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Abstract 

Bats represent the second largest mammal group, with over 1400 known species dispersed 

across six continents. Bats are unique in many ways. Notably, their incredible longevity, with a life 

span of up to ten times longer than what might be expected from their body size and a unique 

ability to tolerate viruses without displaying any symptoms, means they provide an area of 

particular importance from a disease risk perspective. In addition, the warm, humid environments 

in which bats occur provide ideal habitats for fungi to grow, and the bats potentially carry various 

Mycosphere 14(1): 497ï662 (2023)  www.mycosphere.org ISSN 2077 7019 

 Article  

Doi 10.5943/mycosphere/14/1/7 

 

http://www.mycosphere.org/


    498 

pathogens that can threaten plants, animals, and humans. Whilst the role of bats as reservoir of 

viruses is well known, their role as a host to various fungi has been largely neglected. To explore 

this gap, we investigated the culturable mycota isolated from bats in the diverse Yunnan Province, 

China. In total, 164 samples from 104 bats were collected, and 164 fungal strains, representing 25 

species, were isolated using the dilution plate method. The majority of these species were 

discovered for the first time from bats, and 14 new species and 11 new records are described in this 

paper. Some species were previously known from other environments, as pathogens of plants, 

animals, or humans. Based on morphology and multigene phylogeny, we conclude that bats host a 

high fungal diversity, including a number of previously unknown species. Novel species described 

in this paper include Amphichorda yunnanensis, Apiospora xishuangbannaensis, Clonostachys 

rhinolophicola, Fusarium hipposidericola, F. menglaense, F. rhinolophicola, F. yunnanense,  

F. xishuangbannaense, Neopestalotiopsis xishuangbannaensis, Phialemoniopsis hipposidericola, 

Ph. xishuangbannaensis, Trichoderma hipposidericola, T. rhinolophicola and  

T. xishuangbannaense. 

 

Keywords ï 11 new records ï 14 new species ïAscomycota ï Bat fungi ï Caves ï Microfungi ï 

Morphology ï Phylogeny ï Plant pathogens 

 

Introduction  

Bats (Chiroptera), the only mammal with powered flight, are the second most species-rich 

mammal order, with more than 1400 species described (Jones et al. 2009, Prothero 2017, Wilson & 

Mittermeier 2019, Jiang et al. 2020, Ogórek et al. 2020, Poofery et al. 2021, Simmons & Cirranello 

2023). Bats inhabit all continents except Antarctica, with diversity peaking in the tropics and 

subtropics (Jones et al. 2009, Prothero 2017, Ogórek et al. 2020). Bats are well known for their 

unique immune systems and the diverse viruses they can carry which can result in human and 

animal diseases, such as Severe acute respiratory syndrome (SARS), SARS-coronavirus disease 

2019 (SARS-CoV-2), Ebola virus disease (EV), Hendra virus disease (HeV), Nipah virus infection 

(NV), Marburg virus disease (MV), the Middle East respiratory syndrome (MERS), Puumala virus 

infection (PUUV) and Rabies (RV) (He 2014, Leng & Gao 2020, Magnino et al. 2020, Zhou et al. 

2020, 2021, Poofery et al. 2021). 

In addition to viruses, bats also carry various fungal species, some of which have been 

responsible for mass mortalities in bats, such as White Nose Syndrome (WNS) caused by 

Pseudogymnoascus destructans (Blehert & Gargas) Minnis & D.L. Lindner (Thelebolales, 

Ascomycota), leading to the death of more than seven million bats in North America (Blehert et al. 

2009, Warnecke et al. 2012, Sharma et al. 2019, Magnino et al. 2020, Zhang et al. 2020, Liu et al. 

2021, White-nose syndrome 2022). Identifying bat-associated fungi is important as some species 

associated with bats might be plant or animal pathogens. For example, Aspergillus fumigatus 

Fresen, A. sydowii (Bainier & Sartory) Thom & Church, Candida glabrata (H.W. Anderson) S.A. 

Mey. & Yarrow and Rhodotorula mucilaginosa (A. Jörg.) F.C. Harrison cause human diseases, 

Paecilomyces formosus Sakag., May. Inoue & Tada ex Houbraken & Samson can result in plant 

and human diseases, and Fusarium equiseti (Corda) Sacc. and F. incarnatum (Desm.) Sacc. cause 

plant diseases (Swezey & Garrity 2011, Shah-Hosseini et al. 2012, Warnecke et al. 2012, Cunha et 

al. 2020, Magnino et al. 2020), that could pose an underappreciated threat. Bats can also roost in 

colonies of up to millions of individuals in thermally stable, moist conditions, which provide ideal 

habitats for fungal growth and transmission. The need for further study of bats and cave fungi has 

been highlighted with the emergence of WNS in North America in 2006 (Warnecke et al. 2012, 

Kokurewicz et al. 2016, Cunha et al. 2020, Zhang et al. 2020, Liu et al. 2021). 

Some of the earliest reports of bat-associated fungi came from Columbia (Grose & 

Marinkelle 1966), but subsequent studies described a high diversity of fungi associated with bats in 

other regions. For example, in a recent study, 36 species of bat-associated fungi were isolated in 

Northeastern Brazil (Cunha et al. 2020). Research on bat-associated fungi has largely focused on 

Australia, Europe, the USA, and Brazil (Kokurewicz et al. 2016, Holz et al. 2018, Lorch et al. 

http://en.wikipedia.org/wiki/Thelebolales
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2018, Nováková et al. 2018, Cunha et al. 2020, Ogórek et al. 2020). In China, Karunarathna et al. 

(2020) conducted the first and only study on bat fungi, and reported seven fungal species from bat 

carcasses in Yunnan Province, China, highlighting the fact that the fungi are commonly associated 

with bats. 

Yunnan provides an ideal location for the study of bats and bat-associated fungi as it has a 

highly heterogenous landscape. Although Yunnan experiences summer monsoon rainfall patterns, it 

is divided into distinct climate zones. Northern Yunnan reaches elevations of more than 5000 

m.a.s.l, with subalpine environments, central Yunnan, which forms part of Yunnan-Guizhou 

Plateau, has an elevation of about 1900 m.a.s.l, and is characterized by a temperate climate. 

Southern Yunnan lies in the lower elevations and has sub-tropical to tropical climate zones. This 

variation in climate types creates a varied landscape with multiple habitats and a high species 

diversity index. There are more than 6000 species of fungi already recorded in Yunnan (Feng & 

Yang 2018), however, the number of bat species in Yunnan has not been properly estimated yet 

since there are numerous undescribed bat species and unstudied habitats. 

Little is known about the taxonomy, diversity, and ecological roles of bat-associated fungi. 

We aim to fill the knowledge gap relating to the study of bat-associated fungi with our descriptions 

of new and known fungal species found on bats in the central and southern parts of Yunnan 

Province, China, and provide detailed morphological descriptions and phylogenetic analyses of the 

fungal species that we isolated from bats in Yunnan. 

 

Materials & methods 

 

Sample collection 

Fieldwork was conducted in four sites from May to September 2020 (Fig. 1, Table 1) using 

four bank harp traps and a set of selected mist nets (4 shelves, 4 m high). Bats were collected as 

part of a broader study investigating the diversity of bat species in Yunnan Province, by a team of 

experts from the Xishuangbanna Tropical Botanical Gardens, Chinese Academy of Sciences. Bats 

were handled according to standard protocols (Cunha et al. 2020, Kim et al. 2023) and were not 

harmed during the sampling process. Bats were released after the sampling procedures and data 

gathering were completed. Morphological features were measured using digital calipers based on 

standard measurements, while the bats were photographed from the side. The front wing tissue 

samples were collected using a 3 mm biopsy punch and stored in 99% ethanol for later DNA 

verification at the Southwest Barcoding Center (Chornelia et al. 2022). From each individual, 

swabs (used for sampling of fungi) were taken from three areas on the batôs body, namely feet, fur 

(belly and back) and patagium (ventral and dorsal surface) (Cunha et al. 2020, Kim et al. 2023) 

(Fig. 2). Bat morphology combined with DNA barcoding was used to identify the bat species and 

measurements were checked with Francis (2009). Samples were collected using sterile swabs pre-

moistened with sterilized chloramphenicol (0.1 mg/L) solution. These were rolled back and forth 

three times across the bat fur and wing membrane. Swabs were then individually placed in 

sterilized 50 mL conical centrifuge tubes containing 15 mL chloramphenicol (0.1 mg/L) solution, 

labelled, and stored at 4  (Cunha et al. 2020). In total, 14 bat species were sampled in the course 

of this work (Supplementary Table 1). 

 

Fungal isolations 

In the laboratory, the conical centrifuge tubes were shaken to mix the 15 mL chloramphenicol 

solution, and then the suspension was spread using a sterilized cotton bud on potato dextrose agar 

(PDA, Oxoid, England) plates containing amoxicillin (50 ɛg/mL), the procedure was performed in 

triplicate. The PDA plates were incubated at room temperature until individual fungal colonies 

were visible. Fast-growing fungi were subcultured into new plates in one to three daysô time, while 

slow-growing ones were subcultured after one month. Individual fungal colonies were subcultured 

on new PDA plates in triplicate and incubated at room temperature. All fungal strains were stored 

at 4 °C for further studies. 
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Figure 1 ï Sampling locations in Yunnan Province of China. Location names are denoted by 

numbers and full names (Table 1). Source: The original map was extracted from Baidu. 

 

Table 1 Information of the sampled locations. The rainforest and limestone forest sampling areas 

listed in the table are both located in the subtropical area of Xishuangbanna; Shiliansi is a temperate 

forest area in central Yunnan; and long cave refers to a cave system found in central Yunnan. The 

number of samples referred to in the table indicate how many samples were taken in total for each 

area. 

 
Site Sampling area Location Longitude Latitude Altitude  (m) Samples 

1 Rainforest XFBG, Xishuangbanna, 

Yunnan Province 

101.27156ºE 21.91890ºN 570.0 46 

2 Limestone 

forest 

XFBG, Xishuangbanna, 

Yunnan Province 

101.28240ºE 21.90760ºN 520.0 49 

3 Shiliansi Pubei Village, Yimen 

County, Yuxi, Yunnan 

Province 

102.1633ºE 24.61746ºN 616.2 48 

4 Long cave Xishan District, 

Kunming, Yunnan 

Province 

102.6005ºE 24.50839ºN 1988.3 21 

 

Morphological observations 

Morphological characteristics of the cultures sporulated on PDA after 60ï80 days were 

examined. Morphological observations were performed using an Olympus SZ61 (Japan) Series 

stereomicroscope and photographed using an OLYMPUS SZ2-ILST and Industrial Digital Camera 

16NP USB3.0 (Panasonic, Japan) microscope imaging system. Measurements were arranged using 

the Tarosoft Image Framework program (IFW) 0.97, and images were processed with Adobe 

Photoshop CS3 Extended version 10.0 software (Adobe Systems, USA). 

Dry cultures were deposited in the herbarium of the Kunming Institute of Botany Academia 

Sinica (HKAS), while living cultures were deposited in the Kunming Culture Collection (KUMCC) 

and China General Microbiological Culture Collection Center (CGMCC), China. The MycoBank 

numbers (Robert et al. 2005) and Facesoffungi numbers (Jayasiri et al. 2015) were obtained, while 

fungal records were updated in the Greater Mekong region database (Chaiwan et al. 2021).  
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Figure 2 ï Scenes of visited caves and bats. A An entrance to long cave. B, C Stalactite and 

stalagmite. D Bat guano. E, G Bat roosts. FïI Examples of handling the bats when collecting 

samples: F Lateral view of Scotomanes ornatus and standard way of holding (this position was also 

used for foot swabs). H The back of S. ornatus (position for fur swabbing). I Wing swab position of 

S. ornatus. 

 

DNA extraction, PCR amplification and sequencing 

A biospin Fungus Genomic DNA Extraction Kit-BSC14S1 (BioFlux, P.R. China) was used to 

extract DNA from pure fungal mycelia following the manufacturerôs protocol. The extracted DNA 
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was maintained at -20 °C for long-term storage. Polymerase chain reaction (PCR) was used to 

amplify three partial gene regions using the primers shown in Table 2. The total volume of PCR 

mixture per reaction was 25 ɛL, containing 2 ɛL DNA (50 ng/ɛL), 12.5 ɛL 2×FastTaq Premix  

(a mixture of FastTaq TM DNA Polymerase, buffer, dNTP Mixture, and stabilizer) (Beijing Qingke 

Biological Technology Co., Ltd., Beijing, P.R. China), 1 ɛL of each reverse and forward primer  

(10 ɛM) (Beijing Kinco Biotechnology Co., Ltd. Kunming Branch, P.R. China) and 8.5 ɛL double 

distilled water (ddH2O) (Tibpromma et al. 2018). The quality of PCR products was checked on 1% 

agarose gel electrophoresis stained with TS-GelRed (TSJ002, Beijing Kinco Biotechnology Co., 

Ltd. Kunming Branch, China). Purification and sequencing of PCR products were performed by 

Beijing Kinco Biotechnology Co., Ltd. Kunming Branch, P.R. China. 

 

Table 2 Details of genes/loci with PCR primers used in each fungal genus. 

 
Genera name Genes/loci Primers (forward/reverse) References 

Amphichorda ITS ITS5/ITS4 White et al. (1990) 

 RPB1 RPB1A/RPB1B-G2R Matheny et al. (2002), Hofstetter et al. 

(2007) 

 RPB2 RPB2-5f/RPB2-7cR Liu et al. (1999) 

 TEF1-Ŭ EF1-983F/EF1-2218R Rehner & Buckley (2005) 

Apiospora ITS ITS5/ITS4 White et al. (1990) 

 LSU LR0R/LR5 Vilgalys & Hester (1990) 

 TUB Bt-2a/Bt-2b Glass & Donaldson (1995) 

 TEF1-Ŭ EF1-728F/EF-2 OôDonnell et al. (1998), Carbone & 

Kohn (1999) 

Aspergillus ITS ITS5/ITS4 White et al. (1990) 

 BenA Bt-2a/Bt-2b Glass & Donaldson (1995) 

 CaM Cmd5/Cmd6 Hong et al. (2006) 

 RPB2 RPB2-5f/RPB2-7cR Liu et al. (1999) 

Clonostachys ITS ITS1/ITS4 White et al. (1990) 

 TUB T1/T22 Glass & Donaldson (1995), OôDonnell 

& Cigelnik (1997) 

Fusarium ITS ITS5/ITS4 White et al. (1990) 

 CaM CL1/CL2A OôDonnell et al. (2000) 

 RPB2 RPB2-5f/RPB2-7cR Liu et al. (1999) 

 RPB1 RPB1-FA/RPB1-G2R OôDonnell et al. (2010) 

 TUB T1/T2 OôDonnell & Cigelnik (1997) 

 TEF1-Ŭ EF1/EF2 OôDonnell et al. (1998) 

Neopestalotiopsis ITS ITS5/ITS4 White et al. (1990) 

 TUB Bt-2a/Bt-2b Glass & Donaldson (1995) 

 TEF1-Ŭ EF1-728F/EF1-1567R Carbone & Kohn (1999), Groenewald et 

al. (2018) 

Penicillium ITS ITS5/ITS4 White et al. (1990) 

 BenA Bt-2a/Bt-2b Glass & Donaldson (1995) 

 Cam Cmd5/Cmd6 Hong et al. (2006) 

 RPB2 RPB2-5f/RPB2-7cR Liu et al. (1999) 

Phialemoniopsis ITS ITS1/ITS4 White et al. (1990) 

 LSU LR0R/LR5 Vilgalys & Hester (1990) 

 ACT Act1/Act5ra Voigt & Wostemeyer (2000) 

 TUB TUB-F/TUB-R Cruse et al. (2002) 

Scopulariopsis ITS ITS5/ITS4 White et al. (1990) 

 LSU LR0R/LR5 Vilgalys & Hester (1990) 

 TUB Bt-2a/Bt-2b Glass & Donaldson (1995) 

 TEF1-Ŭ EF1-983F/EF1-2218R Rehner & Buckley (2005) 

Trichoderma ITS ITS1/ITS4 White et al. (1990) 

 RPB2 RPB2-5f/RPB2-7cR Liu et al. (1999) 

 TEF1-Ŭ EF1-728F/TEF1LLErev Carbone & Kohn (1999), Jaklitsch et al. 
(2005) 
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Phylogenetic analyses 

Phylogenetic analyses followed the methods in Dissanayake et al. (2020). Newly generated 

sequence data were initially subjected to blastn search in NCBI to obtain the most probable closely 

related taxa in the GenBank (http://blast.ncbi.nlm.nih.gov/). Sequence data were retrieved from 

GenBank based on recent publications (https://www.ncbi.nlm.nih.gov/nuccore/). Forward and 

reverse sequences were assembled using Geneious Pro.v4.8.5. Single gene sequence datasets were 

aligned with MAFFT V. 7.215 (https://mafft.cbrc.jp/alignment/server/; Katoh & Standley 2016), 

trimmed in Trimal.v1.2rev59 and edited manually where necessary in BioEdit V.7.0.5.2 (Hall 

1999). The sequence datasets were combined using SequenceMatrix and AliView or BioEdit 

V.7.0.5.2 (Hall 1999). FASTA datafile formats were transferred to PHYLIP and NEXUS formats 

by the online tool available on the website ALTER (http://sing.ei.uvigo.es/ALTER/) (Glez-Peña et 

al. 2010). Phylogenetic trees were based on Randomized Accelerated Maximum Likelihood (ML) 

and Bayesian inference analyses (BI). 

Maximum likelihood trees were generated via RAxM ng the GTR+I+G model of evolution. 

BI analysis was conducted with MrBayes v. 3.1.2 (Stamatakis 2006, 2014, Stamatakis et al. 2008) 

in the CIPRES Science Gateway platform to evaluate posterior probabilities (PP) (Rannala & Yang 

1996, Zhaxybayeva & Gogarten 2002) by Markov Chain Monte Carlo sampling (MCMC). The 

GTR+I+G evolution model was also applied in the BI analyses for all gene regions. Six 

simultaneous Markov chains were run for 2,000,000 to 5,000,000 generations, and trees were 

sampled at every 100th generation. The resulting trees were visualized in FigTree v. 1.4.0 

(http://tree.bio.ed.ac.uk/software/figtree/) and annotated in Microsoft PowerPoint 2019. The ML 

bootstrap supports (greater than or equal to 60%) and Bayesian posterior probabilities (greater than 

or equal to 0.90) are shown in the tree and presented under each relevant description. Sequence data 

of the new strains generated in this study are deposited in the GenBank, and the accession numbers 

are listed in Supplementary Table 2. 

 

Genealogical concordance phylogenetic species recognition (GCPSR) analysis 

We used the genealogical concordance phylogenetic species recognition analysis (GCPSR) to 

check for significant recombination events (Quaedvlieg et al. 2014). The data were analyzed using 

the pairwise homoplasy index (PHI) test in SplitsTree 4 to determine the recombination level with 

closely related species (Bruen et al. 2006, Huson & Bryant 2006, Quaedvlieg et al. 2014). Multi-

locus datasets with closely related species were used for the analyses. The pairwise homoplasy 

index lower than 0.05 (ūw < 0.05) indicates significant recombination in the dataset. The 

relationships between closely related taxa were visualized by constructing split graphs from the 

concatenated datasets using the LogDet transformation and split decomposition options. 

 

Results 

 

Phylogenetic analyses 

 

Aspergillus phylogeny was based on combined ITS, BenA, CaM and RPB2 sequence data 

The aligned dataset encompassed 205 strains representing 161 taxa, including two new 

records and the outgroup taxon Aspergillus nanangensis Pitt (FRR 6048, type). The trees from the 

two analyses (ML and BI) showed identical topologies. Multigene phylogenetic analyses based on 

ITS, BenA, CaM and RPB2 show that our new isolates (KUMCC 21-0819 and KUMCC 21-0820) 

clustered with Aspergillus creber Jurjeviĺ, S.W. Peterson & B.W. Horn with a relatively high 

statistical support (ML/BI = 99/1.00) in section Nidulantes (Visagie & Houbraken 2020, Visagie et 

al. 2021), and the new isolates (KUMCC 21-0699 and KUMCC 21-0700) clustered with As. 

candidus with high statistical support (ML/BI = 100/1.00) in section Candidi (Visagie & 

Houbraken 2020, Visagie et al. 2021). The genus Aspergillus P. Micheli ex Haller sections are 

mentioned in the phylogenetic tree as described by Visagie & Houbraken (2020) and Visagie et al. 

(2021) (Fig. 3). 
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Figure 3 ï Consensus phylogram of 1,000 trees resulting from a RAxML analysis of the 

(ITS+BenA+CaM+RPB2) alignment of the analyzed Aspergillus sequences. The RAxML analysis 

of the combined dataset yielded a best-scoring tree with a final ML optimization likelihood value of 

-76055.918838 and generated from 622, 516, 670 and 895 base pairs of ITS, BenA, CaM and RPB2 
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characters, respectively. The matrix comprises 1894 distinct alignment patterns with 19.67% gaps 

and indeterminate traits. Base frequencies were estimated as follows A = 0.229451, C = 0.271908, 

G = 0.265799, T = 0.232842 with substitution rates AC = 1.004088, AG = 3.355531, AT = 

1.224976, CG = 0.887573, CT = 5.219361, GT = 1.000000; proportion of invariable sites I = 

0.303218; gamma distribution shape parameter Ŭ = 0.789571. RaxML bootstrap support values 

(ML equal to or above 60%) and Bayesian inference posterior probabilities (BYPP equal to or 

above 0.90) are given at the nodes (ML/BYPP). The sequences of the new strains are in blue. The 

scale bar represents the expected number of changes per site. Type strains are denoted with T. 

 

 
 

Figure 3 ï Continued. 
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Figure 3 ï Continued. 

 

Penicillium phylogeny was based on combined ITS, BenA, Cam and RPB2 sequence data 

The aligned dataset encompassed 144 strains representing 98 taxa, including the new record 

and the outgroup taxon Penicillium sacculum E. Dale (CBS 23.61). The trees from the two analyses 

(ML and BI) showed identical topologies. Multigene phylogenetic analyses based on ITS, BenA, 

Cam and RPB2 show our new isolates (KUMCC 21-0762, KUMCC 21-0763, KUMCC 21-0764, 

KUMCC 21-0765, KUMCC 21-0766, KUMCC 21-0767, KUMCC 21-0768 and KUMCC 21-

0769) clustered with Penicillium brevicompactum Dierckx with relatively high statistical support 

(ML/BI = 95/1.00) in section Brevicompacta. Penicillium Link sections in the phylogenetic tree 

(Fig. 4) were followed by Houbraken et al. (2014, 2016, 2020) and Ramos et al. (2021). 

 

Apiospora phylogeny was based on combined LSU, ITS, TUB and TEF1-�. sequence data 

The combined alignment encompassed 170 strains representing 109 taxa, including 

Apiospora Sacc. (142 strains, 83 taxa), Arthrinium Kunze (13 strains, 11 taxa), Nigrospora Zimm. 

(14 strains, 14 taxa) and the outgroup taxon Sporocadus trimorphus F. Liu, L. Cai & Crous (CBS 

114203). The trees from the two analyses (ML and BI) showed identical topologies. 

Phylogenetically, Apiospora is very similar to Arthrinium, and most species of Apiospora were 

synonymized under Arthrinium by Pintos & Alvarado (2021) and Tian et al. (2021). Multigene 

phylogenetic analyses based on LSU, ITS, TUB and TEF1-Ŭ showed the taxonomic placements of 


