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Abstract
The dual nature of fungal-algal lichen symbioses is extended by other microbial associations. Increasing evidence has 
confirmed that lichens are successful holobionts composed of complex and multiple species. Specific interactions between 
these microbes contributed to the lichens’ health, growth and fitness. Previous studies suggested that the composition of 
microorganisms in lichens was potentially influenced by the genetic background of the host-symbiont, large-scale geography 
or different photobiont-types (cyanobiont and chlorobiont). However, our knowledge of the interactions between the main 
symbiotic partners under a certain ecological condition and how horizontal acquisition of these microorganisms contributes 
to endolichenic microbiome diversity remains limited. In the present study, using amplicon sequencing, we investigated the 
complex diversity and community composition of fungi, bacteria, and microalgae within Heterodermia obscurata from a 
similar niche. We found that endophytic bacteria displayed greater diversity than fungi and microalgae. Although prefer-
ences for core taxa varied among the different definitions, all analyses support that lichen-forming genus Heterodermia and 
green alga Trebouxia sp. OTU A15 were the main symbionts, and the bacterium Beijerinckiaceae was the core microbiome 
in H. obscurata. Significantly, we found that different alga species (Trebouxia) from H. obscurata are accompanying with 
a shift in composition and function of endolichenic bacteria and fungi. This finding suggested that besides host- or habitat 
specificity as well as photobiont-types, the shifts of dominant alga may also contribute to the taxonomical and functional 
differences of microbiomes within lichens.

Keywords Amplicon sequencing · Composition diversity · Endophytes · Lichen · Core microbiome · Photobiont-microbial 
interaction

1 Introduction

In lichens, heterotrophic fungi and autotrophic alga, which 
are respectively called the mycobiont and the photobiont 
(Ahmadjian 1993), maintain a symbiotic relationship. The 
photosynthetic partner can be either a green alga, a cyano-
bacteria, or both (e.g., Lobaria pulmonaria L. Hoffm) 

(Cornejo and Scheidegger 2013). However, this widely 
accepted definition of dual-nature of lichens has been chal-
lenged (Honegger 2000). In addition to the main mycobiont 
and photobiont, lichen-associated microbial communities 
may help them to develop a stable symbiotic life and adapt to 
their natural habitat (Muggia and Grube 2018). For instance, 
a third partner, called Basidiomycete yeast, was found to 
dwell in the outer cortex of lichens (Mark et  al. 2020; 
Spribille et al. 2016). In their latest review, Hawksworth 
& Grube suggested that the symbiotic concept of ‘lichen’ 
needed to be reconsidered, given the diverse array of associ-
ated microscopic organisms (Hawksworth and Grube 2020). 
This implies the term ‘lichen’ might be redefined as a suc-
cessful holobiont with multiple species (Simon et al. 2019), 
and the so-called ‘lichen biodiversity’ (Wei 2018) might be 
a term defined as the total species biodiversity of micro-eco-
system in symbioses, such as fungi, microalgae, and bacteria 
in the lichen associations. With the rapid improvements of 
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NGS technologies and data analyses, which have eliminated 
interference more easily, a growing and dynamic number 
of species within lichens have been described, making our 
understanding of lichens more comprehensively (Aschen-
brenner et al. 2016; Cernava et al. 2017; Engelen et al. 2016; 
Eymann et al. 2017; Muggia and Grube 2018; Muggia et al. 
2014; Mushegian et al. 2011).

Although lichens are multiple-species symbioses 
(Aschenbrenner et al. 2016), their morphological structures 
are primarily shaped by the lichen-forming fungi. In addition 
to the recognizable lichen-forming fungi, a great number of 
other fungi uncorrelated with the mycobiont colonize lichens 
(Chen et al. 2013; Eymann et al. 2017; Fernández-Mendoza 
et al. 2017; Muggia and Grube 2010, 2018; Prillinger et al. 
1997; U’Ren et al. 2010, 2014; Zhang et al. 2015). The 
identification of lichens is usually based on the properties 
of lichen-forming fungi, symbiotic algae and cyanobacte-
ria, as well as secondary metabolites. Despite it is possible 
to exclude some secondary metabolites produced by exo-
phytic or epiphytic microbes, some endolichenic microbes 
may produce indistinguishable metabolite structures from 
the host. As a result, the dependence on secondary metabo-
lites may lead to confusion in lichens identification (Muggia 
and Grube 2010; Wei 2018). Hence, to accurately identify 
endophytic microorganisms is extremely important for the 
taxonomy of lichens.

Within lichens, photosynthetic symbionts play an impor-
tant role in providing carbohydrates for lichen-forming fungi 
(Ahmadjian 2001). The genus Trebouxia is the most com-
mon photobiont of lichens (Ahmadjian 1988, 2001), fol-
lowed by a chlorobiont of Trentepohlia (Kosecka et al. 2020) 
and the cyanobiont genus of Nostoc (Rikkinen et al. 2002). 
Since the report of the coexistence of two Trebouxia spe-
cies in Ramalina farinacea (Del Campo et al. 2010, 2013), 
the multiple microalgae coexisting pattern in a lichen was 
prevalently found in recent studies (Blaha et al. 2006; Dal 
Grande et al. 2018; Engelen et al. 2016; Lohtander et al. 
2003; Molins et al. 2018, 2020; Moya et al. 2017; Muggia 
et al. 2014; Onut-Brannstrom et al. 2018; Paul et al. 2018), 
which greatly challenged the traditional paradigm that a 
lichen consists of one lichen-forming fungus and a chloro-
biont or a cyanobiont or both photobionts. Apart from their 
major photosynthetic partners, lichens may also choose dif-
ferent algae to respond and adapt to environmental changes 
(Casano et al. 2011; Castillo and Beck 2012; Dal Grande 
et al. 2018).

Additionally, the lichen-associated bacteria were also 
confirmed as an important part of the lichen symbioses 
(Bates et al. 2011, 2012; Cernava et al. 2015). An increas-
ing number of studies regarding the bacterial association 
of lichens have shifted from basic taxonomical description 
to deeper functional analyses using the next-generation 
sequencing (NGS) and multi-omics technology (Bates et al. 

2011; Cardinale et al. 2012; Cernava et al. 2017). Among the 
bacteria, Alphaproteobacteria is probably the most promi-
nent bacterial class detected across lichens, and other highly 
abundant bacteria include Acidobacteria, Actinobacteria and 
Sphingobacteria (Bjelland et al. 2011; Cernava et al. 2017; 
Garg et al. 2016; Hodkinson et al. 2012; Mushegian et al. 
2011; Schneider et al. 2011). The roles that bacteria play in 
lichens could range from stress resistance, nitrogen fixation, 
the provision of vitamins and cofactors to the degradation 
of phenolic compounds (Grube et al. 2015). Despite some 
insights into the composition and function of lichen-asso-
ciated bacteria of the model L. pulmonaria and a few other 
lichens (Cernava et al. 2017; Grube et al. 2015; Schneider 
et al. 2011), rather limited knowledge is available on most 
lichens.

Mounting evidence related to microbial communities 
associated with lichens demonstrated the complexity of mul-
tiple-species symbioses. It is thus not surprising that recent 
studies were able to identify those complex, yet stable micro-
bial communities and the interactions among these commu-
nities within lichens (Engelen et al. 2016; Muggia and Grube 
2018; Mushegian et al. 2011; Zhang et al. 2015). Signifi-
cantly, the determinants for the composition of bacteria in 
lichens are debated. While a few studies revealed that bacte-
ria associated with the lung lichen (L. pulmonaria) might be 
shaped by geography and habitats, more evidence suggested 
that lichen-specific bacterial community was alternatively 
determined by the host-specificity (Bates et al. 2011; Grube 
and Berg 2009; Pankratov et al. 2017). In addition, photo-
autotrophic symbionts (green algal vs. cyanobacterial) and 
large-scale geography may also affect highly structured and 
diverse bacterial communities in lichens (Hodkinson et al. 
2012). As dynamic acquisition and exchange of beneficial 
bacterial species would occur horizontally between lichens 
and adjacent microhabitats (Aschenbrenner et al. 2016), it 
is reasonable to infer that habitat specificity will shape the 
composition and diversity of the lichen bacteria. However, 
most previous studies consider the impact of broad environ-
mental gradients and different mycobiont and photobiont 
types in shaping the microbial communities of lichens, while 
little is known about a single lichen under a certain ecologi-
cal condition with respect to the interactions between the 
endophytic microbial communities.

Heterodermia obscurata (Nyl.) Trevis is the only medic-
inal lichen of the genus Heterodermia in the temperate 
region, belonging to class Ascomycetes, order Lecanorales, 
and family Physciaceae (Tehler 1996). The anthraquinone 
and polysaccharide glucomannan within H. obscurata are 
effective medicinal components (Cohen and Towers 1995; 
Cordova et al. 2013). Previous studies on H. obscurata 
primarily focused on its morphological phylogeny, chemi-
cal composition characteristics and reproductive patterns 
(Pereira et al. 2010), while our knowledge concerning the 
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microbial composition (fungi, microalga and bacteria) and 
interaction associated within H. obscurata is still missing. 
In this study, we investigated the microbial diversity and 
community composition within H. obscurata under the same 
ecological condition, and provided a predictable list of core 
taxa for H. obscurata based on high throughput sequencing 
of 16 S rRNA and ITS fragments. By unraveling the micro-
bial communities within H. obscurata, we aim to answer the 
following questions: (1) What are the diversity and compo-
sition of fungi, alga and bacteria within H. obscurata? (2) 
Which taxa are the potential core microbial communities 
within H. obscurata? (3) Do potential photobiont-microbial 
interactions exist in H. obscurata under a certain ecological 
condition?

2  Materials and methods

2.1  Sampling

Six lichen samples (HO1, HO2, HO3, HO4, HO5, HO6) 
were collected from the bulk of six Camellia trees at Kun-
ming Botanical Garden (25° 8′ 14” N, 102° 44′ 34” E, Alt. 
1885 m), in Yunnan Province, China. Before external steri-
lization, impurities and other plant debris on the surface of 
the lichen samples were washed away under running water. 
All samples were surface sterilized by immersing in ethanol 
(75%) for 30 s, sodium hypochlorite (2.5%) for 2 min and 
then rinsing in sterile water four times. In order to check the 
growth of bacteria and fungi on the surface, 100 µL rinsed 
water from the last step was cultured in beef extract peptone 
agar medium and in potato dextrose agar (PDA, Solarbio) 
medium. The sterilized samples were collected with a sterile 
centrifuge tube and stored in a refrigerator at -80℃.

2.2  DNA extraction, PCR amplification 
and high‑throughput sequencing

Total genomic DNA was extracted using the modified CTAB 
method (Doyle 1991). For bacteria, the V5–V7 hypervari-
able region of the bacterial 16 S rRNA gene was amplified 
using primers 799 F and 1193R (Bodenhausen et al. 2013; 
Chelius and Triplett 2001). For fungi, the primer pair 1737 F 
and 2043R targeting the internal transcribed spacer (ITS) 
region was used for amplification (Bellemain et al. 2010; 
White 1990). Alga-specific ITS primers FDGITS2-f and 
FDGITS2-r were utilized for green alga amplification, which 
was designed by Dal Grande F. (Dal Grande et al. 2018). The 
details of these primers sequences are shown in Table S1.

The PCRs of bacteria and fungi were conducted includ-
ing 5 × TransStart FastPfu buffer 4 µL, 2.5 mM dNTPs 2 
µL, forward primer (5 µM) 0.8 µL, reverse primer (5 µM) 
0.8 µL, TransStart FastPfu DNA Polymerase 0.4 µL, BSA 

0.2 µL, template DNA 10 ng, and  ddH2O up to 20 µL. For 
the bacterial 16 S rRNA gene primers (799 F,1193R), PCR 
amplification was performed as follows: initial denaturation 
at 95 ℃ for 3 min, followed by 40 cycles of denaturing at 95 
℃ for 30 s, annealing at 55 ℃ for 30 s and extension at 72 ℃ 
for 45 s, and a single extension at 72 ℃ for 10 min, ending at 
4 ℃. For the fungal ITS primers (1737 F, 2043R), the PCR 
amplification consisted of initial denaturation at 95 ℃ for 
3 min, followed by 30 cycles of denaturing at 95 °C for 30 s, 
annealing at 59 °C for 30 s, and extension at 72 °C for 45 s, 
with a final extension of 72 °C for 10 min. For the alga ITS 
primers (FDGITS2-f, FDGITS2-r), the PCR protocol was 
conducted by Dal Grande et al. (Dal Grande et al. 2018) with 
annealing temperatures of 50 °C. PCR product was purified 
with the AxyPrep DNA Gel Extraction Kit (Axygen Bio-
sciences, Union City, CA, USA) according to the manufac-
turer’s protocol using a 2% agarose gel. Purified amplicons 
were pooled in equimolar amounts and paired-end sequenced 
for 300 bp on an Illumina MiSeq platform (Illumina, San 
Diego, USA) according to the standard protocols by Major-
bio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The 
raw data yielded by the Illumina MiSeq sequencing reads 
were deposited into the Sequence Read Archive (SRA) with 
the accession BioProject ID PRJNA672244.

2.3  Sequences processing

Demultiplexed amplicon sequences supplied by Majorbio 
Bio-Pharm Technology Co. Ltd. (Shanghai, China) were 
further processed using QIIME2 v.2021.4 (Bolyen et al. 
2019). We used the DADA2 plugin v.2021.4.0 for quality 
filtering (quality score cutoff of 25) and denoising (with sin-
gletons removed) to generate an ASV (amplicon sequence 
variants) table (Callahan et al. 2016). Reads were truncated 
to 260–295 base pairs to remove low-quality bases (depend-
ent on read quality and amplicon length, see Table S2). 
Taxonomy of bacterial 16 S rRNA sequence was assigned 
by using the SILVA v.138 database with a 99% similarity 
cut-off (Quast et al. 2013). For the fungal ITS2 reads, the 
sequence classifier was trained against the UNITE v.8.3 
database using a 99% similarity cut-off (Nilsson et al. 2019). 
For the algal ITS2 reads, ASVs were compared with BLAST 
v.2.12.0 + against the entire GenBank NT database (https:// 
ftp. ncbi. nih. gov/ blast/ db/ FASTA/ nt. gz, downloaded on 18 
June 2021) (Altschul et al. 1997).

2.4  Statistical analysis

We used the R packages vegan (v.2.5-7) and picante (v.1.8.2) 
to calculate alpha diversity indices (Chao1, goods cover-
age and Shannon diversity index) (Kembel et  al. 2010; 
Oksanen et al. 2020). To further determine whether a sam-
ple has been sequenced sufficiently to represent its identity 
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and investigate its composition, we conducted rarefaction 
curves and community bar plots at respective taxonomic 
levels with approaches of DIVERSITY and TAXA plugin 
in QIIME2 v.2021.4 (Bolyen et al. 2019). To comprehen-
sively understand the microbial community composition 
within H. obscurata, we then assigned ASVs to different 
taxonomic levels according to databases. We also plotted 
Sankey diagrams, implemented in the R package networkD3 
(v.0.4), to show the relative average abundance of microbial 
communities at different classification levels (Platzer et al. 
2018). Venn plots analysis could identify the core micro-
biota, the members shared among microbial consortia from 
similar habitats (Berg et al. 2020). We used flower plots to 
show the common and unique taxa between different sam-
ples using Evenn (http:// www. ehbio. com/ test/ venn) (Chen 
et al. 2021). The relative abundance of fungal, algal, and 
bacterial genera was calculated with the R package hmisc 
(v.4.5-0) (Harrell 2021). Network analysis can help provide 
comprehensive insight into the microbial community struc-
ture. We focused on the genera that shared among all the 
samples and correlated them with the lichen-forming fungus, 
and considered the modules of the network. We used the 
R package psych v.2.1.6 to conduct separate co-occurrence 
network analyses based on Spearman correlations between 
genera (Revelle 2013). Only correlations with r > 0.6 (and 
P < 0.05) were considered to indicate a valid interactive 
event. Co-occurrence network visualization was performed 
with the software Gephi v.0.9.2 (Bastian et al. 2009). Indica-
tor species analysis (ISA) was conducted using the multipatt 
function of the R package indicspecies (v.1.7.9) (De Cáceres 
et al. 2010). To verify the possible potential change in the 
photobiont and the more variable partnership with different 
alga within a lichen, we divide the samples into a binary 
group of Trebouxia OTUA15 photobiont samples (Nos. 1, 
3 and 4) against the non-Trebouxia OTUA15 photobiont 
samples based on the photobiont types. The linear discrimi-
nant analysis (LDA) effect size (LEfSe) method (http:// hutte 
nhower. sph. harva rd. edu/ lefse/) (Segata et al. 2011) was used 
to discover the biomarker that characterizes the differences 
between the two groups. An alpha significance level of 0.05 
based on the Kruskal–Wallis test and an LDA effect-size 
threshold of 2 were used for all biomarkers. To further pre-
dict how enriched fungi and bacteria potentially contribute 
to the functional differences in the two groups, fungal guilds 
and bacterial Metacyc pathways were predicted (Caspi et al. 
2019). To predict the fungal function, the annotation tool 
FUNGuild (v.1.1) was used to parse fungal ASVs by eco-
logical guild (Nguyen et al. 2016). PICRUSt2 was used to 
predict the functional composition of endophytic bacteria 
based on 16 S rRNA marker gene sequences(Douglas et al. 
2019, 2020). The differential abundance of functional guilds 
and MetaCyc pathways between two groups were compared 
by Welch’s t tests and visualized using the software STAMP 

v.2.1.3 (Statistical Analysis of Metagenomic Profiles) (Parks 
et al. 2014).

3  Results

3.1  Summary of sequences processing

A total of 1,830,161 reads were identified among all six 
samples of H. obscurata, of which 535,101 reads were 
from fungal ITS, 707,413 were from alga-specific ITS and 
587,647 were from bacterial 16 S rRNA (Table S3). Taxo-
nomic annotation of three types of microorganisms within H. 
obscurata was summarized at the different levels (Table S4). 
A total of 217,217 sequences (2561 ASVs) were assigned to 
bacterial 16 S rRNA after quality filtering and denoising. For 
fungal ITS sequences, 327,216 high-quality sequences were 
mapped to the UNITE v.8.3 database yielding 110 ASVs. 
There were only 15,305 and 18,423 sequences generated 
from samples HO3 and HO4 respectively after denoising, 
which was less than others. A total of 558,915 algal ITS 
sequences were mapped to the entire GenBank NT database, 
with 557,890 identified as Viridiplantae (99.8%), 1,039 as 
fungi, and 13 as unclassified eukaryote sequences. These 
sequences give rise to 270 ASVs, including 222 microalgae 
and 46 fungi, and the remaining two ASVs were classified 
as unknown eukaryotes.

3.2  Rarefaction curves and diversity indices

Rarefaction curves of fungal, algal and bacterial samples 
indicated that the sequencing depth met the requirements 
(Fig. S1), except for samples HO3 and HO4, which yielded 
insufficient fungal reads. In addition, the Good’s coverage 
scores of all samples were close to 1 (Table 1), which also 
indicated that the sequencing depth was adequate to describe 
the fungal, algal, and bacterial community composition 
within H. obscurata. Demultiplexed sequences of samples 
HO3 and HO4 were 103,616 and 76,481, respectively, only 
generating 15,305 and 18,423 sequences after denoising, 
and this resulted in no flatness from the rarefaction curve. 
Despite this, we still used these two samples for subsequent 
analyses given that their Good’s coverage indices were 1 
(Table 1). The Chao1 indices of bacteria (347–389) were 
higher than those of fungi (12–25) and alga (17–86), which 
were the number of ASVs in the communities. The Shannon 
diversity indices also indicated that the diversity of bacteria 
was higher than that of fungi and alga (Table 1).

3.3  Dominant microbial community composition

The proportions of fungal, algal and bacterial sequences 
assigned to different taxonomic ranks were evaluated 
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(Figs. 1A, 2A, 3A). For algae, we used the taxonomic species 
level for subsequent analysis, as 88.27% of the sequences 
could be annotated at this level. Similarly, the taxonomic 
family level of bacteria and the genus level of fungi could 
be used for downstream analyses. Sankey diagrams showed 
higher average microbial communities of fungi, alga and 
bacteria within H. obscurata than their respective taxonomic 
levels (Figs. 2 and 3C).

When considering the whole fungi within H. obscurata, 
fungal community bar plots at the genus level showed simi-
lar compositions of fungi in each sample (Fig. 1B). Het-
erodermia (Ascomycota, Lecanoromycetes, Caliciales, 
Physciaceae) was found to be the most abundant in H. 
obscurata (93.76-99.67%). Samples HO1, HO2 and HO5 
had consistent community compositions compared with the 
other three samples. More generic diversity in samples HO3 
and HO4 was detected than in the others, and 6% diversity 
in sample HO6 was classified into Penicillium. FUNGuild 
analysis showed that the most abundant taxon was assigned 
to lichenized fungi, the other fungi contributed 0.1-1% to 
the relative abundance, such as plant pathogen, undefined 
saprotroph and lichen parasite (Fig. S2).

When removing the host Heterodermia, most of the endo-
phytic fungal ASVs could be identified as Ascomycota at the 
phylum level, and only one ASV was assigned to Basidiomy-
cota. At the class level, 79.04% of the endolichenic fungal 
ASVs were assigned, resulting in 6 classes. Three classes were 
the top-ranked communities: Dothideomycetes (44.33%), 
Eurotiomycetes (26.86%) and Sordariomycetes (7.64%) 
(Fig. 1C). At the order level, 77.83% of fungal sequences were 
annotated. Capnodiales (44.13%), Eurotiales (15.87%) and 
Chaetothyriales (9.83%) were the top three orders (Fig. 1D).A 
total of 72.84% of ASVs were identified at the family level 
(Fig. 1E), while at the lower taxonomic ranks, only 31% and 
3.13% of fungal sequences could be assigned to 16 genera and 
16 species, respectively. The most abundant endolichenic fun-
gal sequences were assigned to Teratosphaeriaceae (37.32%), 
which were detected in all samples. A large number of Peni-
cillium were enriched in sample HO6, and various fungi were 
assigned to other samples (Fig. 1F).

All the algal sequences were assigned to the king-
dom Viridiplantae and phylum Chlorophyte (Fig. 2A). 
Community bar plots of microalgae at the species 
level showed that three species from Trebouxia (Tre-
bouxiophyceae, Trebouxiales, Trebouxiaceae) were the 
predominant species within H. obscurata: OTU A15, 
I18_9719 and Clade II LM-2014 (Fig. 2B). Interestingly, 
the dominant algal species were found in different across 
samples. Trebouxia species OTU A15 (93.93-99.93%) 
dominated in three samples (HO1, HO3, and HO4), 
while T. sp. I18_9719 (99.50%) dominated in HO2, 
and T. sp. Clade II LM˗2014 predominated in HO6. 
Another significant finding is that sample HO5 shared 
three dominant algae T. sp. OTU A15 (72.28%), T. sp. 
I18_9719 (16.67%), and T. sp. ex Bulbothrix meizos-
pora (10.25%). Sankey diagrams of the algal communi-
ties within H. obscurata (Fig. 2C) displayed that the 
most abundant community at the class level was Tre-
bouxiophyceae (99.69%), followed by Chlorophyceae 
(0.05%). At the order level, Trebouxiales (97.44%) was 
the dominant community. At the family level, 80.63% 
of algal sequences were identified, resulting in 23 fami-
lies. Trebouxiaceae (97.44%) and Oocystaceae (1.85%) 
were the top two prevailing families. At the genus level, 
93.24% of the sequences were identified and generated 
77 genera. Unexpectedly, sequences of algae still showed 
a very high annotation rate (88.29%) at the species level, 
the most three dominant communities were also the 
Trebouxia species: OTU A15, I18_9719 and Clade II 
LM-2014.

For the 16 S rRNA sequences, all the bacterial reads were 
identified at the kingdom level, and annotation rates from the 
phylum to order level were higher than 99%. More than 90% 
of bacterial sequences were annotated to the family level 
(Fig. 3A). There was no significant difference in the com-
munity composition and relative abundance of endophytic 
bacteria among the six samples (Fig. 3B). Sankey diagrams 
of bacterial communities within H. obscurata (Fig. 3C) 
showed that the most abundant phylum was Proteobacte-
ria (80.29%), including Alphaproteobacteria (72.65%) and 

Table 1  Alpha diversity indices 
of fungi, alga and bacteria 
within H. obscurata of each 
sample

alpha diversity indices HO1 HO2 HO3 HO4 HO5 HO6

fungi Shannon index 1.408 0.063 2.686 2.647 1.818 1.649
Chao1 15 18 21 25 12 19
Good’s coverage 1 1 1 1 1 1

alga Shannon index 0.133 0.080 0.259 0.502 0.847 0.509
Chao1 17 32 86 45 17 73
Good’s coverage 1 1 1 1 1 1

bacteria Shannon index 4.874 5.044 5.168 4.597 5.105 5.286
Chao1 377 436 484 347 428 489
Good’s coverage 1 1 1 0.999 0.999 1
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Gammaproteobacteria (7.64%), followed by Actinobac-
teria (7.43%), Acidobacteria (0.97%), and Myxococcales 
(0.88%). At the order level, 99.37% of bacterial sequences 
were identified and assigned to 88 orders across the sam-
ples. Rhizobiales (40.17%), Acetobacterales (19.47%), 
Sphingomonadales (10.09%) and Caulobacterales (2.66%) 
were the most abundant orders from Alphaproteobacteria. 

Furthermore, Burkholderiales (7.24%) from Gammaproteo-
bacteria was also abundant at the order level. At the family 
level, Beijerinckiaceae (39.45%), Acetobacteraceae (19.1%) 
and Sphingomonadaceae (17.75%) were the top three pre-
dominant communities among the 136 families. At the lower 
taxonomic ranks, 71.38% and 13.49% of sequences could 
be identified to the genus and species levels, respectively.
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Fig. 1  Composition of fungi within H. obscurata. (A) Proportion of 
total fungal ASVs assigned to taxonomic rank; (B) Relative abun-
dance of fungi within H. obscurata at the genus level for each sample; 
(C ˗ E) Average relative abundance of endolichenic fungal communi-

ties in H. obscurata at the class (C), order (D) and family (E) levels; 
(F) Relative abundance of endolichenic fungi in H. obscurata at the 
genus level for each sample
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3.4  Shared and unique microbiota 
in the community

Summary of shared taxon of fungi, microalgae and bacte-
ria within H. obscurata is shown in Table S8. The lower 
plot showed that only an unclassified genus in Teratospha-
eriaceae was shared among the 16 genera retrieved from 

six samples for the endophytic fungi, apart from the host 
Heterodermia (Fig. 4A). Eight unique genera were identi-
fied in HO2, HO3 and HO6, as separately compared to 
HO1 (7), HO4 (9) and HO5 (5). A total of 77 species 
were generated with three shared species in six samples 
(Fig. 4B). Sample HO3 employed the most unique species 
(48), while HO5 had eight (the least) unique species. Three 
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Fig. 2  Composition of endophytic alga within H. obscurata. (A) Pro-
portion of total algal ASVs assigned to taxonomic rank; (B) Relative 
abundance of endophytic alga at the species level; (C) Sankey dia-

gram of algal communities within H. obscurata from the phylum to 
species taxonomic level (top 10 species)
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shared algal species were T. sp. OTU A15, Hemichloris 
antarctica and Elliptochloris antarctica. A total of 136 
bacterial families were annotated, with 24.26% (33) shared 
among the six samples (Fig. 4C). The top three abundant 
families shared in H. obscurata were Beijerinckiaceae, 
Acetobacteraceae and Sphingomonadaceae (Table S8).

3.5  Co‑occurrence networks

The co-occurrence network captured 275 nodes and 2403 
edges, showing a high level of node connectivity among 
the fungi, algae and bacteria within H. obscurata (Table 2; 
Fig. 5A). The network structure generally formed seven 
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Fig. 3  Composition of bacteria within H. obscurata. (A) Proportion 
of total bacterial ASVs assigned to taxonomic rank; (B) Relative 
abundance of endophytic bacteria at the family level; (C) Sankey dia-

gram of bacterial communities within H. obscurata from kingdom to 
family taxonomic level (top 15 families)

H. Xu et al.194



1 3

modules, with one large and six dense small subnetworks, 
displaying the interaction between the shared and unique 
taxa among the samples. The co-occurrence network 
between fungi and alga generated 52 nodes and 149 edges 
(Table 2). Heterodermia was positively correlated with 
Trebouxia (r = 0.943, p = 0.005) but negatively correlated 
with other algae (Fig. 5B). In particular, a strong correla-
tion between the lichen-forming fungus Heterodermia and 
other endophytic microorganisms was revealed (r > 0.82, 
p < 0.05). Apart from its positive correlation with Trebouxia, 
Heterodermia also correlated positively with two bacterial 
taxa: Methylobacterium (r = 0.943, p = 0.005) and Rho-
dospirillales. The remaining algal and bacterial taxa were 
negatively correlated with Heterodermia (Tables S5 and S6).

3.6  Indicator species analysis

Indicator species of the fungi, microalgae and bacteria at 
the representative taxonomic level within H. obscurata are 

shown in Table 3. Only the lichen-forming fungus Hetero-
dermia [indicator value (IV) = 0.587, p = 0.020) and the most 
abundant alga T. sp. OTUA15 (IV = 0.975, p = 0.016) were 
detected among the fungi and microalgae within H. obscu-
rata. A total of four indicator bacterial families were identi-
fied. When considering the predominant indicator species 
among the bacteria, the family Nocardioidaceae (IV = 0.777, 
p = 0.018) had a low relative abundance (0.43%), and Bei-
jerinckiaceae (IV = 0.680, p = 0.018) had the highest relative 
abundance (39.45%). Further indicator species analysis for 
endophytic bacteria at the genus level found 4 genera, of 
which Marmoricola (IV = 0.780, p = 0.021), Amnibacterium 
(IV = 0.776, p = 0.039) and genus 1174.901.12 (IV = 0.731, 
p = 0.034) belonged to Beijerinckiaceae.

3.7  Potential photobiome‑microbial interactions

Given the shift of photobionts within H. obscurata (different 
Trebouxia species, Fig. 3B), we analyzed the data by divid-
ing the samples into two groups: Trebouxia OTUA15 pho-
tobiont samples (HO1, HO3 and HO4) and non-Trebouxia 
OTUA15 photobiont samples (HO2 and HO5 and HO6) 
in order to detect possible changes in the mycobiome and 
microbiome. For the group of Trebouxia OTUA15 photo-
biont samples, the LEfSe results demonstrated that Coni-
ochaeta (LDA value = 3.466, p = 0.028) for endophytic fungi 
and Enterobacteriaceae (LDA value = 3.659, p = 0.037) for 
endophytic bacteria were the biomarkers. Five bacterial bio-
markers were identified in the non-Trebouxia OTUA15 pho-
tobiont samples group, which were Cellvibrionaceae (LDA 
value = 3.088, p = 0.037), C01119 (Ktedonobacteria), Gemi-
nicoccaceae, Roseiflexaceae and Oxalobacteraceae (Fig. 6A, 
Table S7), while no fungal biomarkers were detected in this 
group.
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Fig. 4  Flower plots of fungi (A), alga (B) and bacteria (C) within H. obscurata among the six samples at the representative level (genus level for 
fungi, species level for alga and family level for bacteria)

Table 2  Main parameters of three co-occurrence networks at the 
genus level based on Spearman correlation values r > 0.6 (p < 0.05)

*(A) Network at the genus level among fungi, alga and bacteria 
within H.obscurata; (B) network between fungi and alga H.obscurata 
; (C) network between the lichen-forming fungus Heterodermia and 
correlated endophytic fungi and alga

Parameter A B C

Number of nodes 275 52 16
Number of edges 2403 149 15
Average degree 17.476 5.731 1.875
Average path length 2.826 1.985 1.875
Density 0.064 0.112 0.125
Modularity 0.806 0.442 -1.184
Average clustering coefficient 0.712 0.885 0
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Further functional analysis showed that six guilds were 
predicted by parsing fungal ASVs, and 398 Metacyc path-
ways were annotated by 16 S rRNA gene marker sequences. 
There was no difference in fungal guilds between the two 
defined groups. For the endophytic bacteria, the pathways 

contributing to the biosynthesis of lipid, carbohydrate, 
lipopolysaccharide, amino acid, cofactor, carrier, vitamin 
and aromatic compound were more enriched in the group 
of Trebouxia OTUA15 photobiont samples. However, in 
the non-Trebouxia OTUA15 photobiont samples group, 

Fig. 5  Co-occurrence networks 
at the genus level based on 
Spearman correlation values 
r > 0.6 (p < 0.05). The nodes in 
the network represent genera of 
fungi, alga and bacteria within 
H. obscurata; the edges con-
necting these nodes represent 
correlations between genera. 
(A) Network at the genus 
level among fungi, alga and 
bacteria within H. obscurata; 
(B) network between fungi and 
alga within H. obscurata; (C) 
network between the lichen-
forming fungus Heterodermia 
and correlated endophytic fungi 
and alga

Fungi Alga Bacteria Positive Negative

GF1

GB1

GB4

GB30

GB53
GB60

GB74

GB100

GB149

GA9

GA23
GA24

GA27

GA30

GA31

GA34

GF1
GB1
GB4
GB30
GB53
GB60
GB74
GB100
GB149
GA9
GA23
GA24
GA27
GA30
GA31
GA34

 g__Heterodermia
 g__Methylobacterium
 g__Acidiphilium
 g__Chryseobacterium
  f__Sphingomonadaceae

o__Rhodospirillales
  g__Pajaroellobacter
  f__Ilumatobacteraceae
 g__Phenylobacterium

 g__Trebouxia
  p__Chlorophyta

g__Balticola
g__Apatococcus
g__Hemichloris
g__Elliptochloris
g__Symbiochloris

(A) (B)

(C)

GA31
GF1

GF1

GA31

Table 3  Indicator species of 
fungi, alga and bacteria within 
H. obscurata 

Taxon Taxonomic level Indicator species Indicator value p value

Fungi genus Heterodermia 0.587 0.020 *
Alga species Trebouxia sp.OTU.A15 0.975 0.016 *
Bacteria genus uncultured (Gaiellales) 1.000 0.050 *

Marmoricola 0.780 0.021 *
Amnibacterium 0.776 0.039 *
1174.901.12 0.731 0.034 *

Bacteria family uncultured (Gaiellales) 1.000 0.050 *
Microbacteriaceae 0.777 0.037 *
Nocardioidaceae 0.777 0.018 *
Beijerinckiaceae 0.680 0.018 *
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bacterial functions majorly involved the degradation of fatty 
acid, carbohydrate and nucleotide, as well as the generation 
of precursor metabolites and energy (Fig. 6B).

4  Discussions

4.1  Bacteria had higher species diversity than fungi 
and microalgae within H. obscurata

Lichen was redefined as a complex and self-sustaining 
ecosystem that is formed by the interaction between a 
lichen-forming fungus with one or more extracellular pho-
tosynthetic partners and an indeterminate number of other 
microorganisms (Aschenbrenner et al. 2016; Hawksworth 
and Grube 2020). In this study, we found that endophytic 
bacteria had higher species diversity than fungi and micro-
algae within H. obscurata. Multiple fungi, microalgae, and 
a complex prokaryotic community were also detected within 
H. obscurata in addition to the lichen-forming fungus and 
its photosynthetic partner. In comparison with other lichens, 

we found that lower fungal community richness and species 
diversity in H. obscurata (Chao1: 12 ˗ 25, Shannon: 0.06 
˗ 2.69) than all the lichens studied by Zhang et al. 2015 
(Chao1 > 81, Shannon > 3.15). Similarly, lower bacterial 
diversity and richness were displayed in our study (Chao1: 
377 ˗ 489, Shannon: 4.60 ˗ 5.29) compared to the indices 
of lung lichen (Chao1: 594 ˗ 1490, Shannon: 4.97 ˗ 7.65) 
(Aschenbrenner et al. 2014). The low alpha diversity of 
endophytic microbial communities within H. obscurata may 
be related to host-specificity. In the current study, we failed 
to tease apart the proportion of each partner from those 
lichen individuals because of amplicon sequencing targeting 
only the genetic variations in specific genomic regions using 
primers. However, the metaproteome provide insight into the 
presence and abundance of proteins in any microbial com-
munity (Hassa et al. 2018). Previous studies based on the 
metaproteome concerning the diversity of endophytic fungi, 
microalgae and bacteria within the lichen L. pulmonaria 
showed that the majority of proteins were produced by fungi, 
followed by bacteria and green algae (Eymann et al. 2017; 
Schneider et al. 2011). The application of metagenome and 

Fig. 6  Bacterial differences 
in taxonomic community and 
function between the group of 
Trebouxia OTUA15 photobiont-
samples and the group of non-
Trebouxia OTUA15 photobiont 
samples. (A) LEfSe (linear 
discriminant analysis effect 
size) for the endophytic bacte-
rial communities between the 
two groups. Only taxa meeting 
an LDA significance thresh-
old > 2 are shown (alpha value 
for the factorial Kruskal–Wallis 
test = 0.05, LDA score = 2.0). 
(B) Differential abundance of 
the bacterial Metacyc pathways 
within H. obscurata between 
the two groups, Welch’s t tests 
are performed and only dif-
ferentially abundant pathways 
are shown

NON-OTUA15 OTUA15(A)
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metaproteome approaches may unravel the comprehensive 
compositions and functional relationships of microbial com-
munities within H. obscurata in future studies.

4.2  Complex fungal, microalgal and bacterial 
communities in H. obscurata

The most dominant part in lichens is usually considered to 
shape the structures of their lichenized fungal partner (Bates 
et al. 2012; Fernandez-Mendoza et al. 2017; Lucking et al. 
2014; Zhang et al. 2015). Similarly, our study indicated that 
the most abundant organism in H. obscurata was the lichen-
forming fungus Heterodermia (97.25%). The associated fun-
gal classes Lecanoromycetes, Eurotiomycetes, Dothideomy-
cetes, and Sordariomycetes within H. obscurata were also 
reported in previous studies (U’Ren et al. 2010; Zhang et al. 
2015), implying the prevalence of these taxa in lichens. It is 
interesting that the genus Penicillium within H. obscurata 
(sample HO6) was considered to be a nonlichen-forming 
genus derived from lichen-forming ancestors (Berbee et al. 
1995), but the reason why it existed in H. obscurata (95.23% 
occupation within sample HO6) requires examination in 
future studies. The remaining fungal communities, which 
occupy little proportion in H. obscurata and were called the 
ecologically flexible group of symbionts (U’Ren et al. 2010), 
might alter or fluctuate with seasonal/environmental changes 
and across samples. For example, the lichen-pathogenic fun-
gus Rhinocladiella (0.05%) within H. obscurata was found 
in others lichens (Harutyunyan et al. 2008; Ming et al. 2011).

The coexistence of multiple algal taxa in lichens has 
challenged the previous definition that lichen symbiosis 
occurs between a lichen host fungus and a single photo-
biont (Blaha et al. 2006; Dal Grande et al. 2012; Ohmura 
et al. 2019). For example, the coexistence of T. sp. TR9 
and T. jamesii was revealed in R. farinacea, which was 
verified as a conventional model to study the multiplic-
ity of microalgae (Del Campo et al. 2010, 2013). In our 
study, a total of 222 ASVs were generated from six sam-
ples, indicating that high algal diversity existed within H. 
obscurata. Moreover, 88.29% of algal sequences could be 
identified at the species level. This is particularly irregu-
lar, as the annotation rates of algae at both the order 
level and family level are even lower than those at the 
genus and species levels. The only reason we can imag-
ine is that the classifications of some genera and spe-
cies to higher levels are debatable and thus incomplete 
in the database. Similar to other lichens, Trebouxia was 
the most abundant chlorophytic alga in H. obscurata. 
Although T. sp. OTU A15, T. sp. I18_9719, and T. sp. ex 
Bulbothrix meizospora were the predominant algal spe-
cies in different samples of H. obscurata, it is still uncer-
tain which alga is the symbiotic photobiont(s) at the spe-
cies level. Apart from the species from Trebouxia, five 

species belonging to five other genera were detected in 
the top ten taxa, which might be the photobionts for vari-
ous ecological tolerances (Blaha et al. 2006; Dal Grande 
et al. 2012; Nelsen and Gargas 2009). For instance, Hem. 
antarctica (1.85%) is a drought- and cold-tolerant cryp-
toendolithic alga that was first discovered in an Antarctic 
desert (Archer et al. 2017).

Except for the lichen-forming fungus, which can build 
up the morphological structure of lichens by specific inter-
actions with suitable algal partner(s), numerous associ-
ated bacterial partners might also specifically colonize 
the lichen (Fernandez-Brime et al. 2019; Hawksworth 
and Grube 2020). For example, the dominant Rhizobiales 
(Alphaproteobacteria) was a special group first revealed 
in Cladonia arbuscula (Cardinale et al. 2008). Since then, 
many studies have shown that Alphaproteobacteria was 
the predominant bacterial class in most lichens (Bates 
et al. 2011; Cardinale et al. 2008; Cernava et al. 2017; 
Grube et al. 2009; Hodkinson and Lutzoni 2009). Stud-
ies among other lichens also detected bacterial lineages 
at considerable relative abundance, such as Actinobacte-
ria and Acidobacteria (Bjelland et al. 2011; Hodkinson 
and Lutzoni 2009; Mushegian et al. 2011). In our study, 
a total of 2561 bacterial ASVs were detected, with ASVs 
of each sample ranging from 347 to 489, suggesting 
unexpected high bacterial diversity within H. obscurata. 
We detected the most abundant phylum as Proteobacte-
ria (80.29%), which is consistent with previous studies 
(Bates et al. 2011; Cardinale et al. 2008; Cernava et al. 
2017; Grube et al. 2009; Hodkinson and Lutzoni 2009). 
Some well-known nitrogen-fixing bacteria from the pre-
dominant order Rhizobiales (Alphaproteobacteria) were 
also detected from H. obscurata, which is similar to some 
previous studied lichens, such as Parmelia sulcata, Rhizo-
placa chrysoleuca, L. pulmonaria, and Umbilicaria ameri-
cana (Bates et al. 2011; Erlacher et al. 2015). The relative 
abundance of Rhizobiales was significantly higher than 
that of other taxa due to the considerable abundance of 
Beijerinckiaceae (39.45%), consistent with the abundance 
in the lichen L. pulmonaria (32.2%) (Cernava et al. 2017). 
In addition, the Alphaproteobacteria orders Acetobacte-
rales (19.47%) and Sphingomonadales (10.9%) displayed 
high abundance in H. obscurata, which is similar to the 
pattern of the model lichen L. pulmonaria (Cernava et al. 
2017). Bioactive metabolite production of Actinobacteria 
associated with lichens represents an interesting source 
(Rangseekaew and Pathom-Aree 2019). We found Actino-
bacteria (7.43%) to be an abundant taxon in H. obscurata, 
consistent with recent evidence demonstrating the preva-
lence of Actinobacteria among lichen-associated bacteria 
in the lichens Chlorolichenomycites salopensis, Lichina 
pygmaea and Roccella fuciformis (Honegger et al. 2013, 
Parrot et al. 2015).
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4.3  Core fungi, algae and bacteria within H. 
obscurata

The high complexity of the microbial communities in lichens 
causes great difficulty for the mechanism of host-symbionts 
interactions. Therefore, a greatly simplified or representative 
microbial community can help us understand the processes 
and mechanisms of symbionts (Niu et al. 2017). In our study, 
we inferred the core taxa within H. obscurata by combining 
Venn plot, network and indicator species analysis.

For the endophytic fungi, the shared fungal taxon Ter-
atosphaeriaceae found in our study is a type of extremo-
tolerant fungi, which was also isolated from the samples in 
the dry valleys, deserts or high-altitude areas (Egidi et al. 
2014; Muggia et al. 2015; Onofri et al. 2007; Selbmann et al. 
2005, 2014). However, no endolichenic fungus showed a 
correlation with the lichen-forming fungus Heterodermia in 
the co-occurrence network analysis. In addition, the lichen-
forming fungus Heterodermia was detected as the only indi-
cator taxon within H. obscurata. Therefore, in addition to the 
host, Teratosphaeriaceae may be the core endophytic fungi 
within H. obscurata.

Regarding the predominant algae in H. obscurata, only 
T. sp. OTU A15 was detected as the indicator species 
(IV = 0.975, p = 0.016). T. sp. OTU A15 was also detected 
in Lecanora thysanophora (Singh et al. 2019). Based on the 
co-occurrence network analysis, the genus Trebuxia corre-
lated positively with the lichen-forming taxa Heterodermia, 
and the species T. sp. OTU A15 was shared among all the 
samples. Hence, we inferred that T. sp. OTU A15 might be 
the symbiotic photobiont of H. obscurata. Intriguingly, the 
dominant algae were found to be other Trebuxia species (T. 
sp. I18_9719 and T. sp. Clade II LM-2014) in samples HO2, 
HO5 and HO6. Regardless of the effects of identification 
bias, a potential explanation for the change in photobionts 
might be host specificity or a way to respond to microcli-
matic conditions, micro niches or potential photobiome-
microbial interactions (Casano et al. 2011; Castillo and Beck 
2012; Dal Grande et al. 2018). In addition, some shared taxa, 
such as Hem. caudatus and E. antarctica had negative corre-
lations with Heterodermia, suggesting excluding these taxa 
from the lichen-forming fungus.

The core microbiome compositions defined by differ-
ent methods have various preferences. We defined 33 core 
families using Venn diagrams among the endophytic bacte-
ria, which were the shared bacterial compositions of all the 
samples (Table S8). The genus Methylobacterium, belonging 
to Beijerinckiaceae, Rhizobiales correlated positively with 
the lichen-forming fungus (r = 0.943, p = 0.005). We also 
found that Beijerinckiaceae (IV = 0.680, p = 0.018) with the 
highest relative abundance (39.45%) was one of the bacterial 
indicator species. However, the indicator species analysis 
supported that the genus 1174.901.12 (IV = 0.731, p = 0.034) 

belonging to Beijerinckiaceae was the core microbiome, not 
the genus Methylobacterium. Beijerinckiaceae is also the 
predominant family within Peltigera frigida (Leiva et al. 
2021) and L. pulmonaria (Eymann et al. 2017). Although 
preferences for core microbiomes existed among the three 
definition methods, all analyses support that the Beijerincki-
aceae was the core microbiome in H. obscurata.

4.4  Potential changes of endolichenic microbiome 
accompanying with the shift of photobiome

The genetic background of the host-symbiont could estab-
lish and maintain symbiotic partnerships (Dal Grande et al. 
2018), therefore the lichen-forming fungus is key for deter-
mining the stable algal association patterns. Meanwhile, as 
the photobionts of lichens contribute greatly to the carbon 
source, the photobionts diversity may also influence the abil-
ity of lichens to respond or adapt to environmental changes, 
and to occupy diverse ecological niches (Casano et al. 2011; 
Castillo and Beck 2012; Dal Grande et al. 2018). In this 
study, it is interesting to find that various predominant algae 
were detected among different individuals of the same lichen 
host. Half of the samples harbored the predominant pho-
tobiont T. sp. OTUA15, while the rest samples seemed to 
be dominated by other Trebouxia species. Considering that 
the samples were collected under a certain condition from 
the same season, we speculated that adjacent microhabitats 
(Aschenbrenner et al. 2016) or potential interactions (Hod-
kinson et al. 2012) could have driven this difference. Due to 
the lack of data from environmental sample in the present 
study, we were restricted in evaluating the influence of adja-
cent microhabitats. Nevertheless, the horizontal acquisition 
of endolichenic microorganisms and the subsequent prefer-
ence selection as well as photobiont-microbiome interaction 
may have jointly contributed to the composition of the main 
symbiotic partners.

A wide range of endolichenic fungi were found to have 
asymptomatically inhabited the lichens, which were fur-
ther suggested to closely associate with the photobionts 
(Suryanarayanan and Thirunavukkarasu 2017). Like other 
heterotrophic microbiomes within lichens, endolichenic 
fungi vastly rely on the photobiont for nutrition (carbon 
source). Although recent studies found it was possible for 
different photobiont species to coexist in a lichen (Blaha 
et al. 2006; Engelen et al. 2016; Ohmura et al. 2019), few 
studies have been carried out to demonstrate whether such 
a change in the photobiont could affect the endolichenic 
fungal assemblage. In this study, though the fungal genus 
Coniochaeta was detected as a biomarker in different pre-
dominant photobiont samples, no functional guild bio-
marker was identified between the two groups. This result 
is expected, because we only obtained a total of 7,990 
endolichenic fungal reads (in which 5,312 reads were 
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assigned to Penicillium in HO6) for all samples, which is 
far less than enough to recover and represent taxa for the 
mycobiome within H. obscurata. This calls for a future 
study to obtain a larger amount of endolichenic fungal 
reads by deeper sequencing. For lichen-associated bacte-
ria, previous study has suggested that they could provide 
supports for the health, growth and fitness of their hosts 
by the specific interactions with the fungal and algal part-
ners (Grube et al. 2015). Factors that could potentially 
influence bacterial community composition were host 
identity, geography and photobiont type (green algae or 
Cyanobacteria) (Cardinale et al. 2008; Grube et al. 2009; 
Hodkinson et al. 2012), and it seems obvious that diverse 
lichens occurring at large-scale geographical sites or hous-
ing different types of photobionts may harbor various bac-
terial communities. However, to our knowledge, no study 
has reported on whether the interaction of microorgan-
isms within a lichen under a certain condition may influ-
ence the microbial communities. Our study showed that 
only the bacterial family Enterobacteriaceae was detected 
in the group of Trebouxia OTUA15 photobiont samples, 
while more bacterial biomarkers were identified from the 
group of non-Trebouxia OTUA15 photobiont samples. 
Together with the evidence that biosynthesis pathways 
majorly enriched in the group of Trebouxia OTUA15 
photobiont samples, while degradation pathways of fatty 
acid, carbohydrate and nucleotide tended to be assigned to 
samples of non-Trebouxia OTUA15 photobiont, we argue 
that the bacterial composition and function differed greatly 
between the two groups. However, the underlying reasons 
for this difference need further investigation by incorporat-
ing more data. Although the photobiont-bacterial interac-
tions occurred among the cyanolichens, chlorolichens and 
tripartite with both types of photobionts before, our find-
ings suggested that besides host- or habitat specificity as 
well as photobiont-types, the shifts of dominant alga may 
also contribute to the taxonomical and functional differ-
ences of other microbiomes (especially for bacteria) within 
lichens.

In summary, we represented the first study focusing on 
the diversity and core communities of fungi, microalgae and 
bacteria in the lichen H. obscurata under a certain ecological 
condition using amplicon sequencing technology. Signifi-
cantly, we found a potential shift of the green alga accom-
panying with the shift of endolichenic microbiome. On the 
basis of the composition of fungi, microalgae and bacteria 
within H. obscurata, we provided a predictive list of the 
core taxa and further discussed the photobiont-microbial 
interactions.

Although uncovering the interaction within complex 
lichen symbioses remains a scientific challenge, further stud-
ies combining transcriptome data and coculturing microor-
ganism experiments should be carried out to provide more 

evidence for better understanding the interplay between 
fungi, bacteria and microalgae and the function and symbi-
otic relationship in lichens.
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