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ABSTRACT Microbial assemblages inhabiting soils sheltered by rocks are widespread
in the hyperarid and hypersaline Dalangtan Playa, which could contribute significantly
to the ecological processes in this desert ecosystem. Here, we performed geochemical
and metagenomic analyses of soils below and beside rocks in the Dalangtan Playa.
Fourier transform infrared (FTIR) spectra show more evident signals of organic aromatic
molecules in soils below rocks than in nearby bare soils. Soils below rocks harbor distinct
microbial communities and much higher biomass and Cyanobacteria abundance in
comparison to soils beside rocks. High-quality genomes recovered by hybrid short- and
long-read assembly reveal the previously underappreciated contribution of Actinobacter-
jota in sheltered soils to the primary production of desert ecosystems. In contrast to
bare soil communities, the metabolic versatility of sheltered soil communities indicates
their critical roles in carbon, nitrogen, and sulfur cycling in the Dalangtan Playa. Trace
gases (CO and H») could be significant energy sources for the respiration and sometimes
carbon fixation of both bare and sheltered soil microorganisms in nutrient-deprived
environments. The presence of multiple stress response genes against DNA damage,
oxidative stress, and osmotic stress, as well as pathways for the biosynthesis and uptake
of compatible solutes in genomes across all samples, reveals their capacity for tolerating
polyextreme conditions.

IMPORTANCE The hyperarid Dalangtan Playa in the western Qaidam Basin, northwest-
ern China, is a unique terrestrial analog of Mars. Despite the polyextreme environments
of this area, habitats below translucent rocks capable of environmental buffering could
serve as refuges for microbial life. In this study, the hybrid assembly of Illumina short
reads and Nanopore long reads recovered high-quality and high-continuity genomes,
allowing for high-accuracy analysis and a deeper understanding of extremophiles in the
sheltered soils of the Dalangtan Playa. Our findings reveal self-supporting and metabol-
ically versatile sheltered soil communities adapted to a hyperarid and hypersaline playa,
which provides implications for the search for life signals on Mars.

KEYWORDS hyperaridity, sheltered soil, metagenome, hybrid assembly, desert
ecosystems, adaptive strategies

eserts or drylands comprise the most extensive terrestrial biomes (1), and

microorganisms account for the majority of bioprocesses in desert ecosystems
due to the paucity of animals and plants (2). Deserts with polyextreme conditions,
such as the well-known Atacama Desert (3, 4) and Antarctic Dry Valleys (5-7), provide
optimal models for studying the limits of Earth'’s life, which by extension could serve as
terrestrial analogs to extraterrestrial environments (e.g., Mars) (8, 9). Thus, investigations
of the distribution, diversity, and adaptive strategies of extremophiles in extremely arid
deserts are fascinating, as they provide unique astrobiological insights into the search for
terrestrial-like life beyond Earth (10).

November 2023 Volume 89 Issue 11

Editor John R. Spear, Colorado School of Mines,
Golden, Colorado, USA

Address correspondence to Wei Lin,
weilin@mail.iggcas.ac.cn.

The authors declare no conflict of interest.
See the funding table on p. 14.

Received 24 June 2023
Accepted 22 September 2023

Published 30 October 2023
Copyright © 2023 American Society for
Microbiology. All Rights Reserved.

10.1128/aem.01072-23 1


https://crossmark.crossref.org/dialog/?doi=10.1128/aem.01072-23&domain=pdf&date_stamp=2023-10-30
https://doi.org/10.1128/aem.01072-23
https://doi.org/10.1128/ASMCopyrightv2

Full-Length Text

Desert pavements are widespread in Mars-analogous extremely arid areas, and the
translucent rocks embedded in regolith commonly serve as refuges for life due to their
environmental buffering in coping with ultraviolet (UV) radiation, moisture, and thermal
stress (2). The rock substrates contribute to the colonization of lithic microbial commun-
ities, which can be categorized into epiliths, endoliths, and hypoliths. Lithic microbial
colonization is ubiquitous and frequently reported in worldwide hot and cold deserts,
including the Atacama Desert (11-14), the Namib Desert (15, 16), the Antarctic Dry
Valleys (17-21), and the Qinghai-Tibet Plateau (22-25). They are often highly special-
ized communities dominated by Cyanobacteria, acting as important primary producers
to support diverse heterotrophic bacteria and archaea (26-30). These self-sustaining
communities are valuable biomass resources and play critical roles in biogeochemical
cycles in oligotrophic deserts (2, 27). However, the majority of previous studies have
focused on conspicuous lithic communities, while soil microbial communities sheltered
by rocks are still largely unexplored. A previous study on soil microbiomes below
the boulders of the Atacama Desert reported abundant ammonia-oxidizing Thaumarch-
aeota and their potential in nitrogen and carbon cycling (31), indicating the significant
yet overlooked roles of sheltered soil microorganisms besides lithic communities in
hyperarid desert ecosystems.

The Qaidam Basin in the northern Qinghai-Tibet Plateau is one of the highest
(average elevation: ~2,800 m) and driest (average annual precipitation: <45 mm) deserts
on Earth with low temperature (average annual temperature: 1-5°C) and high UV
radiation (32, 33). The Qaidam Basin is a unique and exemplary terrestrial analog of the
Late Noachian-Early Hesperian Mars due to its extreme environments, aqueously altered
setting, widespread evaporites, and Mars-like geomorphologies (33-35). The regolith
microbial communities in Qaidam, dominated by the bacterial phyla Actinobacteria and
Proteobacteria, were found to potentially scavenge trace gases (H, and CO) to acquire
energy and develop protein protection and DNA repair mechanisms to cope with harsh
conditions (36). The Dalangtan Playa located in the northwest of the Qaidam Basin
is one of the most arid regions in the basin (arid index: 0.01-0.05) (37). Sulfate-rich
sediments, (per)chlorates, and halites are widespread in the Dalangtan Playa (37, 38). The
hyperaridity, high salinity, intense UV radiation, and deprivation of nutrients give rise to
the exceptional polyextreme environment of the Dalangtan Playa. To date, only some
halotolerant microorganisms, mainly Firmicutes and Actinobacteria, have been isolated
and cultured from the Dalangtan Playa sediments (39), while the diversity, metabolic
potential, and adaptive strategies of Dalangtan microbial communities remain poorly
understood.

Here, we report the diversity and metabolic capabilities of soil microbial communities
sheltered by translucent rocks in the Dalangtan Playa and compare them with nearby
soil communities beside the rocks. We combined short- and long-read metagenomic
assembly to obtain near-complete, high-quality metagenome-assembled genomes
(MAGs) of these soil microorganisms and decipher their metabolic and biogeochemical
functional trait profiles. In addition to distinct community structures and microbial
biogeochemical functions between sheltered and bare soils, stress response genes
involved in microbial adaptive strategies to environmental stressors (e.g., radiation,
osmotic pressure, and starvation) were further compared. Overall, we unveil the
underappreciated but important roles of sheltered soil microbial communities below
the rocks, especially Actinobacteriota, in Dalangtan desert ecosystems, which further
provides implications for the search for life signals on Mars.

MATERIALS AND METHODS
Sampling procedures and geochemical and mineralogical analyses

Sheltered and bare soil samples were all collected on 29 June 2021 from a pavement
in the Dalangtan Playa of the western Qaidam Basin, China (38°35"44”N, 90°59'6”E) at
an elevation of 3,245 m (Fig. 1a). Three sampling sites ~10 m away from each other
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were chosen to collect soils below (YX) and beside (YP) rocks. Within each sampling
field (~2-m radius), subsurface soils (~5-cm depth) under five rocks with visible microbial
assemblages were collected and then mixed up (Fig. Tb and c). Due to the low biomass
in soils beside rocks, bare soil controls were collected from different sites and mixed up in
one sample in order to obtain enough samples for DNA extraction. Finally, four samples,
including three soil samples (YX1, YX2, and YX3) below rocks and one bare soil sample
(YP) beside rocks, were collected aseptically and stored in sterile 50-mL centrifuge tubes.
All samples were immediately delivered to the laboratory with ice packs and stored at
—80°C until further processing.

Before geochemical and mineralogical analyses, soils were first pulverized in an
agate ball mill cleaned with 75% ethanol before each sample. X-ray diffraction (XRD)
analysis was conducted using a D8 Discovery (Bruker, MA, USA) at the Beijing Kuangyan
Geoanalysis Laboratory Co. Ltd. with a CuKy (1.5406 A) radiation source. The XRD
patterns were scanned between 2° (20) and 70° (26) with a step size of 0.02° (26) and a
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FIG 1 Location of sampling sites and geochemical characteristics of soils. (a) Sampling site in the Dalangtan Play, western Qaidam Basin (Made with Natural
Earth). (b) Image of the desert pavement for sampling. (c) Soil samples with visible green microbial assemblages under translucent rocks. (d) FTIR spectra in the

range of 400-4,000 cm™' of bare soils (YP) beside rocks and soils below rocks (YX1-3). Bands in the region of 2,800-3,000 cm™' denote different vibrational modes

from aliphatic C-H bonds, and peaks at ~1,600 cm™' denote the vibrations of unsaturated C=C bonds in aromatic materials.
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scan speed of 0.08° (26)/s (40 mA, 40 kV). For other analyses, the powdered samples were
then decarbonated with 3 M HCI to remove inorganic carbon and washed with double-
distilled H50. The total organic carbon (TOC) concentrations of these decarbonated soil
powders were measured by an Elemental Analyzer ECS 4024 (NC Technologies, Milan,
Italy) at the Qingdao Institute of Marine Geology, China Geological Survey, with sediment
IVA33802150 as the reference material. A Vertex 70V Fourier transform infrared (FTIR)
spectrometer (Bruker, Germany) at the Institute of Geology and Geophysics, Chinese
Academy of Sciences, was used to characterize organic matter in soils. After drying at
100°C overnight, decarbonated sample powders were mixed with KBr (dried at 110°C to
remove water) and then ground in a mortar to prepare pressed pellets for FTIR measure-
ments. A pure KBr pellet was measured as the background for calibration. Mid-infrared
regions in the range of 400-4,000 cm™' wavenumber were generated with 64 scans per

sample and a resolution of 4 cm™.

Metagenomic DNA extraction and sequencing

Metagenomic DNA was extracted from soil samples with a modified procedure as
described previously (36). Briefly, 30 g of soil was ground with liquid nitrogen in a
sterilized mortar. Cell lysis and DNA purification were conducted using a PowerMax
Soil DNA Isolation Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. The supernatant was combined with high-concentration salt solution C4
and filtered through the same silica filter membrane. After the elution step, DNA was
precipitated with absolute ethanol, sodium acetate, and glycogen and then washed with
70% ethanol. DNA concentration was measured by a Qubit DNA Assay Kit in a Qubit 3.0
Fluorometer (Thermo Fisher Scientific, USA). The DNA library preparations and lllumina
and Nanopore sequencing were conducted at Novogene Bioinformatics Technology Co.,
Ltd. (Novogene, Beijing, China). All samples were sequenced on the Illumina NovaSeq
platform, and 150-bp paired-end reads were generated. However, considering the low
DNA vyields of bare soil samples (Table 1), only sheltered soil samples were further
sequenced using Oxford Nanopore Technologies (ONT).

16S rRNA gene amplification, sequencing, and analysis

Approximately 10 ng of DNA was used for 16S rRNA gene amplification using primers
515F (GTGYCAGCMGCCGCGGTAA) and 806R (GGACTACNVGGGTWTCTAAT) (40) through
an initial denaturation at 95°C for 5 min, followed by 30 cycles of denaturation at 95°C
for 30 s, annealing at 55°C for 30 s and extension at 72°C for 30 s, and a final extension
at 72°C for 10 min. PCR products were monitored by 1% agarose gel electrophoresis and
purified by a QlAquick Gel Extraction Kit (Qiagen, Hilden, Germany). Recovered products
were sequenced on an lllumina NovaSeq 6000 platform with 250-bp paired-end reads
at Novogene Bioinformatics Technology Co., Ltd. (Novogene, Beijing, China). In order to
compare the microbial diversity between sheltered soils and bare soils, three previously
investigated bare soil samples (samples 0707, 0711, and 0712) collected from other areas
in the northwestern Qaidam Basin were included in the 16S rRNA gene-based analysis
(36). QIIME 2 v.2021.11 (41) was used to analyze taxonomic classification. Sequences
were trimmed and denoised using the plugin Deblur (42). The representative taxonomic
identities were aligned at 99% full-length sequence similarity with pre-trained “Silva 138
99% OTUs from 515F/806R region of sequences” databases using the plugin “feature

TABLE 1 Dalangtan Playa soil sample information and microbial diversity

Soil type TOC (%)* DNA (ng/g)° ASVs¢ Evenness Shannon
YX1 Sheltered 0.028 214 1,161 0.58 59
YX2 Sheltered 0.063 346 1,681 0.65 6.9
YX3 Sheltered 0.098 388 1,513 0.58 6.2
YP Bare 0.022 48 1,039 0.62 6.2

“Total organic carbon (wt%).
®Metagenomic DNA yield per gram soil.
‘Amplicon sequence variants (ASVs) generated by QIIME 2 Deblur.
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classifier” (43). Principal coordinate analysis (PCoA) plots of unweighted UniFrac and
weighted UniFrac were also generated using QIIME 2.

Metagenomic assembly and binning

Hybrid metagenomic assembly and binning using short- and long-read data from
sheltered soil samples were performed with the combination of MetaWRAP (44) and
OPERA-MS (45). First, lllumina reads were quality-controlled using MetaWRAP’s “read_qc”
module. Short-read assembly was conducted using metaSPAdes (46), and assembled
scaffolds <2,000 bp were filtered out. Then, short-read assembled results along with
short-read Illlumina reads and long-read Nanopore reads were set as inputs for hybrid
assembly using OPERA-MS with the “no-polishing” option. The binning of hybrid
assembled contigs was performed using MetaWRAP'’s “Binning” module with MetaBAT2
(47), MaxBin2 (48), and CONCOCT (49). The results of binning were refined using
the “Bin_refinement” module. CheckM (50) was used to evaluate the quality of bins,
and only high-quality bins (completeness — 5 x contamination > 50%) were kept for
further analysis. For the bare soil sample (only lllumina short-read data were obtained),
metagenomic assembly and binning were performed using MetaWRAP without the
hybrid assembly step.

Phylogenetic analysis

Taxonomic classification of 89 MAGs was assigned using GTDB-Tk (v1.5.1, database
release R04-RS89) with the “classify_wf” function (51). Then, we selected reference
genomes from the GTDB database (52) based on the taxonomic classification of each
genome. Only “GTDB species representatives” were retained. In total, 336 reference
genomes were selected and then downloaded from the NCBI database. Phylogenomic
analysis of all MAGs was performed using PhyloPhlAn 3.0 (version 3.0.58) (53). The
configuration “supermatrix_aa.cfg” and the “phylophlan” database with 400 universal
marker genes were used. The maximum likelihood phylogenomic tree of genomes
was constructed by RAXML version 8 (54). Reference genomes from the archaeal
phylum Thermoproteota were used as an outgroup. Additionally, in order to validate the
phylogenomic analysis, we additionally constructed a maximum likelihood phyloge-
nomic tree inferred from an aligned concatenated set of 120 single-copy marker proteins
(51). Reference genomes from the bacterial phylum Bacillota were used as an outgroup,
and the tree was built using IQ-TREE (v1.6.9) (55) with 1,000 ultrafast bootstraps under
the LG+F+R10 model.

Maximum likelihood trees were constructed for group 1 [NiFe]-hydrogenase large
subunits (groups 1a, 1b, 1¢, 1d, 1e, 1f, 1h, and 11) and form | carbon monoxide dehydro-
genases (CoxL). MAGs from Antarctic Desert soils (n = 451) (56) and other soils across the
world (n = 756) (57) were selected as reference genomes because these soil microbial
communities have been shown to be capable of consuming atmospheric CO and H,.
Amino acid sequences of proteins were retrieved from all MAGs (n = 1,296) using hidden
Markov models (HMM:s) (58) in METABOLIC software (59). The preliminary classification
of group 1 [NiFe]-hydrogenase large subunits was performed using HydDB (60). Protein
sequences were aligned using ClustalW in MEGA 11 (61). Maximum likelihood trees
were constructed using IQ-TREE (v1.6.9) (55) with 1,000 ultrafast bootstraps under the
LG+R9 and LG+F+R10 models for group 1 [NiFe]-hydrogenase large subunits and CoxL,
respectively. All trees were visualized and modified using Interactive Tree Of Life (iTOL) v6
(62).

Annotation of metagenomes and MAGs

METABOLIC v4.0 (59) was used to predict the metabolic and functional potential of
genomes and metagenomes. Metabolic capabilities of genomes and community-scale
functional networks based on the “MW-score” (metabolic weight score) were generated.
Compatible solute biosynthesis pathways or transport systems (i.e., ectoine, trehalose,
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and glycine-betaine) were searched against the “"KEGGModuleHit” in METABOLIC output
files. Representative proteins involved in the stress response to DNA damage [UvrABC
(63), UmuCD (64), MutSL (65), RecA (66), and RadA (67)], osmotic stress (TrkA) (68),
oxidative stress (SodF) (69), starvation (Dps) (70), and multiple stresses (SigB) (71) were
selected for subsequent analysis. These genes were searched manually through HMMs
(58) across all MAGs.

RESULTS AND DISCUSSION

Characterization of sheltered and bare soil samples in the Mars analog
Dalangtan Playa

We found abundant rock accumulations on the top of a hill in the Dalangtan Playa
(Fig. 1a). Visible microbial assemblages were commonly observed under the translucent
rocks, especially quartz stones, embedded in regolith compared to the seemingly lifeless
bare soils (Fig. 1b and c). Hypolithic communities beneath rocks have been previously
reported in northwestern China’s hyperarid deserts (22, 24, 25). As expected, soil samples
sheltered by rocks had a much higher concentration of extracted metagenomic DNA
(>200 ng/g) than the bare soil sample (<50 ng/g) (Table 1). Relatively higher TOC
concentrations were found in sheltered soils than in bare soils. The range of TOC
concentrations (0.022%-0.098%) is broadly consistent with records from previous studies
in the hyperarid Qaidam Basin (36, 72). The mineral assemblages of sheltered and bare
soils were generally similar and all dominated by silicates, including quartz, chlorite,
albite, and illite (Table S1). Calcite, a carbonate mineral, was also abundant in both
types of soils. Dolomite (carbonate), orthoclase (silicate), and gypsum (sulfate) were only
observed in sheltered soil samples. Interestingly, dolomite was scarce in the YP sample
of this study and other surface samples previously reported in the Qaidam Basin (72) but
abundant in sheltered soil samples with higher biomass.

FTIR can trace organic matter by distinguishing specific bands in the IR spectra
induced by bond vibrations of functional groups in organic materials (73-75). In this
study, soil organic matter can be inferred from the FTIR spectra of all sheltered and bare
soils (Fig. 1d). Except for the distinct IR bands at 900-1,200 cm™', 430-800 cm™', and
3,400 cm™' recording bond vibrations of functional groups from siliceous minerals, all
FTIR spectra exhibited bands in the regions of 2,800-3,000 cm™ (the vibrational modes
of aliphatic C-H bonds) and ~1,600 cm™ (the vibrations of unsaturated C=C bonds in
aromatic materials) (76, 77). Additionally, we found more evident peaks of aromatic
molecules in sheltered soil samples than in the bare soil sample.

Actinobacteriota-dominated soil microbial communities and distinct
taxonomic compositions between sheltered and bare soils

According to 16S rRNA gene sequencing and analysis of four soil samples, we obtained a
total of 2,712 amplicon sequence variants (ASVs). Sheltered soils showed a slightly higher
number of features than bare soils, while microbial community alpha diversity (Shannon
index) and evenness were similar across samples, with no significant difference between
sample types (Table 1). Similar microbial evenness and diversity across soils below
and beside boulders were also detected in the Atacama Desert (31). All soil micro-
bial communities were dominated by the bacterial phylum Actinobacteriota (39.97%-
57.84%), followed by Chloroflexota (7.30%-11.29%) and Proteobacteria (3.52%-6.51%),
which is similar to our previously investigated bare regolith samples (samples 0707, 0711,
and 0712) collected from different areas in the northwestern Qaidam Basin (Fig. 2a) (36).
These microbes, especially Actinobacteriota, are also dominant and prevalent in other
hyperarid desert soils (78-81) across the world, implying their potentially vital roles in
desert ecosystems.

However, distinct microbial community compositions were found between sheltered
(YX) and bare (YP) samples. The bare soil sample had a much higher relative abundance
of unassigned features (40.65%) than sheltered soil samples (11.75%-16.02%) (Fig. 2a),
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suggesting a higher percentage of unclassified microorganisms in Dalangtan air-exposed
soils. We identified 16 bacterial phyla and one archaeal phylum (Thermoproteota) from
four soil samples. All 17 phyla were detected in sheltered soils except for the phylum
Patescibacteria not found in the YX1 sample, while only 14 phyla were detected in the
bare soil sample. Notably, sheltered soil samples (0.94%-9.93%) contained a significantly
higher abundance of Cyanobacteria than the bare soil samples YP, 0707, 0711, and 0712
(<0.01%) (Fig. 2a). Consistent with the diversity results, PCoA ordination plots based on
unweighted UniFrac and weighted UniFrac showed that sheltered soils and bare soils
have notably different microbial community compositions (Fig. 2b and c). Given that
bare soil samples 0707, 0711, and 0712 were collected from different regions, they also
show different microbial communities from YP and YX according to PCoA plots.
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FIG 2 Microbial communities of sheltered soil and bare soil samples from the Qaidam Basin. (a) Relative abundance of dominated taxa in soil microbial
communities according to 16S rRNA gene sequencing. Bare regolith samples 0707, 0711, and 0712 without shields have been previously investigated (36), which
were collected in different areas from YX and YP samples in the northwestern Qaidam Basin. (b and c) Principal coordinate analysis (PCoA) ordination plots of all
samples based on unweighted (b) and weighted (c) UniFrac.
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High-quality novel genomes recovered from hybrid and short-read metage-
nomic assembly

In contrast to the limitations of conventional assembly methods, hybrid assembly
combining the accurate but fragmented short reads and error-prone long reads enables
the acquirement of much higher-quality and even complete genomes (45, 82-84) from
metagenomes independent of pure culture methods. In this study, we recovered a
total of 112 draft genomes (completeness >50% and contamination <10%), among
which 89 with genome quality =50 (defined as completeness - 5 x contamination) (85)
were retained and 46 were above the high-quality threshold (completeness >90% and
contamination <5%) (86) (Fig. 3; Table S2). In general, the YX MAGs (YX1, n = 12; YX2,
n = 33; and YX3, n = 31) generated by the hybrid assembly of Illumina and Nanopore
reads have significantly higher continuity (far fewer gaps) compared to YP MAGs (n
= 13) assembled only by short-read Illumina reads. The 89 retained MAGs contained
a high average GC content (67.8%), and nearly half of the MAGs (n = 43) had a GC
content >70%. The genome size of MAGs ranged from 1.71 (YX2bin5, Solirubrobacterales)
to 7.04 Mb (YX1bin8, Thermomicrobiales). These high-quality MAGs enable high-accuracy
analysis and further understanding of extremophilic microorganisms in the Dalangtan
Playa.

The GTDB taxonomic classification is congruent with the phylogenomic analysis
(Fig. 3; Fig. S1; Table S2); therefore, the GTDB taxonomy is used for genomic classifica-
tion throughout. According to the GTDB taxonomy, 96.63% of MAGs (n = 83) were
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reconstructed from this study are marked with red lines. Reference genomes were selected from the GTDB database (GTDB species representatives only).
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unclassified at the species level (57.3% at the genus level, n = 51) against the GTDB
database, revealing that a significant amount of microbial “dark matter” (novel MAGs)
was detected. The 89 retained MAGs belonged to nine bacterial phyla, including
Actinobacteriota (n = 56), Chloroflexota (n = 15), Armatimonadota (n = 5), Bacteroidota
(n = 4), Proteobacteria (n = 3), Cyanobacteria (n = 2), Gemmatimonadota (n = 2), Acidobac-
teriota (n = 1), and Planctomycetota (n = 1) (Fig. 3). In YP samples, only MAGs belonging
to the phyla Actinobacteriota (n = 6), Chloroflexota (n = 6), and Gemmatimonadota (n =
1) were recovered. YX1, YX2, and YX3 samples identified four, seven, and seven phyla,
respectively. These bacterial phyla were also detected in our previous research on the
Qaidam Basin regolith (36). Two Cyanobacteria MAGs (YX2bin18 and YX3bin19) affiliated
with the families Chroococcidiopsidaceae and Thermosynechococcaceae, respectively,
were found in sheltered soil samples. Except for one genome (YX3bin35) that was
unclassified at the order level, the remaining MAGs were distributed into 25 orders,
mainly including Acidimicrobiales (n = 20), Solirubrobacterales (n = 16), Thermomicrobiales
(n = 8), Euzebyales (n = 4), Propionibacteriales (n = 4), CADDZGO1 (n = 4), and Cytopha-
gales (n = 4). Among them, only six orders were identified in YP samples, which were
dominated by Thermomicrobiales and Acidimicrobiales, while more taxa at the order level
were found in YX samples (8 in YX1, 18 in YX2, and 16 in YX3) (Fig. 3; Table S2).

Diverse metabolic capabilities of microbial communities sheltered by rocks
and their potential significant roles in biogeochemical processes

Metabolic and biogeochemical functional trait profile analysis of metagenomes and
genomes revealed the potential for organic carbon oxidation, C1 metabolism, acetate
oxidation, fermentation, methanotrophy, and metal reduction across all samples (Fig. 4a
and b; Table S3). Notably, we also found diverse metabolic capabilities of carbon fixation,
hydrogen oxidation, sulfur metabolism, and nitrogen metabolism in microbial communi-
ties sheltered below rocks. Compared to bare soil communities, microbial communities
with the shelter of rocks had more complex functional networks and developed local
self-supporting micro-ecosystems (Fig. 4).

We identified the potential for carbon fixation in sheltered soil communities but not
in bare soil communities (Fig. 4a and b). Carbon fixation pathways via the Calvin-Benson-
Bassham (CBB) cycle (Form | RuBisCO) were found in Actinobacteriota and Cyanobacteria
from YX. Photosynthesis key genes in photosystems | and Il (e.g., psaA and psbA) were
found in Cyanobacteria genomes. These primary producers could make sheltered soil
microbial communities self-sustainable. In oligotrophic deserts that are typical of arid
regions, Cyanobacteria are conventionally thought to serve as major primary producers
to support other heterotrophs (2, 5). The availability of liquid water is essential for the
diversity and primary production of photosynthetic life in deserts (22, 30). Transient
hydration events are critical moisture sources to support cyanobacterial phototrophic
activity in deserts (87, 88). Carbon fixation by Cyanobacteria in deserts was reported to
occur only when local humidity increased, such as fog formation, morning dewfall, and
occasional precipitation events (11, 89, 90). We thus argue that the stable environmental
buffering and moisture retention provided by rock substrates in the Dalangtan Playa
could facilitate Cyanobacteria to use photosystems and the CBB cycle to transduce
energy and fix CO5 to organic carbon.

In addition, our (meta)genomic analyses reveal that diverse microbes that dominate
in Dalangtan sheltered and bare soils have the potential to use multiple energy sources,
including diffusible trace gases (CO and H;) from the atmosphere or deeper anaerobic
soil zones, to support aerobic respiration (Fig. 4a and b). Overall, the H, oxidation
pathway was present in all YX samples while restricted to Actinobacteriota, Chloroflexota,
and Proteobacteria. Although not abundant in the YP metagenome, group 1 [NiFe]-
hydrogenase genes were detected in two MAGs (Thermomicrobiales and Acidimicrobiales)
of YP. Abundant genes encoding aerobic carbon monoxide dehydrogenases (coxSML)
for CO oxidation were also detected across all samples but restricted within the phyla
Actinobacteriota, Chloroflexota, and Gemmatimonadota. It should be noted that the
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FIG 4 Metabolic and biogeochemical functional trait profile analysis of metagenomes and genomes. (a) Microbial community functional network of MAGs from

the bare soil sample YP and three sheltered soil samples (YX1-3). Nodes represent different biogeochemical processes, and the size of the node was depicted

according to the number of connections. Edges connecting two nodes represent functional connections, and edge thickness was determined by the average

gene coverage values of the two nodes. Edge colors represent different taxa contributing to biogeochemical processes. (b) Weights of different metabolic

functions in four metagenomes. The metabolic weight score (MW-score) was calculated by METABOLIC v4.0 based on gene coverage, which reflects function

weights in metagenomes.

pathway of CO oxidation is more widespread in microbial communities than H oxidation

according to the metagenomic functional analysis (Fig. 4b).

November 2023 Volume 89 Issue 11

10.1128/aem.01072-23 10


https://doi.org/10.1128/aem.01072-23

Full-Length Text

Besides Cyanobacteria, we highlight the previously underappreciated contribution of
Actinobacteriota to chemosynthetic primary production in desert ecosystems (Fig. 4a and
b). The high abundance of genes for high-affinity [NiFe]-hydrogenases (group 1) involved
in hydrogen (H,) oxidation and carbon monoxide (CO) dehydrogenases (coxSML) in
Actinobacteriota in sheltered soils suggests their potential capabilities to make use of
atmospheric H, and CO to support aerobic respiration and carbon fixation. Microbial
atmospheric chemosynthesis is a globally widespread phenomenon and contributes
greatly to carbon fixation in cold deserts, including deserts in the Qinghai-Tibet Plateau,
Antarctica, and Arctic (91). Our results complement the findings by Bay et al. (88) that
the primary production role of desert Actinobacteriota, the most abundant bacterial
group in biocrusts and topsoils, has been long overlooked. Bay et al. argued that
chemosynthetic primary production by Actinobacteriota is likely to be more important
than expected in arid soils where photoautotrophs become increasingly sparse. It should
be noted that although genes encoding [NiFe]-hydrogenases (group 1) and carbon
monoxide dehydrogenases were identified in Actinobacteriota in Dalangtan sheltered
soils, Actinobacteriota in bare soils presented no potential for carbon fixation accord-
ing to our genomic analysis. Moreover, our previous study showed that only a low
percentage of Actinobacteriota in the Qaidam Basin regolith harbor key genes for carbon
fixation (36). These findings indicate that primary producers, whether chemosynthetic
or photosynthetic bacteria, prefer to colonize specific locations with relatively moist
and habitable conditions in deserts (as we called “micro-oases”), such as soils sheltered
by rocks and wetter biocrusts. Collectively, (meta)genomic data suggest that chemosyn-
thetic Actinobacteriota and photosynthetic Cyanobacteria in desert “micro-oases” both
play important roles in contributing to the primary production of organic carbon to
support nearby heterotrophic assemblages in desert ecosystems.

Trace gas consumption (in situ and ex situ) experiments have demonstrated that
atmospheric H, and CO could be scavenged by soil microbes across the world to
support aerobic respiration and drive carbon fixation (56, 57, 91-94). Many studies have
revealed that ubiquitous trace gases CO and H, are critical to microbial survival and
persistence in nutrient-deprived environments (56, 93-95), supporting microbial energy
acquisition and growth in oligotrophic deserts, such as the Antarctic Dry Valleys (56,
92) and Atacama Desert (31, 96). In this study, we further combined our 89 MAGs with
1,207 MAGs in the studies mentioned above from various soils around the world (56, 57)
to gain insight into the phylogenetic diversity of key enzymes involved in H; and CO
oxidation. Far more coxL genes (n = 1,018) than group 1 [NiFe]-hydrogenase genes (n =
216) were detected in 1,296 MAGs (Fig. 5; Fig. S2). In general, group 1 [NiFe]-hydrogenase
and CoxL from Dalangtan microorganisms are phylogenetically close to those from the
Antarctic Desert, which had experimental evidence to scavenge atmospheric trace gases
Hy and CO (56) (Fig. 5; Fig. S2). Notably, the phylogenetic tree shows that group 1l
and 1h [NiFe]-hydrogenases are more common in microbes from extreme environments,
such as the Dalangtan Playa, the Antarctic Desert (56), and other drylands (57) (Fig. 5).
The widespread distribution and predominance of group 11 and 1h [NiFel-hydrogenases
(HylL and HhyL) in extremophiles, particularly group 1l, suggest that these two types
of hydrogenases may help cells cope with starvation in harsh conditions by scavenging
ambient H; (97). The CoxL tree shows a broad distribution of this gene in microbes
across various environments (Fig. S2), which supports the view that trace gas CO is
a widespread energy source for microbial survival (93). Our findings in the Dalangtan
Playa consistently indicate that consuming ambient gases could be a widespread and
significant survival mechanism for microbial communities in desert ecosystems.

Representative genes involved in sulfur and nitrogen metabolism were also detected,
including sulfur oxidation (sdo), sulfite oxidation and assimilatory sulfate reduction (sat,
cysD, cysN, cysNC, and cysH), nitrite ammonification (nirBD), and nitric oxide reduction
(norB), in YX metagenomes and MAGs (Fig. 4a and b; Table S3). The representative genes
for sulfur metabolism in YX communities were mainly distributed in Actinobacteriota and
were also present in Chloroflexota, Acidobacteriota, Bacteroidota, and Proteobacteria. The
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FIG 5 Maximum likelihood phylogenetic tree of group 1 [NiFe]-hydrogenases identified in 89 MAGs from this study (Dalangtan Playa) and in 1,207 MAGs from

previous studies (Antarctic Desert and other soil samples across the world) (56, 57). The tree was constructed using IQ-TREE under the LG+R9 substitution model

with 1,000 ultrafast bootstraps.

nirBD gene encoding nitrite reductase was distributed in Actinobacteriota, Chloroflexota,
Bacteroidota, and Armatimonadota in YX. The norB gene encoding nitric oxide reductase
was only found in Chloroflexota from the YX3 sample. In YP, no genes involved in
nitrogen metabolism were detected, and only a small proportion of Chloroflexota and
Actinobacteriota had the potential for sulfur metabolism. In line with our previous study
on regolith microbiomes (36), we found that microorganisms in Qaidam bare soils have
less potential for nitrogen metabolism, although microbial nitrogen cycling has been
reported in many other deserts, including the Atacama Desert, the Antarctic Dry Valleys,
and the Namib Desert (15, 20, 98). However, in this study, biogeochemical functional
analysis reveals that sheltered soil microbial communities, especially Actinobacteriota, are
likely important contributors to nitrogen and sulfur cycling in the Dalangtan Playa.
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Adaptive strategies of microorganisms to the extreme environments of the
Dalangtan Playa

Here, we identified various stress response genes involved in resistance to environmental
stressors, such as intense radiation, osmotic stress, oxidative stress, and low nutrient
content, across all samples (Fig. 6a). Almost all MAGs harbored different kinds of genes
for DNA repair proteins UvrABC (63), MutSL (65), RadA (67), DNA recombinase RecA (66),
and/or DNA polymerase UmuCD (64) (Fig. 6a). These DNA repair genes are responsible
for the recovery of DNA damage induced by environmental pressure, helping micro-
organisms cope with intense UV radiation and desiccation (99-101). To respond to
osmotic stress caused by a high-salt environment, “salt-in” (accumulating ions, mainly
K*, in the cytoplasm to achieve osmotic equilibrium with the external environment)
and “salt-out” (excluding salts and producing compatible solutes to prevent osmotic
pressure) strategies are two common microbial adaptive mechanisms (102, 103). Here,
we found different metabolic pathways for the biosynthesis and uptake of compatible
solutes, including the biosynthesis of ectoine, betaine, and trehalose and the transport
of trehalose and glycine-betaine according to KEGG module analysis (Table S4). Among
these functions, glycine-betaine transport and trehalose biosynthesis were the most
abundant pathways identified in YX and YP communities, while others were only present
in ~4% or even less of total MAGs. In addition to utilizing compatible solutes to cope
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FIG 6 Adaptive strategies and predicted metabolic models of sheltered and bare soil communities
in the Dalangtan Playa. (a) Stress response genes and pathways identified in 89 MAGs. The shade of
color reflects the relative abundance of MAGs containing the genes. UvrABC, excinuclease ABC subunit;
UmuCD, DNA polymerase; MutSL, DNA mismatch repair protein; RecA, recombinase; RadA, DNA repair
protein; TrkA, Trk system potassium uptake protein; SodF, superoxide dismutase; SigB, RNA polymerase
sigma factor; Dps, DNA starvation/stationary phase protection protein. (b) Predicted conceptual model
of metabolic and biogeochemical functions of sheltered soil and bare soil communities based on
metagenomes and metagenome-assembled genomes.
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with osmotic pressure, trkA genes involved in the potassium (K*) uptake system were
also present in over 90% of total MAGs. Altogether, soil microbes in the Dalangtan Playa
could use salt-in and salt-out approaches to adapt to hypersaline environments. For
other stress response genes, sigma factor sigB involved in stress adaptation (71) was
present in all MAGs. Over 60% of total MAGs contained genes for superoxide dismutase
SodF, which could protect cells from the hazards of reactive oxygen species (ROS)
induced by desiccation and radiation (69). Genes encoding DNA starvation/stationary
phase protection proteins (dps) that protect DNA from oxidative damage (70) were
found in ~20% of YX MAGs. These stress response genes and metabolic versatility could
play important roles in microbes below rocks to survive and adapt to the polyextreme
environments in the Dalangtan Playa (Fig. 6b). Together with our findings of micro-
bial colonization patterns below rocks and the identification of organic molecules in
sheltered soils in the Dalangtan Playa, we argue that rocks are of vital value for life signal
exploration on Mars.
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