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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Extreme desiccation tolerance: recover within seconds after >98% water loss.

- Extraordinary freezing tolerance: withstand �196�C ultra-low temperature.

- Super resistance to gamma radiation: with half-lethal dose estimated to be 5,000 Gy.

- This desert moss can survive and maintain vitality in simulated Mars conditions.

- The extremotolerant moss is a promising pioneer for Mars colonization.
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Many plans to establish human settlements on other planets focus on
adapting crops to growth in controlled environments. However, these set-
tlements will also require pioneer plants that can grow in the soils and
harsh conditions found in extraterrestrial environments, such as those
on Mars. Here, we report the extraordinary environmental resilience of Syn-
trichia caninervis, a desert moss that thrives in various extreme environ-
ments. S. caninervis has remarkable desiccation tolerance; even after
losing >98% of its cellular water content, it can recover photosynthetic
and physiological activities within seconds after rehydration. Intact plants
can tolerate ultra-low temperatures and regenerate even after being stored
in a freezer at �80�C for 5 years or in liquid nitrogen for 1 month.
S. caninervis also has super-resistance to gamma irradiation and can sur-
vive and maintain vitality in simulated Mars conditions; i.e., when simulta-
neously exposed to an anoxic atmosphere, extreme desiccation, low tem-
peratures, and intense UV radiation. Our study shows that S. caninervis is
among the most stress tolerant organisms. This work provides funda-
mental insights into the multi-stress tolerance of the desert moss
S. caninervis, a promising candidate pioneer plant for colonizing extrater-
restrial environments, laying the foundation for building biologically sus-
tainable human habitats beyond Earth.

INTRODUCTION
Exploring and colonizing extraterrestrial environments is an ambitious goal

that may improve long-term human sustainability.1–3 Mars is considered to be
the most likely planet for future human colonization.4–7 No life forms have
been detected on Mars to date. Therefore, introducing organisms from Earth
might be required to produce Earth-like conditions suitable for human life on
Mars, a process known as terraforming.8 Terraforming will require the selection
of suitable organisms from Earth or the engineering of novel organisms (partic-
ularly plants) that can thrive in challenging extraterrestrial conditions. To date,
only a few studies have focused on testing the ability of organisms to withstand
the extreme environments of outer space or Mars. These studies have primarily
focused on microorganisms,9–13 algae,8 and lichens.14–16 However, plants such
as mosses offer key benefits for terraforming, including stress tolerance, a high
capacity for photoautotrophic growth, and the potential to produce substantial
amounts of biomass under challenging conditions.

Studies of challenging environments on Earth can inform the selection of
plants for growth in extraterrestrial environments. The biological soil crust
(BSC) is a widespread type of ground cover often found in arid lands. The BSC
consists of organic complexes of cryptogamic plants such as lichens and
mosses, microbes such as cyanobacteria, and the secretions from these organ-
isms that become mixed with soil particles.17 The BSC serves as a pioneer sub-
strate in vegetative succession due to its remarkable resilience to intense radia-
tion and its ability to withstand drought and other extreme environmental
factors.18,19 This has led to the widespread distribution of the BSC in global
desert regions, with up to 70% coverage in some areas.20,21 The BSC significantly
enhances the water-holding capacity and structural stability of the underlying
sand.20,22–24 Moreover, the BSC is a major source of carbon and nitrogen in
arid regions, accounting for one-fourth of the total biological nitrogen fixation
of terrestrial ecosystems worldwide.25,26 Therefore, the BSC has been referred

to as the “living skin” of the Earth, as it plays crucial roles inmodulating hydrology,
nutrient cycling, and other essential ecological processes.
Among land plants, mosses are often the pioneer species that are naturally

selected for growth in extreme environments. Moss crusts represent an
advanced stage in the development of BSCs. Compared with algae and lichen
crusts, moss crusts have greater biomass and carbon fixation capacity, thus
playing important roles in biogeochemical cycles and stabilizing the desert sur-
face.27–29 Syntrichia caninervis, a common, dominant species inmoss crust, pos-
sesses remarkable tolerance to multiple environmental stress factors (drought,
cold, and radiation), giving it a great ecological advantage in harsh natural habi-
tats.30 S. caninervis has a widespread global distribution, as evidenced by
geographical data from field surveys and the Global Biodiversity Information
Facility database (Figure 1A). S. caninervis crusts are predominant in dryland
regions, including the Gurbantunggut and Tengger Deserts in China and the
Mojave Desert in the United States. S. caninervis crusts are also present inmoun-
tainous regions of the Pamir, Tibet, Middle East, Antarctica, and circumpolar
regions.30 The Gurbantunggut Desert in northwest China has one of the most
concentrateddistributions ofS. caninervisworldwide (Figure 1B). Based onmete-
orologicalmonitoring from2005 to 2023, the lowest and highest temperatures in
this desert were nearly �40�C and 65�C, respectively, and the relative humidity
was as low as 1.4%.
This extreme climate has shaped the remarkable resilience of S. caninervis to

various environmental factors. S. caninervis plants exhibit extreme desiccation
tolerance, usually appearing black when in a completely dry state in the wild after
losing more than 98% of their water (Figure 1C). Notably, desiccated plants turn
green and rapidly recover their photosynthetic capacity within seconds of rehy-
dration (Figure 1D).31 S. caninervis has evolved several morphological mecha-
nisms to adapt to extreme environments, including overlapping leaves that
conserve water and shield the plant from intense sunlight and white awns at
the tops of leaves that reflect strong solar radiation and enhancewater utilization
efficiency (Figures 1D and 2B).32 Moreover, these plants remain photosyntheti-
cally active under snow cover (Figure 1E) and can maintain vigorous growth,
contributing up to 49% of their annual total carbon fixation during the frequent
freeze-thaw cycles in spring.33–35 S. caninervis also shows high tolerance to
extremely low temperatures.
In this study, we evaluated the extraordinary resilience of S. caninervis under

extreme desiccation, ultra-low temperatures, and intense radiation as well as in
a simulated Martian environment combining several of these stress factors.
The unique insights obtained in our study lay the foundation for outer space colo-
nization using naturally selected plants adapted to extreme stress conditions.

RESULTS
Drying without dying
To explore the tolerance of S. caninervis to extreme desiccation, we subjected

this moss to an air-drying regimen in the laboratory and recorded plant pheno-
types, relative water content (RWC), optimal photochemical efficiency of photo-
system II (Fv/Fm), and changes in leaf angle. S. caninervis plants exhibited
extremedesiccation tolerance,manifested by their capacity to undergo complete
dehydration and very rapidly recover (Figure 2). The plants appeared green when
saturated with water, turned dark green and then black as water was gradually
lost, and turned green again only 2 s after rehydration (Figures 2A and 2B).
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The RWC decreased gradually and steadily as dehydration progressed, with over
40% of water lost in 10 min and more than 99% lost in 40 min. The RWC of de-
hydrated S. caninervis plants increased to more than 80% at 20 s of rehydration
and was restored to 100% in 2 min (Figure 2C).

The Fv/Fm values, which represent photosynthetic capacity, decreased signif-
icantly as dehydration progressed, dropping by 54% after 20 min to nearly zero
after 40 min of dehydration. Within 20 s of rehydration, Fv/Fm recovered rapidly
to 65% of the initial level in hydrated plants and increased to the original level
within 2min (Figure 2D). During dehydration, the leaves becamemarkedly curled
and shrunken, and the leaf angles became smaller. During rehydration, the leaves
stretched and recovered their original positions within 20 s (Figure 2E). Thus,
S. caninervis plants can withstand extreme dehydration stress and have a robust
ability to swiftly recover their physiological activities within seconds.

Freezing without dying
To investigate the tolerance of S. caninervis plants to prolonged exposure to

extremely low temperatures, we exposed completely dry (0%–2%RWC) and fully
hydrated (100% RWC) plants to �80�C in an ultra-low-temperature freezer for 3
or 5 years and to�196�C (in a liquid nitrogen storage tank) for 15 or 30 days. The
plants were transferred to sand for recovery and cultivated under normal growth
conditions to observe their regeneration ability. The experimental design is illus-
trated in Figure 3A. Dry S. caninervis plants survived and regenerated new
branches after these low-temperature treatments (Figure 3B). Without freezing
treatment, the number of regenerated new branches in S. caninervis plants
5 days after rehydration was approximately 1–2 per plant and reached the
maximum (�3) 30 days after rehydration.

After being exposed to �80�C for 3 years, the number of regenerated new
branches was 0.22 ± 0.15 after 5 days of recovery (in sand under normal growth

conditions). The maximum branch number was slightly lower at 30 days of re-
covery (2.22 ± 0.40) (Figure 3C). After being exposed to �80�C for 5 years, the
number of regenerated new branches was 0.10 ± 0.10 at 5 days of recovery,
and the maximum branch number was 1.90 ± 0.18. During the recovery period,
the number of regenerated new branches after 5 years of exposure to �80�C
was slightly, but not significantly, lower than after 3 years of �80�C treatment
(Figure 3C). For untreated plants, the regeneration rate after dehydration reached
75% on day 5 and 100% on day 15 after rehydration. For S. caninervis plants
treated at�80�C for 3 or 5 years, the regeneration rates were significantly lower
than the control after 5 days of recovery (10% and 5%, respectively) but rose to
approximately 90% after 30 days of recovery (Figure 3D).
Similar results were obtained for plants subjected to �196�C treatment

(Figures 3E–3G). Following 15 and 30 days of storage in liquid nitrogen,
the plants ultimately regenerated approximately two new branches (Figure 3F);
the regeneration rate was approximately 95% that of control plants (Figure 3G).
We also applied the same low-temperature treatments to hydrated S. caninervis
plants (RWC= 100%) and demonstrated that hydrated S. caninervis can also sur-
vive and maintain their regenerative ability following extreme freezing stress,
although the number of new branches and rate of regeneration were lower
than for plants frozen in a dry state (Figure S1).

Radiation exposure without dying
For the gamma irradiation experiments, completely dry (0%–2% RWC) and

fully hydrated (100% RWC) S. caninervis samples were exposed to total doses
of 500 to 16,000 Gy, rehydrated, and transferred to sand for recovery and culti-
vation under normal growth conditions (Figure 4A). We detected dose-depen-
dent effects on survival and regeneration (Figure 4B). For untreated control
samples (0 Gy), following rehydration and a recovery period, the average

Figure 1. Global distribution and different states of S. caninervis crust (A) Global geographic distribution of S. caninervis crust. Database: Global Biodiversity Information Facility
(https://www.gbif.org/). (B) A typical habitat where S. caninervis crust is found in the Gurbantunggut desert of China. Scale bar: 10 m. (C) Desiccated S. caninervis crust. Scale bar: 2
cm. (D) Hydrated S. caninervis crust. Scale bar: 1 mm. (E) Frozen S. caninervis crust with snow cover in winter. Scale bar: 1 mm.
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number of regenerated branches increased over time, reaching 100% at
60 days of recovery, with a maximum of 3.24 ± 0.23 regenerated branches
per plant (Figures 4B–4D). At radiation doses of 500 and 1,000 Gy, the number
of new regenerated branches after 7 days of recovery was 2.96 ± 0.14 and
2.86 ± 0.16, respectively (Figure 4C). By 60 days of recovery, the regenerated
branches had grown larger, and the number of regenerated branches was
greater than in the control group for each dose, with 4.08 ± 0.21 and 3.57 ±

0.18 for the 500- and 1,000-Gy treatment, respectively. The regeneration rate
following both treatments was 100%. Thus, 500-Gy radiation strongly pro-
moted the regeneration of new branches (Figure 4D). When the radiation
dose was increased to 2,000 Gy, regeneration was delayed, and new branches
did not emerge until after 14 days of recovery (Figure 4B). A lower average num-
ber of regenerated branches (0.52± 0.12) was detected at this time (compared
to the other treatments), although the number of regenerated branches
increased to 2.03 ± 0.16, with a regeneration rate of 90%, after 60 days of
recovery (Figures 4C and 4D).

At a radiation dose of 4,000 Gy, the moss samples exhibited signs of stress,
with leaves gradually turning yellow after 3 days of recovery (Figure 4B). After
14 days of recovery, new branches started to regenerate (average of 0.22 ±

0.12). At 60 days of recovery, the average number of branches reached 1.20 ±

0.15, with a 70% regeneration rate (Figures 4C and 4D). Radiation doses of
8,000 and 16,000 Gy caused severe damage to the moss samples; the leaves

turned yellow and died without generating new branches (Figures 4B–4D), and
photosynthetic activity was undetectable. Based on these results, we estimated
that the LD50 (lethal dose at which 50%of the organisms survived) occurred after
1 h of treatment (LD50/1h) at �5,000 Gy. Furthermore, when fully hydrated
S. caninervis plants were subjected to the same gamma radiation treatments
(Figure S2A), they survived and regenerated, although at an LD50/16min of
�2,000 Gy; the regeneration rates and the number of newly generated branches
were lower than in plants in the dry state (Figures S2B–S2D).

Performance of S. caninervis under Mars-like conditions
To gain a deeper understanding of the survival status of S. caninervis under

more realistic combined stress conditions, we simulated the harsh environ-
mental conditions of Mars using the Planetary Atmospheres Simulation Facility
(PASF) operated by the Reliability and Environment Test Center of the National
Space Science Center, Chinese Academy of Sciences (Figures 5A–5C; Table 1).
The S. caninervis plants survived under simulated Martian conditions (Figures
5D–5F). The untreated plants had 0.86 ± 0.18 regenerated branches after
3 days of cultivation, and no new branches were found in treated plants after
3 days of recovery. The number of regenerated newbranches in untreated plants
reached its maximum (3.13 ± 0.25) after 30 days of cultivation, whereas the
maximum number of new branches in plants that were treated for 1, 2, 3, and
7 days and allowed to recover for 30 days was 2.00 ± 0.25, 2.07 ± 0.23,

Figure 2. Phenotypic changes and physiological responses of S. caninervis plants during the D-R process (A) Phenotypic changes in S. caninervis crust during dehydration and
subsequent rehydration. (B) Phenotypic changes in individual S. caninervis plants during dehydration (D) and rehydration (R). (C–E) Relative water content (RWC), optimal photo-
chemical efficiency of photosystem II (Fv/Fm), and changes in leaf angle of individual S. caninervis. Dry S. caninervis samples were fully hydrated with ultrapure water for 24 h and air
dried in the laboratory (�30% relative humidity, 20�C–22�C) for dehydration treatment. Completely dry mosses were then watered to saturation for rehydration. At each treatment
time point, a video camera was used to record phenotypes and provide leaf angle measurements, and samples were collected to measure the RWC and Fv/Fm. Data are presented as
means ± SEM, three biological replicates, n = 100 individual plants. Scale bars: 1 mm. Asterisks indicate significant differences from the control group (*p < 0.05,
**p < 0.01, ***p < 0.001).
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1.82 ± 0.12, and 1.42 ± 0.10, respectively (Figure 5E). The regeneration rate of
untreated plants reached 50% after 3 days of cultivation and 100% after
15 days, whereas dry plants treated for 1, 2, 3, and 7 days required 30 days of
recovery to reach a 100% regeneration rate (Figure 5F). When we subjected fully
hydrated S. caninervis plants toMars-like conditions for 1 day, the plants also sur-
vived and regenerated branches, although the number of branches and regener-
ation rate sharply decreased compared to those of dry plants (Figure S3).

DISCUSSION
S. caninervis resists various harsh conditions

S. caninervis is well known for its extraordinary desiccation tolerance
(often known as “drying without dying”)38,39; the plants can lose more than
98% of their water and recover very rapidly after rehydration, in only seconds
(Figure 2). This species is often used as a model moss to study plant desic-
cation tolerance. Previous studies using S. caninervis have focused on
morphological and physiological adaptations, molecular mechanisms, and
the mining of excellent stress tolerance genes.40–44 In this study, we deter-
mined that S. caninervis also has remarkable freezing resistance, retaining
its regenerative ability after being preserved at �80�C for at least 5 years

or stored in liquid nitrogen for 1 month (Figure 3). Moreover, S. caninervis
showed superior resistance to gamma radiation, particularly when desic-
cated, with an LD50/1h of �5,000 Gy (Figure 4). The LD50 for humans is
approximately 2.5–4.5 Gy, with severe convulsions and death occurring at
around 50 Gy.45 Most plants can endure radiation levels no higher than
1,000 Gy.46,47 Tardigrades (water bears) are well known for their remarkable
radiation tolerance, surviving up to LD50/48h of �4,200 Gy of irradiation.45,48

Although 500 Gy of gamma radiation is a high dose for most plants,46,47 in
S. caninervis, this treatment promoted the regeneration of new branches
compared to nonirradiated control plants. Overall, our results indicate that
S. caninervis is among the most radiation-tolerant organisms known.
Surprisingly, S. caninervis plants can survive and maintain regeneration ability

under simulated Mars conditions that expose them simultaneously to several
key stresses: extremely low temperatures, low oxygen (95% CO2), desiccation,
and UV radiation. Specifically, we exposed whole S. caninervis plants to
simulated Mars conditions with UV radiation for 7 days and demonstrated that
the plants could survive under these conditions and regenerate branches after
15 days of recovery. Various bacteria,11,12 microscopic fungi,9,10,13 cyanobacte-
ria, and lichens also have a notable tolerance for the simulated Martian

Figure 3. Assays to determine the tolerance of S. caninervis to extremely low temperatures (A) Overview of the experimental design for the low-temperature assays. Dry S. caninervis
plants were exposed to�80�C (in an ultra-low-temperature freezer) for 3 or 5 years or to�196�C (in a liquid nitrogen tank) for 15 or 30 days. Subsequently, the plants were transferred
to sterilized sand for recovery under a 16 h light/8 h dark cycle at a day/night temperature of 20�C/8�C. The plants were watered every 3 days. (B) Morphological changes during the
recovery period after treatment at �80�C for 3 or 5 years. Red arrowheads indicate regenerated branches. (C and D) Number of regenerated branches on single plants
(C) and regeneration rates (D) after treatment at�80�C for 3 or 5 years. (E) Morphological changes during the recovery period after treatment at�196�C for 15 or 30 days. Red arrows
show regenerated branches. (F and G) Number of regenerated branches on single plants (F) and regeneration rates (G) after treatment at �196�C for 15 or 30 days. Data are
presented as means ± SEM (three biological replicates, n = 100 individual plants). Scale bars: 1 mm. Asterisks indicate significant differences from the control group (*p < 0.05,
**p < 0.01, ***p < 0.001).
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environment.8,14,16,49 Although green plants have been poorly studied from
an astrobiological perspective, a previous study demonstrated that Funaria
hygrometrica spores and desiccated gametophytes of Tortella squarrosa
(=Pleurochaete squarrosa) could withstand simulated Mars conditions for up
to 2 h.50 The current results demonstrate that the moss S. caninervis is a prom-
ising candidate for use in space exploration.

Possible mechanisms for the extraordinary tolerance of S. caninervis
plants

Mosses are believed to havebeen thefirst embryophyte to colonize the landon
Earth. These diminutive pioneer plants have evolved innate resistance to drought,
UV radiation, and temperature fluctuations that have enabled them to adapt
remarkably well to harsh aquatic-terrestrial transition zones. S. caninervis, a
typical stress-tolerant moss, exhibits an exceptional suite of traits that allow it

to grow well in extremely harsh conditions, such as those found in desert and
polar regions.30 The remarkable multiple-stress tolerance of this moss arises
from the intricate interplay of morphological, physiological, and molecular
adaptations.30,40–44

Unique morphological features of S. caninervis, such as twisted leaves,
conserve water by minimizing surface area and reducing transpiration, and the
awns provide efficient photoprotection from intense UV radiation, extreme tem-
peratures, and water loss.32 Meanwhile, the cell wall, cell membrane, and chloro-
plast and its membrane structure remain intact even in a completely dehydrated
state.51,52 At the physiological andmetabolic levels, S. caninervis enters a state of
selective metabolic dormancy under stress conditions, strategically preserving
keymetabolites.31,53 For example, S. caninervis plants maintain high levels of su-
crose and maltose following stress; these sugars serve as osmotic agents and
protectants that help preserve and stabilize cellular architecture. Subsequently,

Figure 4. Effects of gamma irradiation on the survival and regeneration of S. caninervis plants (A) Schematic of the gamma irradiation experiment. Dry S. caninervis samples were
exposed to total doses of 500–16,000 Gy using a Nordion C-188 gamma irradiator with a cylindrical source providing a concentric dose field at a dose rate of 200 rad (Si)/s. Following
irradiation, the samples were rehydrated and transferred to sand for recovery and cultivation (16 h light/8 h dark, day/night temperatures of 20�C/8�C). (B) Representative images
showing the phenotypic effects of gamma irradiation during recovery. Red arrowheads indicate regenerated branches. (C) Number of regenerated branches on single branches at 0, 3,
7, 14, 30, and 60 days of recovery. (D) Regeneration rates of irradiated samples. (E) Survival rates 60 days after exposure to 0, 500, 1,000, 2,000, 4,000, 8,000, or 16,000 Gy of gamma
radiation. Data are presented asmeans ± SEM (three biological replicates, n = 100 individual plants). Scale bar: 1 mm. Asterisks indicate significant differences from the control group
(0 Gy) (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 5. Tolerance assays in aMars-like experimental chamber (A) General view of the Planetary Atmospheres Simulation Facility (PASF). CO2, N2, Ar, and O2 can be supplied to the
auxiliary chamber (AC) in specific proportions, and gas mixtures can be injected into the vacuum chamber during the experiment. The UV radiation from a 500-W mercury lamp is
focused onto the glass filter and passed through a quartz glass window into the vacuum chamber. (B) The inside of the experimental chamber showing the sample holders on the
plate. For low-temperature treatments, the PASF was configured with a cold plate (CP) programmed by an external controller. The inset shows how samples were exposed to UV

(legend continued on next page)
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the sugars provide the energy needed for rapid recovery upon relief fromstressful
conditions.53 Additionally, S. caninervis plants possess a strong ability to scav-
enge reactive oxygen species following stress by accumulating high levels of
catalase, glutathione S-transferase, and peroxidase.54 The remarkable molecular
regulatory mechanisms underlying this multi-stress resilience involve the expan-
sion of stress-related late embryogenesis abundant and catalase genes and
the tandem duplication of S. caninervis genes encoding photoprotective early
light-induced proteins.41 These regulatorymechanisms also involve the selective
upregulation of genes and proteins involved in critical stress response-related
processes such as photosynthesis, protein stabilization, antioxidant defense,
and cellular repair pathways.43,53 Therefore, the multi-layered tolerance of
S. caninervis plants to extreme stress conditions provides constitutive cellular
protection under stressful conditions and enables rapid cellular repair and the re-
covery of physiological activity when conditions suitable for growth arise.

Extremotolerant S. caninervis is a potential pioneer species for the
extraterrestrial environment

Our findings provide key evidence for the extreme stress tolerance of
S. caninervis; it can survive and retain viability in various harsh conditions and
extreme Mars-like conditions in both the dry and hydrated states. Therefore,
S. caninervis represents a promising candidate as a colonist to facilitate terra-
forming efforts on Mars or other planets. This is not only because S. caninervis
is a land plant with extreme multiple stress tolerance but also because it could
serve as a pioneer species and the basis for the establishment andmaintenance
of the ecosystem by contributing to oxygen production, carbon sequestration,
and soil fertility.30,31 Thus, S. caninervis can help drive the atmospheric, geolog-
ical, and ecological processes required for other higher plants and animals while
facilitating the creation of new habitable environments conducive to long-term
human settlement.20,23,25,30 Additionally, the superior stress tolerance of this
moss couldbe leveraged in genetic efforts to engineer robust crop plants resilient
to drought, freezing, radiation, and other extreme conditions. This will increase
the ability of plants to cope with environmental changes on Earth while
advancing terraforming initiatives in places such as Mars.

The exploration of outer space, including Mars, is critical for the future of hu-
manity. Since the 1960s, multiple missions to Mars have been conducted by
several countries to study the geology,mineralogy, soil, water, and ice distribution
on Mars and the space environment around Mars, advancing our knowledge of
the red planet to an unprecedented level.4,7,55–57 Although there is still a longway
to go to create self-sufficient habitats on other planets, we demonstrated the
great potential of S. caninervis, a model moss plant, as a pioneer plant for growth
on Mars. Looking to the future, we expect that this promising moss could be
brought to Mars or the Moon to further test the possibility of plant colonization
and growth in outer space. This challenge will require the collective efforts of
scientists in a variety of disciplines, along with the integration of advanced tech-
nologies, transdisciplinary collaboration, and international cooperation.

MATERIALS AND METHODS
Plant materials and culture

S. caninervis plants were collected from the Gurbantunggut Desert of the Xinjiang Uygur

Autonomous Region of China (44�3203000 N, 88�604200 E). Wild S. caninervis plants were

placed in Petri dishes and stored in the laboratory. The plants were cultured on sterilized

sand collected from the desert and grown under a 16-h/8-h light/dark cycle (approximately

100 mmol m�2 s�1 light) at 50% relative humidity and day/night temperatures of 20�C/8�C.
The plants were watered with ultrapure water every 3 days. Photographs of the samples

were taken under an Olympus SZX10 stereomicroscope at a fixed distance and angle.

Dehydration and rehydration treatments
Dry wild S. caninervis plants were fully hydrated with ultrapure water for 24 h. Subse-

quently, the samples were air dried in the laboratory (�30% relative humidity, 20�C to

22�C, 100 mmol m�2 s�1 light).43 At each time point during the dehydration-rehydration

(D-R) process, the RWC, Fv/Fm (optimal/maximal photochemical efficiency of photosystem

II), and leaf angles of S. caninervis plants were measured. Images of plants were continually

recorded with a video camera to document their phenotypes. RWC curves were produced

using the formula RWC% = (Wf–Wd)/(Wt–Wd)3 100, whereWf indicates the fresh weight

measured at every time point during the D-R process,Wd indicates the weight measured af-

ter drying for 48 h at 80�C, andWt indicates the saturated fresh weight of samples.43 Plants

were placed in the dark for at least 30min, and Fv/Fm values were measured by the satura-

tion pulse method using a portable modulated fluorometer (PAM-2500; Heinz Walz, Ger-

many). The parameter settings were established based on guidelines provided in a previous

study.31 Leaf angles were measured using ImageJ software and recorded as the angle be-

tween the horizontal and the leaf axis.58 Three replicates with 100 plants per replicate were

used for each treatment.

Extremely-low-temperature treatments
Both completely dry (RWC 0–2%) and fully hydrated (RWC 100%) S. caninervis plants

were wrapped in aluminum foil and exposed directly to either�80�C in an ultra-low-temper-

ature freezer for 3 or 5 years or�196�C in a bucket in a liquid nitrogen storage tank for 15 or

30 days. For recovery, the plants were transferred to sterilized sand and cultured under

normal conditions. Plants not exposed to extremely low temperatures served as controls.

Photographs were taken after 0, 5, 10, 15, 20, 30, and 60 days of recovery to document

growth and development. Newly regenerated branches were defined as branches produced

during the time of recovery with diameters greater than 0.1 mm.59 The regeneration rate

(percent) was determined as the number of S. caninervis plants with regenerated branches

divided by the total number ofS. caninervis plants observed. Three replicateswith 100 plants

per replicate were used for each treatment.

Gamma irradiation treatment
The gamma irradiation treatments were performed using a Nordion C-188 gamma irra-

diator (Nordion, Canada) with an average gamma energy of 1.25 MeV. The irradiator was

equippedwith a cylindrical source rod, providing a concentric circular/fan-shaped dose field.

The dose rate ranged from0.00015 to 1.0 rad (Si)/s for the environmental range and from1

to 385 rad (Si)/s for the laboratory range. The dose rate usedwas 200 rad (Si)/s. Completely

dry (0–2% RWC) and fully hydrated (100% RWC) S. caninervis samples were exposed to six

different doses of total gamma radiation: 500, 1,000, 2,000, 4,000, 8,000, and 16,000Gy. The

irradiationwas carried out at room temperature, and themoss samples were placed in Petri

dishes during treatment. Control samples were handled identically but were not exposed to

gamma radiation. After gamma irradiation, the S. caninervis samples were fully rehydrated

andculturedonsterile sand. The recovery and regenerationof themossgametophyteswere

monitored at 3, 7, 14, 30, and 60 days after irradiation. At each time point, photographs were

taken to document the growth and development of the moss. The newly regenerated

branches were counted.59 Additionally, the LD50 for the irradiation of S. caninervis after

60 days of recovery was determined by quantifying the percentage of surviving plants

compared to the nonirradiated control plants The LD50 value was estimated by interpolating

the radiation intensity andsurvival rate datausing the interp1d function fromthe scipy library

in Python (3.10.13). Three replicates with 100 plants each were conducted for each

treatment.

Mars simulation assay
The Mars simulation experiment was conducted at the PASF operated by the Reliability

and Environment Test Center of the National Space Science Center, Chinese Academy of

Sciences. The PASF can simulate the characteristics of a variety of planetary surface atmo-

spheres, including pressure, temperature, and irradiation. The simulation chamber at the

PASF is a cylindrical vacuum chamber with internal dimensions of 1.2-m length and

1.0-m diameter. The chamber can reproduce a range of planetary surface conditions,

including pressure (13 10�3 to13 105Pa) andgas composition (up to five different gases).

In this study, temperature control was achieved using a cold plate that was fully program-

mable to provide temperatures of�60�C to +100�C. Amodulated X-ray tube and high-pres-

sure mercury lamp were used to simulate high-irradiation environments. In addition, the

PASF is equippedwith a Pirani-Penning combined sensor, a capacitance gauge, and a resid-

ual gas analyzer (model e-Vision2, MKS, USA) to monitor pressure and gas composition. In

this experiment, the PASF was used to simulate the atmospheric pressure and gas compo-

sition of Mars, along with diurnal temperature changes and UV irradiation. The device pa-

rameters are provided in Table 1. Completely dry (0–2% RWC) S. caninervis plants were

placed in the PASF on a cold plate and treated for 1, 2, 3, and 7 days, and fully hydrated

(100% RWC) S. caninervis plants were treated for 1 day. Control samples were handled

radiation via a reflector. (C) Mars-like environmental profile showing the temperature, CO2 content, and atmospheric pressure in the experimental chamber. (D) Morphological
observation during the recovery period (16 h light/8 h dark, day/night temperatures of 20�C/8�C) after 1, 2, 3, and 7 days of treatment with simulated Martian conditions. Red ar-
rowheads show regenerated branches. (E and F) Number of regenerated branches on single plants (E) and regeneration rates (F) after treatment. Data are presented asmeans ± SEM
(three biological replicates, n = 100 individual plants). Scale bar: 1 mm. Asterisks indicate significant differences from the control group (*p < 0.05, **p < 0.01, ***p < 0.001).
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identically except that they were not exposed to Mars-like conditions. For recovery, the

plants were rehydrated and transferred to sterilized sand for culture under normal condi-

tions. Photographs were taken after 0, 3, 7, 15, 20, 30, and 60 days of recovery culture to

document the growth and development of the moss. Three replicates with 100 plants

each were used for each treatment.

Statistical analysis
All data are presented as means ± standard error of the mean (SEM) with n = 100 sam-

ples per group. All statistical analyses were conducted using GraphPad Prism software

(v.9.0) with one-way ANOVA followed by Dunnett’s multiple-comparisons test. Differences

were considered statistically significant at *p< 0.05, **p< 0.01, and ***p< 0.001. All figures

were generated using GraphPad Prism 9 and Adobe Illustrator CS6 software.
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