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ABSTRACT

Endolichenic fungi (ELF), filamentous fungi that live asymptomatically within the lichen thalli, hold
promise for combating ESKAPE bacteria — FEnterococcus faecalis Schleifer and Kilpper-Bilz 1984,
Staphylococcus aureus Rosenbach 1884, Klebsiella pneumoniae Trevisan 1887, Acinetobacter baumannii
Bouvet and Grimont 1986, Pseudomonas aeruginosa Migula, and Enterobacter aerogenes Hormaeche and
Edwards 1960 (current name: Klebsiella aerogenes Tindall et al. 2017). Twelve ELF from Ramalina were
cultured in rice medium and potato dextrose broth (PDB), extracted with ethyl acetate, and assessed for
antibacterial activity using a disc diffusion assay against ESKAPE bacterial pathogens. Specifically, 40 uL
of 10 mg/mL crude extracts were impregnated onto each disc and placed on 15 mL Mueller-Hinton agar
plates previously swabbed with 1 mL of bacterial suspension equivalent to a 0.5 McFarland standard. Crude
culture extracts of Xylaria badia Pat. grown in PDB showed promising inhibitory activities against E. faecalis
and S. aureus, with zones of inhibition (ZOI) of 18.17 mm and 21.70 mm, respectively. In addition, crude
culture extracts of Nemania bipapillata (Berk. & M.A.Curtis) Pouzar grown in rice medium showed weak
inhibition against 4. baumannii (10.23 mm ZOI). These findings support the potential of endolichenic fungi,
particularly X. badia and N. bipapillata, as sources of secondary metabolites active against ESKAPE bacterial
pathogens.
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The fruticose lichen Ramalina is widespread
globally (Kirk et al. 2010), with extensive studies on
its bioactivity, e.g., antimicrobial (Moreira et al.
2015), herbicidal (Gazo et al. 2019), cytotoxic
(Koopaie et al. 2023), and insecticidal (da Silva et al.
2021). Moreover, endolichenic fungi associated with

the thalli of Ramalina showed antioxidant activities
(Galinato et al. 2021). In the study of Santiago et al.
(2021a, 2022), endolichenic fungus (ELF) produced
metabolites that inhibited Gram-negative bacteria, as
opposed to the lichen acids produced by their lichen
hosts, which target mainly Gram-positive bacteria.
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The fungus Nemania has been isolated as an
ELF in the fruticose lichen Usnea (Santiago et al.
2021a, 2022), as well as in the foliose Parmotrema
rampoddense (Nyl.) Hale. (Tan et al. 2020), although
it can also occur as an endophytic fungus in Aquilaria
sinensis (Lour.) Spreng. (Kumarihamy et al. 2019;
Tibpromma et al. 2021). On the other hand, Xylaria is
known as an endophyte, e.g., of Gingko biloba L.
(Suryelita et al. 2021), Haematoxylum brasiletto H.
Karst (Sanchez-Ortiz et al. 2016), and Geophila
repens (L.) LM. Johnst. (Rajendran et al. 2023), and
as an endolichenic fungus, e.g., of Cladonia (Caidn et
al. 2019) and Usnea (Santiago et al. 2021a, 2022).
Owing to the prolific production of secondary
metabolites by ELF and the documented bioactivities
of its lichen host, we assessed the antibacterial
activities of selected Xylaria and Nemania species
associated with the lichen Ramalina to contribute to
the growing list of endolichenic fungi targeted for
bioprospecting.

Endolichenic fungi were isolated from two
Ramalina species, i.e., Ramalina sp. and Ramalina cf.
farinacea, following the protocol of Paranagama et al.
(2007). Briefly, lichen thalli were surface sterilized by
successive dipping in 96% ethanol (10 sec), 0.5%
NaOClI (2 min), and 70% ethanol (2 min), and then
plated after rinsing on Dichloran Rose Bengal
Chloramphenicol agar plates. Colonies of six Nemania
and six Xylaria isolates were selected and
characterized morphologically on Malt Extract Agar
(MEA) and Corn Meal Agar (CMA). Colonial growth
was measured daily, and the mean colony extension
rates (MCER) were computed following the method of
dela Cruz et al. (2006). To confirm species identity,
the isolated ELF were sent to Macrogen, South Korea,
for sequencing using the primer pairs internal
transcribed spacer 4 (ITS4) and ITSS for the nuclear
ribosomal (ITS) region. For phylogenetic analysis,
phylogenetic trees were generated and constructed
using the Randomized Axelerated Maximum
Likelihood program with 1000 bootstrap values
through the TrEase Web Service.

The twelve Ramalina-ELF were cultivated
using solid-state and submerged liquid-state
fermentation to produce secondary metabolites. For
solid-state fermentation, 60 g of long-grain white rice
in 90 mL distilled water were prepared in culture
bottles and inoculated with ten agar blocks of seven-
day-old ELF cultures. The culture bottles, in duplicate,
were incubated for 30 days at room temperature. For
submerged liquid-state fermentation, ten mycelial agar
blocks of each ELF isolate were aseptically inoculated
into 120 mL potato dextrose broth (PDB) (in duplicate)
and cultured for 14 days under a rotary shaker (100
rpm) at room temperature. Secondary metabolites
were extracted with 120 mL analytical-grade ethyl
acetate and concentrated in vacuo using a rotary
evaporator (80 rpm) at 45°C. Finally, the crude culture
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extracts were air-dried and then reconstituted with
methanol at a concentration of 100 mg/mL.

The antibacterial activity was tested using the
following bacteria: Enterococcus faecalis Schleifer and
Kilpper-Bilz 1984 UST-CMS 10029, Staphylococcus
aureus Rosenbach 1884 UST-CMS 1090, Klebsiella
pneumoniae  UST-CMS 1194,  Acinetobacter
baumannii Bouvet and Grimont 1986 UST-CMS 10005,
Pseudomonas aeruginosa Migula UST-CMS 10013,
and Enterobacter aerogenes Hormaeche and Edwards
1960 UST-CMS 1021 (current name: Klebsiella
aerogenes Tindall et al. 2017), which were generously
provided by the University of Santo Tomas Collection
of Microbial Strains. Each bacterium was prepared in
Mueller-Hinton Broth as an inoculum equivalent to a
0.5 McFarland standard. Then, 1 mL of the
standardized bacterial suspension was swabbed onto
15 mL Mueller-Hinton Agar (MHA) plates in
triplicate, onto which paper disks (6 mm) containing
40 uL of the crude culture extracts were placed. Briefly,
40 uL of the crude culture extracts were impregnated
into blank discs in two aliquots of 20 uL followed by
a 30-minute interval between applications to allow the
solvent to evaporate and ensure uniform absorption.
Disks containing erythromycin (15 ug, positive
control), methanol (negative control), and extracts of
uninoculated rice medium or PDB (negative control)
were used as controls. All culture plates were
incubated at 37°C for 24 hours, and the zones of
inhibition (ZOI) for each disk were measured.

The six Ramalina-ELF isolates described as
Xylaria generally exhibited white-gray, opaque
colonies with cottony and velvety surface textures on
MEA, with a usually white-cream underside (Figure
1). The colony diameter ranged from 18 to 30 mm on
day four. When grown on CMA, these Ramalina-ELF
had a general colonial morphology that was cottony
and powdery, with a white-gray surface color and a
white-gray to white-yellowish underside. The colony
diameter ranged from 14 to 22 mm. On the other hand,
the six Ramalina-ELF described as Nemania were
cottony and velvety on MEA, with colony diameters
of 19 to 24 mm after four days of incubation (Figure
1). When grown on CMA, the colony diameter ranged
from 11 to 28 mm. When the mycelial colony
extension rate was computed, most Ramalina-ELF
isolates exhibited faster growth on CMA than on MEA
(Figure 2). This finding is unexpected, given the
limited nutrient content of CMA compared with MEA.

Of the twelve Ramalina-ELF, only ten were
successfully sequenced and submitted to National
Center for Biotechnology Information for accession
numbers. Phylogenetic analysis identified these as:
Xylaria badia Pat. [D1A.2, PV413362], Xylaria
grammica (Mont.) Mont. [D2A.5.2, PV425956],
Nemania sp.1 [D2C.3.2, PV425957], Xylaria laevis
Lloyd [D3D.4.1, PV425959], Nemania primolutea
Y .M. Ju, HM. Hsieh & J.D. Rogers [D4A.4, PV425958;



D6B.2, PV425978], Nemania bipapillata (Berk. &
M.A. Curtis) Pouzar [D4D.1, PV425960; D5D.5.2,
PV425962], Nemania sp.2 [D5C.2.2, PV425961], and
Xylaria feejeensis (Berk.) Fr. [D6D.1.1, PV425977].
The Nemania isolates formed two clades (Figure 3).
Two ELF clustered with N. bipapillata with high
bootstrap support, while another Nemania formed a
distant group. Two ELF also clustered with M.
primolutea. In previous reports, the separation of
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Nemania from Annulohypoxylon, Daldinia, and
Hypoxylon, and its close relationship with Xylaria,
was established only by combined data of ITS and
rpb2 genes (Tang et al. 2007), but may require detailed
morphological and multi-gene phylogenetic analyses
using ITS, a-actin, 7pb2, and B-tubulin genes (Pi et al.
2021); hence, the use of additional reference genes
may shed light on the correct placement of our
Nemania isolates.

Figure 1. Colonial growth of the endolichenic fungi grown on (1) malt extract agar and (2) corn meal agar. A. Xylaria badia
(D1A.2) B. Xylaria sp. 1 (D1B.3) C. Xylaria grammica (D2A.5.2) D. Xylaria sp. 2 (D2C.3.2) E. Nemania sp. 1 (D3C.5.1) F.
Xylaria laevis (D3D.4.1) G. Nemania primolutea 1 (D4A.4) H. Nemania bipapillata 1 (D4D.1) 1. Nemania sp. 2 (D5C.2.2) J.
Nemania bipapillata 2 (D5D.5.2) K. Nemania primolutea 2 (D6B.2) L. Xylaria feejeensis (D6D.1.1)
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Figure 2. Growth rates of ELF isolates in corn meal agar (CMA) and malt extract agar (MEA) expressed as mean colony

extension rates.
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Figure 3. Phylogenetic tree of our isolated Ramalina endolichenic fungi within the genus Nemania. Accession codes are as
follows: D4A.4 (PV425958), D6B.2 (PV425978), D2C.3.2 (PV425957), D4D.1 (PV425960), D5C.2.2 (PV425961), D5D.5.2

(PV425962).

Only four Xylaria isolates were successfully
sequenced and were placed as closely related to X.
feejeensis with moderately supported low posterior
probability, to X. grammica, also with low support,
and to X. laevis and X. badia, both with relatively good
support (Figure 4). Similarly, ITS coupled with rpb2
genes were used to resolve the identities of Xylaria
(Lee et al. 2000; Pan et al. 2022).

Contrary to our expectation, only the crude
culture extract of X. badia (D1A.2) grown in PDB
showed inhibitory activities against S. aureus (ZOI =
21.7 £ 0.61 mm) and E. faecalis (ZOI = 18.17 + 1.73
mm) (Figure 5). The crude culture extracts of
Nemania sp. (D5C.2.2) grown in rice medium also
showed minimal inhibitory activity against A.
baumanii (ZOI = 10.23 £+ 0.85 mm). These extracts
were compared with the negative control, the solvent
methanol, which showed no zone of inhibition as
outlined in Guevara (2005). Nevertheless, our study
confirmed the antibacterial activities of endolichenic

The Palawan Scientist. 18(1):135-141
© 2026, Western Philippines University

138

fungi from Ramalina, specifically the crude culture
extracts of N. bipapillata and X. badia, against
ESKAPE bacterial pathogens, as similarly observed
with those isolated from other lichen hosts, e.g.,
Parmotrema and Usnea (Tan et al. 2020; Santiago et
al. 2021a, 2022). While inhibition was observed, the
study does not report any detailed quantitative
measures, e.g., MIC values or bacterial counts before
and after treatment. Of particular interest are species
of Xylaria that produce bioactive metabolites that
inhibit pathogenic bacteria and are distinct from those
of their lichen hosts (Santiago et al. 2021b).
Endophytic Xylaria also showed varied bioactivities
(Orachaipunlap et al. 2016). The ELF has also been
shown to have other pharmacological potentials, e.g.
antioxidant activities (Galinato et al. 2021). However,
the varying degrees of bioactivity reported in our ELF
culture extracts could be due to the media used for
fermentation. For example, our Ramalina-ELF
identified as N. primolutea did not exhibit any



antibacterial activity, whereas the same species from
the lichen P. rampoddense showed antibacterial
activity against E. faecalis and S. aureus (Tan et al.
2020). This indicates that the observed inhibitory
activity was strain-dependent. In that study, malt
extract broth was also used as a fermentation medium,
as opposed to PDB and rice medium. Frisvad (2012)
and Vandermolen et al. (2013) noted that growth
media and incubation conditions greatly influence
secondary metabolite production. Thus, it is
recommended to characterize the bioactive

Calilung et al.: Inhibition of ESKAPE pathogen by ELFs

metabolites in the crude extract to identify compounds
responsible for the antibacterial activity. It is also
recommended to study the possible mechanism of
action for each of the bioactive crude culture extracts.
Although there is no consensus on which medium is
optimal for bioactive metabolite production, one
should note that the use of varying media and
conditions may lead to wvariations in secondary
metabolite production and should therefore be
considered in any bioprospecting research.
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Figure 4. Phylogenetic tree of our isolated Ramalina endolichenic fungi within the genus Xylaria. Accession codes are as
follows: D1A.2 (PV413362), D2A.5.2 (PV425956), D3D.4.1 (PV425959), D6D.1.1 (PV425977).
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Figure 5. Mean zone of inhibition (ZOI), expressed in mm =+ standard error of the mean (SEM), of the crude culture extracts
of Nemania bipapillata (D5C.2.2) grown in rice medium (rc) and Xylaria badia (D1A.2) grown in PDA (pd), with erythromycin

as the positive control (pos).

FUNDING

This research is supported by the DOST-
NRCP Project No. E-261 Project ELFHA:
Biodiscovery of Endolichenic Fungi to mitigate
antimicrobial resistance in Health and Agriculture.
The authors also acknowledge the UST Research
Center for the Natural and Applied Sciences for
additional research funding.

GENERATIVE AI STATEMENT

We declare that this manuscript was prepared
without the assistance of artificial intelligence. Hence,
the content of this paper is original.

ETHICAL CONSIDERATIONS

No ethical clearance is required for this study.

DECLARATION OF COMPETING INTEREST

We declare no conflict of interest to disclose.

ACKNOWLEDGMENTS

The authors express their gratitude to Mr.

Ghimel P. Espinosa for his technical assistance in the

The Palawan Scientist. 18(1):135-141
© 2026, Western Philippines University

140

isolation of ELF and the barangay officials of Brgy.
Talumpok-Silangan, Batangas City, Batangas, for
allowing us to collect the lichen hosts. The authors also
acknowledge two anonymous reviewers who helped
improve the paper.

REFERENCES

Cafion ERP, de Albuquerque MP, Alves RP, Pereira AB, de
Carvalho Victoria F. 2019. Morphological and molecular
characterization of three endolichenic isolates of Xylaria
(Xylariaceae) from Cladonia curta Ahti & Marcelli
(Cladoniaceae). Plants. 8(10):399.
https://doi.org/10.3390/plants8100399

da Silva AS, Paiva PMG, Santos FHGD, Pimentel CSDL, Falcio
EPS, Araujo HDAD, Navarro DMDAF, Martins MCB, Buril
MDLL, Napoledo TH, and others. 2021. Insecticidal activity
of the ether extract from the lichen Ramalina complanata and
an isolated metabolite (divaricatic acid) against Sitophilus
zeamais (Coleoptera, Curculionidae). Biocatalysis and
Agricultural Biotechnology. 35:102049.
https://doi.org/10.1016/j.bcab.2021.102049

dela Cruz TE, Wagner S, Schulz B. 2006. Physiological responses
of marine Dendryphiella species from different geographical
locations. Mycological Progress. 5(2):108-119.
https://doi.org/10.1007/s11557-006-0504-y

Frisvad JC. 2012. Media and growth conditions for induction of
secondary metabolite production. In: Fungal Secondary
Metabolism: Methods and Protocols. Humana Press. 944:47—
58. https:/doi.org/10.1007/978-1-62703-122-6_3

Galinato MGM, Bungihan ME, Santiago KAA, Sangvichien E, dela
Cruz TEE. 2021. Antioxidant activities of fungi inhabiting
Ramalina peruviana: Insights on the role of endolichenic
fungi in the lichen symbiosis. Current Research in
Environmental & Applied Mycology. 11(1):119-136.
https://doi.org/10.5943/cream/11/1/10



https://doi.org/10.3390/plants8100399
https://doi.org/10.1016/j.bcab.2021.102049
https://doi.org/10.1007/s11557-006-0504-y
https://doi.org/10.1007/978-1-62703-122-6_3
https://doi.org/10.5943/cream/11/1/10

Gazo SMT, Santiago KAA, Tjitrosoedirjo SS, dela Cruz TEE. 2019.
Antimicrobial and herbicidal activities of the fruticose
lichen Ramalina from Guimaras Island,
Philippines. Biotropia. 26(1):23-32.
https://doi.org/10.11598/btb.2019.26.1.836

Guevara BQ. 2005. A guidebook to plant screening: phytochemical
and biological. Manila, Philippines: University of Santo
Tomas Publishing House. pp. 23-62.

Kirk PM, Cannon PF, Minter DW, Stalpers JA, editors. 2010.
Dictionary of the Fungi. 10th edition. United Kingdom:
CABL

Koopaie M, Karimi H, Sohrabi M, Norouzi H. 2023. Cytotoxic, anti-
proliferative, and apoptotic evaluation of Ramalina sinensis
(Ascomycota, Lecanoromycetes), lichenized fungus on oral
squamous cell carcinoma cell line: in-vitro study. BMC
Complementary Medicine and Therapies. 23(1):296.
https://doi.org/10.1186/s12906-023-04118-1

Kumarihamy M, Ferreira D, Croom EM, Sahu R, Tekwani BL,
Duke SO, Khan S, Techen N, Nanayakkara NPD. 2019.
Antiplasmodial and cytotoxic cytochalasins from an
endophytic fungus, Nemania sp. UM10M isolated from a
diseased Torreya taxifolia leaf. Molecules. 24(4):777.
https://doi.org/10.3390/molecules24040777

Lee JS, Ko KS, Jung HS. 2000. Phylogenetic analysis of Xylaria
based on nuclear ribosomal ITSI1-5.8S-ITS2 sequences.
FEMS Microbiology Letters. 187(1):89-93.
https://doi.org/10.1111/j.1574-6968.2000.tb09142.x

Moreira ASN, Braz-Filho R, Mussi-Dias V, Vieira IJC. 2015.
Chemistry and biological activity of Ramalina lichenized
fungi. Molecules. 20(5):8952-8987.
https://doi.org/10.3390/molecules20058952

Orachaipunlap K, Suwannasai N, Whalley AJS, Phosri C, Sihanonth
P. 2016. Biological activities of endophytic Xylaria.
Biological and Chemical Research. 3:200-208.

Pan XY, Song ZK, Qu Z, Liu TD, Ma HX. 2022. Three new Xylaria
species (Xylariaceae, Xylariales) on fallen leaves from
Hainan Tropical Rainforest National Park. MycoKeys.
86:47-63. https://doi.org/10.3897/mycokeys.86.71623

Paranagama PA, Wijeratne EMK, Burns AM, Marron MT,
Gunatilaka MK, Amold AE, Gunatilaka AAL. 2007.
Heptaketides from Corynespora sp. inhabiting the cavern
beard lichen, Usnea cavernosa: First report of metabolites of
an endolichenic fungus. Journal of Natural Products.
70(11):1700-1705. https://doi.org/10.1021/np070466w

Pi YH, Long SH, Wu YP, Liu LL, Lin Y, Long QD, Kang JC, Kang
YQ, Chang CR, Shen XC, and others. 2021. A taxonomic
study of Nemania from China, with six new species.
MycoKeys. 83:39-67.
https://doi.org/10.3897/mycokeys.83.69906

Rajendran S, Robertson LP, Kosgahakumbura L, Fernando C,
Goransson U, Wang H, Hettiarachchi C, Gunasekera S. 2023.
Antibacterial eremophilane sesquiterpenoids from Xylaria
feejeensis, an endophytic fungi of the medicinal plant
Geophila repens. Fitoterapia. 167:105496.
https://doi.org/10.1016/j.fitote.2023.105496

Sanchez-Ortiz BL, Sanchez-Fernandez RE, Duarte G, Lappe-
Oliveras P, Macias-Rubalcava ML. 2016. Antifungal, anti-
oomycete and phytotoxic effects of volatile organic

The Palawan Scientist. 18(1):135-141
© 2026, Western Philippines University

141

Calilung et al.: Inhibition of ESKAPE pathogen by ELFs

compounds from the endophytic fungus Xylaria sp. Strain
PB3f3 isolated from Haematoxylon brasiletto. Journal of
Applied Microbiology. 120(5):1313-1325.
https://doi.org/10.1111/jam.13101

Santiago KAA, dela Cruz TEE, Ting ASY. 2021a. Diversity and
bioactivity of endolichenic fungi in Usnea lichens of the
Philippines. Czech Mycology. 73(1):1-19.
https://doi.org/10.33585/cmy.73101

Santiago KAA, Edrada-Ebel R, dela Cruz TEE, Cheow YL, Ting
ASY. 2021b. Biodiscovery of Potential Antibacterial
Diagnostic Metabolites from the Endolichenic Fungus
Xylaria venustula Using LC-MS-Based Metabolomics.
Biology. 10(3). https://doi.org/10.3390/biology 10030191

Santiago KAA, dela Cruz TEE, Ting ASY. 2022. Endolichenic
fungi from common Usnea lichens found in a montane forest
in Malaysia: A study on diversity and bioactivity profiling.
Asian Journal of Mycology. 5(2):18-37.
https://doi.org/10.5943/ajom/5/2/3

Suryelita S, Riga R, Etika SB, Ulfah M, Artasasta MA. 2021.
Antibacterial screening of endophytic fungus Xylaria sp.
derived from Andrographis paniculata (Sambiloto). Open
Access Macedonian Journal of Medical Sciences. 9(A):971-
975. https://doi.org/10.3889/0amjms.2021.7475

Tan M, Castro S, Oliva PM, Yap RP, Nakayama A, Magpantay H,
dela Cruz TEE. 2020. Biodiscovery of antibacterial
constituents from the endolichenic fungi isolated from
Parmotrema  rampoddense. 3  Biotech.  10(5):212.
https://doi.org/10.1007/s13205-020-02213-5

Tang AMC, Jeewon R, Hyde KD. 2007. Phylogenetic relationships
of Nemania plumbea sp. Nov. And related taxa based on
ribosomal ITS and RPB2 sequences. Mycological Research.
111(4):392-402.
https://doi.org/10.1016/j.mycres.2007.01.009

Tibpromma S, Zhang L, Karunarathna SC, Du TY, Phukhamsakda
C, Rachakunta M, Suwannarach N, Xu J, Mortimer PE, Wang
YH. 2021. Volatile constituents of endophytic fungi isolated
from Aquilaria sinensis with descriptions of two new species
of Nemania. Life. 11(4):363.
https://doi.org/10.3390/life11040363

Vandermolen KM, Raja HA, El-Elimat T, Oberlies NH. 2013.
Evaluation of culture media for the production of secondary
metabolites in a natural products screening program. AMB
Express. 3(1):71. https://doi.org/10.1186/2191-0855-3-71

ROLE OF AUTHORS: MCMC — experiment, analysis of data,
drafting the manuscript, QABB — experiment, analysis of data,
drafting the manuscript, FRCE — experiment, analysis of data,
drafting the manuscript, AMRF — experiment, analysis of data,
drafting the manuscript, JAGP - concept, design, analysis of data,
supervision, revising the manuscript, TEEDC - concept, design,
analysis of data, funding acquisition, supervision, revising the
manuscript.

Responsible Editor: Dr. Cherry P. Fernandez-Colorado


https://doi.org/10.11598/btb.2019.26.1.836
https://doi.org/10.1186/s12906-023-04118-1
https://doi.org/10.3390/molecules24040777
https://doi.org/10.1111/j.1574-6968.2000.tb09142.x
https://doi.org/10.3390/molecules20058952
https://doi.org/10.3897/mycokeys.86.71623
https://doi.org/10.1021/np070466w
https://doi.org/10.3897/mycokeys.83.69906
https://doi.org/10.1016/j.fitote.2023.105496
https://doi.org/10.1111/jam.13101
https://doi.org/10.33585/cmy.73101
https://doi.org/10.3390/biology10030191
https://doi.org/10.5943/ajom/5/2/3
https://doi.org/10.3889/oamjms.2021.7475
https://doi.org/10.1007/s13205-020-02213-5
https://doi.org/10.1016/j.mycres.2007.01.009
https://doi.org/10.3390/life11040363
https://doi.org/10.1186/2191-0855-3-71

