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Fungal community inside lichen: a curious @

case of sparse diversity and high modularity

Jiho Yang'?, Jung-Jae Woo'?, Seung-Yoon Oh?, Wonyong Kim' and Jae-Seoun Hur'"

Abstract

Background Lichens represent not only the mutualism of fungal and photosynthetic partners but also are com-
posed of microbial consortium harboring diverse fungi known as endolichenic fungi. While endolichenic fungi are
known to exert a remarkable influence on lichen ecology through their crucial roles in nutrient cycling, bioprospect-
ing and biodiversity, the enigmatic community structures of these fungal inhabitants remain shrouded in mystery,
awaiting further exploration and discovery. To address knowledge gap, we conducted metabarcoding on two lichens
using 18S gene amplification, Dirinara applanta and Parmotrema tinctorum, and compared their microbial communi-
ties to those found in the pine bark to which the lichens were attached. Our hypothesis was that the endolichenic
communities would exhibit distinct diversity patterns, community structures, network structures, and specialist com-
position compared to the surrounding epiphytic community.

Results Our investigation has shed light on the clear demarcation between the endolichenic and epiphytic fungal
communities, as they exhibit markedly different characteristics that set them apart from each other. This research
demonstrated that the endolichenic communities are less diverse as compared to the epiphytic communities.
Through community similarity analysis, we observed that two endolichenic communities are more similar to each
other in terms of community composition than with the adjacent epiphytic communities. Moreover, we unveiled

a striking contrast in the network structures between the endolichenic and epiphytic communities, as the former
displayed a more modular and less nested features that is evocative of a potent host-filtration mechanism.

Conclusions Through our investigation, we have discovered that lichens harbor less intricate and interconnected
fungal communities compared to the neighboring epiphytic environment. These observations provide valuable
insights into the metagenomic architecture of lichens and offer a tantalizing glimpse into the unique mycobiome.
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Introduction

Lichens are a symbiotic mutualism comprising lichen-
forming fungi and their photosynthetic partners [1].
Mutualism in lichen symbiosis is considered to benefit
both organisms, the carbon source of lichen-forming
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the lichen thallus [7]. ELF are considered similar to endo-
phytic fungi because they do not exhibit disease symp-
toms [8] and produce diverse secondary metabolites [9].
Thus, ELF can be distinguished from lichenicolous fungi
which are parasitic [10] and produce visible structures on
lichen thalli [11]. Because various metabolites produced
by ELF show bioactivity containing antibacterial and anti-
fungal activity [9], these fungal residents are considered
to enhance the host lichens’ immunity. Several microor-
ganisms within the lichen thallus have been reported to
affect the phenotypes [5, 12] and physiology [13, 14] of
host lichens. Therefore, studying ELF’s community archi-
tecture is pivotal to understand lichen physiology.
Previous research about the community structure of
ELF found that these fungi are a diverse group with a
majority belonging to the Ascomycota phylum [15, 16].
The fact that the endophytic fungi and the ELF share
similar taxonomic diversity suggests that they may have
similar ecological roles and origins. Both abiotic (e.g.,
geography) and biotic (e.g., host lichen phylogeny) fac-
tors have been shown to influence the composition of
ELF communities [15, 17]. To better understand how
ELF communities differ from other fungal communi-
ties, it would be helpful to compare them with the fungi
found in the surrounding environment of lichens. Chag-
non et al. found that ELF communities tend to have a
more nested structure compared to endophytic fungal
communities [18]. In contrast to previous culture-based
methods, recent studies utilizing advanced next-gen-
eration sequencing technology have revealed that the
taxonomic diversity of ELF communities is markedly
different. Metabarcoding analyses have identified Doth-
ideomycetes and Eurotiomycetes as being particularly
abundant in these communities. [16], whereas they were
underrepresented in culture-dependent methods [19].
Distinguishing between ELF and lichenicolous fungi has
become increasingly challenging due to the fact that a
significant proportion of lichenicolous fungal sequences
have been found in apparently healthy lichens [16]. As a
result, there has been ongoing debate and disagreement
over the classification and structure of ELF communities.
To gain a better understanding of the distinct structure
of ELF communities, it would be valuable to conduct a
comparative study between lichen communities and the
surrounding environment using metabarcoding tech-
niques. The goal of this study is to uncover the unique
architecture of the ELF community in comparison to the
neighboring epiphytic (EPF) community. We selected the
EPF community as a suitable comparator to ELF because
it is likely that the tree bark represents the original fun-
gal pool from which the ELF community was established.
This is supported by the fact that the tree bark is physi-
cally closest to the epiphytic lichen and existed prior to
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lichenization. To explore the differences between ELF
and EPF communities, we analyzed the fungal communi-
ties within the epiphytic lichens Dirinaria applanta and
Parmotrema tinctorum, as well as the EPF community of
Pinus thunbergii, using metabarcoding techniques. Pre-
cisely, our aim was to investigate fundamental inquiries
regarding the distinctions between ELF and EPF commu-
nities, focusing on aspects such as diversity patterns and
network architecture. To accomplish this, we compared
the fungal communities across six different aspects: alpha
diversity, taxonomic composition, community similarity,
network structure, core microbiome, and host specialists.

Methods

Study site and sampling process

We collected twenty five samples of Pinus thunderbergii
bark, and the epiphytic lichen Dirinaria applanta and
Parmotrema tinctorum from five sites (n=75) on Jeju
Island in the southern part of South Korea (Site A: 33°
30" 27.5” N, 126° 28" 06.9” E; Site B: 33° 28" 432" N,
126° 21" 48.5” E; Site C: 33° 31 05.0” N, 126° 32" 44.6”
E; Site D: 33° 14 16.1” N, 126° 23" 25.5” E and Site E:
33° 16" 23.8” N, 126° 42" 11.2” E) (Fig. 1a). When we
checked using the WorldClim database (https://www.
worldclim.org/data/bioclim.html), the five collection
sites did not show significant climatic differences (Addi-
tional file 1: Table S1). Dirinaria was strongly fixed to the
Pinus bark (Fig. 1b), while the Parmotrema was relatively
loosely attached to the substrate with its rhizine (Fig. 1c).
The collected lichen thalli and the bark particles were cut
into 1 cm? pieces and their surface organic residues were
removed using a syringe tip and running tap water. Sub-
sequently, the surfaces of the lichen thalli were sterilized
with 70% ethanol and 0.4% sodium hypochlorite (both
for 90 s) as described by Yang et al. [20].

Molecular and bioinformatics analyses

The bark and lichen segments were homogenized, and
DNA was extracted using a PowerSoil DNA isolation
kit (QIAGEN, CA, USA). We conducted a polymerase
chain reaction (PCR) of the fungal ITS1 region [21] using
the fungal specific primers ITS1F and ITS2 [22], ligated
to Illumina sequencing adaptors. For each sample, PCR
was performed three times using the AccuPower PCR
PreMix kit (Bioneer, Daejeon, South Korea) under the
following condition: 94 °C for 5 min, 25 cycles of 94 °C
for 30 s, 55 °C for 30 s, and 72 °C for 40 s with a final
extension at 72 °C for 10 min. The quality of the PCR
products was evaluated in agarose gel and purified using
the Expin PCR SV kit (GeneAll, Seoul, South Korea). A
second PCR for barcoding was conducted to attach mul-
tiple index delimiters, as recommended by the Nextera
XT index kit protocol (Illumina, CA, USA). The amplicon
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concentration was measured using NanoDrop2000
(Thermo Fisher Scientific, MA, USA) and pooled in equal
molecular quantities.

Amplicon library sequencing was performed using
the Illumina MiSeq platform (Macrogen, Seoul, South
Korea). Raw sequences were processed using QIIME2
v.2021.4 [23] by demultiplexing and denoising reads fol-
lowing the DADA2 pipeline [24]. Taxonomic assignment
was performed according to naive Bayesian classifier
guideline [25] using the UNITE fungi 99% operational
taxonomic unit database [26]. Based on maximum like-
lihood method, a phylogenetic analysis was conducted
using the q2-alignment plugin (https://docs.qiime2.org).

Statistics and visualizations

The following analyses were performed using R v.3.5.3
[27]. For the statistical analysis, we conducted a Shapiro
test [28] to check for data normality. Because the normal-
ity assumption was violated, we used the non-parametric
Mann—Whitney U test [29] for pairwise comparisons and
the Kruskal-Wallis test [30] followed by a Bonferroni
correction [31] in multiple comparisons. All graphs were
visualized using the “ggplot2” [32] and “ggpubr” [33] R
packages. An amplicon sequence variant (ASV) [34] table
was imported from QIIME2 into R using the “qiime2R
package” (https://forum.qiime2.org) and rarefied to 3,000
sequences per sample using the “phyloseq” package [35].
The subsequent analyses, excluding the assessment of

Fig. 1 Collection information of this study. a Epiphytic lichens on Pinus bark located on Jeju Island, South Korea. Morphology of lichen thallus
and microscopic view of b Dirinaria applanata and ¢ Parmotrema tinctorum
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taxonomic composition were based on the rarefied ASV
table.

The alpha diversity indices, Chaol richness [36], Fish-
er’s alpha [37], Shannon’s diversity [38], and Shannon’s
evenness [39] were calculated using the “vegan” pack-
age [40]. Community dissimilarity was calculated based
on Bray—Curtis distance [41] using the “phyloseq” and
“vegan” packages. Non-metric multidimensional scal-
ing (NMDS) and principal co-ordinate analysis (PCoA)
were performed using the “phyloseq” and “vegan” pack-
ages based on Bray—Curtis distance. The significance of
NMDS was evaluated under stress value [42] and the
standardized effect size of the PCoA was estimated using
the p value of the permutation test [43] (n=999). We
statistically compared within-host (intra-host) similarity
and between-host (inter-host) similarity using Bray—Cur-
tis distance matrices by utilizing their average values. A
hierarchical heatmap was constructed using the “pheat-
map” package [44] with top the 100 most abundant ASV
matrices. Ordination of the network structure and cal-
culation of centrality indices were performed using the
“qgraph” package [45] with a positive correlation cutoff
of 0.2. We compared the fungal community network
using the “RInSp” package [46]. We utilized seven eco-
logical indices, namely C,,, Nestedness metric based on
overlap and decreasing fill (NODF), Betweenness, Close-
ness, InDegree, OutDegree, and Expected influences. C,,
represents the level of modularity in the network, while
NODF quantifies the extent of nestedness. Betweenness
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and Closeness indicate vectors that contain the between-
ness centrality and closeness centrality of each node,
respectively. InDegree and OutDegree indicate vectors
that encompass the inward and outward degrees of each
node. ExpectedInfluences indicates the sum of incoming
or outgoing edge weights connected to a node. Identify-
ing the core mycobiome [47] was conducted using the
“microbiome” package [48] with a prevalence thresh-
old of 0.2. Linear discriminant analysis (LDA) [49] was
performed using the “microbial” [50] and “microbiome”
packages, with cutoffs of LDA scores >2 and p <0.05. Chi-
squared tests [51] and volcano plot visualizations were
constructed to identify differently abundant taxa by host
type using the “DESeq2” [52] and “EnhancedVolcano”
[53] packages, and host specialist ASVs were selected
by satisfying the thresholds of log, fold change>2 and
p<0.05.

Results

Summary of generated fungal sequencing data

After denoising and filtering out the host lichen fungal
sequences, the ITS amplicon data yielded 571,273 total
fungal sequences in the Pinus bark and lichen samples.
The number of sequence reads were significantly dif-
ferent by fungal host type; the number of EPF sequence
reads of Pinus were 13,700+ 5,169, which is higher than
those of the ELF sequences of Dirinaria (5,520+1,811)
and Parmotrema (3,630 + 2,148). For a comparative anal-
ysis of the fungal communities, a rarefaction process
[54] was implemented, remaining at 3,000 sequences per
community (Fig. 2a). In this process, two ELF communi-
ties of Dirinaria and ten Parmotrema communities were
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excluded from the further analyses because they were
below this cutoff values.

Contrasting fungal diversity in the pine barks and lichens
The alpha diversity of the ELF and EPF communities was
assessed using four diversity indices (Fig. 2b). Results
showed that Chaol richness and Fisher’s alpha were
higher in the EPF communities of pine bark than in the
ELF communities of Dirinaria and Parmotrema, but not
significantly different between the two ELF communities.
Shannon’s diversity and evenness did not vary signifi-
cantly between host types. Thus, the data suggested that
fungal diversity was lower in lichens than in pine bark.

Taxonomic compositions of the ELF and EPF commu-
nities were distinguishable, with differences in Basidi-
omycota frequency being particularly pronounced (as
shown in Fig. 3). At the phylum level, Ascomycota was
dominant in both ELF communities, comprising 46.8% of
the EPF communities and showing strong dominance in
Dirinaria and Parmotrema. In contrast, Basidiomycota
accounted for 27.9% of the EPF communities and were
less abundant in the ELF communities. At the class level,
the Ascomycota-dominant pattern diverged in the two
ELF communities, with Dothideomycetes being the dom-
inant fungal class in both communities. Sordariomycetes
were more abundant in Parmotrema than in Dirinaria.
The most abundant order in all fungal communities was
Capnodiales.

Greater resemblance between the ELF communities

than to the EPF community

The three fungal communities shared a total of 127 ASVs
in common, and a significant proportion of the EPF ASVs
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Fig. 2 Alpha diversity and taxonomic composition of the fungal communities. a Sequence reads of the fungal communities (mean + SEM,
"p<0.001, "p<0.01). The dashed line indicates the depth of sequence rarefaction. b Alpha diversity of the fungal communities were calculated
using four indices: Chao1 richness, Fisher’s alpha, Shannon’s diversity, and Shannon’s evenness (mean + SEM, “p<0.01, p<0.05, ns not significant)
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were also found in the ELF communities, with 24% in
Dirinaria and 23% in Parmotrema mycobiome (Fig. 4a).
The fungal communities were clearly separated by host
type, as shown by PCoA (Fig. 4b), and not by geographi-
cal distance (Fig. S1). The two ELF communities were
more similar to each other than to the EPF communities.
The EPF communities displayed significantly lower intra-
host dissimilarity compared to the ELF communities of
Dirinaria and Parmotrema (Fig. 4c).

It is worth mentioning that the two ELF communi-
ties exhibited a higher degree of similarity to each other
than to the EPF community, with the EPF community
displaying a higher resemblance to the ELF commu-
nity of Dirinaria (Pi. vs. Di.: 0.978+0.041) than to that
of Parmotrema (Pi. vs. Pa.: 0.983+0.030) (Fig. 4c). The
hierarchical heatmap analysis indicated that the fungal
communities were primarily clustered according to their
host type rather than geographical location (Fig. 4d).
Specifically, the two ELF communities were grouped
together in Clade A, characterized by a high abundance
of Capnodiales. In contrast, the EPF communities were
grouped in Clade B, marked by abundant unclassified
Basidiomycota and Venturiales. Taken together, our find-
ings suggest that the two ELF communities had compa-
rable structures, and that the EPF community was more
akin to the ELF community of Dirianria than to that of
Parmotrema.

Less nestedness and enhanced modulararity in the ELF
community network

The co-occurrence network plot demonstrated that the
ELF communities exhibited less nestedness compared to
the EPF communities (Fig. 5a). The number of nodes in

the EPF communities was higher compared to the ELF
communities. The vectors containing betweenness and
closeness of each node were significantly higher in the
EPF communities than in the ELF communities (Addi-
tional file 1: Fig. S2a). The inward and outward degree
vectors of each node were also higher in the EPF commu-
nities than in the ELF communities (Additional file 1: Fig.
S2b). Moreover, the expected influences which indicate
the sum of incoming or outgoing edge weights connected
to a node were also significantly higher in the EPF com-
munities than in the ELF communities (Additional file 1:
Fig. S2¢).

The network structure of the ELF and the EPF commu-
nities were highly distinguished. The ELF communities
exhibited a higher weighted clustering coefficient C,,,
which represents the degree of modularity [55] than the
EPF communities (Fig. 5b). The C,, showed a negative
relationship with species richness (Chaol) and diversity
(Shannon) (Fig. 5¢). The nestedness of the community
structure, as measured by the nestedness metric based
on overlap and decreasing fill (NODF), [55] was higher
in the EPF communities than in the ELF communities
(Fig. 5d). Notably, the C,, and the NODF of two ELF
communities had non-significant differences (Figs. 3b
and d). In contrast to the C,,, the NODF had a positive
correlation with species richness and diversity (Fig. 5e).
Taken together, the ELF communities were clearly dis-
tinguished to the EPF community in terms of their more
modular and less nested features.

Core mycobiomes of the fungal communities
To assess the variation in core structures between the
EPF and ELF fungal communities, we determined and
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of the fungal communities’ 100 most abundant ASVs

contrasted the core mycobiomes. Increasing the thresh-
old for relative abundance and prevalence resulted in a
reduction in the size of the core mycobiome of the fun-
gal communities. (Fig. 6a). At a threshold of 0.2 preva-
lence, the EPF communities had a larger core mycobiome
consisting of 39 ASVs, whereas the core mycobiomes
of the ELF communities of Dirinaria and Parmotrema
were smaller, with 8 and 17 ASVs, respectively. (Fig. 6b).
The taxonomic compositions of the core mycobiome in
the fungal communities showed significant differences
between the host types (Fig. 6¢c). The dominant taxo-
nomic groups in the core mycobiomes of the EPF and
ELF communities varied depending on the host type.
Unclassified Basidiomycota, unclassified Fungi, and Ven-
turiales were the most abundant in the EPF communities,

while unclassified Dothideomycetes, Capnodiales, and
Xylariales were abundant in the ELF communities of Diri-
naria. In the core mycobiome of Parmotrema, unclassi-
fied Fungi, Xylariales, and Capnodiales were dominant.
The genus Pestalotiopsis was identified as a significant
member of the ELF community in the core mycobiome
analysis. Importantly, Pestalotiopsis holds core mem-
bership status within both Dirinaria and Parmotrema
lichens, which stands in contrast to its absence in EPF.
The Venn diagram revealed that Pinus bark and Dirinaria
shared five core fungal ASVs, indicating a partial overlap
(Fig. 6d). An intriguing finding was that there were no
shared core fungal members between the EPF commu-
nity and the ELF community of Parmotrema, supporting
the conclusion from the community similarity analysis
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that the mycobiome of Dirinaria was more similar to that
of the EPF community than that of Parmotrema.

Identification of ELF and EPF specialists

We employed linear discriminant analysis (LDA) to iden-
tify host specialists. We observed host-specific ELF and
EPF at the genus level (shown in Fig. 7a). Several gen-
era including unclassified Basiomycota were found to be
EPF specialists, while others showed high LDA scores
in the ELF communities of Dirinaria and Parmotrema.
The trophic mode analysis based on FungalTraits [56],
showed that fungal group annotated to plant pathogen

were more abundant in the ELF communities than in the
EPF communities.

To further analyze the differences between the fungal
communities, pairwise comparisons were conducted
using a chi-squared test (Fig. 7b). The results showed
that in the comparison between the EPF and Dirinaria
communities, there were 52 EPF and 20 ELF specialists
identified (Additional file 1: Tables S2 and S3). In the
comparison between EPF and ELF communities of Par-
motrema, 64 EPF and 42 ELF specialists were observed.
These findings were consistent with the LDA analysis
and showed that the abundance of plant-pathogen fungi
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was higher in the ELF communities than in the EPF
communities.

Discussion

While the diversity and structure of fungal communities
within lichen thalli play a critical role in their ecological
functioning [11, 17], they have been relatively under-
studied. Furthermore, the comparative analysis of these
communities with neighboring EPF communities has
not been thoroughly explored. This study addresses this
gap by conducting a comparative analysis of the mycobi-
ome structure within lichen and nearby EPF communi-
ties, focusing on several aspects of diversity and network
analysis.

The fungal communities of EPF were found to exhibit
higher richness and diversity compared to ELF com-
munities, suggesting that epiphytic fungi might serve
as a potential source of fungal diversity in lichen thalli
attached to the bark. Moreover, the considerable

overlap of ASVs between the EPF and ELF communi-
ties further strengthens this proposition. The structure
of ELF communities appeared to be influenced by the
filtering effect of lichen hosts, as their taxonomic com-
positions were more strongly associated with host iden-
tity than with geographical location. The occurrence of
Basidiomycetes in the EPF communities was a frequent
finding, corroborating previous reports on the occur-
rence of wood-decay fungi on Pinus bark [57]. The low
abundance of Basidiomycota in the ELF communities
could be due to the presence of antifungal metabolites
such as atranorin in D. applanta [58] and chloroatra-
norin in P tinctorum [59], which inhibit the growth
of saprotrophs within lichen thallus. Interestingly, the
most abundant taxa in the ELF communities, Capnodi-
ales are known for their ability to resist biodeteriora-
tion through highly-melanized hyphae, as reported in
a previous study [60]. Capnodiales fungi may there-
fore be able to successfully complete their life cycle
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and epiphytic fungal communities

within lichen thallus despite the presence of antifungal
metabolites.

The hypothesis of host-filtration was supported by
community similarity analyses, which showed that the
ELF communities of two different host lichens were more
similar to each other than to the EPF communities. Nota-
bly, the ELF of Dirinaria were found to be more similar
to the EPF communities than those of Parmotrema, pos-
sibly due to the physical distance between the lichens
and the bark. This is consistent with a previous study
by Noh et al. [61] which showed that even micro-scale
distance could lead to dissimilarity in fungal communi-
ties; P tinctorum is relatively loosely attached to Pinus
bark with its rhizine. Furthermore, this might be attrib-
uted to the similarity in physical properties of the hosts.
The resemblance between Dirinaria ELF and EPF could
potentially be elucidated through subsequent experimen-
tal approaches.

The network analysis revealed that the ELF commu-
nities exhibited a more modular and less nested archi-
tecture compared to the EPF communities. A higher
modularity suggests that the ELF communities are more
robustly sorted out by the host lichen compared to
the pine bark, as discussed by Chagnon et al. [18]. This
speculation is further supported by the observed inverse
correlation between fungal diversity and modularity.
These findings differ from those of previous research that
examined the differences between fungal communities
in epiphytic and endophytic environments [62]. It can
be inferred that the filtration of fungal communities by
the host lichens is more prominent compared to that of
phyllosphere.

The ELF communities tend to have a lower number
of core mycobiome compared to the EPF communities.
According to a previous study, the core mycobiome of
ELF communities was found to be largely dominated by
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fungi from the Capnodiales order [16]. In line with the
community similarity analysis, the ELF communities of
Dirinaria were found to have a higher level of core myco-
biome overlap with the EPF communities compared to
the ELF communities of Parmotrema. The core mem-
ber of ELF, Pestalotiopsis, a fungus known for its role as
both a plant endophyte and a pathogen was observed in
the Parmotrema ELF communities. This observation was
consistent with the finding that the Parmotrema ELF
communities had the most diverse plant pathogen fungi,
followed by the Dirinaria ELF communities and the EPF
communities. These results suggest that ELF communi-
ties are similar to phyllosphere fungal communities, as
previously proposed [11].

Conclusion

Our analysis compared the structure of the ELF commu-
nities with that of their neighboring environments, the
EPF communities. We found that the ELF community
had a less diverse, less nested, and more modular struc-
ture than the EPF community. These features suggest that
the distinctive architecture of the mycobiome in lichens
may be shaped by strong host-filtration processes. Addi-
tionally, we found that the ELF community exhibited
similarities to phyllosphere fungal communities, with a
high abundance of plant pathogen fungi. While we have
provided insights into the structure of ELF communities,
many questions remain unanswered, such as the origin of
ELE, its ecological role, and the interactions between ELF
and host lichens. Future studies are needed to explore the
ecological niche of ELF.

Abbreviations
ELF Endolichenic fungi
EPF Epiphytic fungi

PCR Polymerase chain reaction

ASV Amplicon sequence variant

NMDS  Non-metric multidimensional scaling
PCoA  Principal co-ordinates analysis

LDA Linear discriminant analysis

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/s40793-023-00531-8.

Additional file 1. Fig. S1 Community similarity ordination based on
geographical distance. The ordinations are visualized in two approaches: a
non-metric multidimensional scaling and b principal co-ordinates analysis
based on Brat-Curtis distance. Ellipses indicate the 95% confidence inter-
val of group variance. ¢ PCoA plots showing ELF community variability
between the two host lichens from same site. Fig. S2 Centrality indices of
the fungal communities. a Betweenness and Closeness indicate vectors
containing the betweenness and closeness of each node. b InDegree and
OutDegree indicate vectors containing the inward and outward degree
of each node. ¢ Expected influences indicates the sums of incoming or

Page 10 of 11

outgoing edge weights connected to a node. Mean+SEM, *"p <0.001,
“p<0.01, ns not significant.

Acknowledgements
We thank Hyung-Yeel Kahng, Jae-Sung Jung, and Hyun-Ju Noh for the sugges-
tions and revisions for the manuscript.

Author contributions

JHY, SYO, and JSH designed the study. JHY, SYO, WK, and JSH did sample col-
lection. JHY, SYO analyzed the data. JHY and JJW performed visualization. JHY,
SYO, WK, and JSH wrote and revised the manuscript.

Funding

This study was supported by grants from the National Research Founda-
tion of Korea (NRF-2020R111A2073283, NRF-2021K2A9A1A06086000 and
NRF-2017M3A9B8069471).

Availability of data and materials
All data are accessible on Sequence Read Archive (PRINA932935), National
Center for Biotechnology Information.

Declarations

Ethics approval and consent to participate
No ethics approval or consent to participate was required.

Consent for publication
No consent for publication was required.

Competing interests
The authors declare they have no competing interests.

Received: 10 April 2023 Accepted: 27 September 2023
Published online: 03 October 2023

References

1. Hawksworth DL, Hill DJ, Phil D. The lichen-forming fungi, vol. 5:
Springer; 1984.

2. Smith D, Drew E. Studeis in the physiology of lichens: V. Transloca-
tion from the algal layer to the medulla in Peltigera polydactyla. New
Phytologist. 1965;64(2):195-200.

3. Plummer GL, Gray BD. Numerical densities of algal cells and growth in
the lichen genus Cladonia. Am Midland Naturalist. 1972. https.//doi.
0rg/10.2307/2423568.

4. Bates ST, Cropsey GW, Caporaso JG, Knight R, Fierer N. Bacterial com-
munities associated with the lichen symbiosis. Appl Environ Microbiol.
2011;77(4):1309-14.

5. Spribille T, TuovinenV, Resl P, Vanderpool D, Wolinski H, Aime MC,
Schneider K, Stabentheiner E, Toome-Heller M, Thor G. Basidiomy-
cete yeasts in the cortex of ascomycete macrolichens. Science.
2016;353(6298):488-92.

6. Hawksworth DL. Fungal diversity and its implications for genetic resource
collections. Stud Mycol. 2004;50(1):9-17.

7. Suryanarayanan T, Thirunavukkarasu N, Hariharan G, Balaji P. Occur-
rence of non-obligate microfungi inside lichen thalli. SYDOWIA-HORN.
2005;57(1):120.

8. Tripathi M, JoshiY, Gupta RC. Assessment of endolichenic fungal diversity
in some forests of Kumaun Himalaya. Curr Sci. 2014;107(5):745-8.

9. Kellogg JJ, Raja HA. Endolichenic fungi: a new source of rich bio-
active secondary metabolites on the horizon. Phytochem Rev.
2017;16(2):271-93.

10. Lawrey JD, Diederich P. Lichenicolous fungi: interactions, evolution, and
biodiversity. Bryol. 2003;106(1):80-120.


https://doi.org/10.1186/s40793-023-00531-8
https://doi.org/10.1186/s40793-023-00531-8
https://doi.org/10.2307/2423568
https://doi.org/10.2307/2423568

Yang et al. Environmental Microbiome (2023) 18:73

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31
32.

33.

34

35.

36.

37.

38.

. Suryanarayanan TS, Thirunavukkarasu N. Endolichenic fungi: the lesser

known fungal associates of lichens. Mycology. 2017;8(3):189-96.
Steinova J, et al. An exception to the rule? Could photobiont identity be
a better predictor of lichen phenotype than mycobiont identity? J Fungi.
2022;8(3):275.

Peksa O. PAVEL S: do photobionts influence the ecology of lichens? A
case study of environmental preferences in symbiotic green alga Astero-
chloris (Trebouxiophyceae). Mol Ecol. 2011;20(18):3936-48.

Schulz M, et al. Fungal host affects photosynthesis in a lichen holobiont. J
Fungi. 2022;8(12):1267.

U'Ren JM, Lutzoni F, Miadlikowska J, Laetsch AD, Arnold AE. Host and geo-
graphic structure of endophytic and endolichenic fungi at a continental
scale. Am J Botany. 2012;99(5):898-914.

Ferndndez-Mendoza F, Fleischhacker A, Kopun T, Grube M, Muggia L. ITS1
metabarcoding highlights low specificity of lichen mycobiomes at a local
scale. Mol Ecol. 2017;26(18):4811-30.

Oh S-Y, Yang JH, Woo J-J, Oh S-O, Hur J-S. Diversity and distribution
patterns of endolichenic fungi in Jeju Island, South Korea. Sustainability.
2020;12(9):3769.

Chagnon P-L, U'Ren JM, Miadlikowska J, Lutzoni F, Arnold E. Interaction
type influences ecological network structure more than local abiotic
conditions: evidence from endophytic and endolichenic fungi at a conti-
nental scale. Oecologia. 2016;180:181-91.

Yang JH, Oh S-Y, Kim W, Hur J-S. Endolichenic fungal community analysis
by pure culture isolation and metabarcoding: a case study of Parmotrema
tinctorum. Mycobiology. 2022;50(1):55-65.

Yang JH, Oh S-Y, Kim W, Woo J-J, Kim H, Hur J-S. Effect of isolation condi-
tions on diversity of endolichenic fungal communities from a foliose
lichen, Parmotrema tinctorum. J Fungi. 2021;7(5):335.

Iwen PC, Hinrichs SH, Rupp ME. Utilization of the internal transcribed
spacer regions as molecular targets to detect and identify human fungal
pathogens. Medical Mycol. 2002;40(1):87-109.

Gardes M, Bruns TD. ITS primers with enhanced specificity for basidiomy-
cetes-application to the identification of mycorrhizae and rusts. Mol Ecol.
1993;2(2):113-8.

Hall M, Beiko RG. 16S rRNA gene analysis with QIIME2. In: Microbiome
analysis. Springer; 2018: 113-129.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADAZ2: high-resolution sample inference from Illumina amplicon data.
Nat Meth. 2016;13(7):581-3.

Yager RR. An extension of the naive Bayesian classifier. Inf Sci.
2006;176(5):577-88.

Abarenkov K, Nilsson RH, Larsson K-H, Alexander I, Eberhardt U, Erland S,
Hailand K, Kjaller R, Larsson E, Pennanen TJTNP. The UNITE database for
molecular identification of fungi-recent updates and future perspectives.
2010, 186(2):281-285.

Chambers JM. Software for data analysis: programming with R, vol. 2:
Springer; 2008.

Royston P. Approximating the Shapiro-Wilk W-test for non-normality. Stat
Comput. 1992;2(3):117-9.

Ruxton GD. The unequal variance t-test is an underused alternative

to Student's t-test and the Mann-Whitney U test. Behavioral Ecol.
2006;17(4):688-90.

McKight PE, Najab J: Kruskal-wallis test. The corsini encyclopedia of
psychology 2010;1-1.

Napierala MA. What is the Bonferroni correction? Aaos Now 2012;40-41.
Goémez-Rubio V. ggplot2-elegant graphics for data analysis. J Stat Softw.
2017;77:1-3.

Kassambara A, Kassambara MA: Package ‘ggpubr’ R package 2020, 6.
Callahan BJ, McMurdie PJ, Holmes SP. Exact sequence variants should
replace operational taxonomic units in marker-gene data analysis. ISME J.
2017;11(12):2639-43.

McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interac-
tive analysis and graphics of microbiome census data. PloS one. 2013;8(4):
e61217.

Chao A, Chiu C-H. Species richness: estimation and comparison. Wiley
StatsRef Stat Ref Online. 2016;1:26.

Fisher RA, Corbet AS, Williams CB. The relation between the number of
species and the number of individuals in a random sample of an animal
population. J Animal Ecol. 1943;1:42-58.

Dickman M. Some indices of diversity. Ecology. 1968;49(6):1191-3.

Page 11 of 11

39. Tramer EJ. Bird species diversity: components of Shannon’s formula. Ecol-
0gy. 1969;50(5):927-9.

40. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O'hara R, Simp-
son GL, Solymos P, Stevens MHH, Wagner H. Package ‘vegan. Community
ecology package, version 2013, 2(9):1-295.

41. Beals EW. Bray-Curtis ordination: an effective strategy for analysis of
multivariate ecological data. In: Advances in ecological research. vol. 14:
Elsevier; 1984: 1-55.

42. Cox MA, CoxT. Interpretation of stress in non-metric multidimensional
scaling. Statistica Applicata. 1992;4(4):611-8.

43. Anderson MJ. Permutational multivariate analysis of variance (PER-
MANOQVA). Wiley statsref: statistics reference online 2014:1-15.

44. Kolde R, Kolde MR: Package ‘pheatmap’ R Package 2018, 1.

45. Epskamp S, Cramer AO, Waldorp LJ, Schmittmann VD, Borsboom D.
qgraph: Network visualizations of relationships in psychometric data. J
Stat Software. 2012;48:1-18.

46. Zaccarelli N, Bolnick DI, Mancinelli G. Rl n S p: an r package for the
analysis of individual specialization in resource use. Methods Ecol Evolut.
2013;4(11):1018-23.

47. Zaura E, Keijser BJ, Huse SM, Crielaard W. Defining the healthy “core micro-
biome" of oral microbial communities. BMC Microbiol. 2009;9(1):1-12.

48. LahtiL, Salojarvi J, Salonen A, Scheffer M, De Vos WM. Tipping elements in
the human intestinal ecosystem. Nat Commun. 2014;5(1):4344.

49. Izenman AJ. Linear discriminant analysis. In: Modern multivariate statisti-
cal techniques. Springer; 2013: 237-280.

50. Guo K, Gao P. microbial: do 16s data analysis and generate figures. R pack-
age 2021, 1(4).

51. Plackett RL. Karl Pearson and the chi-squared test. International statistical
review/revue internationale de statistique 1983;59-72.

52. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):1-21.

53. Blighe K, Rana S, Lewis M. EnhancedVolcano: publication-ready volcano
plots with enhanced colouring and labeling. R package 2019, 1(0).

54. Birks HJB, Line J. The use of rarefaction analysis for estimating palyno-
logical richness from quaternary pollen-analytical data. Holocene.
1992;2(1):1-10.

55. Aratjo MS, Guimaraes PR Jr, Svanback R, Pinheiro A, Guimaraes P.

Reis SFd, Bolnick DI: network analysis reveals contrasting effects of
intraspecific competition on individual vs. population diets. Ecology.
2008;89(7):1981-93.

56. Polme S, et al. FungalTraits: a user-friendly traits database of fungi and
fungus-like stramenopiles. Fungal Divers. 2020;105:1-16.

57. Ferraz A, Rodriguez J, Freer J, Baeza J. Biodegradation of Pinus radiata
softwood by white-and brown-rot fungi. World J Microbiol Biotechnol.
2001;17(1):31-4.

58. Halama P, Van Haluwin C. Antifungal activity of lichen extracts and
lichenic acids. BioControl. 2004;49(1):95-107.

59. Elix J, Stocker-Worgétter E. Biochemistry and secondary metabolites.
Lichen Biol. 1996;1:154-80.

60. Crous P, Schoch C, Hyde K, Wood A, Gueidan C, De Hoog G, Groenewald J.
Phylogenetic lineages in the Capnodiales. Stud Mycol. 2009,64(1):17-47.

61. Noh HJ, Lee YM, Park CH, Lee HK, Cho JC, Hong SG. Microbiome in Clado-
nia squamosa is vertically stratified according to microclimatic conditions.
Front Microbiol. 2020;11:268.

62. Yao H, Sun X, He C, Maitra P, Li XC, Guo LD. Phyllosphere epiphytic and
endophytic fungal community and network structures differ in a tropical
mangrove ecosystem. Microbiome. 2019;7(1):1-15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Fungal community inside lichen: a curious case of sparse diversity and high modularity
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Methods
	Study site and sampling process
	Molecular and bioinformatics analyses
	Statistics and visualizations

	Results
	Summary of generated fungal sequencing data
	Contrasting fungal diversity in the pine barks and lichens
	Greater resemblance between the ELF communities than to the EPF community
	Less nestedness and enhanced modulararity in the ELF community network
	Core mycobiomes of the fungal communities
	Identification of ELF and EPF specialists

	Discussion
	Conclusion
	Anchor 20
	Acknowledgements
	References


