteiniothelia tumidula, Neoroussoella annulata, and Veronaea brunnei-
color. Our screening assay showed N. annulata and V. brunneicolor exhibited cytotoxic
effects against the H460 human lung cancer cell line, with moderate inhibitory activity
at a concentration of 100 pg/mL. The four fungal isolates exhibited distinct antifungal
profiles against phytopathogens: Amphisphaeria falcata specifically inhibited Fusarium
graminearum, while Veronaea brunneicolor showed broad-spectrum activity against
Botrytis cinerea, F. graminearum, and Alternaria alternata. No antibacterial effects were
detected in any isolates. These fungi exhibited a diverse array of extracellular enzyme
activities, including amylase, protease, gelatinase, glucose oxidase, and cellulase. Col-
lectively, these results underscore the considerable biotechnological potential of endol-
ichenic fungi as sources of bioactive compounds with applications in drug discovery,
agriculture, and environmental management. These findings also highlight the ecologi-
cal importance of endolichenic fungi, suggesting that they may play multifaceted roles
in lichen symbioses and their environments. Continued exploration of these fungi is
essential for unlocking their full pharmacological and industrial potential.

Key words: Anticancer activity, bioactive compounds, Dothideomycetes, Eurotiomy-
cetes, extracellular enzymes, Sordariomycetes
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Introduction

Usnea is one of the largest genera of fruticose lichens, currently ranking among
the top ten most speciose genera with an estimated 350 described species
with a global distribution (Liicking et al. 2020). This genus is infragenerically
classified into the groups Usnea sensu stricto, Eumitria, and Dolichousnea. Us-
nea can also be distinguished from the other two genera by the presence of
usnic acid in the cortex and a central cartilaginous axis (Nadel and Clerc 2022).
Moreover, various species of Usnea are widely valued for their medicinal prop-
erties. Thus, it has been a part of traditional medicine in various cultures. For
example, over ten Usnea species in China are used as herbal remedies (Peng
et al. 2012). The earliest recorded use of Usnea in traditional Chinese medicine
dates back to 101 B.C., where it was referred to as “Song Lo” and used as an
antimicrobial agent (Guo et al. 2008). Usnea exhibits a range of health benefits
due to its production of various secondary metabolites, including antimicrobial,
anticancer, antiproliferative, antioxidant, anti-inflammatory, antiulcer, hepato-
protective, and antigenotoxic properties (Paliya et al. 2016).

Secondary metabolites in lichens, including those from Usnea, are of fun-
gal origin (Devashree et al. 2021; Sepahvand et al. 2021). Lichen-forming fungi
are prolific producers of unique secondary metabolites, particularly phenolics,
depsides, and depsidones (Devashree et al. 2021). Endolichenic fungi that
proliferate within lichens are known to synthesise an assortment of metabo-
lites with biopharmaceutical potential (Singh et al. 2017; Suryanarayanan and
Thirunavukkarasu 2017; Agrawal et al. 2020). For instance, Geotrichum sp. and
Oidiodendron sp. isolated from Usnea spp. have significant antimicrobial ac-
tivity against pathogenic bacteria Pantoea agglomerans and Klebsiella pneu-
moniae, respectively (Dumo et al. 2023). Santiago et al. (2021) showed that
both lichens and endolichenic fungi possess antimicrobial properties. Lichen
extracts were found to be effective against Staphylococcus aureus and Candi-
da albicans. In contrast, endolichenic fungi extracts showed broader activity,
targeting these organisms as well as Escherichia coli. The wider spectrum of
effectiveness exhibited by endolichenic fungi highlights their potential advan-
tages in medicine and industry, particularly as they surpass the bioactivity of
slower-growing lichens.

In addition to their diverse secondary metabolites, endolichenic fungi pro-
duce an array of extracellular enzymes, including amylases, cellulases, prote-
ases, lipases, and laccases (Kannangara et al. 2009; Gan et al. 2023). Fungi
isolated from lichens, such as Parmotrema, Pseudocyphellaria, and Usnea
sp., including Broomella sp., Curvularia sp., Nigrospora sp., Cladosporium sp.,
Chrysosporium spp., Phoma sp., and Penicillium sp., exhibit varying enzymatic
activities. These fungi, apart from Cladosporium sp. and Curvularia sp., pos-
sess amylase activity, while Phoma sp. secretes cellulase (Kannangara et al.
2009). Besides, several endolichenic fungal species, such as Chaetomium
globosum, Daldinia eschscholtzii, Neofusicoccum occultatum, Phanerochaete
chrysosporium, Schizophyllum commune, and Xylaria feejeensis, show promise
in biodegrading low-density polyethylene (Perera et al. 2022).

In our previous study, we successfully identified numerous endolichenic
fungi from four species of Usnea (Si et al. 2023). Preliminary classification of
these fungi using complete internal transcribed spacer (ITS) sequences indi-
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cated that some of these isolates displayed limited resemblance to known fun-
gal species, hinting at potentially new taxa. Thus, to confirm this possibility, in
this study, we amplified and sequenced additional gene regions and analysed
them using phylogenetic approaches. We also explored the biotechnological
and pharmaceutical potential of these fungi by evaluating the anticancer, anti-
microbial, and enzymatic activity of these new fungal species.

Materials and methods
Fungal isolates

All fungal isolates used in this study were recovered in a previous study by Si et
al. (2023). These isolates were retrieved from the microbial culture collection of
Shandong Normal University and revitalised on potato dextrose agar medium
(PDA; 46 g PDA powder [Qingdao Hope Bio-Technology Co., Ltd., China] and 1 L
distilled water, pH 5.6 + 0.2). The ex-type isolates of the new species described
herein have been deposited at the China General Microbiological Culture Col-
lection Centre (CGMCC) in Beijing, China. Corresponding type specimens, in
the form of dry cultures, have been archived in the Herbarium Mycologicum at
Academia Sinicae (HMAS), Beijing, China.

DNA extraction, PCR amplification, and sequencing

The total genomic DNA was extracted from 14-day-old fungal cultures growing
on PDA at 25 °C in darkness using a modified CTAB approach (Doyle and Doyle
1990). The complete ITS gene region was amplified and sequenced for each
isolate. Subsequently, initial identification of the isolates was conducted using
BLAST sequence similarity searches accessible through the NCBI GenBank.
Following this preliminary identification, additional gene regions, including TEF,
RPB2, LSU, SSU, and B-tubulin, specific to the taxonomic group of each fungal
isolate, were amplified using the primers listed in Suppl. material 1: table S1.

PCR amplifications were conducted in 50 pL reactions, which included 1
pL DNA template, 2 pL each of forward and reverse primer (10 mM; Suppl.
material 1: table S1), 19 yL of PCR-grade water, and 25 pL of 1-5TM2 High-Fi-
delity Master Mix (Tsingke Biotech Co., China). The PCR protocol for all gene
regions was initial denaturation at 94 °C for 3 min, 30 cycles of 94 °C for 30 s,
55 °C for 1 min, 72 °C for 1 min, and final extension at 72 °C for 10 min. Aga-
rose gel electrophoreses were used to confirm positive amplifications. Sangon
Biotech Company (Shanghai, China) purified and sequenced all PCR products.
The resulting forward and reverse sequences were assembled using Geneious
v.10.2.2 (Biomatters, Auckland, New Zealand). All the sequences were submit-
ted to the NCBI GenBank (Suppl. material 1: tables S2-S5).

Sequence alignment and phylogenetic analyses

During preliminaryidentification using sequence similarity searches using complete
ITS gene region, four isolates, CGMCC3.23740, CGMCC3.23629, CGMCC3.23625,
and CGMCC3.23628, were identified as potential novel taxa, closely related to the
genera Amphisphaeria (Amphisphaeriaceae, Sordariomycetes), Kirschsteiniothelia
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(Kirschsteiniotheliaceae, Dothideomycetes), Roussoella/Neoroussoella (Thyridari-
aceae, Dothideomycetes), and Veronaea (Herpotrichiellaceae, Eurotiomycetes), re-
spectively. Thus, individual gene datasets were compiled for each genus based on
previous studies: Amphisphaeria (Suppl. material 1: table S2, ITS, LSU, and RPB2)
(Li W-L et al. 2024), Kirschsteiniothelia (Suppl. material 1: table S3, ITS, LSU, and
SSU) (Xu et al. 2023), and Veronaea (Suppl. material 1: table S4, ITS, LSU, SSU, and
B-tubulin) (Su et al. 2023). To identify the isolate closely as Roussoella/Neorous-
soella, we retrieved ITS, LSU, SSU, TEF, and RPB2 sequences of all validly described
species from Thyridariaceae listed in the NCBI GenBank Taxonomy (https://www.
ncbi.nlm.nih.gov/taxonomy; Suppl. material 1: table S5). All these datasets includ-
ed sequences from the novel taxa identified in this study and sequences from ex-
type isolates. If sequences from an ex-type isolate for a species were unavailable,
then sequences from an alternative isolate were considered.

All datasets were aligned using MAFFT v. 7.407 (Katoh et al. 2019) and man-
ually adjusted using MEGA v. 10.2.0 (Kumar et al. 2018). During the preliminary
phylogenetic analyses of the single gene datasets, ITS sequences from two fun-
gal species from Thyridariaceae, Parathyridaria flabelliae (MUT 4859; KR014355)
and Roussoellopsis macrospora (MFLUCC 12-0005; KJ739604), emerged as mis-
identified taxa. Thus, it was removed from the final dataset for all gene regions.

Final concatenated datasets were analysed using the maximum likelihood
(ML), Bayesian inference (Bl), and maximum parsimony (MP) approaches.
jModelTest v. 2.1.6 (Darriba et al. 2012) was used to identify suitable nucleotide
substitution models. ML analyses were performed using RAXML v. 8.2.12 (Sta-
matakis et al. 2008) with the substitution model GTR+GAMMA and 1000 boot-
strap replications. For Bl analysis, MrBayes v. 3.2.7 (Ronquist and Huelsenbeck
2003) with four MCMC chains was run for 5 M generations from a randomly
chosen starting tree with the stop value set at 0.01, the temperature set at 0.2,
and trees sampled every 100 generations. A quarter of the trees were discard-
ed as burn-in, and the remaining were used to build majority rule consensus
trees. MP analyses were done using MEGA with 1,000 bootstrap replications,
and gaps were considered the fifth state character. The resulting phylogenetic
trees were visualised using FigTree v. 1.4.4 (http://tree.bio.ed.ac.uk/software/
figtree/). All the alignments and trees were submitted to the Mendeley Data
(https://doi.org/10.17632/fbwj88c2nb.1).

Morphological characterisation

All isolates were sub-cultured on malt extract agar (MEA, 20 g agar, 20 g malt
extract [Qingdao Hope Bio-Technology Co., Ltd., Shandong, China], 1 L deionised
water), oatmeal agar (OA; 30 g oatmeal, 15 g agar, 1 L distilled water, pH 7.2 £ 0.2),
synthetic nutrient-poor agar (SNA, 1g KH,PO,, 1g KNO,, 0.5 g MgSO, -7H,0,0.5 g
KCl, 0.2 g glucose, 0.2 g sucrose, 20 g agar, 1 L deionised water) and PDA. All Petri
plates were incubated at 25 °C for 40 d. If no sporulating structures were observed
after incubation, autoclaved pine needles and dried lichen pieces were added to
all the above-mentioned media. Micro-morphological characters such as hyphae,
conidia, and conidiophores were photographed and measured (n = 50) using a Lei-
ca DFC495 camera attached to a Leica DM6 microscope. ImageJ v. 1.54h (Collins
2007) was used for measuring the taxonomically relevant structures.
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Growth studies

Agar plugs (5 mm in diameter) covered with mycelium were excised from the
actively growing edges of one-week-old cultures of each isolate and placed at
the centre of 90 mm Petri plates containing 2% MEA. Three replicate plates
were used for each temperature within the range of 5-35 °C at an interval of
5 °C to determine the optimal growth temperatures. The Petri plates were in-
cubated in the dark. Colony diameters were measured every two days until the
hyphae reached the edges of the Petri dishes or up to the eighth day.

Biological activity assay
Preparation of fungal extracts

All fungal isolates were sub-cultured on PDA medium and incubated at 25 °C
until the hyphal growth extended to the edges of the Petri dishes. Upon reach-
ing this stage of growth, both the mycelia and PDA medium were harvested and
macerated using separate sterile mortars and pestles. Subsequently, the myce-
lial mass and PDA medium were subjected to sequential extractions using 400
mL of ethyl acetate (EA, Tianjin Fuyu Fine Chemical Co., Ltd., China). The organ-
ic phase obtained was concentrated under a vacuum to eliminate the solvent,
resulting in the crude extract. The dried crude extracts were then reconstituted
in 100% dimethyl sulfoxide (DMSO; Solarbio, China) to prepare them for use in
subsequent analyses.

Anticancer assay

H460 and A549 are widely used non-small cell lung cancer (NSCLC) cell lines for
anticancer research, offering distinct characteristics for comparative analysis
with differences in sensitivity, reflecting their unique molecular traits (Gomathi-
nayagam et al. 2008; Tsui et al. 2014; Heavey et al. 2018). Therefore, these two
cell lines were chosen for the anticancer assay. To measure the cytotoxicity
against H460 cells, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) colorimetric assay was used following the protocol suggested
by Xie et al. (2016). Cells (6,000/well) were seeded into 96-well plates and incu-
bated at 37 °C with 5% CO,. Following this, the cells were treated with either a
control (vehicle, 100% DMSO) or 100 pg/mL of crude extracts and incubated for
24 h, and then the cells were incubated with MTT (Sigma-Aldrich, the USA) for
4 h in the dark. A plate reader (Bio-Rad Laboratories, Richmond, CA) was used
to measure light absorbance at 570 nm, determining the cell growth response
to the crude extract. Extracts that resulted in a cell death rate greater than 60%
were selected for further testing on both H460 and A549 cell lines, using 50 pg/
mL of crude extracts.

Cytotoxicity data were analysed using one-way ANOVA with Tukey's post-
hoc test for comparisons at 100 pg/mL and unpaired t-tests for the 50 pg/mL
assays available through R. Differences were considered significant at p < 0.05.
IC,, values were determined using the IC, Calculator available through https://
www.aatbio.com/tools/ic50-calculator.
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Antimicrobial assay

All fungal isolates were inoculated into Erlenmeyer flasks containing 50 mL of
potato dextrose broth (PDB) and incubated at 25 °C for seven days in the dark.
The cell-free culture filtrate was sterilised by filtering through a 0.22 pm pore
size filter (BKMAM, China). Antifungal assays were conducted according to the
method described by Li X et al. (2022). One mL of sterile filtrate was added to
9 mL of PDA medium poured into Petri plates, resulting in a final concentration
of 10%. Undiluted PDA plates were used for the blank control. Mycelial agar
plugs (6 mm in diameter) of Botrytis cinerea (isolated from tomato), Fusari-
um graminearum (isolated from wheat), and Alternaria alternata (isolated from
grape) were placed at the centre of the Petri plates and incubated for seven
days. The PDA agar plate without any sterile filtrate served as the control. All
plates were cultured at 25 °C, and the colony diameter of the fungal pathogens
was measured after seven days. The inhibition rate was calculated using the
formula inhibition rate (%) = 100 x (C-T)/C, where C = the radial growth of the
control (mm) and T = the radial growth of the test culture (mm).

The disc diffusion method was used to assess antibacterial activity. Esch-
erichia coli (ATCC 51446) and Staphylococcus aureus (ATCC 29213) were
streaked onto LB (lysogeny broth, Solarbio, China) agar plates and incubated
at 37 °C for 12 hours. A single colony was transferred into 50 mL LB broth in
Erlenmeyer flasks and incubated overnight at 37 °C with shaking at 180 rpm.
The resulting cell suspensions were used immediately to evaluate antibacterial
activity. One mL of the diluted microbial culture (1-2 x 10° colony-forming units
(cfu)/mL) was uniformly distributed into 9 mL of LB-agar medium and poured
into Petri dishes. Ten pL of cell-free culture filtrate were dripped onto 6mm fil-
ter discs and placed on the surface of the LB-agar medium. For the negative
controls, 10 pL of sterile water was used, while the positive control consisted
of penicillin (100 mg/mL; Sangon, China). The agar plates were incubated at
37 °C for 24 hours, and the inhibition zones around the discs were measured.

Extracellular enzyme assay

The screening medium for amylase consisted of 20 g agar (Solarbio, China), 2.5 g
soluble starch (Damao, China), 2.5 g (NH,),SO,, 3 g KH,PO,, 0.25 g CaCl,-6H,0,
5 g peptone (Solarbio, China), and 1 L deionised water. Fungal isolates were inoc-
ulated onto the medium and incubated for 4-7 days at 25 °C. After adding iodine,
a transparent zone around the fungal colony indicated amylase activity.

The cellulase screening medium included 0.5 g KH,PO,, 0.3 g MgSO,-7H,0,
1.88 g carboxymethyl cellulose-Na, 0.2 g Congo red, 20 g agar (Solarbio, China),
and 1 L deionised water. Fungi were inoculated and incubated for 4-7 days at
25 °C. The presence of a transparent zone around the fungal colony indicated
cellulose activity.

For glucose oxidase screening, the medium contained 80 g glucose, 3 g peptone
(Solarbio, China), 2 g KH,PO,, 0.7 g MgS0,-7H,0, 0.5 g KCI, 4 g NaNO,, 3.5 g CaCO,,
10 g soluble starch, 0.3 g sodium deoxycholate, 1.7 g Kl, 20 g agar (Solarbio, Chi-
na), and 1 L deionised water. Fungi were inoculated and incubated for 4-7 days at
25 °C. A purple zone around the fungal colony indicated glucose oxidase activity.
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The protease screening medium included 15 g skim milk, 3 g beef extract,
5 g NaCl, 10 g peptone (Solarbio, China), 20 g agar (Solarbio, China), and 1 L
deionised water, with a pH of 7.2-7.5. The medium was autoclaved for 20 min-
utes at 121 °C. Fungi were inoculated and incubated for 4-7 days at 25 °C. A
transparent zone around the fungal colony indicated protease activity.

The gelatinase screening medium consisted of 5 g NaCl, 10 g peptone (So-
larbio, China), 3 g beef extract, and 120 g gelatin. This medium was autoclaved
at 110 °C for 20 minutes. Fungi were inoculated and incubated for 4-7 days at
25 °C, followed by refrigeration at 4 °C overnight. Liquefaction after overnight
refrigeration indicated gelatinase activity.

Results
Phylogenetic analyses

Four gene regions, including LSU, ITS, RPB2 and B-tubulin, were used to iden-
tify CGMCC3.23740. The concatenated dataset included 38 sequences with
3176 base pairs (LSU: 1-893, ITS: 894-1586, RPB2: 1587-2279, B-tubulin:
2280-3072). CGMCC3.23740 emerged as a sister to Amphisphaeria verni-
ciae but without strong support in concatenated trees (Fig. 1). Therefore,
CGMCC3.23740 was identified as a new species in Amphisphaeria.

The concatenated dataset used to identify CGMCC3.23629 includes 64
taxa and 2347 characters, including gaps (SSU: 1-900; ITS: 901-1507; LSU:
1508-2347). In the concatenated tree, CGMCC3.23629 is nested within a
clade that included Kirschsteiniothelia aquatica, K. cangshanensis, K. longis-
porum, K. pini and K. weiningensis with support of ML/MP/BI: 100/99/1 (Fig.
2). Therefore, CGMCC3.23629 was identified as a new species in the genus
Kirschsteiniothelia.

The concatenated dataset used to identify CGMCC3.23625 includes 90
taxa and 3909 characters, including gaps (SSU: 1-1005; ITS: 1006-1429;
LSU: 1430-2273; TEF: 2274-2999; RPB2: 3000-3909). CGMCC3.23625 was
grouped with Neoroussoella magnoliae outside of Roussoella without strong
support in the concatenated ML trees (Fig. 3). Therefore, CGMCC3.23625 was
identified as a novel Neoroussoella species in the family Thyridariaceae.

The concatenated dataset used to identify CGMCC3.23628 includes 37 taxa
and 2877 characters, including gaps (SSU: 1-977; ITS: 978-1676; LSU: 1677~
2513; B-tubulin: 2514-2877). In the concatenated tree, CGMCC3.23628 formed
a sister clade with Exophiala nagquensis inside the genus Veronaea with strong
support (ML/MP/BI: 100/100/1) (Fig. 4). Therefore, CGMCC3.23628 was iden-
tified as a new species in the genus Veronaea.

Taxonomy

Amphisphaeria falcata H.L. Si, R.L. Chang, T. Bose & Y. C. Wang, sp. nov.
MycoBank No: 847894
Fig. 5a-i

Etymology. The name refers to the sickle-shaped conidia.
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Amphisphaeria xishuangbannaense KUNCC 23 15524

100/99 |'Amphisphaeria xishuangbannaense KUNCC 23 15525

Amphisphaeria oleae UESTCC23.0120

97/97
100/99 1 Amphisphaeria oleae CGMCC3.24959

Amphisphaeria camelliae HKAS 107021
85/80 —[
100/99! Amphisphaeria camelliage MFLU 20 0181

Amphisphaeria orixae GZCC 22 2032
100/991 amphisphaeria orixae GZCC 22 2031

Amphisphaeria neoaquatica MFLUCC 14 0045

100/99 Ampbhisphaeria kunmingensis KUNCC 23 15523
\_I

Amphisphaeria kunmingensis KUNCC 23 15522
Amphisphaeria sambuci RS5

Amphisphaeria sambuci RS

100/99 Amphisphaeria micheliae HKAS 107012

100/99 | Amphisphaeria micheliae MFLU 20 0172
100/99 |Amphisphaeria qujingensis KUMCC 19 0186
Ampbhisphaeria qujingensis KUMCC 19 0187

100/96| | Amphisphaeria fuckelii LEF1
100/99! Amphisphaeria fuckelii LEF

Amphisphaeria flava

100/99 [Amphisphaeria chiangmaiensis MC22 001 1
Amphisphaeria chiangmaiensis MC22 001
100/99 Amphisphaeria curvaticonidia HKAS 102288
Amphisphaeria curvaticonidia MFLU 18 0789
Amphisphaeria falcata CGMCC3.23740

Ampbhisphaeria verniciae UESTCC23.0122
100/99 I_—Amphisphaeria verniciae CGMCC3.24960

100/99 Amphisphaeria magna HKAS 130271

Ampbhisphaeria magna HKAS 130270
Amphisphaeria mangrovei PUFD37
Ampbhisphaeria acericola IT1779

Amphisphaeria ailaoshanensis KUNCC 23 15520

100/99! Amphisphaeria ailaoshanensis KUNCC 23 15521
100/99 Amphisphaeria shangrilaensis HKAS 130272
99/99 Amphisphaeria shangrilaensis HKAS 130273

Amphisphaeria sorbi MFLU 14 0797

~

Amphisphaeria thailandica
99 :99 ’Amphisphaer/a hydei MC22 015
Amphisphaeria hydei MC22 002
Ampbhisphaeria yunnanensis KUMCC 19 0189

97/99
Amphisphaeria yunnanensis KUMCC 19 0188

Amphisphaeria karsti GZAAS 20 0148

95/97
100/99! Amphisphaeria karsti GZAAS 20 0147
Amphisphaeria uniseptata CBS114967

I—Amphisphaeria parvispora MFLU 18 0767

Amphisphaeria umbrina AFTOL ID 1229

— Bartalinia pondoensis CBS125525

-
0.02

100/99L— Bartalinia pini CBS 143891

Figure 1. Maximum likelihood tree of Amphisphaeria species constructed using the concatenated dataset (LSU+ITS+RP-
B2+B-tubulin). Bootstrap support values > 75% are indicated above the nodes as ML/MP, and posterior probabilities
> 0.90 are indicated by bold branches. Isolates obtained in this study are in bold font.
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100/100  Kirschsteiniothelia guizhouensis GZCC 24-0041
Kirschsteiniothelia guizhouensis GZCC 24-0034 T

100/100~_79/-, Kirschsteiniothelia acutispora MFLU 21 0127 T

Kirschsteiniothelia puerensis ZHKUCC22-0271 T

Kirschsteiniothelia puerensis ZHKUCC22-0272

Kirschsteiniothelia chiangmaiensis MFLU 23-0358 T

100/99)\ | Kirschsteiniothelia xishuangbannaensis ZHKUCC 22-0220 T

Kirschsteiniothelia xishuangbannaensis ZHKUCC 22-0221
— Kirschsteiniothelia thailandica MFLU20-0263 T

100/100 Kirschsteiniothelia inthanonensis MFLUCC 23-0277 T

Kirschsteiniothelia septemseptatum MFLU 21-0126 T

[193/92| [ Kirschsteiniothelia nabanheensis HIAUP C2004 T

100/100—] Kirschsteiniothelia nabanheensis HIAUP C2006
100/100 Kirschsteiniothelia jiangxiensis HJAUP C1273
10092 =] Kirschsteiniothelia jiangxiensis HIAUP 1274
Kirschsteiniothelia bulbosapicalis GZCC 23-0732 T
99/99~ Kirschsteiniothelia jiulianshanensis HIAUP C1314
99/95- | | * Kirschsteiniothelia jiulianshanensis HJAUP C1313 T
100/100~—_| | Kirschsteiniothelia thujina JF13210
100/95 Kirschsteiniothelia laojunensis KUN-L 88727 T
98/- S| { Kirschsteiniothelia crustaceum T20-1127 T
100/98 Kirschsteiniothelia longirostrata GZCC 23-0733 T
frm— Kirschsteiniothelia guangdongensis MHZU:22-0137 T
99/92| ! Kirschsteiniothelia tectonae MFLUCC 12-0050 T
100/87 // Kirschsteiniothelia spatiosum MFLU 21-0128 T
83/81— Kirschsteiniothelia agumbensis NFCCI 5714 T
Kirschsteiniothelia rostrata MFLUCC 16-1124
86/-L Kirschsteiniothelia rostrata MFLUCC 15-0619 T
94/97\\\ Kirschsteiniothelia submersa S-481
1007100 Kirschsteiniothelia submersa MFLUCC15-0427 T

Kirschsteiniothelia extensum MFLU 21-0130 T
Kirschsteiniothelia sichuanensis UESTCC 24.0127 T
100/961— Kirschsteiniothelia ebriosa FMR:16665
Kirschsteiniothelia ebriosa FMR:16666 T
Kirschsteiniothelia vinigena FMR:15668 T
83/88 {Kirschsteiniuthelia lignicola MFLUCC10-0036 T

-ﬂéirschsteiniothelia xishuiensis GZCC 24-0052 T

88/92

90/79 S0 Kirschsteiniothelia ramus GZCC 23-0596 T
82/-| * Kirschsteiniothelia saprophytica MFLUCC 23-0276
/ [ 'Kirschsteiniothelia saprophytica MFLUCC 23-0275 T
100/100 — Kirschsteiniothelia zizyphifolii MFLUCC 23-0270 T

Kirschsteiniothelia aethiops CBS 109.53
Kirschsteiniothelia aethiops MFLUCC15-0424
Kirschsteiniothelia atra DEN T
Kirschsteiniothelia dendryphioides KUNCC 10431 T
Kirschsteiniothelia dendryphioides KUNCC 10499
Kirschsteiniothelia emarceis MFLUCC10-0037 T
100/100 | Kirschsteiniothelia arasbaranica IRAN 2509C
Kirschsteiniothelia arasbaranica IRAN 2508C T
Kirschsteiniothelia esperanzae T. Raymundo 6581 T
100/100s Kirschsteiniothelia ganzhouensis HIAUP C1209 T
Kirschsteiniothelia ganzhouensis HJAUP C1210
Kirschsteiniothelia fluminicola MFLUCC 16-1263 T
Kirschsteiniothelia dushanensis GZCC:19-0415 T
Kirschsteiniothelia phoenicis MFLUCC 18-0216 T
Kirschsteiniothelia tumidula CGMCC3.23629 T
Kirschsteiniothelia aquatica MFLUCC 16-1685 T
Kirschsteiniothelia pini UESTCC24-0131 T
Kirschsteiniothelia longisporum UESTCC 240190 T
Kirschsteiniothelia cangshanensis GZCC19-0515
Kirschsteiniothelia cangshanensis MFLUCC 16-1350 T
Kirschsteiniothelia weiningensis GZCC 24-0072 T
100/100 I: Acrospermum adeanum M133 T
— Acrospermum compressum M151 T
0.05

76/-—

94/94 |

Figure 2. Maximum likelihood tree of Kirschsteiniothelia species constructed using the concatenated dataset (SSU+ITS+L-
SU). Bootstrap support values = 75% are indicated above the nodes as ML/MP, and posterior probabilities = 0.90 are in-
dicated by bold branches. Isolates obtained in this study are in bold font.
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Roussoella japanensis KT 1651

Roussoella hysterioides CBS 546.94

Roussoella papillate

Roussoella verrucispora

Roussoella multiloculate GMB1207

Roussoella sichuanensis

Roussoella scabrispora

Roussoella guttulata

Roussoellopsis tosaensis

Roussoella pustulans KT 1709
Roussoella margidorensis MUT 5329

Roussoella thailandica

Roussoella tuberculata MFLU 15 1211

Roussoella pseudohysterioides MFLU 15 1209

Roussoella nitidula

Roussoella angustior

Roussoella magnatum

Roussoella chiangraina

Roussoella uniloculata GMB1288

Roussoella fusispora

Roussoella neopustulans

= Roussoella mediterranea MUT 5369

100/99—_|

100/99
81/94—

94/-—

Roussoella padinae MUT 5503
Roussoella aquatica MFLUCC 18 1040
Roussoella kunmingensis
Roussoella siamensis MFLU 11 0185
Roussoella yunnanensis
Roussoella doimaesalongensis
Roussoella sinensis GMB1296
100Roussoella bambusarum
Setoarthopyrenia chromolaenae MFLUCC 17 1444
— Roussoella chinensis
Nothoroussoella irregularis CGMCC 3.22466

Neoroussoella magnoliae MFLUCC 18 0721

Neoroussoella annulata CGMCC3.23625
Neoroussoella alishanense FU31016
Neoroussoella bambusae
Roussoella arundinacea
Neoroussoella lignicola

Neoroussoella thailandica

Neoroussoella fulvicomae MFLUCC 17 2073
Neoroussoella clematidis MFLUCC 17 2061
Neoroussoella heveae
[ Neoroussoella peltophora MFLU 21 0113
Neoroussoella solani

92/84—_—1 Neoroussoella leucaenae MFLUCC 17 0927

97/88—
99/90

81/85——]
100/99——

97/90—7 |

100/99—

97/92—

Neoroussoella entadae MFLUCC 17 0920

99/91 Neoroussoella chiangmaiensis MFLU22 0205

100, Neoroussoella lenispora
87/- 91/93" Neoroussoella sedimenticola

Roussoella mexicana
Roussoella intermedia CBS 170.96

Pseudoroussoella chromolaenae MFLUCC 17 1492
Pseudoroussoella elaeicola MFLUCC17 1483
Pseudoneoconiothyrium euonymi
Pseudoneoconiothyrium rosae MFLUCC 15 0052

Xenoroussoella triseptata MFLUCC17 1438
Pararoussoella mangrovei
Pararoussoella rosarum MFLUCC 17 0796
Pararoussoella mukdahanensis MFLU 11 0237
Pararoussoella juglandicola
100/99 Pararoussoella quercina

100/99 ¢ cycasicola goaensis MFLUCC 17 0754

Cycasicola leucaenae MFLUCC 17 0914
Liua muriformis KUMCC 18 0177
Chromolaenomyces appendiculatus MFLUCC17 1455

Pseudothyridariella mahakashae
Parathyridariella dematiacea MUT 4884
Thyridariella mangrovei
Pseudothyridariella chromolaenae MFLUCC17 1472
Pseudothyridariella idesiae CGMCC3.24439
Parathyridaria ephedrae
Parathyridaria percutanea CBS 868.95
Parathyridaria philadelphi

100/98

100/99 I” Parathyridaria serratifoliae MFLUCC 17 2210

Parathyridaria robiniae

Parathyridaria clematidis MFLUCC 17 2185
Parathyridaria ramulicola CBS 141479
Parathyridaria tyrrhenica MUT 5371
Parathyridaria ellipsoidea
Parathyridaria virginianae MFLUCC 17 2163
96/84— parathyridaria rosae

Thyridaria aureobrunnea
100, Thyridaria acaciae

99/95L] Thyridaria jonahhulmei HKAS 122912

Thyridaria broussonetiae CBS 141481
Elongatopedicellata lignicola MFLUCC15 0642

100/99 Elongatopedicellata aquatica

s /0rula hollandica CBS 220.69
100/99— Torula herbarum CBS 111855

—
0.02

Figure 3. Maximum likelihood tree of Thyridariaceae species constructed using the concatenated dataset (SSU+ITS+L-
SU+TEF+RPB2). Bootstrap support values = 75% are indicated above the nodes as ML/MP, and posterior probabilities >
0.90 are indicated by bold branches. Isolates obtained in this study are in bold font.
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99/99/ Veronaea aquatica JAUCC2549
Veronaea japonica CBS 776.83
96/99 Veronaea compacta CBS 268.75
100/100~ Veronaea brunneicolor CGMCC3.23628

100/100— Exophiala nagquensis CGMCC3.17334
86/75
/- Exophiala nagquensis CGMCC 3.17333

100/100—_| Veronaea polyconidia CGMCC 3.25589
Veronaea polyconidia UESTCC 23.0138

Veronaea botryosa

100/100
Veronaea botryosa CBS 254.57

Exophiala salmonis CBS 157.67
Exophiala equina CBS 119.23
Exophiala tremulae CBS 129355
Exophiala psychrophila CBS 191.87
Exophiala pisciphila CBS 537.73

89/99~_

99/92—
78/88

—

™~

Exophiala aguamarina CBS 119918

100/100——__| Thysanorea aquatica MFLUCC 15 0966

Thysanorea papuana CBS 212.96
100/99—_| ¥ pap

Minimelanolocus asiaticus MFLUCC 15 0237

99/99 Minimelanolocus clavatus DLU 3022

Minimelanolocus aquaticus MFLUCC 15 0414

Rhinocladiella anceps

89/- =
Aculeata aquatica MFLUCC 11 0529

Melanoctona tectonae MFLUCC 12 0389
Capronia pilosella AFTOL ID 657

Fonsecaea erecta CBS 125763

100/99

Minimelanolocus submersus KUMCC 15 0206

Exophiala jeanselmei CBS 507.90

Cyphellophora oxyspora CBS 698.73

|_|
0.02

Marinophialophora garethjonesii KUMCC16 0066
Fonsecaea monophora CBS 102243

Cladophialophora minourae CBS 556.83
Cladophialophora parmeliae CBS 129337
Phialophora verrucosa CBS 140325
Cladophialophora carrionii CBS 160.54

Brycekendrickomyces acaciae

Metulocladosporiella musae CBS 161.74

Figure 4. Maximum likelihood tree of Veronaea and related species constructed using the concatenated dataset
(SSU+ITS+LSU+B-tubulin). Bootstrap support values = 75% are indicated above the nodes as ML/MP, and posterior prob-
abilities = 0.90 are indicated by bold branches. Isolates obtained in this study are in bold font.
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Type. CHINA * Yunnan Province, Chuxiong Yi Autonomous Prefecture, Chux-
iong City, Dayao County (26°32'71.54"N, 100°57'3.6"E), isolated from the
medullary tissue of the lichen Usnea diffracta (SDCX40), 13 Nov. 2020, H. L.
Si, CX40A8 = CGMCC3.23740 (the ex-holotype culture), dried culture HMAS
352144 (holotype specimen), GenBank Accession Numbers: ITS 0Q645270;
LSU 0Q645284; SSU 0Q625477; RPB2 0Q696281; and B-tubulin 0Q696283.

Description. Hyphae smooth, grey, septate, septa inconspicuous, compart-
ments cylindrical, branched, measuring 1.19-3.15 pm (x = 1.93 pm, n = 50) in
diam (Fig. 5¢c—f). Conidia hyaline, surface smooth, sickle-shaped, 25.07-42.22 x
1.12-2.43 pm (X = 31.83 x 1.76 ym, n = 11) in diameter (Fig. 5g—i). No sexual
morph was observed.

Culture characteristics. On PDA, after 10 days of incubation at 25 °C, the col-
onies were white in colour, velvety on the surface, slightly raised in the centre,
with an entire margin and irregular radial folds (Fig. 5a), and the reverse was
yellow in the centre with a white halo around the margin (Fig. 5b). The optimum
growth temperature was 25 °C (1.42 mm/day). No growth was detected at 5 °C
and 35 °C.

Host. Usnea diffracta.

Distribution. Yunnan, China.

Note. Amphisphaeria falcata is phylogenetically close to A. verniciae. How-
ever, the sexual state of A. falcata has not been observed, and the conidia of
A. verniciae have not been observed. There is a significant variation, a total of
297 bps, in the ITS, LSU, B-tubulin, and RPB2 gene sequences between these
two species (ITS 71 bps, LSU 15 bps, B-tubulin 162 bps, RPB2 49 bps).

Kirschsteiniothelia tumidula H.L. Si, R.L. Chang, T. Bose & Y. C. Wang, sp. nov.
MycoBank No: 847896
Fig. 5j-r

Etymology. The name refers to the convex colony of this fungus on PDA.

Type. CHINA * Yunnan Province, Chuxiong Yi Autonomous Prefecture, Chux-
iong City, Dayao County (26°32'71.54"N, 100°57'3.6"E), isolated from the med-
ullary tissue of the lichen Usnea aciculifera (SDCX79), 13 Nov. 2020, H. L. Si,
CX79B2 = CGMCC3.23629 (the ex-holotype culture), dried culture HMAS
352146 (holotype specimen), GenBank Accession Numbers: ITS 0Q645272;
LSU 0Q645286; SSU 0Q645279.

Description. Hyphae smooth, olivaceous in colour, branched, septate, measur-
ing approximately 1.78-4.76 pm (X = 2.61, n = 50) in diam (Fig. 5i-0). Conidio-
phores macronematous, mononematous, terminal or lateral, pale blue to olive
green, smooth, unbranched, septate, measuring 34.07-70.85 x 5.11-10.06 pm
(x=50.63 x 7.17 um, n = 11) (Fig. 5m-0). Conidiogenous cells monoblastic, inte-
grated, terminal, determinate, spherical or ovoid in shape, surface smooth, pale
blue to olive green in colour, measuring 4.95-11.61 x 4.39-10.51 pm (X = 8.82 x
6.14 ym, n = 11) (Fig. 5m-p). Conidia acrogenous, solitary, dry, pale olivaceous,
pale at apex, septate, with 1-4 septa, slightly constricted at septum, obclavate,
rostrate, smooth, straight or slightly curved, truncate at base, sometimes with a
gelatinous sheath surrounding the apex, measuring 7.23-38.00 x 3.92-11.30 ym
(x=6.64 x 18.29 um, n = 50) (Fig. 5m-0). No sexual morph was observed.
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Figure 5. Morphology of Amphisphaeria falcata sp. nov. (HMAS 352144) a top and b reverse view of a 10-day-old cul-
ture growing on a PDA c—f hyphae g—i conidia; Kirschsteiniothelia tumidula sp. nov. (HMAS 352146) j top and k reverse
view of a 15-day-old culture growing on a PDA | conidiophore m—o conidiophore with conidia p germinating conidia
g, r conidia. Scale bars: 5 pm.
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Culture characteristics. On PDA, after 7 days of incubation at 25 °C, the col-
ony is pale bluish green in the centre, the edge is grey, the centre is raised, the
surface is tomentose, and the margin is entire (Fig. 5j). The reverse of the colo-
ny is brown (Fig. 5k). The optimal growth temperature is 25 °C (5.86 mm/day).
Slow growth (1.42 mm/day) was observed at 5 °C, and no growth was detected
at 30 °C and 35 °C.

Host. Usnea aciculifera.

Distribution. Yunnan, China.

Note. Kirschsteiniothelia tumidula is phylogenetically close to K. aquatica, K.
cangshanensis, K. longisporum, K. pini, and K. weiningensis. However, the Conid-
iophores of K. tumidula ranges between 34.07-70.85 pm are shorter than those
of K. aquatica, K. cangshanensis, K. longisporum, K. pini, and K. weiningensis
which range between 105.5-135.5 pm, 114-151 pm, 115-285 pm, 69-124 pm,
and 75-125 pm, respectively (Bao et al. 2018; Jin et al. 2024; Tian et al. 2024;
Xiao et al. 2025). Both K. tumidula, K. cangshanensis, and K. weiningensis exhibit
a gelatinous sheath surrounding their apices, whereas K. aquatica, K. longispo-
rum, and K. pini lack this feature. In addition, there is a significant variation in the
ITS and LSU among these three species. There was a total of 37 bps (ITS: 34
bps, LSU: 3 bps, SSU: 0 bps) differences between K. tumidula and K. aquatica, 45
bps (ITS: 43 bps, LSU: 2 bps, SSU: 0 bps) differences between K. tumidula and
K. cangshanensis, and 35 bps (ITS: 29 bps, LSU: 5 bps, SSU: 1 bps) differences
between K. tumidula and K. longisporum, 39 bps (ITS: 36 bps, LSU: 3 bps, SSU:
0 bps) differences between K. tumidula and K. pini, and 43 bps (ITS: 36 bps, LSU:
6 bps, SSU: 1 bps) differences between K. tumidula and K. weiningensis.

Neoroussoella annulata H.L. Si, R.L. Chang, T. Bose & Y. C. Wang, sp. nov.
MycoBank No: 847891
Fig. 6a—h

Etymology. The name refers to the zonate colony morphology on PDA.

Type. CHINA * Yunnan Province, Chuxiong Yi Autonomous Prefecture, Chux-
iong City, Dayao County (26°32'71.54"N, 100°57'3.6"E), isolated from the
medullary tissue of the lichen Usnea ceratina (SDCX26), 13 Nov. 2020, H. L.
Si, CX26A1B = CGMCC3.23625 (the ex-holotype culture), dried culture HMAS
352142 (holotype specimen), GenBank Accession Numbers: ITS 0Q645267;
LSU 0Q645281; SSU 0Q645274; RPB2 0Q696278; TEF1 0Q696275.

Description. Hyphae smooth, pale coloured to brown, branched, septate,
measuring 0.94-2.99 pm (x = 1.48 uym, n = 50) in diam (Fig. 6¢-h). Often, two
parallel hyphae form hyphal anastomosis (Fig. 6d, g). No spores or sexual
morphs were observed.

Culture characteristics. On PDA, after 7 days of incubation at 25 °C, the col-
ony has a light brown centre with curved elevations, surrounded by a greyish
green concentric circle, and the margin is light grey. The surface is rough with
short, fine hairs, and the edges are smooth and irregularly cracked (Fig. 6a).
The reverse of the colony has a dark brown centre and edges that range from
brown to yellow (Fig. 6b). The optimal growth temperature is 25 °C (1.57 mm/
day). No growth was detected at 5 °C and 35 °C.

Host. Usnea ceratina.
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Figure 6. Morphology of Neoroussoella annulata sp. nov. (HMAS 352142) a top and b reverse view of a 15-day-old culture
growing on a PDA c-h hyphae; Veronaea brunneicolor sp. nov. (HMAS 352145) i top and j reverse view of a 15-day-old
culture growing on a PDA k, | hyphae; m—o conidiophore with conidia p, q conidia. Scale bars: 5 pm.
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Distribution. Yunnan, China.

Note. Neoroussoella annulata is closely related to N. magnoliae in both mul-
tigene and single-gene phylogenetic analyses. We didn’t observe any reproduc-
tive structures for N. annulata; however, the sexual morph of N. magnoliae is
known (Yuan et al. 2020). A significant genetic divergence was observed be-
tween the species, with a total of 50 base pair differences in the sequences
analysed: ITS (19 bps), SSU (21 bps), LSU (0 bps), and TEF (10 bps). Further-
more, the ecological preferences of these species are distinct; N. annulata was
isolated from U. ceratina, whereas N. magnoliae is a saprobic species isolated
from dead twigs of Magnolia species (Yuan et al. 2020).

Veronaea brunneicolor H.L. Si, R.L. Chang, T. Bose & Y. C. Wang, sp. nov.
MycoBank No: 847895
Fig. 6i-q

Etymology. The name refers to the brown colony morphology on PDA.

Type. CHINA « Yunnan Province, Chuxiong Yi Autonomous Prefecture, Chux-
iong City, Dayao County (26°32'71.54"N, 100°57'3.6"E), isolated from the med-
ullary tissue of the lichen Usnea aciculifera (SDCX68), 13 Nov. 2020, H. L. Si,
CX68C101 = CGMCC3.23628 (the ex-holotype culture), dried culture HMAS
352145 (holotype specimen), GenBank Accession Numbers: ITS 0Q645271;
LSU 0Q645285; SSU 0Q645278; B-tubulin 00696284.

Description. Hyphae smooth, bluish-gray, septate, branched, measuring
1.24-3.75 ym (X = 2.57 pm, n = 50) in diam (Fig. 6k, I). Conidiophores arising
laterally on hyphae, bluish-gray, septate, branched or unbranched, sometimes
reduced to conidiogenous cells, measuring 11.43-83.85 pm (X = 38.50 uym,
n = 10) (Fig. 6m-0). Conidiogenous cells holoblastic, polyblastic, integrat-
ed, terminal, determinate, cylindrical or ovoid, geniculate, smooth, grey, mea-
suring 8.42-40.56 x 1.78-4.29 ym (X = 15.46 x 2.77 ym, n = 50) (Fig. 6m~-
0). Conidia solitary and smooth, cylindrical to ellipsoid, straight or slightly
curved, apex obtuse, base acute with a prominent scar, pale brown in colour,
usually uniseptate, rarely bi-septate, often constricted at septa, measuring
4.12-12.09x 1.96-3.05 p (x = 6.72 x 2.43 ym, n = 50) (Fig. 6m—q). No sexual
morph was observed.

Culture characteristics. On PDA, after 7 days of incubation at 25 °C, the col-
ony gray-brown in colour, flat, with a tomentose surface, margin entire, and par-
tially immersed in the medium (Fig. 6i). The reverse of the colony is dark brown
(Fig. 6j). The optimal growth temperature is 25 °C (1.26 mm/day). No growth
was detected at 5 °C and 35 °C.

Host. Usnea aciculifera.

Distribution. Yunnan, China.

Note. Our phylogenetic analysis showed that all Veronaea species, including
our isolates and the type species V. botryose, form a well-supported monophy-
letic clade distinct from Exophiala, supporting the placement of V. brunneicol-
or within Veronaea. Morphologically, our isolate also differs from Exophiala by
producing solitary conidia (vs. slime-aggregated) and having holoblastic-poly-
blastic conidiogenous cells (vs. ampulliform) (Carmichael 1967). Although
E. nagquensis clustered within Veronaea, its separation from E. salmonis, the
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type species of Exophiala, suggests plausible misidentification. Veronaea brun-
neicolor is phylogenetically close to E. nagquensis. However, the conidia diam
of V. brunneicolor is shorter than E. nagquensis (2.43 ym vs. 3.3 uym) (Sun et
al. 2020). Conidia of V. brunneicolor are uni- or bi-septate, whereas in E. nagg-
uensis, they are aseptate. In addition, there was a total of 15 bps differences
between V. brunneicolor and E. nagquensis in ITS (6 bps), LSU (2 bps), SSU (0
bps) and B-tubulin (7 bps) sequences.

Biological activity assay
Anticancer assay

In evaluating the cytotoxic activity of crude extracts from endolichenic fun-
gi at 100 pg/mL against the H460 cell line, V. brunneicolor, N. annulata, and
K. tumidula exhibited significantly higher cytotoxicity, inhibiting cell growth
by 69.05%, 62.01%, and 52.75%, respectively. These values were significantly
greater (p < 0.05) than those of A. falcata (6.03%) (Fig. 7a). Based on this
activity, V. brunneicolor and N. annulata were chosen for further evaluation at
a lower concentration (50 pg/mL) against both H460 and A549 cell lines, as
their inhibition percentages exceeded 60%. In these assays, both N. annulata
and V. brunneicolor had higher cytotoxicity on H460 cells than A549 (Fig. 7b).
Between species, N. annulata showed the highest inhibition of H460 cells
(67.16%) and A549 cells (38.55%) compared to V. brunneicolor, which inhibited
H460 and A549 cells by 57.33% and 23.64%, respectively (Fig. 7b). However,
these differences were not statistically significant (p > 0.05). The IC,, values
for both fungi were calculated as 70.71 pg/mL.

Antimicrobial assay

To assess the antifungal activity of A. falcata (CGMCC3.23740), K. tumid-
ula (CGMCC3.23629), N. annulata (CGMCC3.23625), and V. brunneicolor
(CGMCC3.23628), three fungal pathogens, A. alternata, B. cinerea, and F. gram-
inearum, were used. Amphisphaeria falcata (CGMCC3.23740) inhibited the
growth of F. graminearum with an inhibition rate of 21%, but it also promoted
the growth of A. alternata and B. cinerea (Fig. 7c, d). Kirschsteiniothelia tumid-
ula (CGMCC3.23629) did not affect A. alternata but significantly promoted the
growth of B. cinerea and F. graminearum (Fig. 7c, d). Neoroussoella annulata
(CGMCC3.23625) did not inhibit any of the three pathogens and instead pro-
moted their growth (Fig. 7c, d). Veronaea brunneicolor (CGMCC3.23628) inhib-
ited all three pathogens, particularly B. cinerea and F. graminearum, with inhibi-
tion rates of 17% and 16%, respectively (Fig. 7c, d).

For the antibacterial assays, Escherichia coli and Staphylococcus aureus
were used as test organisms. None of the four fungi isolated in this study ex-
hibited any antibacterial activity (Fig. 7e).

Extracellular enzyme assay

The fungal strains exhibited diverse enzymatic profiles, emphasising their po-
tential biocatalytic capabilities (Fig. 8). Amphisphaeria falcata (CGMCC3.23740)
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Figure 7. Anticancer, antifungal, and antibacterial activity of Amphisphaeria falcata (CGMCC3.23740), Kirschsteiniothe-
lia tumidula (CGMCC3.23629), Neoroussoella annulata (CGMCC3.23625), and Veronaea brunneicolor (CGMCC3.23628)
a, b the anticancer activity ¢, d the antifungal activity e the antibacterial activity. All experiments were performed in trip-
licate and repeated once.

displayed the widest enzymatic range, including cellulase, gelatinase, glucose
oxidase, and protease activities. Kirschsteiniothelia tumidula (CGMCC3.23629)
demonstrated both cellulase and protease activities. Neoroussoella annulata
(CGMCC3.23625) showed cellulase, gelatinase, and protease activities. Lastly,
Veronaea brunneicolor (CGMCC3.23628) exhibited cellulase activity.
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Figure 8. Extracellular enzymes assay of Amphisphaeria falcata (CGMCC3.23740), Kirschsteiniothelia tumidula (CG-
MCC3.23629), Neoroussoella annulata (CGMCC3.23625), and Veronaea brunneicolor (CGMCC3.23628). Positive and
negative reactions are denoted by the presence of a transparent circle, marked with a “+ve” and "-ve” symbol in the upper
left corner of each plate, respectively. All experiments were performed in triplicate and repeated once.

Discussion

In our previous study (Si et al. 2023), we successfully identified a range of en-
dolichenic fungi from four species of Usnea. Initial classification of these fungi
based on complete internal transcribed spacer (ITS) sequences revealed that
some isolates shared limited similarities with known fungal species, indicating
the potential presence of novel taxa. To explore this further, we expanded our in-
vestigation by amplifying and sequencing additional genetic markers, applying
robust phylogenetic methods to formally describe these fungi as Amphisphae-
ria falcata, Kirschsteiniothelia tumidula, Neoroussoella annulata, and Veronaea
brunneicolor. Additionally, we assessed the biotechnological and pharmaceu-
tical potential of these fungi by evaluating their anticancer, antimicrobial, and
enzymatic activities. Veronaea brunneicolor and N. annulata demonstrated
moderate anticancer activity against H460 and A549 cell lines, significant in-
hibition of plant pathogenic fungi by V. brunneicolor, and the production of var-
ious enzymes, including cellulase, gelatinase, glucose oxidase, and protease,
suggesting their potential for industrial applications.

This study introduces and describes four novel fungal species isolated from
Usnea spp., significantly expanding the ecological range of their respective
genera. Phylogenetic analyses utilising multiple gene regions identified these
taxa within the genera Amphisphaeria, Kirschsteiniothelia, Neoroussoella, and
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Veronaea, each representing the first of its genus to be isolated from lichen.
For instance, Amphisphaeria typically comprises species that are saprobic on
woody branches and certain monocotyledons, with Amphisphaeria orixae being
the only known endophytic species before this study (Samarakoon et al. 2022;
Wang et al. 2023; Li W-L et al. 2024). This discovery broadens the known eco-
logical range of the genus. Similarly, Kirschsteiniothelia species, predominantly
saprobes found on decaying wood in terrestrial and freshwater ecosystems (de
Farias et al. 2024), and Neoroussoella, traditionally associated with decaying
branches and plant materials (Liu et al. 2014; Dai et al. 2022; Hyde et al. 2023),
are now represented by strains isolated from lichen. These findings significant-
ly extend the current understanding of fungal ecology, highlighting the diverse
fungal communities within lichen thalli and suggesting a more complex ecolog-
ical network than previously recognised.

The four fungal species described in this study demonstrated varying degrees
of cytotoxicity against the H460 and A549 cell lines, with V. brunneicolor and N.
annulata showing moderate activity at a concentration of 100 ug/mL. However,
N. annulata retained its cytotoxic potential at a lower concentration of 50 pg/
mL, indicating a selectivity in its biological activity. This observation opens pos-
sibilities for targeted therapeutic applications, although further investigation is
needed to fully elucidate the mechanisms behind this selectivity. In contrast, the
remaining strains did not exhibit significant anticancer properties, highlighting
the need for continued exploration of endolichenic fungi as a reservoir of bio-
active compounds. Previous studies have revealed cytotoxic compounds in the
Veronaea (Zhou et al. 2015), underscoring the promise of these fungi in drug
discovery. Furthermore, the secondary metabolites of A. orixae, although not
demonstrating significant antitumor activity (Wang et al. 2023), suggest that
endolichenic fungi may possess yet-to-be-explored bioactive compounds.

In addition to their anticancer potential, the antimicrobial activity of the four
strains was assessed. Despite the known antimicrobial properties of many en-
dolichenic fungi (Kellogg and Raja 2017; Agrawal et al. 2020; Dumo et al. 2023),
our study found no antibacterial activity against S. aureus and E. coli in any
of the isolates. The antifungal activity was highly variable, with some species
even promoting the growth of fungal pathogens. These results suggest that
endolichenic fungi play complex and varied roles within lichen ecosystems,
potentially contributing to the microbial balance of the lichen holobiont. This
complexity highlights the necessity for further research to explore the ecolog-
ical functions and potential applications of these fungi, as their antimicrobial
effects may depend on environmental conditions or symbiotic relationships.

The extracellular enzyme assays revealed a remarkable diversity of enzymatic
activities, including amylase, protease, gelatinase, glucose oxidase, and cellu-
lase. By producing exoenzymes, microorganisms gain the capacity to metabo-
lise diverse macromolecules for energy (Da Silva et al. 2022; Perera et al. 2022),
which not only facilitates their colonisation of varied ecological niches but also
drives key ecological processes, such as litter decomposition and the breakdown
of senescent lichen thalli (Tripathi and Joshi 2019), through targeted enzymatic
degradation of complex organic substrates. These enzymes are also of substan-
tial biotechnological interest. For example, cellulase is widely used in the paper
and textile industries, while protease is essential in the dairy sector. Glucose oxi-
dase and amylase have applications in food preservation and biofuel production.
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Furthermore, the combination of these enzymes plays a critical role in environ-
mental remediation by breaking down organic pollutants (Ghosh et al. 2023).
The enzymatic capabilities of these endolichenic fungi suggest their potential for
diverse industrial applications, ranging from waste management to bioremedia-
tion, and provide further justification for their investigation as biocatalysts.

Conclusion

In conclusion, this study significantly expands the understanding of fungal di-
versity and functionality by identifying four novel fungal species isolated from
lichen substrates. These species broaden the ecological spectrum of their gen-
era and demonstrate a varied range of biological activities, including cytotox-
icity, antimicrobial effects, and extracellular enzyme production. The diverse
enzymatic capabilities and antimicrobial activities observed suggest that these
fungi have multifaceted roles within the lichen ecosystem, which deserve fur-
ther exploration. Collectively, these findings underscore the untapped biotech-
nological and pharmaceutical potential of endolichenic fungi, highlighting the
need for continued research into their ecological roles and bioactive metabo-
lites. The potential for novel bioactive compounds with implications for drug
development, industrial applications, and environmental remediation is consid-
erable, making these fungi an exciting area for future investigation.
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