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Abstract 

Desert plants have evolved remarkable adaptations to survive in arid environments, where water scarcity and extreme 

temperatures pose significant challenges to life. The desert moss Syntrichia caninervis stands out as an exemplary 

model of extreme desiccation tolerance (DT), offering invaluable insights into plant adaptation to water deficit. This 

study presents a comprehensive multi-omics analysis of S. caninervis during controlled dehydration and rehydration 

process, integrating transcriptomic, proteomic, and metabolomic data to elucidate the molecular mechanisms under-

lying its remarkable resilience. Our findings reveal a sophisticated, multilayered response characterized by extensive 

transcriptional reprogramming (3,153 differentially expressed genes), dynamic proteome remodeling (873 differ-

entially expressed proteins), and strategic metabolic reconfiguration (185 differentially abundant metabolites). Key 

adaptations include the coordinated downregulation of photosynthetic processes, upregulation of stress-responsive 

genes and proteins, accumulation of protective metabolites, and enhancement of antioxidant systems. Notably, 

we observed significant temporal asynchrony between transcript and protein levels, underscoring the complex-

ity of post-transcriptional regulation in stress responses. The core mechanisms of S. caninervis DT comprises cel-

lular protection and metabolic dormancy during dehydration, followed by efficient repair and recovery processes 

upon rehydration. These findings not only advance our understanding of plant evolution and adaptation to extreme 

environments but also identify potential targets for enhancing drought tolerance in crops and exploring plant survival 

under extreme environment. By deciphering the molecular basis of extreme DT, this research opens new avenues 

for addressing agricultural challenges in water-limited environments and expands our knowledge of plant life’s adapt-

ability to harsh terrestrial.
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Introduction
Earth’s arid zones, covering approximately 41% of the 

global land surface, represent some of the most extreme 

environments on our planet and are at the forefront of 

climate change impacts (Pravalie et al. 2016; Huang et al. 

2017). �ese regions, characterized by extreme tem-

perature fluctuations, intense solar radiation, and severe 

water scarcity, serve as natural laboratories for studying 

the limits of life and plant adaptations to environmental 
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stress. As climate change accelerates, understanding 

the mechanisms of extreme stress tolerance in desert-

adapted organisms becomes increasingly crucial, not 

only for ecological insights but also for addressing future 

challenges in agriculture, conservation, and even space 

exploration (Mohanta et al. 2024). �e study of extrem-

ophiles in these harsh environments provides a window 

into the remarkable adaptability of life and offers valuable 

lessons for surviving in a changing world.

Biological soil crusts (BSCs) cover 12% of Earth’s ter-

restrial surface, playing a crucial role in arid ecosys-

tems (Rodriguez-Caballero et al. 2018). BSCs contribute 

approximately 7% of terrestrial net primary production 

and about 50% of biological nitrogen fixation (Elbert 

et  al. 2012). In arid regions, biocrusts dominate, pro-

viding soil stabilization, water retention, and nutrient 

cycling. �e deser tmoss Syntrichia caninervis, dominant 

species of BSC abundant in the Gurbantunggut Desert 

of China, exemplifies extreme stress adaptation in these 

environments (Stark et al. 2005; Zhang et al. 2005; Zhang 

et al. 2006; Pan et al. 2016; Zhang et al. 2020; Coe. et al. 

2021; Yang et al. 2023a, b; Li et al. 2024). �is remarkable 

moss possesses an extraordinary capacity for desiccation 

tolerance (DT) (Oliver, et  al. 2020; Farrant et  al. 2021; 

Marks et  al. 2024), surviving the loss of over 95% of its 

cellular water content and recovering full physiological 

function within seconds of rehydration (Li et al. 2024). S. 

caninervis has shown remarkable resilience to a variety 

of extreme environmental stresses (ultra-low tempera-

tures, and high levels of gamma radiation) (Li et al. 2024; 

Pan and Lin. 2024). Moreover, S. caninervis has shown 

the ability to survive and maintain vitality under simu-

lated Mars conditions (Li et al. 2024; Pan and Lin. 2024). 

Such extreme resilience makes S. caninervis an ideal 

model species for studying the limits of plant survival 

and the molecular mechanisms underlying stress adap-

tation. �is concentration in an area of extreme aridity 

not only underscores the species’ecological importance 

but also positions it as a critical subject for understand-

ing plant responses to global aridification trends. As cli-

mate change expands arid zones worldwide, the adaptive 

strategies of S. caninervis could provide crucial insights 

for predicting and mitigating the impacts on both natural 

ecosystems and agricultural systems.

Despite significant advances in our understanding of 

desiccation tolerance, critical gaps remain in our knowl-

edge of the integrated cellular responses that enable sur-

vival under extreme water stress. Previous research on 

S. caninervis and other desiccation-tolerant plants has 

largely focused on individual molecular levels (Silva et al. 

2021; Gao et al. 2024; Yang et al. 2023a, 2023b). �is frag-

mented approach has limited our ability to comprehend 

the complex interplay between gene expression, protein 

abundance, and metabolite profiles during rapid dehy-

dration and rehydration cycles. �e lack of a compre-

hensive, systems-level analysis has left many questions 

unanswered: How do transcriptional changes correlate 

with protein abundance and metabolite production? 

What are the key regulatory hubs coordinating the des-

iccation response? How does S. caninervis achieve such 

rapid physiological recovery upon rehydration? Address-

ing these questions requires a novel, integrated approach 

that can capture the dynamic and multifaceted nature of 

extreme stress tolerance.

�is study presents a multi-omics analysis of S. canin-

ervis during controlled dehydration and rehydration, 

integrating transcriptomic, proteomic, and metabo-

lomic data to elucidate the molecular basis of its remark-

able resilience. By data integration methods, we aim to 

uncover the most critical pathways, genes, and strate-

gies employed by S. caninervis in achieving extreme DT. 

�is integrated approach has the potential to reveal novel 

insights into the coordinated cellular responses that ena-

ble survival under extreme water stress, potentially iden-

tifying key regulatory hubs and previously unrecognized 

protective mechanisms. Such findings could significantly 

deepen our theoretical understanding of plant DT and 

expand the practical applications of these adaptive strate-

gies. �e knowledge gained from this study may inform 

the development of innovative approaches to enhance 

crop resilience in water-limited environments, guide con-

servation efforts in the face of climate change, and even 

contribute to the design of bio-inspired solutions for 

space exploration and extraterrestrial colonization.

Results
Natural habitat of S. caninervis and physiological changes 

during dehydration-rehydration treatment

S. caninervis is widely distributed in the Gurbantunggut 

Desert in Xinjiang, China, which is characterized by large 

temperature fluctuations between day and night, as well 

as between seasons, and dry air conditions (Fig. 1A). In 

this harsh environment, S. caninervis remains in a com-

pletely dehydrated state for extended periods (Fig.  1B). 

However, upon rehydration, the moss quickly expands 

and recovers (Fig. 1C, D). To investigate the dehydration-

rehydration (D-R) process of S. caninervis, a slow drying 

experiment was conducted. �e results showed that the 

relative water content (RWC) (Fig. 1E) and optimal pho-

tochemical efficiency of photosystem II (Fv/Fm) (Fig. 1F) 

decreased with increasing dehydration time, approach-

ing zero as the plant neared complete desiccation. Con-

versely, the malondialdehyde (MDA) content increased 

during dehydration, reaching a Maximum value of 145.52 

± 16.66 nmol  g−1 DW at complete drying. Remarkably, 

after just 0.5 h of rehydration, the RWC and Fv/Fm values 
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of S. caninervis recovered to 83% and 90% (0.57 ± 0.02), 

respectively. After 12 h of rehydration, both RWC and 

Fv/Fm had fully recovered, accompanied by a decrease in 

MDA content to 39.95 ± 7.12 nmol  g−1 DW (Fig. 1G). �e 

results highlight that the adaptation of this moss species 

to dry desert conditions comes from tolerance to dehy-

dration and repair and recovery after rehydration.

Transcriptome pro�les of the dehydration and rehydration

�e de novo transcriptome assembly of S. caninervis was 

conducted to generate a reference for high-throughput 

gene expression analysis and protein identification. �e 

transcriptome encompasses a total of 12,548 transcripts 

(Supplementary Material 1: Table S2). To validate the RNA-

Seq data, real-time quantitative reverse transcription PCR 

Fig. 1 Habitat characteristics and physiological responses of S. caninervis during dehydration-rehydration (D-R) process. A. Representative 

landscape of the Gurbantunggut Desert (44°32′30"N, 88°6′42"E), Xinjiang, China, the natural habitat of S. caninervis. B. Desiccated S. caninervis 

crust. C. Hydrated S. caninervis crust. D. Phenotypic changes in individual S. caninervis plants during dehydration. E. Relative water content. F. 

Optimal photochemical efficiency of photosystem II value. G. MDA content. Dry S. caninervis samples were fully hydrated with ultrapure water 

for 24 h and air-dried in the laboratory (~ 30% relative humidity, 20–22 ℃) for dehydration treatment. Completely dry mosses were then watered 

to saturation for rehydration. Data are presented as means ± SEM, three biological replicates, n = 100 individual plants. Scale bars: 1 mm. Different 

lowercase letters indicate significant differences among treatments based on ANOVA followed by the Least Significant Difference test at p < 0.05
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(qRT-PCR) analysis was performed on ten genes involved 

in the D-R process. �e gene expression levels deter-

mined by qRT-PCR showed a strong correlation with those 

obtained from RNA-Seq (Fig. S1). Principal component 

analysis (PCA) of the RNA-Seq data revealed differences in 

the overall gene expression profiles among various samples. 

Samples D1, D2, and R1, R2 were distinctly separated from 

WS, based on the first principal component (PC1), which 

accounts for 28.2% of the variance, and the second princi-

pal component (PC2), accounting for 25.9% of the variance. 

�e clustering of WS and R1, R2 suggests that, at least at 

the transcriptional level, the plants recovered from desic-

cation and resumed most physiological processes within 

24 h of rehydration; however, there were still some differ-

ences between WS and R2 (Fig. 2A). During dehydration, 

a significant difference in gene expression was observed, 

with 1907 differentially expressed genes (DEGs) in D1 

compared to WS and 3153 DEGs in D2 versus WS, with 

968 genes commonly showing differential expression. �e 

rehydration process also exhibited notable changes, with 

1375 DEGs detected in R1 relative to D2 and 2690 DEGs 

in R2 compared to D2, where 629 genes overlapped. �ese 

findings indicate that complete dehydration induced the 

most substantial alterations in gene expression (Fig.  2B, 

C  and D). �e application of machine learning-based 

analysis (GENIE3) to transcription factors-genes interac-

tions revealed a complex regulatory network underlying 

gene expression during the D-R process in S. caninervis 

(Supplementary Material 1: Fig. S2). �is network analysis 

identified several key transcription factor families play-

ing pivotal roles in modulating D-R process genes. Nota-

bly, the network highlighted the prominence of AP2/ERF 

domain-containing factors, WRKY family transcription 

factors (particularly WRKY12), B3 domain-containing fac-

tors, bHLH (basic helix-loop-helix) transcription factors, 

and members of the HSF (Heat Shock Factor) family. Addi-

tional significant regulators included ARF (Auxin Response 

Factors), LFY (LEAFY), and C2H2 zinc finger proteins. �e 

network structure revealed extensive branching and inter-

connections among these transcription factors and their 

target genes, indicating a high degree of regulatory com-

plexity (Supplementary Material 1: Table S3).

During the D-R process, a notable upregulation of GO 

terms related to transcription factor activity, particu-

larly RNA polymerase II transcription factor binding, 

was observed. �is suggests an acute activation of gene 

expression critical for initiating adaptive responses and 

ensuring survival under stress. Concomitantly, photo-

synthesis-associated processes, including photosystem 

II, photosynthetic membrane, and chloroplast func-

tions, were significantly downregulated during dehydra-

tion, indicating a shutdown of energy processes under 

desiccation conditions. Remarkably, these processes 

demonstrated partial recovery during the R2 phase, high-

lighting the resilience and adaptive recovery capabilities 

of the S. caninervis (Fig.  2E). Protein phosphorylation 

pathways also showed substantial modulation, suggesting 

key roles in altering protein function and signaling path-

ways essential for stress adaptation and recovery. Fur-

thermore, nitrogen compound metabolism was actively 

regulated during both D2 and R1, emphasizing the plant’s 

strategic management of nitrogen resources. Changes in 

lipid transport processes were particularly pronounced 

during dehydration, reflecting adjustments in membrane 

composition and the synthesis of protective compounds 

to mitigate water loss. Additionally, oxidoreductase activ-

ity was significantly enhanced, underscoring its role in 

maintaining redox homeostasis and managing oxidative 

stress during these challenging phases (Fig.  2E). From 

the KEGG pathway analysis, the degradation pathways of 

valine, leucine, and isoleucine were highly active during 

dehydration, highlighting the catabolism of branched-

chain amino acids as a crucial adaptive strategy for energy 

generation and osmotic balance. Glutathione metabolism 

remained active throughout both D-R process, playing 

a pivotal role in detoxifying reactive oxygen species and 

protecting cellular integrity. During rehydration, there 

was a marked activation of ribosome biogenesis and pro-

tein processing in the endoplasmic reticulum, crucial for 

resuming normal protein synthesis and cellular func-

tions. �e synthesis pathways for cutin, suberine, and 

wax, as well as carotenoid biosynthesis, were also notably 

active, contributing to cellular protection and antioxidant 

defense during dehydration (Fig. 2F). �is comprehensive 

molecular analysis elucidates the complex biological pro-

cesses and pathways S. caninervis employs to navigate the 

challenges of D-R process. �ese findings highlight the S. 

caninervis robust adaptive strategies, which include tran-

scriptional regulation, metabolic adjustments, and the 

restoration of cellular and metabolic functions.

Proteome pro�les of the dehydration and rehydration

�e proteome analysis provides crucial insights into the 

molecular adaptations of S. caninervis to the D-R pro-

cess typical in desiccation environments. �is PCA plot 

depicts the distinct proteomic profiles among different 

sample groups, the variability captured by PC1 (36.9%) 

and PC2 (16.4%) underscores significant shifts in the 

proteome due to the D-R process responses (Fig.  3A). 

�is relative standard deviation (RSD) demonstrates the 

variability within proteomic data groups, indicating tight 

reproducibility within some groups and higher variabil-

ity in others, which reflect differential protein expression 

stability across different stress conditions (Fig.  3B). �e 

COG/KOG domain category boasts the highest number 

of identified proteins, with a total count of 3,469. �e 
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KEGG classification encompasses 2,741 proteins, while 

the GO category accounts for 2,031 proteins (Fig.  3C) 

(Supplementary Material 1: Table  S4). Examination of 

differentially expressed proteins (DEPs) during D1 vs WS 

revealed substantial changes in the proteome. A total of 

300 DEPs were identified, with 215 upregulated and 85 

Fig. 2 Transcriptome analysis of S. caninervis during D-R process. A. Principal Component Analysis (PCA) of RNA-Seq data. B. Analysis of the number 

of DEGs. C, D. Venn diagrams showing the number of DEGs. E. GO analysis of DEGs. Color intensity represents -log10(p-value) of enrichment. F. KEGG 

analysis of DEGs. Dot size indicates the number of DEGs in each pathway, while color represents the adjusted p-value
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downregulated proteins. Notably, several stress-respon-

sive proteins, such as heat shock proteins, were markedly 

upregulated (Fig. 3D). As D2 vs WS, the number of DEPs 

increased dramatically to 873, with 563 upregulated and 

310 downregulated proteins (Fig. 3E, F). �is substantial 

increase in DEPs suggests a more pronounced reprogram-

ming of the proteome as the severity of dehydration stress 

intensified. �e overlap of 199 DEPs between D1 and D2 

timepoints indicates a core set of proteins consistently 

modulated throughout the dehydration process. During 

the R1 vs D2, 406 DEPs were identified, with 153 upregu-

lated and 81 downregulated proteins (Fig. 3G, I). �is shift 

in protein expression reflects the initiation of recovery 

processes and the reactivation of metabolic functions sup-

pressed during dehydration. �is shift in protein expres-

sion reflects the initiation of recovery processes and the 

Fig. 3 Proteome analysis of S. caninervis during D-R process. A. PCA of proteomics data. B. RSD of protein abundance across different treatment 

groups. D-F. DEPs analysis and Venn analysis during the dehydration stage. G-I. DEPs analysis and Venn analysis during the rehydration stage
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reactivation of metabolic functions suppressed during 

dehydration. Interestingly, several proteins involved in 

protein synthesis and energy metabolism showed upreg-

ulation, suggesting a rapid resumption of these essential 

cellular processes upon rehydration. �e R2 vs D2 exhib-

ited the most substantial proteome reorganization, with 

738 DEPs identified (290 upregulated, 448 downregu-

lated) (Fig. 3H, I). Notably, Many photosynthesis-related 

proteins showed significant upregulation during this 

phase, indicating a robust recovery of the photosynthetic. 

�e overlap of 259 DEPs between R1 and R2 timepoints 

suggests a continuum of protein expression changes 

throughout the rehydration process. However, the larger 

number of unique DEPs at R2 compared to R1 indicates 

that the later stages of rehydration involve more exten-

sive proteome remodeling, related to the full restoration 

of cellular functions and repair of desiccation-induced 

damage. In summary, the proteomic analysis reveals a 

dynamic and highly coordinated response of D-R process. 

�e data highlight the plasticity of the proteome, demon-

strating its ability to rapidly modulate protein expression 

to cope with extreme water loss and to efficiently recover 

upon rehydration.

GO enrichment analysis of DEPs during the D-R pro-

cess. A significant upregulation in genes involved in 

stress-related processes such as response to heat, oxida-

tive stress, and temperature stimulus was observed, espe-

cially during D1 and R2. �is indicates a robust activation 

of protective mechanisms against abiotic stress (Fig. 4A). 

In contrast, processes related to photosynthesis and chlo-

roplast integrity were downregulated during D2, under-

scoring a metabolic shift towards conservation of energy 

and resources under stress conditions. �ere is a nota-

ble downregulation in genes related to photosystem II, 

chloroplast stroma, and light harvesting in photosynthe-

sis. �ese processes are particularly reduced during the 

D2, reflecting a strategic reduction in energy metabolic 

activities to conserve resources in response to prolonged 

water deficit (Fig.  4A). �e proteins involved in protein 

processing in the endoplasmic reticulum and protea-

some complex exhibit varied expression patterns, with an 

initial decrease followed by a later increase during rehy-

dration (Fig. 4A). �is suggests a recalibration of protein 

synthesis and degradation mechanisms to adapt to and 

recover from dehydration stress. Upregulation of pro-

teins involved in vacuolar membrane and endoplasmic 

reticulum tubular network indicates modifications in cell 

structure and compartmentalization, which are aimed at 

enhancing cellular resilience and maintaining homeosta-

sis during dehydration (Fig. 4A). Significant upregulation 

in pathways such as starch and sucrose metabolism and 

arginine and proline metabolism are observed, particu-

larly during the D1. �ese pathways are crucial for the 

synthesis of compatible solutes that act as osmoprotect-

ants, helping the cells retain water and maintain turgor 

pressure, which is essential under water deficit condi-

tions (Fig.  4B). �e downregulation of photosynthesis-

phenomena during dehydration indicates a strategic 

reduction in photosynthetic activity. �is reduction helps 

conserve energy and reduce water loss through transpi-

ration, demonstrating an adaptive response to minimize 

metabolic expenditure (Fig. 4B). Upregulation in biosyn-

thesis of unsaturated fatty acids and nitrogen metabolism 

points towards modifications in lipid compositions and 

nitrogen utilization. �ese changes are aimed at enhanc-

ing membrane fluidity and efficiency in nitrogen use. 

Upregulation in biosynthesis of unsaturated fatty acids 

and nitrogen metabolism points towards modifications 

in lipid compositions and nitrogen utilization. Path-

ways such as glutathione metabolism and beta-alanine 

metabolism exhibit increased activity, particularly during 

rehydration phases. �ese pathways are integral to detox-

ifying reactive oxygen species (ROS) and other harmful 

byproducts of stress, thereby protecting cellular compo-

nents from oxidative damage and aiding in the recovery 

process (Fig.  4B). Domains related to stress response 

like the heat shock proteins and alcohol dehydrogenase 

GroES-like domain showed an increase, particularly in 

D1, highlighting their roles in immediate stress mitiga-

tion (Fig. 4C). �ioredoxin (�iC)-associated domain in 

maintaining redox homeostasis and promoting recovery 

from oxidative damage and Glutathione S-transferase, 

C-terminal structural domain also showed significant 

up-regulation, especially in R1. �e subcellular localiza-

tion of DEPs, revealing that the most significant changes 

occurred in the cytoplasm, chloroplast, and mitochon-

dria. �is distribution suggests a widespread cellular 

reprogramming to adjust metabolic and energy processes 

in response to dehydration. Notably, the increase in mito-

chondrial and chloroplast proteins during rehydration 

indicates a recovery phase, where energy production and 

photosynthetic activities are resumed (Fig. 4C).

Variation in temporal dynamics of transcript and protein 

levels

Our integrative analysis of transcriptomic and proteomic 

data revealed distinct temporal dynamics and limited cor-

relation between transcript and protein levels during the 

D-R process in S. caninervis (Supplementary Material 1: 

Fig. S3 A and B). We delved into the correlation between 

mRNA and protein expression during the D-R process 

of S. caninervis. During the dehydration stage, the differ-

ence between mRNAs and proteins was very obvious, and 

the Venn diagram showed that only 118 DEGs and DEPs 

overlapped (Supplementary Material 1: Table  S5), and it 

was further found that the changes in mRNA and protein 
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levels presented a very low correlation during the D-R 

process (Supplementary Material 1: Fig. S3 A and B). In 

the rehydration phase, a similar pattern of low correlation 

is observed, with only 22 DEGs and DEPs overlapping 

(Supplementary Material 1: Fig. S3 C and D).

Figure  5A presents clustered heatmaps of transcrip-

tome and proteome data across five time points: WS, 

D1, D2, R1, and R2. �e transcriptome heatmap shows 

five distinct clusters (C1-C5) with varying expression 

patterns. �e proteome heatmap displays correspond-

ing protein abundance changes, revealing both simi-

larities and differences compared to the transcriptome 

patterns. Quantitative analysis of the clusters (Fig. 5B) 

(Supplementary Material 1: Table S6) revealed complex 

and divergent patterns between transcript and protein 

levels across the D-R process in S. caninervis. Cluster 

C1, associated with ATP hydrolysis, protein transla-

tion, and processing, as well as various metabolic pro-

cesses, showed a general decrease in transcript levels 

throughout the D-R process, while corresponding 

protein levels initially increased slightly before declin-

ing. In C2, enriched for oxidoreductase activity and 

photosystem II functions, transcripts peaked at D1, 

contrasting with protein levels that were lowest at D2 

and increased during rehydration. C3, sharing similar 

functional enrichments with C2, demonstrated ele-

vated transcript levels during D2 and R1, while pro-

tein abundance remained relatively stable with a slight 

Fig. 4 Enrichment analysis of DEPs in S. caninervis during the D-R process. A. GO functional enrichment of DEPs. KEGG functional enrichment 

of DEPs. C. Distribution of protein domains among DEPs. D. Predicted subcellular localization of DEPs. The size of the dots indicates the number 

of DEPs, and the color indicates the p-value
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increase at R1. C4, involved in oxidoreductase activity, 

glutathione metabolism, and ribosome-related pro-

cesses, exhibited highest transcript levels at D2 and 

R1, contrasting with protein levels that peaked at D2 

but decreased during rehydration. C5, predominantly 

associated with photosynthesis, nitrogen metabolism, 

and arginine biosynthesis, displayed increased tran-

script levels at R2, whereas protein abundance gradu-

ally increased throughout the D-R process, peaking at 

R2. �ese results highlight the complex relationship 

between transcript and protein levels during the D-R 

process in S. caninervis, with significant variations in 

Fig. 5 Integrative analysis of transcriptome and proteome of S. caninervis during the D-R process. A. Clustered heatmaps showing the expression 

patterns of transcripts (left) and their corresponding proteins (right) across five time points. Five distinct clusters (C1-C5) were identified based 

on expression patterns. Color scale represents z-score normalized expression values. B. Functional enrichment of clusters (C1-C5) in transcriptome 

and proteome. Clustering was performed using the Mfuzz algorithm implemented in the ClusterGVis R package. Transcript and protein abundance 

data were z-score normalized for standardization
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temporal dynamics across different functional catego-

ries. �e observed discrepancies in expression patterns 

between transcripts and proteins within functionally 

related clusters underscore the importance of post-

transcriptional regulation in modulating the plant’s 

response to desiccation stress and subsequent recovery.

Metabolite abundance dynamics during dehydration 

and rehydration

Our comprehensive metabolomic profiling of S. canin-

ervis, utilizing Liquid chromatography-mass spectrom-

etry, unveiled an intricate landscape of 912 metabolites 

spanning 93 distinct classes. PCA of samples from each 

treatment group revealed significant metabolic shifts 

throughout the D-R process, with PC1 accounting for 

21.7% of the total variance and clearly discriminating 

between extreme dehydration states (D2) and fully rehy-

drated samples (R2) (Fig. 6A). �e RSD of protein abun-

dance in S. caninervis under three distinct experimental 

conditions WS, D2, and R2 states (Fig.  6B). �is visu-

alization elucidates the variability in protein expression 

across diverse hydration conditions. While the median 

RSD values, denoted by horizontal Lines within each box, 

exhibit relative consistency at approximately 0.3 across 

all three conditions, notable disparities emerge in the 

distribution and spread of RSD values among the groups. 

�e metabolome exhibited a rich profile dominated by 

alkaloids (11.65%), phenols (10.68%), and flavonoids 

(10.68%), followed by fatty acyls and phenylpropanoids 

(3.88%), and amino acids and derivatives, coumarins, and 

triterpenoids (2.91%) (Fig. 6C). Notably, several metabo-

lites, including L-arginine, D-alpha-aminobutyric acid, 

p-octopamine, and various sugars (D-maltose, turanose, 

lactulose, and sucrose), maintained consistently high 

abundance throughout the D-R process (Supplementary 

Material 1: Table S7). To further elucidate the metabolic 

reprogramming, we employed orthogonal partial least 

squares discriminant analysis (OPLS-DA), which enabled 

the identification of 185 differentially abundant metabo-

lites (DAMs), representing 20% of all detected metabo-

lites, based on stringent criteria (variable importance in 

the projection [VIP] > 1 and P < 0.05) (Supplementary 

Material 1: Table S8).

�e heatmap displays z-score normalized abundances 

of metabolites across three key physiological states: WS, 

D2, and R2 (Fig. 6D). �e metabolites are hierarchically 

clustered into three main groups (C1, C2, and C3), each 

exhibiting distinct abundance patterns. C1 (n = 253) 

is characterized by metabolites that show the highest 

abundance during D2, with levels remaining elevated or 

partially increasing upon R2 compared to WS. �is clus-

ter is predominantly composed of alkaloids, flavonoids, 

and phenols, suggesting an important role for these 

compounds in desiccation tolerance and recovery. �e 

abundance trend implies these metabolites serve protec-

tive functions during extreme water stress and contribute 

to maintaining cellular activities upon rehydration. C2 (n 

= 370) exhibits a pattern where metabolite abundances 

are highest in the rehydrated state (R2), with lower lev-

els in both WS and D2 conditions. �is cluster is rich in 

alkaloids, flavonoids, and phenols, but also includes a sig-

nificant proportion of amino acids and derivatives, fatty 

acyls, and coumarins. �e increased abundance during 

rehydration suggests these metabolites play crucial roles 

in recovery processes and the restoration of normal cel-

lular functions. C3 (n = 289) displays a unique profile 

where metabolite abundances are highest in the water-

saturated state (WS), decreasing during D2, and showing 

partial recovery upon R2. �is cluster is primarily com-

posed of alkaloids, flavonoids, and phenols, similar to the 

other clusters, but also includes amino acids and deriva-

tives. �e pattern suggests these metabolites may be 

important for normal cellular functions under hydrated 

conditions and are differentially regulated during the 

dehydration-rehydration cycle. Notably, alkaloids, flavo-

noids, and phenols are consistently prominent across all 

clusters, underscoring their multifaceted roles in the D-R 

process. �e presence of amino acids and derivatives, 

particularly in C2 and C3, highlights the importance of 

nitrogen metabolism and protein turnover during water 

stress. In D2 vs WS (Fig.  6E), we observe a substantial 

metabolic shift as the moss transitions from a WS to D2. 

Notably, several metabolites show significant changes 

in abundance. Riboflavine and beta-mangostin exhibit 

marked increases  (log2 fold change > 2, p < 0.05), sug-

gesting a potential role in stress protection mechanisms. 

Bellendine and cysteinylglycine also show upregula-

tion, which indicate increased antioxidant activity and 

altered amino acid metabolism under desiccation stress. 

Conversely, cytosine, karanjin, and 6-aminocaproic acid 

display significant downregulation. 12-OPDA (12-oxo-

phytodienoic acid) shows a notable decrease, which imply 

alterations in jasmonic acid biosynthesis and signaling 

pathways under drought stress. In R2 vs D2 (Fig.  6F), 

Aromadendrin, 5’-deoxyadenosine, and cordycepin show 

substantial increases, indicating the activation of spe-

cific flavonoid biosynthesis and nucleotide salvage path-

ways during recovery. Karanjin and 6-aminocaproic acid 

exhibit significant upregulation, contrasting with their 

downregulation during dehydration. �is suggests a rapid 

reversal of certain metabolic processes upon rehydration. 

Interestingly, some amino acids like L-glutamic acid and 

DL-phenylalanine show relatively modest changes, sug-

gesting a controlled restoration of amino acid metabo-

lism during early rehydration.
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�ese metabolomic changes highlight the complex 

and dynamic nature of S. caninervis response to desicca-

tion. �e differential regulation of various metabolites, 

including flavonoids, amino acids, and nucleotide deriva-

tives, underscores the multifaceted metabolic strategies 

employed by this moss species to withstand extreme 

water stress and rapidly recover upon rehydration. S. 

caninervis thus accumulates antioxidants to scavenge 

reactive oxygen species, accumulating nitrogenous amino 

acids and cytoprotective metabolites and decreasing 

energy metabolism to enter a protective state from dehy-

dration-induced damage. During subsequent rehydra-

tion, many metabolites rapidly accumulated to prevent 

oxidative stress and restore physiological activities while 

repairing cells. �is metabolic plasticity likely contributes 

significantly to the remarkable DT of S. caninervis in its 

arid desert habitat.

Fig. 6 Metabolomic profiling of S. caninervis during D-R process. A. PCA of metabolomics data. B. RSD of metabolite abundance. C. Distribution 

of detected metabolites across Major chemical classes. Percentages indicate the proportion of each class among the 912 identified metabolites. D. 

Hierarchically clustered heatmap of z-score normalized metabolite abundances. Color scale represents z-score values. E, F. DAMs analysis. The size 

of the dot represents the VIP-value, and the color represents the p-value
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Discussion
Extreme environments, such as arid and semi-arid 

regions covering approximately 41% of Earth’s land sur-

face, represent some of the most challenging habitats on 

our planet (Pravalie et al. 2016; Huang et al. 2017). �ese 

areas serve as natural laboratories for studying the limits 

of life and the remarkable adaptations of extremophiles. 

Within these harsh landscapes, biocrusts emerge as a 

testament to life’s resilience, often forming the dominant 

biological cover and acting as critical ecosystem engi-

neers. �ese complex communities play pivotal roles in 

stabilizing soils, conserving water, and fostering biodi-

versity in conditions where most life struggles to persist 

(Elbert et al. 2012; Rodriguez-Caballero et al. 2018). �e 

global impact of these extreme communities is profound: 

biocrusts contribute an estimated 7% of Earth’s annual 

terrestrial carbon uptake and account for nearly half of 

the biological nitrogen fixation by land-based organisms 

(Elbert et  al. 2012). Among biocrusts, moss-dominated 

crusts represent the pinnacle of adaptation and com-

plexity in these extreme habitats. As the most advanced 

form of biocrusts, moss-based communities, exempli-

fied by species like S. caninervis, showcase extraordi-

nary resilience to desiccation, temperature extremes, 

and high UV radiation (Stark et al. 2009; Li et al. 2024). 

�eir ability to thrive in such hostile conditions not only 

significantly enhances desert ecosystem stability but also 

offers invaluable insights into the mechanisms of extreme 

stress tolerance. Understanding these adaptations is 

increasingly crucial as climate change expands arid zones 

globally, with implications ranging from ecological con-

servation to potential applications in agriculture and 

even astrobiology.

Our comprehensive multi-omics analysis of S. canin-

ervis provides unprecedented insights into the molecu-

lar mechanisms underlying its exceptional desiccation 

tolerance. By integrating transcriptomic, proteomic, 

and metabolomic data, we have uncovered a com-

plex and highly coordinated response to extreme water 

stress, revealing novel aspects of plant adaptation to arid 

environments.

A phased recovery strategy in S. caninervis

Upon rehydration, Syntrichia caninervis exhibits a strik-

ing ability to rapidly restore its RWC and Fv/Fm within 12 

to 24 h, while MDA levels remain elevated over the same 

period. �is differential recovery underscores distinct 

timelines for physiological and cellular repair processes 

in this desiccation-tolerant moss. �e swift restoration of 

RWC reflects the plant’s structural adaptations, such as 

efficient water-conducting tissues and leaf morphology, 

which prioritize rapid water uptake to reestablish cellu-

lar hydration-a critical survival mechanism. Similarly, the 

quick recovery of Fv/Fm indicates the prompt reactiva-

tion of photosynthetic machinery, enabling the moss to 

resume energy production and metabolic activity. In con-

trast, the persistently high MDA levels, a marker of lipid 

peroxidation caused by ROS during dehydration stress, 

suggest that oxidative damage is resolved more slowly. 

�is prolonged recovery likely stems from the time-

intensive activation of antioxidant systems (e.g., super-

oxide dismutase, catalase) and the repair or replacement 

of damaged cellular components, such as oxidized lipids. 

�ese findings highlight a phased recovery strategy in S. 

caninervis: rapid restoration of hydration and photosyn-

thetic capacity as immediate survival priorities, followed 

by gradual mitigation of oxidative stress and cellular 

damage. Such a mechanism enhances the plant’s resil-

ience to repeated dehydration-rehydration cycles, a trait 

shared with other desiccation-tolerant species (Costa 

et  al. 2017; Farrant et  al. 2015; Oliver et  al. 2020; Yang 

et al. 2023b).

Rapid and dynamic transcriptional reprogramming

�e transcriptome analysis revealed extensive gene 

expression changes during the D-R process, with 3,153 

DEGs identified at the point of complete dehydration. 

�is massive transcriptional shift underscores the plant’s 

ability to rapidly adapt its genetic program in response to 

extreme water stress. �e scale of this response, involv-

ing approximately 25% of the total transcriptome, is 

notably larger than that observed in many other desic-

cation-tolerant plants, such as Xerophyta viscosa (Costa 

et  al. 2017) or Boea hygrometrica (Zhang et  al. 2013), 

suggesting a more comprehensive and intricate adap-

tation mechanism in S. caninervis. Genomic and tran-

scriptomic analyses of the desiccation-tolerant grass 

Sporobolus stapfianus and its desiccation-sensitive sister 

species Sporobolus pyramidalis (Oliver et al., 2022) reveal 

distinct molecular responses to dehydration. While S. 

pyramidalis exhibits pronounced early transcriptome 

remodeling in response to water loss, S. stapfianus dem-

onstrates a delayed peak in remodeling, occurring during 

severe dehydration, suggestive of transcriptional priming 

for desiccation tolerance. In contrast, S. caninervis dis-

plays a rapid and comprehensive multi-omics response 

during early dehydration, characterized by extensive 

transcriptional reprogramming, proteome remodeling 

(873 DEPs), and significant metabolite accumulation. 

�ese observations suggest that S. caninervis exhibits an 

enhanced preparedness for desiccation, likely an adaptive 

response to the extreme aridity of its native habitat, the 

Gurbantunggut Desert.

�e machine learning-based network analysis high-

lighted the crucial roles of specific transcription factor 

families, particularly AP2/ERF, WRKY, bHLH, and HSF, 
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in orchestrating this response (Supplementary Mate-

rial 1: Fig.  S2) (Chaffai et  al. 2024; Ma et  al. 2024; Song 

et al. 2023). �e prominence of these factors aligns with 

findings in other stress-tolerant plants but appears more 

pronounced in S. caninervis, suggesting a more robust 

and finely tuned regulatory network. For instance, the 

AP2/ERF family, known for its involvement in abiotic 

stress responses (Nie et al. 2023; Ma et al. 2024), showed 

exceptionally high expression, indicating its pivotal role 

in extreme desiccation tolerance. Similarly, the enhanced 

expression of WRKY transcription factors, particularly 

WRKY12, suggests a unique regulatory mechanism in S. 

caninervis, as these factors are typically associated with 

both biotic and abiotic stress responses (Goyal et al. 2023).

�e sustained expression of stress-responsive tran-

scription factors during the rehydration process is par-

ticularly intriguing. �is pattern suggests a form of 

“transcriptional memory,” potentially allowing S. canin-

ervis to maintain a primed state for rapid response to 

subsequent desiccation events (Ding et al. 2012; Zuo et al. 

2023). Such a mechanism could be crucial for survival in 

an environment characterized by unpredictable and lim-

ited water availability. �is concept of transcriptional 

memory aligns with recent findings in other plants (Kap-

ple et al. 2023) but appears to be more pronounced in S. 

caninervis, possibly due to the extreme nature of its habi-

tat. In B. hygrometrica, mild drought acclimation triggers 

persistent rapid desiccation tolerance lasting at least four 

weeks, driven by DNA methylation shifts-hypomethyl-

ation during dehydration and hypermethylation post-

acclimation-that pre-induce memory genes tied to RNA 

splicing, nutrient transport, and carbohydrate metabo-

lism (Sun et  al. 2021). Similarly, transcriptomic data in 

S. caninervis reveal altered expression of genes linked 

to RNA processing and metabolic regulation, alongside 

persistent protective metabolites post-dehydration, hint-

ing at molecular priming. �ese parallels suggest that S. 

caninervis may leverage comparable epigenetic strategies 

to bolster tolerance to repeated stress, meriting further 

research into its stress memory mechanisms.

Strategic energy management and cellular protection

�e multi-omics analysis of S. caninervis reveals a sophis-

ticated and highly coordinated response to extreme 

desiccation. At the broadest level, this moss exhibits a 

remarkable ability to rapidly shut down energy-inten-

sive processes during dehydration while simultaneously 

activating a suite of protective mechanisms. �is strate-

gic reallocation of resources aligns with the “molecular 

switching” hypothesis proposed for resurrection plants 

(Farrant et  al. 2015; Gechev et  al. 2012; Hoekstra et  al. 

2001), but the scale and speed of these changes in S. 

caninervis suggest a more advanced implementation. �e 

coordinated downregulation of photosynthesis-related 

genes and proteins, coupled with the swift upregulation 

of stress-responsive pathways across transcriptomic, pro-

teomic, and metabolomic levels, indicates an exceptional 

degree of molecular integration evolved to cope with 

the extreme and unpredictable conditions of its desert 

habitat.

A key feature of S. caninervis transcriptomic and pro-

teomic response was the marked upregulation of stress-

responsive proteins, particularly heat shock proteins 

(HSPs), during dehydration. HSPs are known to act as 

molecular chaperones, preventing protein aggregation 

and facilitating proper protein folding under stress condi-

tions (Becker and Craig. 1994; Wehmeyer and Vierling. 

2000; Oliver et  al. 2020). �e sustained upregulation of 

HSPs throughout the D-R process suggests their critical 

role in maintaining proteome integrity and functional-

ity under extreme water stress. �is finding aligns with 

observations in other desiccation-tolerant species like 

Boea hygrometrica indicating a conserved role for molec-

ular chaperones in extreme stress tolerance (Zhang et al. 

2013; Liu et al. 2019). However, the extent and duration of 

HSPs upregulation in S. caninervis may represent a more 

robust and sustained protective mechanism, contribut-

ing to its exceptional DT. Furthermore, the metabolomic 

profile of S. caninervis unveils a distinctive composition 

rich in alkaloids, flavonoids, and phenols throughout 

the D-R process (Yang et al. 2023b). �e prominence of 

these compounds, known for their antioxidant proper-

ties, hints at a specialized protective strategy that may 

contribute to the plant’s extreme desiccation tolerance 

and rapid recovery capabilities (Challabathula et al. 2018; 

Oliver et al. 2020).

Moreover, the coordinated regulation of nitrogen 

metabolism pathways throughout the D-R process, evi-

dent at both transcriptomic and proteomic levels, sug-

gests a crucial role for efficient nitrogen utilization in 

extreme stress tolerance. �is emphasis on nitrogen 

management may represent a key adaptation to the nutri-

ent-poor desert environment, enabling S. caninervis to 

maintain cellular integrity and rapidly resume normal 

functions under severe resource constraints.

Membrane remodeling and cell wall modi�cation

�e multi-omics analysis of S. caninervis reveals a 

sophisticated and dynamic structural remodeling process 

that underpins its exceptional desiccation tolerance. �is 

moss exhibits a remarkable ability to modify its cellular 

architecture in response to extreme water loss (Gao et al. 

2015). �e coordinated changes in membrane composi-

tion and cell wall structure represent a critical adaptation 

to the frequent and rapid transitions between hydrated 

and desiccated states characteristic of its desert habitat. 
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�ese structural modifications likely contribute signifi-

cantly to S. caninervis ability to withstand severe desic-

cation events and rapidly recover upon rehydration, 

positioning it as an ideal model for studying plant sur-

vival in extreme environments.

�e transcriptomic and proteomic data reveal signifi-

cant upregulation of lipid transport processes and cell 

wall-modifying proteins during dehydration. Notably, the 

differential expression of genes involved in cutin, suber-

ine, and wax biosynthesis pathways (Fig.  2F) suggests a 

sophisticated mechanism for modifying the plant’s pro-

tective outer layers. �e coordinated activation of fatty 

acid desaturation pathways (Fig.  4B) indicates a criti-

cal strategy for maintaining membrane fluidity under 

extreme water loss. �ese changes, occurring rapidly 

and to a greater extent than observed in other desicca-

tion-tolerant species (Dinakar et al. 2013; Gao et al. 2015; 

Giarola et al. 2017; Xu et al. 2021), likely enable S. canin-

ervis to maintain cellular integrity even under severe 

water stress and facilitate its swift recovery upon rehy-

dration. We observed upregulation of proteins involved 

in cell wall loosening and restructuring during dehydra-

tion, such as expansions and xyloglucan endotransglu-

cosylases. �ese changes likely facilitate cell wall folding 

and prevent mechanical damage during water loss (Chen 

et  al. 2020; Moore et  al. 2009). Additionally, we noted 

increased abundance of proteins involved in membrane 

repair and stabilization, including lipid transfer proteins 

and dehydrins. �ese proteins may play crucial roles in 

maintaining membrane integrity during extreme water 

loss and facilitating rapid membrane rehydration. �e 

coordinated regulation of cell wall and membrane-asso-

ciated proteins likely contributes to S. caninervis ability 

to withstand extreme dehydration and rapidly recover 

upon rehydration.

�e study uncovers specific mechanisms that under-

pin S. caninervis structural resilience. Metabolomics 

data revealed rapid synthesis of unique lipid compounds 

(phosphorylcholine, arachidonic acid, and methyl 

linoleate) during rehydration, which may play dual roles 

in membrane stabilization and signaling. �ese metabo-

lites, not prominently reported in other resurrection 

plants, hint at novel aspects of structural adaptation in 

extreme desiccation tolerance. Furthermore, the early 

upregulation of cell wall-modifying enzymes during 

dehydration suggests a preemptive approach to cell wall 

adjustment, potentially enhancing the plant’s ability to 

withstand mechanical stress during water loss. �e inte-

gration of these structural changes with other protective 

mechanisms, such as the accumulation of compatible 

solutes and antioxidants, indicates a holistic approach to 

desiccation tolerance in S. caninervis.

Unique metabolic recon�guration

A key feature of S. caninervis metabolic response was 

the significant accumulation of compatible solutes dur-

ing dehydration. We observed increased abundance of 

sugars (e.g., D-maltose, turanose, lactulose, and sucrose) 

and amino acids (e.g., L-arginine) throughout the D-R 

process. �ese compounds likely serve dual roles as 

osmoprotectants and energy reserves, facilitating cellular 

protection during dehydration and rapid recovery upon 

rehydration (Oliver et al. 2011; Yobi et al. 2013; ElSayed 

et  al. 2014; Vidovic et  al. 2022). However, the sustained 

high levels of these compatible solutes even during rehy-

dration in S. caninervis suggest a more persistent protec-

tive strategy, potentially contributing to its superior DT 

and rapid recovery capabilities.

S. caninervis demonstrates unique features that set it 

apart from other desiccation-tolerant species. A distinc-

tive characteristic is the significant modulation of nitro-

gen metabolism throughout the D-R process, evident at 

both transcriptomic and proteomic levels (Oliver et  al. 

2020). �is emphasis on nitrogen-related pathways, more 

pronounced than in many other resurrection plants, sug-

gests a crucial role for efficient nitrogen management 

in extreme desiccation tolerance (Dinakar et  al. 2013). 

Furthermore, the metabolomic profile reveals a high 

abundance and diverse range of secondary metabolites, 

particularly alkaloids, flavonoids, and phenols, through-

out the D-R process (Moore et al. 2009). �e prominence 

of these compounds hints at a specialized protective 

strategy that may contribute to the plant’s superior stress 

tolerance and rapid recovery capabilities.

�e study uncovers specific metabolic mechanisms that 

underpin S. caninervis remarkable resilience. �e rapid 

accumulation of unique metabolites such as riboflavin 

and beta-mangostin during dehydration, and aromaden-

drin and 5’-deoxyadenosine during rehydration, points 

to novel protective and recovery strategies not promi-

nently reported in other desiccation-tolerant plants. 

�e temporal dynamics of these metabolite changes, as 

revealed by the cluster analysis, indicate a phased meta-

bolic response that aligns with the progression of the 

D-R process (Yang et  al. 2023a). �is phased approach 

may allow S. caninervis to optimize resource allocation 

and energy expenditure throughout the stress response 

and recovery phases. Moreover, the integration of these 

metabolic changes with other adaptive mechanisms, such 

as structural remodeling and gene expression regulation, 

suggests a holistic approach to desiccation tolerance in S. 

caninervis. �is comprehensive strategy may explain the 

plant’s superior ability.
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Temporal asynchrony between molecular levels

�e integrative analysis of transcriptomic and proteomic 

data in S. caninervis reveals a striking temporal asyn-

chrony between transcript and protein levels during the 

D-R process. �is phenomenon, more pronounced in 

S. caninervis than in many other studied plants, high-

lights the complexity of post-transcriptional regulation 

in extreme desiccation tolerance responses (Xu et  al. 

2021; Dinakare et  al. 2013). �e Venn diagram analysis 

(Fig. S2) Starkly illustrates this disconnect, with only 118 

overlapping DEGs and DEPs during dehydration, and a 

mere 22 during rehydration. Such a low degree of over-

lap is unusual compared to other stress-tolerant plants, 

suggesting a highly sophisticated and possibly unique 

regulatory mechanism at play in S. caninervis (Xu et  al. 

2021). �is temporal disconnect between transcriptome 

and proteome changes may allow for more nuanced and 

flexible responses to rapid environmental fluctuations, 

potentially conferring a significant adaptive advantage 

in environments with extreme and unpredictable water 

availability (Moore et al. 2009; Xu et al. 2021). �e clus-

tered heatmaps (Fig. 5A) provide insights into the nature 

of this temporal asynchrony. �e five distinct clusters 

(C1-C5) reveal complex and divergent patterns between 

transcript and protein levels across the D-R process. For 

instance, cluster C2, enriched for oxidoreductase activ-

ity and photosystem II functions, shows peak transcript 

levels at D1, contrasting sharply with protein levels that 

are lowest at D2 and increase during rehydration. �is 

pattern differs from observations in other desiccation-

tolerant plants, where photosynthesis-related transcripts 

and proteins often show more synchronized downregula-

tion during desiccation (Costa et  al. 2017; Farrant et  al. 

2015; Xu et  al. 2021). Interestingly, the asynchrony is 

not uniform across all functional categories. Cluster C5, 

predominantly associated with photosynthesis, nitrogen 

metabolism, and arginine biosynthesis, shows a more 

coordinated response, with both transcript and protein 

levels gradually increasing throughout the D-R process. 

�is selective synchronization implies a prioritization of 

certain pathways crucial for recovery, a strategy that may 

contribute to S. caninervis rapid rehydration response.

�ese observations suggest sophisticated post-tran-

scriptional regulatory mechanisms in S. caninervis that 

fine-tune its cellular state in response to changing water 

availability. Such mechanisms might include differential 

mRNA stability, selective translation, or protein turnover 

regulation, which could be more advanced in S. canin-

ervis compared to other resurrection plants. �e main-

tenance of elevated transcript levels for certain genes, 

even when corresponding protein levels have decreased, 

could represent a form of molecular memory that allows 

S. caninervis to respond more rapidly to subsequent 

desiccation events (Bruce et  al. 2007). Future research 

focusing on the specific mechanisms underlying this 

temporal decoupling, such as the roles of RNA-binding 

proteins, non-coding RNAs, or post-translational modi-

fications, could provide valuable insights into enhancing 

stress tolerance in crops and developing strategies for 

plant survival in extreme environments.

Future directions

Our comprehensive multi-omics analysis of S. canin-

ervis provides a holistic view of the molecular strategies 

employed by this remarkable plant to survive extreme 

desiccation. �e integration of transcriptomic, prot-

eomic, and metabolomic data has unveiled a complex 

interplay between different levels of cellular regulation 

that collectively contribute to extreme stress tolerance 

(Fig. 7). �ese findings not only advance our fundamental 

understanding of plant adaptation to water stress but also 

open new avenues for addressing pressing challenges in 

agriculture and beyond.

�e unique adaptations observed in S. caninervis, such 

as its sophisticated transcriptional regulation, advanced 

energy management strategies, and novel metabolic 

reconfigurations, offer promising targets for improving 

crop resilience to water stress. Future research should 

focus on elucidating the specific roles of the novel metab-

olites identified in this study and unraveling the complex 

post-transcriptional regulatory mechanisms that enable 

S. caninervis rapid and flexible stress responses.

Moreover, the extreme resilience of S. caninervis, par-

ticularly its ability to withstand conditions analogous to 

those on Mars, positions it as a valuable model for study-

ing plant adaptation to extraterrestrial environments (Li 

et  al. 2024; Pan and Lin. 2024). �is opens up exciting 

possibilities for Astro biological research and the devel-

opment of plants suitable for off-world cultivation.

Conclusion
�is comprehensive multi-omics analysis of S. canin-

ervis reveals unprecedented insights into the molecular 

mechanisms underlying extreme desiccation tolerance in 

desert plants. Our findings demonstrate a sophisticated 

stress response system characterized. �e observed tem-

poral asynchrony between transcript and protein lev-

els, coupled with the unique accumulation of protective 

metabolites and coordinated regulation of energy man-

agement pathways, suggests a highly evolved adaptation 

strategy that enables rapid transitions between dormancy 

and recovery. �ese findings not only advance our under-

standing of plant evolution in extreme environments but 

also provide valuable targets for enhancing crop resil-

ience to water stress and potential applications in astro-

biology. �e remarkable adaptations of S. caninervis offer 



Page 16 of 20Yang et al. Stress Biology            (2025) 5:68 

crucial insights for addressing agricultural challenges in 

an increasingly arid world and expand our understanding 

of the limits of plant life under extreme conditions.

Methods and materials
Plant materials, growth conditions and sampling

Dry samples of Syntrichia caninervis were collected from 

natural populations in the Gurbantunggut Desert, Xin-

jiang, Northwest China (Fukang County, 44°32′30″N, 

88°6′42″E). �e sampling site was selected due to its 

representative arid conditions and the dominance of 

S. caninervis in the biological soil crusts (BSCs). Entire 

gametophyte clusters, including both leafy shoots and 

basal rhizoids, were harvested from the upper 2–3 cm 

of the soil crust using sterile forceps and placed into 

airtight, sterile polyethylene bags to maintain their des-

iccated state. �is tissue selection was based on the 

gametophyte being the primary photosynthetic and 

desiccation-tolerant structure of the moss, making it 

the most relevant for studying dehydration-rehydration 

(D-R) responses. Approximately 50–60 individual clus-

ters (each ~ 1–2  cm2) were collected from three distinct 

1  m2 plots, spaced at least 10 m apart, to account for spa-

tial heterogeneity. �ese samples were pooled per plot to 

form three independent biological replicates, ensuring 

robust statistical representation of the population.

Upon return to the laboratory, samples were stored at 

25 °C in darkness within sealed containers to preserve 

their dormant, desiccated state until experimental pro-

cessing. For the D-R experiments, desiccated gameto-

phytes were rehydrated by submerging them in ultrapure 

water for 24 h at 25 °C under a 16-h light/8-h dark pho-

toperiod (50 µmol photons m⁻2 s⁻1) to achieve a fully 

water-saturated (WS) state, serving as the control con-

dition. Subsequently, a slow-drying protocol was imple-

mented by placing the rehydrated samples in a controlled 

Fig. 7 Summary of major events and key adaptation strategies that occur during the D-R process in S. caninervis 
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environment at 25 °C and 66.67% relative humidity (−57 

MPa) (Liu et  al. 2021; Yang et  al. 2023b). Samples were 

collected at two dehydration time points: 6 h (D1, early 

dehydration) and 48 h (D2, full dehydration). For rehy-

dration, fully dehydrated samples (D2) were transferred 

to Petri dishes Lined with filter paper saturated with 

ultrapure water at 25 °C under the same Light conditions. 

Rehydrated samples were harvested at 0.5 h (R1, early 

rehydration) and 24 h (R2, full rehydration), with D2 

serving as the reference control.

For each time point (WS, D1, D2, R1, R2), approxi-

mately 200 mg (fresh weight) of gametophyte tissue was 

sampled from each of the three biological replicates. 

Each replicate was derived from a distinct plot to ensure 

independence. Samples were immediately flash-frozen in 

liquid nitrogen post-harvest and stored at −80 °C until 

RNA, protein, and metabolite extraction. �is sampling 

strategy was designed to capture the dynamic molecular 

responses across the D-R continuum while maintaining 

consistency in tissue type and experimental conditions.

Physiological indicator measurements

RWC curves were produced using the formula RWC% 

= (Wf – Wd)/(Wt – Wd) × 100, where Wf indicates the 

fresh weight measured at every time point during the 

D-R process, Wd indicates the weight measured after dry-

ing for 48 h at 80 °C, and Wt indicates the saturated fresh 

weight of samples (Rathnayake et al. 2019).

Ptimal photochemical efficiency of photosystem II (Fv/

Fm) was determined using a portable modulated fluorom-

eter (PAM-2500; Heinz Walz, Germany). �e saturation 

pulse method, with parameter settings recommended 

by Zhang et al. (2011), was employed to calculate Fv/Fm 

after dark adaptation by covering the sample for over 30 

min.

�e activities of the malondialdehyde (MDA) were 

measured using detection assay kits (Nanjing Jiancheng 

Bioengineering Institute, Nanjing, China), according to 

the manufacturer’s instructions.

Library preparation and transcriptome assembly

mRNA was isolated from total RNA using poly-T oligo-

attached Magnetic beads. First-strand cDNA synthesis 

was performed using random hexamers and M-MuLV 

Reverse Transcriptase, followed by second-strand syn-

thesis with DNA Polymerase I and RNase H. After 

end-repair and 3’adenylation, adaptors were Ligated. 

Fragments of 370–420 bp were selected and PCR-ampli-

fied using Phusion High-Fidelity polymerase. �e Library 

quality was assessed using an Agilent Bioanalyzer 2100. 

Only RNA samples with integrity numbers above 8 were 

used. Sequencing was performed on an Illumina Novaseq 

platform with 150 bp paired-end reads.

RNA-Seq analysis and qRT-PCR validation

Raw fastq data were processed using fastp to obtain 

clean reads. High-quality data (Q20, Q30, and GC con-

tent) were used for downstream analyses. �e reference 

genome and annotations were obtained from Gao et  al. 

(2024). Hisat2 v2.0.5 was used for genome indexing and 

read alignment. Transcripts were assembled and quan-

tified using StringTie v1.3.3b (Pertea et  al.  2015). Gene 

expression levels were calculated as FPKM using Feature-

Counts v1.5.0-p3. Differential expression analysis was 

performed using DESeq2 R package (v1.20.0). Genes with 

adjusted p-value ≤ 0.05 and |Log2 fold change|≥ 1 were 

considered differentially expressed. GO and KEGG path-

way enrichment analyses were conducted using the clus-

terProfiler R package.

RT-qPCR validation was performed on selected DEGs 

using a CFX96 Real-Time PCR System (Bio-Rad). ScTu-

bulin served as the reference gene, and relative abun-

dance was calculated using the  2−ΔΔCt method. Each 

experiment included three biological and technical 

replicates.

Analysis of proteomes

Proteins were extracted from ground samples using TCA/

acetone precipitation, followed by phenol extraction. For 

PTM studies, relevant inhibitors were included in the lysis 

buffer. Protein concentration was determined using a BCA 

kit. Proteins were precipitated with TCA, washed, and 

digested with trypsin overnight. Peptides were reduced, 

alkylated, and desalted using a Strata X SPE column. LC–

MS/MS analysis was performed on a NanoElute UHPLC 

system coupled to a timsTOF Pro mass spectrometer 

(Bruker Daltonics) operated in PASEF mode. MS/MS data 

were processed using MaxQuant (v.1.6.15.0) against the 

S. caninervis database. Carbamidomethylation of cysteine 

was set as a fixed modification, with protein N-terminal 

acetylation and methionine oxidation as variable modifi-

cations. �e false discovery rate was adjusted to < 1% for 

proteins, peptides, and PSMs.

Protein quantification was based on the mean relative 

quantification values across three replicates. Differen-

tially abundant proteins were identified using t-tests on 

 log2-transformed values (p < 0.05). Functional annotation 

was performed using eggnog-mapper for GO analysis, 

PfamScan for domain annotation, and KEGG for path-

way analysis. Subcellular localization was predicted using 

PSORTb. Functional enrichment was assessed using Fish-

er’s exact test (fold enrichment > 1.5, p-value < 0.05).

Transcriptome-proteome correlation analysis was con-

ducted using the ggplot2 R package. Heatmaps were gen-

erated using the ClusterGVis R package, employing z-score 

normalization and the Mfuzz algorithm for clustering.
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Analysis of metabolomic

Freeze-dried samples were pulverized and extracted 

using a methanol:water (3:1, v/v) solution containing an 

internal standard. UHPLC-MS analysis was performed 

on an EXIONLC System (Sciex Technologies) with 

ACQUITY UPLC HSS T3 columns (Waters). �e mobile 

phase consisted of 0.1% formic acid in water and acetoni-

trile, with a flow rate of 400 μL/min. A Sciex QTrap 6500 

+ mass spectrometer was used for detection.

Data acquisition utilized Multiple Reaction Monitor-

ing (MRM) via SCIEX Analyst Work Station Software 

(v.1.6.3). Peak detection and annotation were performed 

using an in-house R program (v.4.2.2) with the KEGG 

pathway database.

Statistical analysis included OPLS-DA modeling using 

SIMCA software. Model validation was conducted through 

seven-fold cross-validation and permutation tests. Signifi-

cant metabolites were identified based on p-value < 0.05 

(Student’s t-test), VIP > 1, and fold-change < 0.5 or > 2.

Data visualization and statistical analysis

�e visualizations in this article are all drawn using R 

(v.4.2.2). PCA analysis was plotted using the ggplot2 R 

package. Venn analysis was plotted using the GOplot R 

package. Heatmaps for cluster analysis were drawn using 

the ClusterGVis R package. To perform k-means clus-

tering, the metabolite abundance values were first nor-

malized using z-scores. �e data were analyzed using a 

one-way analysis of variance (ANOVA) in SPSS 25 (IBM, 

Armonk, New York, USA). Significant differences among 

treatments were tested based on the least significant dif-

ference at p < 0.05. �e bar graphs were generated using 

GraphPad Prism 9 software. Adobe Illustrator CC 2023 

was used for image processing.
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