
Antarctic Frankiales CBS (Fig. S1a) KO profiles form a
group clearly distinct from all known genomes of the
same order (Fig. S1 and Supplementary Data). Differ-
ently for what observed in the Acetobacterales family,
the number of genes (p<0.01) belonging to membrane
transport, carbohydrate, and amino acid metabolisms
that are significantly associated with one clade is higher
in the reference genomes by factors of 5, 4, and 9, re-
spectively (Fig. S1d, Supplementary Table 8).
To identify genomic features that might explain its

widespread presence, we compared the newly identified
Candidatus Jiangella antarctica to other species from
the genus Jiangella, the only represented in the order
Jiangellales (Fig. S2a). We found that Antarctic

Jiangellales have the smallest genome sizes, with a sig-
nificant reduction of the number of genes in several
functional categories (Fig. S2b,c and Supplementary
Table 9). Moreover, several of the KO that were signifi-
cantly more represented in the Antarctic genomes were
involved in the pathway for carotenoid biosynthesis (Fig.
S2d).
Additionally, we compared the eight newly identified

CBS from the order Thermomicrobiales (class Chloro-
flexia) to the known genomes from the same order. We
found an increase in genome size, with a number of
KEGG pathways, in particular those related to transport,
more represented in the newly assembled Antarctic
genomes (Fig. S3 and Supplementary Table 10).

Fig. 4 Antarctic CBS form a distinct clade in the order Acetobacterales, family Acetobacteraceae, with characteristic metabolic potential. a
Maximum-likelihood phylogenetic tree based on GTDB 120 “core” genes including representative genomes (violet) and Antarctic CBS (green). b t-
SNE (Jaccard distance) based on the protein cluster profiles (60% identity) of the GTDB representatives (circles) and Antarctic high quality CBS
(triangles). The representative genomes of Acetobacter aceti e A. aceti_B are not shown. c The Fisher’s exact test (Bonferroni corrected p<0.01)
highlights enriched functional categories. Genomes and KEGG orthologs are clustered according to the Hamming distance between the profiles.
The top four KEGG categories significantly more present in the Antarctic CBS are highlighted in the upper bars
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Discussion
Whole-genome metagenomics has contributed substan-
tially to our understanding of global microbial diversity
[53]. Here, we retrieved 497 draft MAGs from environ-
mental DNA extracted from eighteen Antarctic cryp-
toendolithic communities. These newly assembled
genomes were clustered into 269 previously uncharac-
terized species-level groups. Most of these new candi-
date bacterial species (CBS) could not be taxonomically
classified even at higher taxonomic levels; for instance,
out of 269, 81 only were assigned to known genera.
These findings demonstrated that a large amount of bac-
terial diversity remains to be genomically characterized
across these environments and that the Antarctic endo-
lithic niches represent a reservoir for unknown bacterial
taxa.
These MAGs represent the first example of bacterial

genomes recovered from these microbial ecosystems; for
instance, to date, only a few Cyanobacteria genomes were
constructed with more than 93% estimated completeness
from Atacama rocky communities [54]. Overall, Antarctic
endolithic microbiomes characterized in this study com-
prised 12 phyla, 22 classes, and 33 orders. The newly as-
sembled MAGs widen the phylogenetic diversity of
bacterial tree of life by more than 50% for Jiangellales,
Frankiales, Thermomicrobiales, Isosphaerales, Solirubro-
bacterales, and UBA5184 lineages.
Actinobacteria, Chloroflexi, and Proteobacteria repre-

sent the most abundant phyla and the “core” (i.e.,
present in almost all samples) members of these com-
munities, as previously reported [12, 13]. On the con-
trary, Deinococci and Cyanobacteria were generally
underrepresented. Actinobacteria are not only the main
producers of microbial-derived drugs and play an
important role associated with plants [55], but they were
found to be widely distributed in ecologically different
environments, including extreme terrestrial habitats
[56, 57] such as hot and cold deserts [58, 59]. Com-
pared with Actinobacteria from temperate habitats,
the adaptation strategies of the members of this
phylum colonizing extreme environments are still not
well understood. Further work is needed to give
insights into how this bacterial group adapts to the
severe conditions found in desert habitats. Proteobac-
teria are the dominant component of Polar habitats
including soil biotopes [60], cryoconite holes [61], and
rock-inhabiting communities in cold climates [61, 62].
Amongst the most representative species, we found
one CBS of Jiangellales [63], an order from the class
Actinobacteria that encompasses species isolated from
different habitats including indoor environments, cold
springs on the Qinghai-Tibet Plateau [64], and caves
[65, 66]. This CBS, herein named “Candidatus Jian-
gella antarctica,” was present across all samples,

suggesting a high adaptation and specialization of this
species to the extreme Antarctic environment. The
genomes of J. gansuensis, isolated from desert soils in
Gansu Province (China) [67], and of Ca. J. antarctica
(5.6 and 3.6 Mbp, respectively) showed a smaller size
compared with other Jiangella species (~ 7 Mbp).
Indeed, we found that a significant reduction of the
number of genes in several functional categories
occurred in the Ca. J. antarctica. In particular, genes
related to transport, amino, and nucleotide sugar
metabolism were underrepresented. These findings
support the hypothesis that these microbial species
may have undergone a phase of genome reduction to
adapt to the hasherst desert conditions to reduce, for
instance, the metabolic costs associated with DNA
replication and processing. Conversely, genes involved
in the carotenoid biosynthesis pathway were enriched
in this species, suggesting that the capability to
synthesize these pigments is specific to the Antarctic
microbes to enhance resistance to UV radiation and
freeze-thawing stresses [68, 69].
We found that at least one representative CBS of the

class Chloroflexia (i.e., green non-sulfur bacteria), con-
sisting of autotrophic bacteria, was present in all sam-
ples. Their capacity of anoxygenic photosynthesis and
the presence of bacteriochlorophyll as light-harvesting
pigment expand the possibility and the conditions for
the community of carbon fixation in highly oligotrophic
conditions of the Antarctic desert, a main strategy to
conserve energy [70]. Members of Chloroflexi were dis-
covered in Alpine tundra soil, Atacama desert [71] and
in microbial mats found in Japanese hot springs [72].
More recently, two novel Chloroflexi, obtained from hot
springs in Yellowstone National Park, were identified as
putative nitrite-oxidizing bacteria by the presence of ni-
trite oxidoreductase encoding genes in their genomes
[73]. The high abundance of Chloroflexi in such arid en-
vironments [74–76] may reflect specific adaptations of
this group to survive under arid conditions, but its spe-
cific functional role is still to be clarified.
When comparing our newly identified Chloroflexi CBS

with the known genomes from the same order, we ob-
served an increase in genome size, with several KEGG
pathways, in particular those related to transport, more
represented in the newly Antarctic MAGs. This is appar-
ently in contrast to what observed for the genus Jian-
gella, but it remains rather speculative to generalize
considerations at class level.
Our newly assembled MAGs increase by more than

50% the number of representative species in Frankiales
(Actinobacteria, G+) that include nitrogen-fixing bac-
teria in both the free-living and the symbiotic state.
Members of Frankia genus were found resistant to sev-
eral stresses such as salinity, heavy metals, extreme pH,

Albanese et al. Microbiome            (2021) 9:63 Page 10 of 15



and drought [77]. The high recurrence of this group
may suggest a critical role in the Antarctic endolithic
ecosystems functioning as contributors for nitrogen
fixation.
Since a small number of species are shared among all

samples analyzed and the majority of CBS were barely
detected, we surmise that dispersal may be not the sole
determining factor in shaping the diversity and structure
of these communities. Dispersal, in these areas, takes
place through transportation of microbial propagules as-
sociated to rock fragments blown over long distances by
the strong winds. Despite the efficiency of this mechan-
ism, a local diversification apparently occurs; very few
adapted species can perpetuate in all locations, while
biodiversity remains highly variable regardless of geog-
raphy. Similar conclusions were reached by Archer and
colleagues [78], who recently reported that persistent
local airborne inputs were unable to fully explain the
composition of Antarctic soil communities. Despite the
arguably lower sensitivity of shotgun metagenomics
compared with amplicon-based methods for biodiversity
description [48, 79], our study confirms earlier findings
of high site variability between prokaryotic communities
in Antarctica soils [80]. The presence of recurrent spe-
cies in the Antarctic cryptoendolithic communities has
been also observed for the fungal counterpart: for in-
stance, the endemic black fungus Friedmanniomyces
endolithicus has been reported in almost all samples col-
lected in the Victoria Land in more than 20 years of
Antarctic Campaigns [81, 82], indicating a high degree
of adaptation to the prohibitive environmental condi-
tions of this area.
Our molecular clock analysis indicated that most of the

Antarctic bacterial clades found here originated during
the Tonian glaciations, in a period ranging from 800 to
1000 Ma. before the many glaciations of the Cryogenian
[83, 84] when Antarctica was still part of the Supercontin-
ent Rodinia. Even accounting for the uncertainties of the
estimated divergence times (see bars in Fig. 2) and the
many prior assumptions embedded in the molecular clock
of Antarctic organisms [85], our data exclude the hypoth-
esis that the evolution of these bacterial clades was driven
in response to the environmental pressure of the more re-
cent Antarctica geological history. In fact, the last cooling
events started once Antarctica reached the South Pole in
the early Oligocene (~34 Ma), after the separation from
Gondwanaland about 200 Ma [86], while the present icy
conditions were established round 3 Ma. Our results sug-
gest that these new bacterial clades diversified from a pool
of pre-existing frost-evolved species that found the oppor-
tunity to spread in Antarctica once the present conditions
were established. Based on these data we cannot establish
when these organisms reached the continent, but it could
be expected that such old clades, or their relatives, may be

found searching elsewhere in extreme-cold niches, pos-
sibly in continents that were neighboring Antarctica in the
era of the Supercontinent Rodinia (i.e., North America,
India or Australia). This accomplishes the scenario of
“everything is everywhere, but the environment selects”
suggested in 1934 by Baas Becking [87]. Similar results
were found in a global survey of the hypolithic cyanobac-
terial genus Chroococcidiopsis, where a molecular phylo-
genetic analysis found that variants from hot and cold
deserts were grouped in different lineages, with an esti-
mated time to last common ancestor of the hot and cold
clade of ~2400 Ma and regional genetic variability main-
tained over geological timescales [88].
Further, whole-genome metagenomic sequencing can

be employed to investigate not only the composition of
the microbial communities, but also the functional roles
that these community members may play. In our study,
we showed that the set of Antarctic MAGs predicted
proteins, typically part of primary metabolism playing a
role in normal growth and survival, was significantly
consistent with existing representatives in the public do-
main from the same order. Whereas, at the order level,
de novo protein clustering and functional annotation
confirmed the results of the phylogenetic analysis indi-
cating that several CBS form separate lineages. The main
functional processes which appeared to be potentially
enriched in the Acetobacteraceae compared with refer-
ence genomes were those related to amino acid and
carbohydrate metabolisms, containing proteins with high
identity with similar protein sequences in the public
domain, while these pathway categories were underrep-
resented in the order Frankiales. The functional differ-
ences observed may be related to a specific adaptation to
the Antarctic endolithic niche.
The release of the endolithic MAGs presented here

will surely remodel the way we interpret and explore the
Antarctic ecosystems data. A more detailed examination
of such genomes and additional samples will further
increase our understanding of microbial evolution and
metabolic diversity and provide important insights into
the role of these microorganisms in Antarctic desert
functioning.

Conclusions
In conclusion, our data report for the first time the ge-
nomes of the dominant bacterial species in Antarctic
cryptoendolithic communities; none of the 269 CBS in-
dividuated were accounted to already described taxa.
Most of the new species found are organized into an-
cient monophyletic clades that differentiated from
known bacterial orders in a time range that predates the
estimated origin of modern Antarctica and the establish-
ment of the present glacial climate. Our data point to-
ward a scenario where extant Antarctic bacterial clades
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are the remnants of ancient bacterial lineages, dating
back up to 1000 Ma, which found in the present frost
conditions of the continent a new opportunity to spread
and diversify. These findings give also new insights for
the possibility of life beyond the Earth (e.g., on Mars)
since microbial life, if ever evolved, may have escaped
extinction for a timescale of evolutionary significance in
proper refugia.
Despite the variability of the bacterial assemblages

observed among samples, a “core” of few species was
shared among all specimens examined. We did not find
a specific set of functions that characterize the Antarctic
MAGs; yet, genes for several metabolic pathways were
differently represented (both over- or underrepresented,
depending on the group considered) compared to refer-
ence genomes. A deeper understanding of these mecha-
nisms is likely to contribute substantially to our capacity
to predict how these ecosystems respond to the pro-
jected climate change which is particularly enhanced at
the Poles. Moreover, it would be possible to extrapolate
this information in worldwide arid areas deepening our
comprehension of the service that these communities
provide in an era of rapid desertification.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40168-021-01021-0.

Additional file 1: Figure S1. Antarctic CBS form two distinct clades in
the order Frankiales, with characteristic metabolic potential. a) Maximum-
likelihood phylogenetic tree based on GTDB 120 core genes including
representative genomes (violet) and Antarctic CBS (green). b) Principal
Coordinate Analysis (Jaccard distance) of the protein cluster profiles (60%
identity) b) and of the metabolic potential. d) The Fisher’s exact test
(Bonferroni corrected p<0.01) highlights enriched functional categories.
Genomes and KEGG orthologs are clustered according to the Hamming
distance between the profiles. The top four KEGG categories significantly
more present in the Antarctic CBS are highlighted in the upper bars. Fig-
ure S2. Antarctic Jiangellales CBS reveal a substantial genome reduction
compared to known species, with characteristic differences in metabolic
potential. a) Maximum-likelihood phylogenetic tree based on GTDB
genes, including representative genomes from the GTDB database (violet)
and Antarctic CBS (green). b) KEGG orthologs that are significantly less
frequent in Antarctic Jiagellales compared to reference (uncorrected p<
0.05, Fisher’s exact test). Only the first 25 pathways (ranked by the total
number of significant orthologs) are shown. c) Number of predicted pro-
tein coding sequences in Antarctic (green) and reference (violet) Jiangel-
lales d) The heatmap shows the presence (dark green) of KEGG orthologs
belonging to the carotenoid biosynthesis pathway. The only gene in-
volved in carotenoid biosynthesis detected in both CBS and GTDB refer-
ence genomes is the crtD. e) The phylogenetic tree inferred on the crtD
gene highlights a segregation of Antarctic Jiangellales. Figure S3. Antarc-
tic Thermomicrobiales ( class Chloroflexia ) CBS reveal characteristic meta-
bolic potential. a) The Fisher’s exact test (uncorrected p<0.05) highlights
a significant presence, in Antarctic genomes, of orthologs involved in
transport, compared to the reference Thermomicrobiales genomes. Only
the first 30 pathways (ranked by the total number of orthologs called sig-
nificant) are shown. b) The prediction of protein coding sequences
shows an increment of the number of genes in Antarctic Thermomicro-
biales compared to reference genomes. Figure S4. Distribution of the
number of CBS that are specific to a given number of samples, taxonom-
ically classified at the Class level. We identified a set of 10 CBS (belonging

to the classes Actinobacteria and Alphaproteobacteria) that are present in
at least 75% (14/18) of the samples. Figure S5. Mash Screen was used to
validate the presence of CBS in the Antarctic samples. a) Distribution of
the number of CBS marked as present by the containment score esti-
mated by Mash screen. 1009 out of 1094 (92.2%) CBS have been con-
firmed by Mash (containment score >0.95, green dashed vertical line). b)
Distribution of the number of CBS marked as present by the estimated
multiplicity. Figure S6. Scatter plot of the ANI estimated by mapping
versus the containment scores estimated by Mash screen for each sam-
ple. Horizontal and vertical dashed lines represent the ideal species-level
threshold of 0.95 for the containment score and the estimated ANI, re-
spectively. Figure S7. a) Percentage of reads that could be mapped to
the CBS representatives, grouped by Class. b) Per sample percentage of
the reads that could be mapped to the CBS representatives, grouped by
Class. Figure S8. The “ Candidatus Jiangella antarctica ” was found in
each sample. a) Scatter plot of the ANI estimated by mapping versus the
containment scores estimated by Mash screen (p < 1.47x10 -21 ). b) Scat-
ter plot of the median depth of coverage estimated by mapping versus
the median multeplicity estimated by Mash. The line of equality is repre-
sented in black. Supplementary Figure S9. Jaccard distance between
the KEGG functional profiles for each Order.

Additional file 2: Supplementary Table 1. Results of the CBS
detection procedure and the validation using Mash Screen. Each row
reports: CBS ID (i.e. the CBS MAG representative), metagenomic sample,
estimated depth of coverage (mean, standard deviation, first quartile,
median third quartile), number of mapped reads, ANI between the
consensus sequences and the CBS representative, coverage breadths at
depths from 1 to 5, Mash Screen containment score, number of shared
hashes, median multiplicity and containment score p-value. Supplemen-
tary Table 2. Assembly statistics and taxonomic classification of the
MAGs. Supplementary Table 3. Abundance of CBS at phylum level,
expressed as percentage of reads that could be mapped to the represen-
tative CBS. Median: median; Q1 and Q3: first and third quartile; IQR: inter-
quartile range; Mean: mean; SD: standard deviation; #CBS: number of
candidate bacterial species belonging to the phylum. Supplementary
Table 4. Increase in the number of bacterial species for each taxonomic
Order provided by the data in the present study, compared to the data
available in the GTDB database. Supplementary Table 5. Sample meta-
data. Geographic coordinates of the sampling sites, accession numbers of
the raw sequences, accession numbers and N50 of the assembled meta-
genomes on the JGI IMG/M portal. Supplementary Table 6. Prevalence
and taxonomic classification for each CBS representative. Supplemen-
tary Table 7. Summary of Bayesian divergence estimates. For each order
we report the mean age of its origin (OO: the split of the order from the
closest order) and the 95% CI (OO max and OO min), the origin of the
oldest uniquely Antarctic clade (AOO1, the split of the Antarctic clade
from a non-Antarctic lineage of the same order), and, where present, the
origin of the second oldest antarctic clade (AOO2). See Supplementary
Data 1. Supplementary Table 8. Number of predicted proteins (NProts)
and of proteins that had a match in the EggNOG database (NHitsOG)
and that could be associated to a term in the Gene Ontology (NHitsGO)
or had a match in the KEGG and COG databases (NHitsKEGG and NHits-
COG, respectively). Supplementary Table 9. Number of KEGG orthologs
characteristic of the Antarctic or reference Jiangellales genomes. The Fish-
er’s exact test (uncorrected p<0.05) was performed to identify unevenly
distributed orthologs between the two groups. Supplementary Table
10. Number of KEGG orthologs characteristic of the Antarctic or reference
Thermomicrobiales genomes. The Fisher’s exact test (uncorrected p<0.05)
was performed to identify unevenly distributed orthologs between the
two groups.

Additional file 3: Supplementary data.
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