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Abstract

Recently, lichens came once more into the scientific spotlight due to their unique relations with prokaryotes. Several temperate region
lichen species have been thoroughly explored in this regard yet, the information on Antarctic lichens and their associated bacterio-
biomes is somewhat lacking. In this paper, we assessed the phylogenetic structure of the whole and active fractions of bacterial com-
munities housed by Antarctic lichens growing in different environmental conditions by targeted 16S rRNA gene amplicon sequencing.
Bacterial communities associated with lichens procured from a nitrogen enriched site were very distinct from the communities iso-
lated from lichens of a nitrogen depleted site. The former were characterized by substantial contributions of Bacteroidetes phylum
members and the elusive Armatimonadetes. At the nutrient-poor site the lichen-associated bacteriobiome structure was unique for
each lichen species, with chlorolichens being occupied largely by Proteobacteria. Lichen species with a pronounced discrepancy in
diversity between the whole and active fractions of their bacterial communities had the widest ecological amplitude, hinting that
the nonactive part of the community is a reservoir of latent stress coping mechanisms. This is the first investigation to make use of
targeted metatranscriptomics to infer the bacterial biodiversity in Antarctic lichens.
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Introduction

Lichens, or rather lichenized fungi (the fungus being the main
morphology- and classification-determining component), are one
of the most nonconspicuous, yet relatively productive elements
of terrestrial habitats worldwide (Asplund and Wardle 2017). They
are primarily defined as a self-sustaining, mutualistic symbiosis
between an Ascomycete fungus (mycobiont) and a photobiont,
which can either be a green algae (chlorolichens), a cyanobac-
terium (cyanolichens), or both (tripartite lichens). These organ-
isms, representing different kingdoms, associate into character-
istic and species-specific structures, called the vegetative thalli.
Both components are highly codependent, as the mycobiont pro-
vides a microhabitat, as well as water and mineral salts, whereas
the photobiont supplies photosynthetically fixed carbon in the
form of sugars and sugar alcohols (Aschenbrenner et al. 2016,
Honegger 1991). Lichenization seems to be a very successful sur-
vival strategy among fungi, as 18% of the recognized species are
capable of this kind of symbiosis, which can be traced back at least
415 million years, to the early Devonian era (Hawksworth 2001,
Honegger et al. 2013). Lichens display an epiphytic or epilithic
lifestyle, growing on the barks of trees, on bare rock, or compacted
soil. They are estimated to cover up to 8% of the Earth’s terrestrial
landscape (Ahmadjian 1995).

The redefinition of what makes up a lichen has been estab-
lished only recently, in large part due to the emergence of meta-
“omic” technologies (Cernava et al. 2017, Grimm et al. 2021). By the

updated definition, presented by Hawksworth and Grube (2020)
lichens are “a self-sustaining ecosystem formed by the interac-
tion of an exhabitant fungus and an extracellular arrangement of
one or more photosynthetic partners and an indeterminate num-
ber of other microscopic organisms,” amending the classic defi-
nition with the existence of a diverse, intrathallic consortium of
microscopic organisms, consisting of nonphotosynthetic bacteria
and archaea, accessory fungi and algae (Grimm et al. 2021). Sev-
eral researchers indicate that this multiorganismal consortium
likely dwells within the lichen thallus, surrounded by extracellu-
lar substances secreted by more than one component of this con-
sortium. This complex biofilm layer composed of polysaccharides,
such as glucans and mannans, can be considered an extracellu-
lar interaction matrix, providing a medium, in which an exchange
of nutrients and signaling molecules takes place between differ-
ent partners of the symbiosis (Tuovinen et al. 2019, Spribille et al.
2020). By employing culture-independent methods, a substantial
part of this newly discovered lichen-associated community was
identified as heterotrophic bacteria (Pankratov et al. 2017). Intra-
and extrathallic activity of these bacteria may be of pivotal impor-
tance for lichen growth and survival. Metaproteomic and culture-
based studies showed lichen bacteriomes’ potential for dinitrogen
fixation and rock weathering—features involved in biogenic ele-
ment acquisition, consequently making them available to lichen
partners (Liba et al. 2006, Grube et al. 2015, Eymann et al. 2017).
Lytic activities like chitynolysis, proteolysis, and glucanolysis also
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have been noticed, which presumably aid in recycling of old thalli
parts (Sigurbjornsdoéttir et al. 2016). Lichen-associated bacteria are
also responsible for vitamin and cofactor supply to the thallus,
as well as furthering the growth and development of the lichen
through phytohormone production (Grube and Berg 2009, Noh et
al. 2021). Resistance to many abiotic factors, such as low tem-
peratures, desiccation, and oxidative stress (Eymann et al. 2017,
Grimm et al. 2021) may also be mediated by lichenophilic bac-
teria. Additionally, through the production of secondary metabo-
lites, some with antagonistic effects on other microorganisms, the
bacteriome poses as a major factor in the formation of the lichen
species-specific microbiome (Grube et al. 2019).

Despite there being over 20 000 species described, lichens are
often overshadowed in their natural habitats by the highly diverse
vascular plants (Cornelissen et al. 2007, Grimm et al. 2021). How-
ever, in high latitude regions, like Antarctica, the opposite is true
(Armstrong 2017). With over 400 species detected, lichens vastly
outnumber resident plants in regard to biodiversity, since Antarc-
tica houses only two species of flowering plants—Deschampsia
antarctica and Colobanthus quitensis (Alberdi et al. 2002). Despite
being very successful in extreme and cold habitats, lichen dis-
tribution in the Antarctic region, similarly as in the remaining
parts of the terrestrial biosphere, is governed by several exter-
nal factors. Due to the lack of roots, an epidermis nor a cuti-
cle, the lichens’ metabolic activity is highly influenced by the
local microclimate, geological substrate, as well as hydrological
regime, among others (Armstrong 2015). However, the main fac-
tor which contributes to the formation of specific lichen commu-
nities in Antarctica, is the presence or the absence of a peculiar
form of nitrogen enrichment (Bokhorst et al. 2019). This enrich-
ment, experienced mainly at old and contemporary penguin nest-
ing sites, is caused by the ammonification of uric acid from bird
guano. Released ammonia vapors create a phenomenon known
as an “ammonia shadow,” which fertilizes rocks and ground sur-
faces near large penguin colonies (Tatur et al. 1997, Grzesiak et al.
2020). In such conditions, ornithocoprophilous communities that
are highly nitrophilic and cannot be found elsewhere in the oth-
erwise barren Antarctic landscape, develop. Nitrophobic commu-
nities also occur in the region, albeit can be found growing exclu-
sively where nutrient inflow is minor and rather indirect, there-
fore, high nitrogen concentrations can be avoided, primarily on
rocky substrates inland, at higher altitudes. Both of these com-
munities are composed of, to a certain extent, endemic, specialist
lichen species (obligatory nitrophiles or nitrophobes), while also
containing nitrogen-tolerant generalist lichen species, which grow
regardless of nitrogen compound concentrations (Olech 2004, Jo-
hansson et al. 2011).

With the latest scientific literature being increasingly amended
with reports on lichen-associated microbiomes, the issue of how
the bacterial communities’ phylogenetic structure changes de-
pending on nitrogen content preference of its host lichen has
never been investigated. Thus, with the use of up-to-date, high-
throughput technologies, we assessed the phylogenetic structure
of the whole and active fraction of bacterial communities of
Antarctic lichens growing in different environmental conditions.
Our hypothesis states that nitrogen compound concentrations in
the lichens preferred habitat exerts a greater influence on its as-
sociated bacteriobiome than the specific features of the host. We
also hypothesize that lichens able to host a greater diversity of
bacteria also have a wider niche/habitat range.

In order to prove this, we carried out a targeted 16S rRNA gene
amplicon sequencing based on genomic DNA (gDNA), as well as
complimentary DNA (cDNA). gDNA was considered as represen-

tative for the whole present bacterial community, whereas cDNA
represented the metabolically active part of this community on
the premise that only active bacterial cells harbored intact ri-
bosomal RNA molecules—a substrate in the applied metatran-
scriptomic procedure. Nucleic acids were extracted from bacte-
rial communities residing in nitrophilous, nitrogen-tolerant, and
nitrogen-sensitive lichen species, from two distinct habitats at
King George Island, maritime Antarctica: the nitrogen abundant
area surrounding the Point Thomas penguin rookery and the
nitrogen-depleted area near Jardine Peak. Using these comple-
mentary types of data (cDNA and gDNA) allows to confer a more
holistic picture of the impact that the polar environment poses
on the bacterial community residing within lichens, as well as
the microbe-host interactions taking place in one of the world’s
harshest, yet most intriguing ecosystem.

Materials and methods

Lichen sampling scheme

Samples were obtained during the 43rd expedition to the Polish
Antarctic Station “Arctowski,” from ice-free areas at the western
shore of Admiralty Bay (King George Island, Antarctica), as well as
the barren terrains that border the southern shore of the Ezcurra
Inlet (Table 1, Fig. 1A). Lichen specimens were collected from ar-
eas with varying nutrient inputs (Olech 2004). Sampling was done
within the span of 8 h in March of 2019. Samples from the ni-
trophilous (ornitocoprophilous) lichen communities included the
species: Ramalina terebrata Hook f. and Taylor (Fig. 1B), Gondwania
regalis (Caloplaca regalis) (Vain.) Sgchting, Frodén and Arup (Fig. 1C),
and Turgidosculum complicatulum (Mastodia tesselata) (Nyl.) J. Kohlm.
and E. Kohlm. (Fig. 1D) procured from the nutrient-rich site of
the Point Thomas penguin rookery. Samples from the nitropho-
bic lichen communities included the species: Leptogium puberulum
Hue (Fig. 1F), Himantormia lugubris (Hue) I. M. Lamb (Fig. 1G), Usnea
aurantiaco-atra (Jacq.) (Fig. 1H) and were collected at the nutrient-
lacking site near the Jardine Peak (Southern shore of the Ezcurra
Inlet). Thalli samples of the nitrogen-tolerant lichen species Usnea
antarctica Du Rietz (Fig. 1E) were obtained from both sites. Three
specimens of a particular species were collected per site with the
use of sterile tweezers and scissors. Thalli samples were immedi-
ately submerged into 30 ml of StayRNA™ solution (A&A Biotech-
nology) in 50 ml conical tubes and stored overnight in 4°C, as sug-
gested in the user’s manual. On the following day, the samples
where rid of the remaining solution and stored in —20°C until fur-
ther analysis. Taxonomic identification of the lichen specimens
was carried out by Maria A. Olech.

Nucleic acid isolation

DNA and RNA were coextracted from the StayRNA™ preserved
lichen thalli samples. In brief, 0.2 g of the sampled thallus was
ground with a sterile pestle and mortar, with the addition of lig-
uid nitrogen and sterile sharp, garnet sand (Lysing Matrix A, MP
Biomedicals). The ground sample was divided into roughly equal
aliquots for DNA and RNA isolations.

RNA isolation was carried out under a UV cabinet. All surfaces
and equipment were cleaned with the labZap™ solution (A&A
Biotechnology). Approximately, 0.1 g of the ground sample was
mixed with 1 ml of TRI REAGENT® (Molecular Research Center,
Inc.) and incubated for 5 min/RT, after which 0.2 ml of chloro-
form was added and incubated for 3 min/RT. The samples were
centrifuged at 12 000 x ¢/15 min/4°C and the RNA-containing
aqueous phase transferred into a new microcentrifuge tube. This
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Table 1. Sampling sites’ characteristics. GR—Gondwania regalis; RT—Ramalina terebrata; TC—Turgidosculum complicatulum; UP—Usnea
antarctica, penguin rookery; HL—Himantormia lugubris; UA—Usnea aurantiaco-atra; LJ—Leptogium puberulum; and UJ—Usnea antarctica, Jar-
dine Peak.

Sample Site description Coordinates

GR Point Thomas penguin rookery; flat planes covered with decaying penguin 62.16336 S
excreta and weathered basaltic rocks of varying height occupied by a
nitrophilous/ornitocoprophilous and nitrogen tolerant lichen community

58.46022 W
RT 62.16978 S
58.45986 W
TC 62.15311 S
58.46311 W
UpP 62.16328 S
58.45903 W
HL Jardine Peak area; mostly loose rocks and gravel; nitrophobic lichen 62.166 S
communities on neighboring rock walls, with the addition of nitrogen
tolerant lichens growing in the vicinity
58.49272 W
UA 62.16733 S
58.49142 W
LJ 62.15567 S
58.48528 W
8)) 62.16594 S
58.47036 W

“H.Arctowski
Station

Figure 1. Sampling sites and materials. (A) map of the sampling site; red star—Point Thomas Penguin Rookery area, blue star—sampling site within
the Jarden Peak area. Photographs of lichen specimens: (B) Ramalina terebrata; (C) Gondwania regalis; (D) Turgidosculum complicatulum; (E) Usnea antarctica;
(F) Leptogium puberulum; (G) Himantormia lugubris; (H) Usnea aurantiaca-atra.
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step was carried out twice. Next, 3 vol of 96% EtOH and 1/10th
vol of 3 M sodium acetate (pH 5.2) solution were added, and the
samples were left overnight in —80°C. The following day, the sam-
ples were vortexed and left to sit for 10 min/RT, after which they
were centrifuged at 7500 x g/5 min/4°C. The RNA was visible as
a small white pellet. The pellet had been washed thrice with 75%
EtOH and centrifuged at 7500 x g/5 min/4°C. The samples were
air-dried in RT. The pellet was resuspended in 50 ul DEPC-treated,
nuclease-free water (A&A Biotechnology) and incubated at 4°C to
solubilize the RNA. After vortexing the samples, the concentra-
tion and purity were checked on a NanoPhotometer® NP80 (Im-
plen). The quality of the isolated RNA was further improved by
the use of the Clean-up RNA Concentrator kit (A&A Biotechnol-
ogy), which included a DNA removal step with the use of a DNase,
and checked once again on a NanoPhotometer® NP80 (Implen).
To ensure that the RNA was completely deprived of DNA, a PCR
reaction was set up, with the RNA samples serving as a template
and Escherichia coli dh5« gDNA serving as a positive control. PCR
reaction had been conducted using the high specificity ready-to-
use mix PCR Mix Plus (A&A Biotechnology) in a final volume of 25
ul per reaction, according to the user's manual. The primers used
were gene-specific primers: 16S_V3-F and 16S_V4-R, which cover
positions 341-357F and 785-805R, respectively, according to E. coli
16S rRNA gene reference sequence (Klindworth et al. 2013). PCR
product presence was checked on an agarose gel electrophore-
sis. DNase-treated and -cleaned RNA samples were stored until
further analysis in —80°C. The reverse transcription was carried
out with the use of QuantiNova Reverse Transcription Kit (Qiagen)
containing random hexamer primers according to the manufac-
turer’s instructions. The obtained 24 cDNA samples were stored
in —20°C until further analysis.

Total DNA was isolated using the CTAB method, according to
the protocol by Wilson (2001) featured in Current protocols in Molec-
ular Biology, after which a concentration and purity check was con-
ducted on a NanoPhotometer® NP80 (Implen). The samples were
cleaned up with a Clean-up Concentrator kit (A&A Biotechnology),
according to the user manual and followed-up with another con-
centration and purity check. The obtained 24 gDNA samples were
stored in —20°C until further analysis.

16S rRNA gene targeted amplicon sequencing of
cDNA and gDNA

For the Illumina 16S rRNA-targeted amplicon sequencing, a
PCR reaction had been conducted in triplicate using the WALK
polymerase (Pwo polymerase with proof-reading activity) (A&A
Bioetchnology),in a final volume of 25 ul per reaction, according to
the user’s manual. The primers used were gene-specific primers:
16S_V3-F and 16S_V4-R, which cover positions 341-357F and 785-
805R, respectively, according to E. coli 16S rRNA gene reference
sequence (Klindworth et al. 2013). The primers contained the II-
lumina Nextera XT (Illumina, San Diego, USA) overhang adapter
nucleotide sequences, both added to the primer pair sequences
for compatibility with Illumina index and sequencing adapters.
The amplification conditions for both sets of primers were as fol-
lows: initial denaturation at 95°C/3 min, followed by 30 cycles of
denaturation at 95°C/30 s, annealing at 58°C/30 s, and elongation
72°C/30 s, with the final elongation at 72°C/5 min. The obtained
products were pooled in equimolar ratio within a particular lichen
species (and site for generalist lichens—see Table 1) and indexed
using the aforementioned Nextera XT barcodes (Illumina). Ampli-
con libraries were pooled and sequenced on the Illumina MiSeq
instrument ([llumina) at the DNA Sequencing and Synthesis Fa-

cility (Institute of Biochemistry and Biophysics, Polish Academy
of Sciences), with the sequencing conducted in paired-end mode
(2 x 300 bp) with the use of a v3 (600 cycles) chemistry cartridge,
which allowed generation of long paired reads fully covering 16S
V3-V4 amplicons. A total of 16 amplicon sequence sets were ob-
tained, eight based on gDNA and eight based on cDNA.

Data analysis

Raw sequencing data were cleaned, aligned, and classified au-
tomatically by the EzBioCloud platform using the PKSSU4.0
database (Yoon et al. 2017). Chimeric, low quality, and nontarget
(chloroplast, mitochondrial, and archaeal) amplicons were auto-
matically discarded. The operational taxonomic unit (OTU) was
defined as a group of sequences that exhibit greater than 97% sim-
ilarity to each other. Illumina reads were deposited in the NCBI
Sequence Read Archive (SRA) as BioProject PRINA873246. All re-
sults were compiled using Excel 2016 (MS Office) for Windows.
Correlations between family-rank sequence abundances derived
from gDNA and cDNA data were calculated using Pearson’s cor-
relation coefficient. Principal component analysis (PCA) of lichen-
associated bacterial communities based on family-rank group
abundances was performed using the singular value decomposi-
tion method. Data visualization and statistical analysis have been
performed using the R software (R v.4.0.2) and the following pack-
ages: ggplot2, pheatmap, ggvenn, fmsb, Hmisc, ggpubr, corrplot,
and autoplot (R Core Team 2013).

Results

Target reads obtained in the gDNA analysis ranged between 7506
and 79 834, while those obtained in the cDNA analysis between
3750 and 40 484. Bacterial OTU numbers based on gDNA analysis
ranged from 418 to 1817 (av. 895.4, sd. 500.6), based on cDNA the
OTU numbers were in the range of 137-881 (av. 433.1, sd. 246.2).
Lowest discrepancies between gDNA and cDNA derived OTU num-
bers were noted for R. terebrata and G. regalis (84 and 95, respec-
tively), while the highest in T. complicatulum (1164 OTUs) and L.
puberulum (1109 OTUs) (Fig. 2A).

Phylum-rank bacterial community composition followed
mostly a lichen species-specific pattern (Fig. 2B). gDNA and
cDNA data indicate that the species U. antarctica was dominated
by members of the phylum Proteobacteria: Jardine Peak area
sampled U. antarctica specimens displayed very high Proteobac-
teria contribution (gDNA—86%, cDNA—96%), while the Penguin
rookery specimens showed lower abundances of Proteobacteria
(eDNA—56.5%, cDNA—65.6%) and high relative abundances
of Actinobacteria (gDNA—10.8%, cDNA—8%), Bacteroidetes
(gDNA—10.6%, CcDNA—6.9%), Acidobacteria (gDNA—8.1%,
cDNA—5.5%), and Armatimonadetes (gDNA—5.9%, cDNA—
7.22%). The species from nitrophilic lichen communities were
very abundant in Bacteroidetes bacteria: R. terebrata (gDNA—
75.7%, cDNA—83.4%), G. regalis (gDNA—35%, cDNA—26%), T.
complicatulum (gDNA—33%, cDNA—37.6%). Gondwania regalis
also contained high amounts of Armatimonadetes (gDNA—
22.6%, cDNA—24%), Proteobacteria (gDNA—20%, cDNA—28.4%),
Actinobacteria (gDNA—7.7%, cDNA—4.5%), and Deinococcus-
Thermus members (gDNA—12.2%, cDNA—3.8%). Turgidosculum
complicatulum community displayed a similar structure. Usnea
aurantiaco-atra community displayed unusually high contribution
of Acidobacteria (gDNA—63%, cDNA—65%), followed by Pro-
teobacteria (gDNA—34.5%, cDNA—34.3%). Himantormia lugubris
community was dominated by Proteobacteria (gDNA—67%,
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Figure 2. Sequence abundance of lichen-associated bacterial communities based on gDNA and cDNA analysis. (A) OTU numbers based on 97%
sequence similarity. (B) Relative abundance of sequences identified on a phylum level. g—gDNA, c—cDNA, _P—Point Thomas penguin rookery area,

and _J—Jardine Peak area.

cDNA—96.6%), while considerable amounts of Acidobacteria
(19.22%) and Bacteroidetes (12%) were present only in the gDNA
samples. Leptogium puberulum community composition was
largely dominated by Cyanobacteria (gDNA—47.4%, cDNA—
82.15%), followed by Proteobacteria (EDNA—21%, cDNA—11.4%).

Relative abundances of sequences identified on a family-
rank level displayed severe differences between lichen species,
but also between gDNA and cDNA-derived data (Fig. 3A). Gond-
wania regalis bacterial community based on gDNA sequencing
consisted mostly of Hymenobacteraceae (22.2%), an Armatimona-
dates family (22.1%), Acetobacteraceae (12.5%), and Deinococcaceae
(12.2%) family members. Data derived from cDNA sequencing
showed a community with a comparable relative abundance of
the Armatimonadates family (23.9%) while also being rich in
Chitinophagaceae members (10,2%). Similarly, T. complicatulum com-
munity consisted of many families in moderate abundances,
most notably the Deinococcaceae (gDNA—11.6%, cDNA—5.4%),
Cytophagaceae (gDNA—11.2%, cDNA—4.2%), and Hymenobacter-
aceae (EDNA—8.5%, cDNA—14.2%), an Armatimonadates family
(gDNA—6.9%, cDNA—18.8%) and Sphingobacteriaceae (EDNA—6%,
cDNA—7%). Ramalina terebrata community was dominated by the
Hymenobacteraceae family members, both in the gDNA (75.1%)
and cDNA (82%) analysis, while also being rich in Acetobacter-
aceae (gDNA—15%, cDNA—7.5%). Usnea aurantiaco-atra harbored
mainly members of the family Acidobacteriaceae (gDNA—63.3%,
cDNA—64.9%), but Acetobacteraceae were also abundant (gDNA—
10.3%, cDNA—30%). Alcaligenaceae featured only in gDNA-based
results for this species community (13.1%). Himantormia lugubris
differed in family rank sequence abundance between gDNA and
cDNA-derived data. For the cDNA, the highest relative abun-
dances were obtained for the Acetobacteraceae (37.9%), Acidobac-
teriaceae (19%), Hymenobacteraceae (8.8%), and Xanthomonadaceae
(8.7%), while for the cDNA data the Alcaligenaceae (45.4%), Xan-
thomonadaceae (23.4%), and Pseudomonadaceae (13.9%) were the
most abundant families. Leptogium puberulum community con-
sisted mostly of the cyanobacterial family Nostocaceae (gDNA—
47.3%, cDNA—82.1%), with Acetobacteraceae being also largely
present (gDNA—5.4%, cDNA—7.1%). Large discrepancies were
noted for the generalist (eurytopic) lichen species U. antarctica,

mostly between sites, but also between DNA templates. Usnea
antarctica community from the Penguin rookery harbored, based
on gDNA analysis, moderate amounts of sequences belonging to
several families, most notably Alcaligenaceae (16.1%), Acetobacter-
aceae (11.2%), and Xanthomonadaceae (10%), while based on the
cDNA sequencing results Acetobacteraceae dominated the com-
munity (42.2%). Usnea antarctica community from the Jardine
Peak area showed great similarity between gDNA- and cDNA-
derived data and consisted mostly of Alcaligenaceae (EDNA—49.4%,
cDNA—52.4%), Xanthomonadaceae (gDNA—20.9%; cDNA—22.7%),
Pseudomonadaceae (gDNA—6.3%, cDNA—10.9%), and Brucellaceae
(gDNA—5.6%, CDNA—6.9%).

The PCA clustered the different bacterial communities accord-
ing to relative abundances of family-rank sequences (Fig. 3B). Ra-
malina terebrata community showed the greatest dissimilarity to
the rest of the lichen-associated community with the Hymenobac-
teraceae relative abundance being the most significant determin-
ing factor. The L. puberulum community was also noticeably dis-
tant, with the Nostocaceae relative abundance significantly influ-
encing the clustering outcome. Acidobacteriaceae relative abun-
dance defined a cluster consisting of U. aurantiaco-atra commu-
nity (gDNA and cDNA results). The relative abundance of Aceto-
bacteraceae was significant for the H. lugubris gDNA community
placement, whereas the relative abundance of Alcaligenaceae and
Xanthomonadaceae defined the U. antarctica community (gDNA and
cDNA) at the Penguin rookery, as well as the cDNA-derived H.
lugubris community. A somewhat coherent group was formed by
the Penguin rookery lichen-associated communities of G. regalis
and T. complicatulum.

Similarities between DNA templates based on shared OTU
numbers showed several phenomena (Fig. 4A). Bacterial commu-
nities of the nitrophilic species G. regalis, R. terebrata, and T. com-
plicatulum showed much similarity between DNA templates (635,
469, and 609 of shared OTUs, respectively), while the communities
associated with the nitrophobic species H. lugubris, U. aurantiaco-
atra, and L. puberulum showed relatively low similarity between
templates (143, 134, and 408 shared OTUs between templates,
respectively). There were site-specific differences in shared OTU
numbers between templates for the generalist lichen communi-
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Figure 3. Comparison between lichen-associated bacterial communities on a family-rank taxonomic level. (A) Relative abundance of sequences
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() ®
gRt

ties. The U. antarctica community at the Penguin rookery shared
309 OTUs between the gDNA and cDNA template whereas the
Jardine Peak U. antarctica community shared only 103 OTUs. The
number of OTUs shared between the four lichen species growing
at the penguin rookery (gDNA—169; cDNA—102) were substan-
tially higher than those shared by the lichen species growing in
the Jardine Peak area (gDNA—67; cDNA—11) (Fig. 4B). Based on
the gDNA analysis, U. antarctica bacterial communities shared 313
OTUs between sites, yet only 30 based on cDNA sequences. Only
27 OTUs were shared between the core communities of the pen-
guin rookery and Jardine Peak area for the gDNA template and one
for the cDNA template (Fig. 4C).
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Figure 4. Venn diagrams displaying shared and individual OTUs (97%) derived from gDNA (red) and cDNA (blue). (A) Shared and individual OTUs
derived from gDNA and cDNA within one sample group. (B) Shared and individual OTUs within four sample groups compared according to DNA
template and habitat: penguin rooker—upper row, Jardine Peak—lower row. (C) Shared and individual OTUs of U. antarctica communities and core
OTUs for penguin rookery and Jardine Peak lichens. Gr—G. regalis, Rt—R. terebrata, Tc—T. complicatulum, HI—H. lugubris, Uaa—U. aurantiaco-atra, Le—L.
puberulum, U_P—U. antarctica at penguin rookery, U_J—U. antarctica at Jardine Peak, penguin rookery—core OTUs of penguin rookery lichen
communities, and Jardine Peak—core OTUs of Jardine Peak lichen communities.
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Within the gDNA-derived data the relative abundance of the
family Sphingobacteriaceae (phylum Bacteroidetes) and Blastocatel-
laceae (phylum Acidobacteria) displayed the highest numbers of
significant (P < .05) correlations with relative abundances of other
families (Fig. 5A). Relative abundance of Sphingobacteriaceae dis-
played positive significant correlations with the relative abun-
dances of the following families: Blastocatellaceae (o = 0.82, P =
.013), Comamonadaceae (p = 0.84, P = .009), Cytophagaceae (p = 0.99,
P =1.04 x 107°), Deinococcaceae (p = 0.96, P = .00018), and Flavobac-
teriaceae (p = 0.76, P = .03). The relative abundance of the Blas-
tocatellaceae had the highest correlation values with the relative
abundances of Flavobacteriaceae (o = 0.96, P = .0001) and Cytopha-
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sequence abundances derived from cDNA data (significance level at P < .05, insignificant correlation are crossed out). (C) Family-rank sequence

abundances correlogram derived from gDNA data and cDNA.

gaceae (p = 0.85, P = .008). The relative abundance of the Xan-
thomonadaceae displayed significant correlations with the relative
abundances of: Alcaligenaceae (p = 0.92, P = .001), Brucellaceae (p =
0.97, P =.00008), and Pseudomonadaceae (p = 0.80, P = .02). The rel-
ative abundance of Comamonadaceae had positive significant cor-
relations with the Deinococcaceae (p = 0.88, P = .004) and Cytopha-
gaceae (p = 0.84, P = .008).

Based on the cDNA analysis (Fig. 5B), the relative abundance
of the family Sphingobacteriaceae displayed the highest number of
positive significant correlations with the relative abundances of
other families, most notably with: the Blastocatellaceae (p = 0.82,
P = .01), the Chitinophagaceae (p = 0.75, P = .03), the Comamon-
adaceae (p = 0.76, P = .028), the Cytophagaceae (p = 0.74, P = .035),
the Deinococcaceae (p = 0.95, P = .0003), the Flavobacteriaceae (p =
0.97, P = .0001), and the Polyangiaceae (p = 0.80, P = .015). Rela-
tive abundance of the Blastocatellaceae displayed significant corre-
lations with the abundances of the following families: Chitinopha-
gaceae (p = 0.97, P = .0001), Comamonadaceae (p = 0.99, P = 3.38
x 107%), Deinococcaceae (p = 0.85, P = .007), and Polyangiaceae (p =
0.99, P =4.05 x 1077). The Chitinophagaceae also displayed positive
correlations with the Comamonadaceae (p = 0.98, P = 9.22 x 107°)
and Deinococcaceae (p = 0.85, P = .006). The relative abundance of
the Xanthomonadaceae family correlated positively with the abun-
dances of Alcaligenaceae (p = 0.97, P = 6.19 x 107), Brucellaceae (p
=0.95, P = .0002), and Pseudomonadaceae (p = 0.97,P = 4,6 x 107°).

A total of 16 lichen-associated bacterial families displayed sig-
nificant (P < .05) positive correlations within their respective rel-
ative abundances derived from gDNA and cDNA data analysis
(Fig. 5C), including those that featured in considerable amounts
(> 4%) in any of the examined samples. Highest coefficient values
were noted for: Nostocaceae (p = 1, P = 1.75 x 10~'1), Frankiaceae (o
= 0.98, P = 1.45 x 107°), Hymenobacteraceae (p = 0.97, P = 4.89 x

~3), Sphingobacteriaceae (p = 0.96, P = .00015), Acidobacteriaceae (p
= 0.96, P = .0002), Deinococcaceae (p = 0.95, P = .0003), Flavobacte-
riaceae (p = 0.93, P = .0009), Pseudomonadaceae (p = 0.92, P = .001),
Comamonadaceae (p = 0.85, P = .008), Cytophagaceae (p = 0.81, P =
.014), and Xanthomonadaceae (p = 0.77, P = .025).

Discussion

Despite the extensive knowledge about the input of lichens into
the Earth’s ecosystem, there is still much to learn about these
ploneering metaorganisms, especially regarding the diversity of

the taxa partaking in this multispecies symbiosis in Antarctica
(Grimm et al. 2021). In this study, we showed how amending
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metagenomic information with metatranscriptomic data allows
for amore detailed description of the heterotrophic bacterial com-
ponent that actively contributes to the lichen symbiosis. This
additional information is especially important when comparing
lichen bacteriomes in different trophic surroundings, as most pro-
found changes in diversity can be seen through the activity of spe-
cialized phylogenetic and/or functional fractions, something that
can only be studied through transcriptomic analyses (Cernava et
al. 2019).

The Point Thomas penguin rookery is considered an Antarc-
tic Specially Protected Area due to its unique biodiversity (Chwe-
dorzewska and Korczak 2010). Organisms found at this site ei-
ther thrive on, or tolerate the high concentrations of ammonia
fumes that come off the decaying guano, making it a major en-
vironmental factor exerting pressure on this biocenosis (which
is also influenced by marine factors, as it is located at the shore
of Admiralty Bay) (Olech 2004, Myrcha et al. 2013, Grzesiak et al.
2020). Bacterial communities of lichens procured from the pen-
guin rookery displayed a high degree of similarity (as shown in
the PCA outcome), with the exception of the R. terebrata commu-
nities. Nevertheless, the amount of OTUs shared between all four
communities was relatively high, particularly between their active
fractions. This suggests that a consortium of bacteria adapted to
the prevalent conditions has been established there. A vital part
of this group of bacteria belonged to the Bacteroidetes phylum,
which have been found to dominate, or massively contribute, to
the bacterial communities of the Point Thomas penguin rookery
lichens. This phylum’s occurrence has also been noted for the
strictly marine lichens of the Brittany coast (West et al. 2018). Au-
thors of this paper discovered the highest Bacteroides abundance
in marine lichens, hinting that seawater influences may be the
cause of this phenomenon. However, other lichens investigated by
West et al. (2018) (inland cyanolichens and maritime, nitrophilous
lichens of the genus Xanthoria), were also considerably rich in Bac-
teroidetes. Given our findings, a more plausible explanation can
be given, that the Bacteroides bacteria tend to occupy lichens ex-
periencing a relatively high abundance of nitrogen, be it of en-
dogenic (cyanobiont N fixation) or exogenic nature. Additionally,
cDNA data revealed that Bacteroidetes were transcriptomically
active only in the penguin rookery lichens and in the examined
cyanolichen L. puberulum. The findings regarding the U. antarctica
bacterial community further corroborate this thesis, with spec-
imens growing at the rookery housing a substantial amount of
Bacteroidetes members, while specimens of the Jardine Peak area
carrying only minuscule amounts. The extent of Bacteroidetes
dominance, seen here in R. terebrata, has also been observed in
the lichen Umbilicaria decussata (a nitrogen-tolerant species) pro-
cured from the shore of Liitzow-Holm Bay, coastal Queen Maud
Land, continental Antarctica, where several large penguin and pe-
trel breeding colonies are located (He et al. 2022). The majority of
the R. terebrata bacteriome sequences were assigned to the fam-
ily Hymenobacteraceae, which were also present in the three other
penguin rookery lichen species. Information on the involvement
of Hymenobacteraceae members in the lichen symbiosis is limited,
however, a genome study on a few lichen-associated Hymenobac-
ter spp. isolates revealed their potential resistance to UV radia-
tion, as well as the ability to decompose complex polysaccharides
(Ahn et al. 2016, Oh et al. 2016, Ghimire et al. 2020). Ramalina ter-
ebrata grows on vertical or greatly inclined rock walls, which are
periodically under intense sunlight irradiation (Olech 2004). The
species is also known for producing usnic acid and ramalin as
UV protectant and antioxidant, respectively (Quilhot et al. 1996,
Paudel et al. 2011). These, and a few other compounds produced

by R. terebrata were confirmed as having an antimicrobial effect
(Paudel et al. 2010). Consequently, the combination of these abi-
otic and biotic influences may have led to the development of
a bacterial community, i.e. low in diversity, yet containing many
multiresistant members, making them almost the exclusive in-
habitants of the R. terebrata thalli. Interestingly, U. decussata is also
known as a gyrophoric acid producer, which displays potent an-
timicrobial activity (Olech 2004, Rankovi¢ et al. 2008). The abun-
dance of Hymenobacteraceae did not correlate with the abundance
of any other bacterial family that was considerably contributing
to the Antarctic lichens’ communities in this study, yet their abun-
dance based on gDNA positively correlated with that based on
cDNA data. This shows their potential to form monoculture-like
assemblages in the lichen thalli, and that members of this family
are active in lichen-associated communities whenever they are
present. Besides Bacteroidetes, the two other nitrophilic lichen
species: T. complicatulum and G. regalis also harbored consider-
able amounts of bacteria identified as Armatimonadetes by the
database used. Available information points toward Armatimon-
adetes preference for nitrophilic, sea coast-dwelling chlorolichens
(West et al. 2018, He et al. 2022). Members of this group are rarely
cultivated, so the knowledge on their environmental role and fea-
tures are scarce, however, fairly recently, a new member of this
taxon was isolated from Antarctic soil—Abditibacterium utsteinense
(Tahon et al. 2018). Coincidentally, one of the most abundant OTUs
shared among the communities associated with the lichens of the
Point Thomas penguin rookery examined in this study was iden-
tified as the genus Abditibacterium (data not shown). Physiologi-
cal and genomic investigations revealed that A. utsteinense is well-
adapted to coping with environmental stresses present in Antarc-
tica: oxidative and radiation stress, temperature fluctuations but
also to toxic compounds (Tahon et al. 2018). The strain had a very
narrow pH growth range, hinting that this bacterium is adapted to
a stable environment, not unlike a lichen thallus, for which the pH
homeostasis is crucial for survival. Furthermore, it contained the
genetic basis for a versatile nitrogen metabolism, including am-
monia transporters, as well as the ability to sequester ammonia
by -glutamine synthesis, which is a way to reduce NH4" concen-
tration, thus avoiding its toxic effects—a major issue for organ-
isms experiencing the aforementioned ammonia shadow effect
(Dahlman et al. 2003, Crittenden et al. 2015).

The Jardine Peak area constitutes a highland plateau where on
rocky substrates, such as exposed rock faces, ridges, and stony
slopes, nitrophobic lichen communities develop (Olech 2004).
Lichen-associated microbiomes sampled there were dominated
by Proteobacteria, however, the communities were mostly host
species-specific, as indicated by the low numbers of shared OTU's,
especially those based on cDNA data. The most distinctive bacte-
rial community among the Jardine Peak chlorolichens was found
residingin U. aurantiaco-atra. It was composed mostly of Acidobac-
teria. This feature, to a greater or lesser extent, was also observed
for the lichen species Cladonia borealis and Ochrolechia parallela, pro-
cured from nitrogen-deficient sites at King George Island (Antarc-
tica) (Park et al. 2016). Additionally to the preference for nutrient-
depleted habitats, these lichens have the ability to individually
produce a variety of complex, bioactive, and acidic compounds
(Olech 2004). Consequently, the combination of low intrathallic
pH, preference for oligotrophy and inhibitory compound presence
likely led to the establishment of an Acidobacteria-dominated
community, due to the specific niche requirements of these bacte-
ria (Kielak et al. 2016). Most of the Acidobacteria sequences from
U. aurantiaco-atra were identified as belonging to the Acidobacteri-
aceae family. The abundance of this family did not correlate with
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the abundance of any other family, yet as with the Hymenobacter-
aceae, their abundance by gDNA-based analysis did correlate with
cDNA-based abundance, hinting their presence is not influenced
by interactions with other microbes, but by abiotic- and lichen-
based factors, with pH likely serving as the most critical one. Some
culture-based studies indicate that members of this family can
grow on lichen-specific polymers like lichenan, as well as chitin
and cellulose (Belova et al. 2018). Himantormia lugubris displays a
curious case, where the structure of the active part of the bac-
terial community is distinctly different than that of the whole
community. The latter was especially rich in Acetobacteraceae (Al-
phaproteobacteria), while the active part of this community was
defined by the abundances of Alcaligenaceae (Betaproteobacteria)
and Xanthomonadaceae (Gammaproteobacteria). Such discrepan-
cies in the community structure, where a biodiverse reservoir of
dormant bacteria was created, indicates that H. lugubris under-
goes seasonal changes within intrathallic conditions (Cruaud et
al. 2020). What is known of H. lugubris ecophysiology is that it
has great tolerance for desiccation, as well as being covered with
snow for extended periods of time (Choi et al. 2015). It has also
been concluded that the production of inhibitory phenolic com-
pounds ceases in H. lugubris during sunlight exposure (Mateos et
al. 1991). The associated bacterial community may, therefore, re-
spond to these changes by shifting the abundance of its active
participants. Furthermore, the active part of the H. lugubris com-
munity bears a very close resemblance to the U. antarctica com-
munity of Jardine Peak (whole and active part). The two families
whose abundance defines these communities displayed a posi-
tive correlation with each other, suggesting a symbiotic relation.
However, only Xanthomonadaceae displayed a positive correlation
between their gDNA/cDNA abundances, meaning that Alcalige-
naceae are more dependent on their presence than vice versa. The
abundance of Alcaligenaceae was noticeably higher in Jardine Peak
specimens of U. antarctica and H. lugubris, suggesting these bacte-
ria are advantageous in oligotrophic conditions. Some members
of this family are endosymbiotic and nitrogen fixing (Taulé et al.
2012). Curious in this scenario is the positive correlation with the
Xanthomonadaceae, which were recognized as major antagonists
in lichen-associated communities, presumably defending the re-
sources provided by Alcaligenaceae (Cernava et al. 2015). Another
interesting matter was the abundance of the family Acetobacter-
aceae in both Usnea species and H. lugubris. Members of this family
were active in U. antarctica at the penguin rookery, hinting they
may help the lichen cope with excess nitrogen. Noteworthy is the
fact, that ammonia vapors cause a substantial alkalization of the
surrounding area, consequently challenging the pH homeostasis
of the non-nitrophilic lichens (Sutton et al. 2020, do Vale Lopes et
al. 2021). Usnea antarctica may, therefore, be this tolerant of such
high nitrogen concentrations due to the acidifying action of the
lichen-associated Acetobacteraceae (Kersters et al. 2006). In the ni-
trophobe H. lugubris this family was not considerably active at the
time of sampling. However, if the melting snow accumulates al-
kaline substances (mainly ammonia ions) and introduces them
in early summer into the thallus, the properties of the Acetobacter-
aceae might prove very beneficial for the lichen (Crittenden 1998).

Usnea antarctica presents a case of a lichen, i.e. tolerant of high
nitrogen concentrations in its immediate environment (Olech
2004). As seen in the PCA graph, the bacterial communities of
U. antarctica did differ between the two sites. While the amount
of OTUs for both these communities was similar, the number
of shared OTUs between them was less than half, with con-
comitant, substantial differences at the phylum level. The ac-
tive part of the Jardine Peak community was less diverse than
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that of the penguin rookery. In the lichen Umbillicaria rhizinata
the opposite was observed, with the coastal (and nitrogen fertil-
ized) specimens hosting a less diverse community than the inland
ones (He et al. 2022). However, similarly to our U. antarctica sam-
ples, the coastal/nitrogen enriched specimens harbored taxa affil-
iated with nitrophilic lichens (Armatimonadetes, Bacteroidetes),
while the inland lichens were dominated by Proteobacteria (He
et al. 2022). Thus, shifting of the bacterial community structure
in nitrogen-tolerant lichens (or any wide amplitude lichens) may
be the basis for their efficient adaptability to changing environ-
mental conditions. Furthermore, the findings of Cernava et al.
(2015) indicate that the diversity of lichen microbiota strongly
contributes to the adaptability and flexibility of the host-lichen,
thus, the greater the resident bacterial diversity, the wider the
ecological amplitude of the lichen species. According to our data,
the T. complicatulum bacterial community displayed the highest
number of OTUs for the whole community (gDNA data). This
lichen is known to have a bipolar distribution whilst being able
to thrive in high nitrogen and high salinity habitats (Olech 2004).
The L. puberulum community was also very diverse, and despite
the lichen being endemic to Antarctica, it is very widespread in
the region and can be found in a range of habitats, in both inland
and coastal localities, provided there is an abundance of fresh
water (Olech 2004). The third most diverse bacterial community,
however, was found in G. regalis—an ornitocoprophile, endemic
to West Antarctica, restricted to sites with considerable ammo-
nia exposure (Olech 2004). Therefore, the diversity of the whole
community alone might be species-specific and not dictate the
ecological amplitude of the host lichen. However, the discrepancy
between the diversity of the whole and active community can sug-
gest the scope of the adaptive potential of the bacteriocenosis, as
was indicated here for the nitrogen tolerant U. antarctica, which
occupies a variety of Southern Hemisphere habitats and is not
exclusive to Antarctica (Olech 2004).

Conclusions

Lastly, the bacterial communities of the penguin rookery lichens
were distinct from the communities of the Jardine Peak area
lichens due to the small number of shared OTUs. Environmen-
tal conditions present at the penguin rookery (super omnia ammo-
nia vapors) largely shaped the lichen-associated microbiome, with
some lichen species-specific traits, such as antimetabolite pro-
duction, also influencing its structure. At the nutrient-deficient
site of the Jardine Peak the lichen-dwelling microbiocenoses were
distinct for each lichen species. The bacterial community of U.
antarctica (found at both sites) displayed a high degree of flexibil-
ity. At the penguin rookery it resembled the communities found
in nitrophilous lichens, while at the Jardine Peak area it harbored
some bacterial groups found in nitrophobic lichens. This trait may;,
therefore, be a key component in the adaptability of Usnea and
other lichen species. Given that all of the sampled lichen species
had an active and a dormant fraction of its resident bacterial com-
munity, it can be concluded that the latter represents a reservoir
of latent, beneficial traits that once activated can widen the eco-
logical amplitude of the lichen holobiont, thus expanding its habi-
tat range, even to a worldwide extent.

Authors’ contributions

Funding acquisition—J.G.; conceptualization—J.G. and M.A.O;
sampling—J.G. and D.G.; laboratory analysis—A.W. and J].G;
data analysis and visualization—J.G. and A.W., manuscript

202 UOIBI 9Z UO Jasn NV iAzyoig | iwayoolg 1nAisu| Aq 9680€02/S L OPEI/E/66/I0IME/09SWaY/W00 dNo"dlWepEdE.//:Sd)Y Wolj Papeojumoq



10 | FEMS Microbiology Ecology, 2023, Vol. 99, No. 3

preparation—J.G. and AW, review and editing—D.G,, J.G., and
M.A.O; and responsibility for overall content—J.G.

Acknowledgments

Samples and data were obtained due to the scientific facility of
the Polish Antarctic Station ARCTOWSKI.

Conflicts of interest statement. None declared.

Funding

This research was funded by the National Science Center, Poland
(grant number 2017/25/B/NZ8/01915).

Data availability statement

Mlumina reads were deposited in the NCBI Sequence Read Archive
(SRA) as BioProject PRINA873246.

References

Ahmadjian V. Lichens are more important than you think. Bioscience
1995;45:124. doi: 10.1093/bioscience/45.3.124.

Ahn DH, Han SR, Oh TJ et al. Complete genome sequence of ionizing
radiation-resistant Hymenobacter sp. strain PAMC26628 isolated
from an Arctic lichen. J Biotechnol 2016;223:50-1.

Alberdi M, Bravo LA, Gutiérrez A et al. Ecophysiology of Antarctic
vascular plants. Physiol Plant 2002;115:479-86. doi: 10.1034/j.1399-
3054.2002.1150401.x.

Armstrong RA. The influence of environmental factors on the growth
of lichens in the field. In: Upreti D, Divakar P, Shukla V al. et (eds),
Recent Advances in Lichenology. New Delhi: Springer, 2015, 1-18. doi:
10.1007/978-81-322-2181-4_1.

Armstrong RA. Adaptation of lichens to extreme conditions. In:
Shukla V, Kumar S, Kumar N (eds), Plant Adaptation Strategies
in Changing Environment. Singapore: Springer, 2017, 1-27. doi:
10.1007/978-981-10-6744-0_1.

Aschenbrenner IA, Cernava T, Berg G et al. Understanding mi-
crobial multi-species symbioses. Front Microbiol 2016;7:180. doi:
10.3389/fmicb.2016.00180.

Asplund J, Wardle DA. How lichens impact on terrestrial commu-
nity and ecosystem properties. Biol Rev 2017;92:1720-38. doi:
10.1111/brv.12305.

Belova SE, Ravin NV, Pankratov TA et al. Hydrolytic capabilities as a
key to environmental success: chitinolytic and cellulolytic Aci-
dobacteria from acidic sub-Arctic soils and boreal peatlands.
Front Microbiol 2018;9:2775.

Bokhorst S, van Logtestijn R, Convey P et al. Nitrogen isotope frac-
tionation explains the N-15 enrichment of Antarctic cryptogams
by volatilized ammonia from penguin and seal colonies. Pol Res
2019;38: doi: 10.33265/polar.v38.3355.

Cernava T, Aschenbrenner IA, Soh ] et al. Plasticity of a holobiont:
desiccation induces fasting-like metabolism within the lichen
microbiota. ISME J 2019;13:547-56.

Cernava T, Erlacher A, Aschenbrenner IA et al. Deciphering func-
tional diversification within the lichen microbiota by meta-omics.
Microbiome 2017;5:82. doi: 10.1186/s40168-017-0303-5.

Cernava T, Miiller H, Aschenbrenner IA et al. Analyzing the antag-
onistic potential of the lichen microbiome against pathogens
by bridging metagenomic with culture studies. Front Microbiol
2015;6:620.

Choi SH, Kim SC, Hong SG et al. Influence of microenvironment on
the spatial distribution of Himantormia lugubris (Parmeliaceae) in
ASPA No. 171, maritime Antarctic. J Ecol Enviro 2015;38:493-503.

Chwedorzewska K]J, Korczak M. Human impact upon the environ-
ment in the vicinity of Arctowski Station, King George Island,
Antarctica. Polish Pol Res 2010;31:45-60.

Cornelissen JH, Lang SI, Soudzilovskaia NA et al. Comparative cryp-
togam ecology: a review of bryophyte and lichen traits that drive
biogeochemistry. Ann Bot 2007;99:987-1001.

Crittenden PD, Scrimgeour CM, Minnullina G et al. Lichen response to
ammonia deposition defines the footprint of a penguin rookery.
Biogeochemistry 2015;122:295-311.

Crittenden PD. Nutrient exchange in an Antarctic macrolichen
during summer snowfall-snow melt events. New Phytol
1998;139:697-707.

Cruaud P, Vigneron A, Fradette MS et al. Annual bacterial community
cyclein a seasonally ice-covered river reflects environmental and
climatic conditions. Limnol Oceanogr 2020;65:521-37.

Dahlman L, Persson J, Ndsholm T et al. Carbon and nitrogen distribu-
tion in the green algal lichens Hypogymnia physodes and Platismatia
glauca in relation to nutrient supply. Planta 2003;217:41-8.

do Vale Lopes D, de Souza JJLL, Simas FNB et al. Hydrogeochemistry
and chemical weathering in a periglacial environment of mar-
itime Antarctica. Catena 2021;197:104959.

Eymann C, Lassek C, Wegner U et al. Symbiotic interplay of fungi,
algae, and bacteria within the lung lichen Lobaria pulmonaria L.
Hoffm. as assessed by state-of-the-art metaproteomics. J Proteome
Res 2017;16:2160-73. doi: 10.1021/acs.jproteome.6b00974.

Ghimire N, Han SR, Kim B et al. Comparative genomic study of polar
lichen-associated Hymenobacter sp. PAMC 26554 and Hymenobacter
sp. PAMC 26628 reveals the presence of polysaccharide-degrading
ability based on habitat. Curr Microbiol 2020;77:2940-52.

Grimm M, Grube M, Schiefelbein U et al. The lichens micro-
biota, still a mystery?. Front Microbiol 2021;12:623839. doi:
10.3389/fmicb.2021.623839.

Grube M, Berg G. Microbial consortia of bacteria and fungi with fo-
cus on the lichen symbiosis. Fung Biol Rev 2009;23:72-85. doi:
10.1016/j.tbr.2009.10.001.

Grube M, Cardinale M, de CastroJ-V et al. Species-specific structural
and functional diversity of bacterial communities in lichen sym-
bioses. ISME ] 2019;3:1105-15. doi: 10.1038/isme;j.2009.63.

Grube M, Cernava T, Soh J et al. Exploring functional contexts of sym-
biotic sustain within lichen-associated bacteria by comparative
omics. ISME ] 2015;9:412-24. doi: 10.1038/ismej.2014.138.

Grzesiak ], Kaczynska A, Gawor J et al. A smelly business: mi-
crobiology of Adélie penguin guano (Point Thomas rook-
ery, Antarctica). Sci Total Environ 2020;714,136714. doi:
10.1016/j.scitotenv.2020.136714.

Hawksworth DL. The magnitude of fungal diversity: the 1.5 mil-
lion species estimate revisited. Mycol Res 2001;105:1422-32. doi:
10.1017/50953756201004725.

Hawksworth DL, Grube M. Lichens redefined as complex ecosystems.
New Phytol 2020;227:1281-3. doi: 10.1111/nph.16630.

He Z, Naganuma T, Nakai R et al. Microbiomic analysis of bacteria
associated with rock tripe lichens in continental and maritime
Antarctic regions. ] Fungi 2022;8:817.

Honegger R. Functional aspects of the lichen symbiosis. Annu Rev
Plant Physiol 1991;42:553-78.

Honegger R, Edwards D, Axe L. The earliest records of internally
stratified cyanobacterial and algal lichens from the lower De-
vonian of the Welsh Borderland. N Phytol 2013;197:264-75. doi:
10.1111/nph.12009.

202 UOIBI 9Z UO Jasn NV iAzyoig | iwayoolg 1nAisu| Aq 9680€02/S L OPEI/E/66/I0IME/09SWaY/W00 dNo"dlWepEdE.//:Sd)Y Wolj Papeojumoq



Johansson O, Olofsson J, Giesler R et al. Lichen responses to nitro-
gen and phosphorus additions can be explained by the different
symbiont responses. New Phytol 2011;191:795e805.

Kersters K, Lisdiyanti P, Komagata K et al. The family Acetobacteraceae:
the genera Acetobacter, Acidomonas, Asaia, Gluconacetobacter, Glu-
conobacter, and Kozakia. The Prokaryotes 2006;5:163-200.

Kielak AM, Barreto CC, Kowalchuk GA et al. The ecology of Aci-
dobacteria: moving beyond genes and genomes. Front Microbiol
2016;7:744.

Klindworth A, Pruesse E, Schweer T et al. Evaluation of general 16S ri-
bosomal RNAgene PCR primers for classical and next-generation
sequencing-based diversity studies. Nucleic Acids Res 2013;41:el.

Liba C, Ferrara F, Manfio Get al. Nitrogen-fixing chemo-organotrophic
bacteria isolated from cyanobacteria-deprived lichens and their
ability to solubilize phosphate and to release amino acids
and phytohormones. J Appl Microbiol 2006;101:1076-86. doi:
10.1111/j.1365-2672.2006.03010.%.

Mateos JL, Conde E, Miranda T et al. Regulation mechanisms of phe-
nolic production in the lichen Himantormia lugubris, as deduced
from the analysis of metabolite accumulation. Plant Sci 1991;77:1-
9.

Myrcha A, Pietr SJ, Tatur A. The role of pygoscelid penguin rookeries
in nutrient cycles. In: Antarctic Nutrient Cycles and Food Webs. Vol.
156. Berlin, Heidelberg: Springer, 2013.

Noh H-J, Park Y, Hong SG et al. Diversity and physiological charac-
teristics of Antarctic lichens-associated bacteria. Microorganisms
2021;9:607. doi: 10.3390/microorganisms9030607.

Oh TJ, Han SR, Ahn DH et al. Complete genome sequence
of Hymenobacter sp. strain PAMC26554, an ionizing radiation-
resistant bacterium isolated from an Antarctic lichen. J Biotechnol
2016;227:19-20.

Olech M. Lichens of King George Island, Antarctica. Krakow: The Institute
of Botany Press, Jagiellonian University, 2004.

Pankratov TA, Kachalkin AV, Korchikov ES et al. Microbial
communities of lichens. Microbiology 2017;86:293-309. doi:
10.1134/50026261717030134.

Park CH, Kim KM, Kim OS et al. Bacterial communities in Antarctic
lichens. Antarct Sci 2016;28:455-61.

Paudel B, Bhattarai HD, Koh HY et al. Ramalin, a novel nontoxic an-
tioxidant compound from the Antarctic lichen Ramalina terebrata.
Phytomedicine 2011;18:1285-90.

Paudel B, Bhattarai HD, Lee HK et al. Antibacterial activities of Ra-
malin, usnic acid and its three derivatives isolated from the

Woltynska etal. | 11

Antarctic lichen Ramalina terebrata. Zeitschrift Fiir Naturforschung
C 2010;65:34-8.

Quilhot W, Fernandez E, Rubio C et al. Preliminary data on the accu-
mulation of usnic acid related to ozone depletion in two Antarctic
lichens. Ser Cient INACH 1996;46:105-11.

R Core Team. R: a language and environment for statistical comput-
ing. 201, 2013.

Rankovi¢ B, Misi¢ M, Sukdolak S. The antimicrobial activity of sub-
stances derived from the lichens Physcia aipolia, Umbilicaria poly-
phylla, Parmelia caperata and Hypogymnia physodes. World J Microbiol
Biotechnol 2008;24:1239-42.

Sigurbjérnsdéttir M, Andrésson OS, Vilhelmsson O. Nutrient scav-
enging activity and antagonistic factors of non-photobiont
lichen-associated bacteria: a review. World ] Microbiol Biotechnol
2016;32:68. doi: 10.1007/s11274-016-2019-213.

Spribille T, Tagirdzhanova G, Goyette S et al. 3D biofilms: in search
of the polysaccharides holding together lichen symbioses, FEMS
Microbiol Lett 2020;367. doi: 10.1093/femsle/fnaa023.

Sutton MA, Van Dijk N, Levy PE et al. Alkaline air: changing perspec-
tives on nitrogen and air pollution in an ammonia-rich world. Phi-
los Trans R Soc A 2020;378:20190315.

Tahon G, Tytgat B, Lebbe L et al. Abditibacterium utsteinense sp. nov.,
the first cultivated member of candidate phylum FBP, isolated
from ice-free Antarctic soil samples. Syst Appl Microbiol 2018;41:
279-90.

Tatur A, Myrcha A, Niegodzisz ]J. Formation of abandoned pen-
guin rookery ecosystems in the maritime Antarctic. Pol Biol
1997;17:405-17.

Taulé C, Mareque C, Barlocco C et al. The contribution of ni-
trogen fixation to sugarcane (Saccharum officinarum L.), and
the identification and characterization of part of the asso-
ciated diazotrophic bacterial community. Plant Soil 2012;356:
35-49.

Tuovinen V, Ekman S, Thor G et al. Two basidiomycete fungi in the
cortex of wolf lichens. Curr Biol 2019;29.3:476-83.

West NJ, Parrot D, Fayet C et al. Marine cyanolichens from different
littoral zones are associated with distinct bacterial communities.
Peer] 2018;6:€5208. doi: 10.7717/peerj.5208.

Wilson K. Preparation of genomic DNA from bacteria. Curr Protoc Mol
Biol 2001;56:2.4.1-5. doi: 10.1002/0471142727. mb0204s56.

Yoon SH, Ha SM, Kwon S et al. Introducing EzBioCloud: a taxonomi-
cally united database of 165 rRNA and whole genome assemblies.
Int J Syst Evol Microbiol 2017;67:1613-7.

Received 4 November 2022; revised 12 January 2023; accepted 6 February 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of FEMS. Published by Oxford University Press on behalf of FEMS. This is an Open Access article
distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution,

and reproduction in any medium, provided the original work is properly cited.

202 UOIBI 9Z UO Jasn NV iAzyoig | iwayoolg 1nAisu| Aq 9680€02/S L OPEI/E/66/I0IME/09SWaY/W00 dNo"dlWepEdE.//:Sd)Y Wolj Papeojumoq


https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Authors contributions
	Acknowledgments
	Funding
	Data availability statement
	References

