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Abstract 

Climate change is intensifying temperature and precipitation variability, challenging 

microbial communities and ecosystem functioning. Interactions between microbiomes 

and metabolites are central to biogeochemical cycling, yet how these interactions drive 

greenhouse gas emissions during ecosystem transitions remains poorly understood. To 

address this, we applied an integrated multi-omics approachðcombining metagenomics, 

metatranscriptomics, and metabolomicsðacross two climate-sensitive ecosystems: 

thawing permafrost peatlands and monsoon-influenced arid soils. 

In Stordalen Mire, Sweden, we analyzed microbial and metabolite composition along a 

permafrost thaw gradient using genome-resolved metagenomics and high-resolution 

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS), guided by 

community assembly theory. We found divergent assembly processes between microbial 

taxa and metabolites in response to the same environmental drivers, challenging 

assumptions in trait-based microbial models. Feature-level analysis revealed 

associations between microbial taxa, metabolite profiles, and variations in porewater COϜ 

and CHϞ, highlighting the importance of microbeïmetabolite interactions in greenhouse 

gas flux. 

We investigated arid soil microbial communities, which endure extreme and rapidly 

fluctuating environmental conditions, particularly during monsoon transitions. Contrary to 

the assumption of widespread dormancy, our multi-omics analyses show that microbial 

populations remain metabolically active, exhibiting dynamic functional redundancy. 

Communities rapidly reconfigure gene expression and metabolite profiles in response to 

moisture and nutrient pulses. This functional plasticity enables continuous ecosystem 

processes and reveals a resilience strategy previously underappreciated in arid soils. 

Furthermore, we observed consistent partitioning of metabolic functions across ecological 

preference groups, supporting ecosystem functioning despite environmental extremes. 

Altogether, our findings demonstrate that microbial responses to climate perturbations 

are shaped by distinct, ecosystem-specific processes linking microbial function, 

metabolite dynamics, and environmental change. By integrating high-resolution 

molecular tools with ecological theory, this work provides new insight into the metabolic 

mechanisms driving ecosystem resilience and greenhouse gas emissions, offering a 

predictive framework for understanding microbial contributions to climate feedbacks in a 

warming world. 
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Introduction 

Climate disturbance and soil microbial communities 

The rising concentration of atmospheric carbon dioxide (COϜ) from anthropogenic 

sources has led to increasing global temperatures and shifts in hydrologic cycles 1. Global 

surface temperatures have risen by approximately 1.1°C above pre-industrial levels, with 

further warming projected under current emission trajectories 1. As a result, the frequency, 

magnitude, and duration of extreme weather eventsðincluding droughts, wildfires, and 

heatwavesðare expected to intensify 2.These global changes pose an unprecedented 

threat to ecosystem resilience. Terrestrial ecosystems store approximately 3,000 Pg of 

organic carbon and are the largest natural sources of methane (CHϞ) and nitrous oxide 

(NϜO) 3. Disruptions to ecosystem function driven by climate change could significantly 

alter the balance of carbon (C) and nitrogen fluxes, influencing both positive and negative 

feedbacks in the global climate system 3. 

This dissertation focuses on two contrasting yet equally vulnerable types of 

ecosystems of crucial C storage significance: Arctic permafrost peatlands and arid/semi-

arid ecosystems 4. These ecosystems represent opposite extremes on the moisture 

spectrum yet face similar threats from climate change with soil microbial communities 

playing pivotal roles in their response to environmental disturbance 5. Arctic permafrost 

peatlands and arid ecosystems together represent significant global C sinks whose 

stability is increasingly threatened by climate change. Understanding microbial 

adaptations in these contrasting ecosystems provides complementary insights into how 

climate disturbance affects terrestrial C cycling across different environmental conditions 
6,7, with significant implications for ecosystem restoration strategies and climate change 

mitigation efforts 8. 

 

Permafrost Ecosystems 

Arctic peatlands are warming 4 times faster than the globe average - a 

phenomenon known as Arctic or polar amplification 9. These regions serve as critical long-

term C sinks, with permafrost-affected peatlands storing an estimated 500ï600 Gt of soil 

carbon 10,11 despite covering only ~2.84% of Earthôs surface. This C storage represents 

more than 50% of the C currently in the atmosphere 12. Rising temperatures are 

accelerating permafrost thaw, leading to deeper active layers, shifts in soil moisture and 

hydrology 13. This thawing exposes substantial quantities of previously frozen organic 

carbon to microbial decomposition 14, altering microbial community composition 15, 

vegetation structure 16, and soil organic matter dynamics 17. These ecosystem 

transformations significantly enhance greenhouse gas emissions, particularly COϜ and 

CHϞ 18,19, further amplifying radiative forcing and global warming. 

In permafrost-affected peatlands, as in other natural wetlands, intestines of 

ruminants, and waste treatment systems, CH4 is exclusively produced by methanogenic 

https://paperpile.com/c/Jqk1vm/MhKg
https://paperpile.com/c/Jqk1vm/MhKg
https://paperpile.com/c/Jqk1vm/9rWY
https://paperpile.com/c/Jqk1vm/gkd1
https://paperpile.com/c/Jqk1vm/gkd1
https://paperpile.com/c/Jqk1vm/rnWt
https://paperpile.com/c/Jqk1vm/vO3g
https://paperpile.com/c/Jqk1vm/erNW+FrdR
https://paperpile.com/c/Jqk1vm/ttZW
https://paperpile.com/c/Jqk1vm/JXNl
https://paperpile.com/c/Jqk1vm/vVFg+4J6q
https://paperpile.com/c/Jqk1vm/gbOb
https://paperpile.com/c/Jqk1vm/R9Zt
https://paperpile.com/c/Jqk1vm/iJjy
https://paperpile.com/c/Jqk1vm/IP7G
https://paperpile.com/c/Jqk1vm/6ekb
https://paperpile.com/c/Jqk1vm/hlV5
https://paperpile.com/c/Jqk1vm/EPLV+s1iY
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organisms, which contribute to approximately 75% of the total atmospheric methane 20,21. 

This additional greenhouse gas release creates a positive feedback loop, further 

amplifying radiative forcing and global warming.  

 

Arid Ecosystems 

Drylands are regions where atmospheric water demand (potential evaporation) 

substantially exceeds water supply (precipitation) 22. They encompass hyper-arid, arid, 

semi-arid, and dry sub-humid regions 23, with an aridity index < 0.5 in hyperarid regions 

and ranging from 0.05 to 0.2 in arid zones and 0.2 to 0.5 in semi-arid zones 24.  

These ecosystems are extensive and ecologically significant, covering 40%ï50% 

of Earthôs surface 25, while serving as major C sinks and playing key roles in global C and 

nutrient cycling 26. They represent the third-largest terrestrial C pool, storing 

approximately 646 Pg of organic carbon in topsoil 23. 

Climate change presents a significant threat to these C stores. Climate change-

driven alterations in precipitation regimes 27 and anthropogenic pressures 28 are 

intensifying land degradation and desertification, increasing uncertainty regarding dryland 

ecosystem responses to future climatic conditions. Moreover, dryland expansion is 

accelerating, with approximately 5.2 million km² of humid land transitioning into dryland 

over the past four decades 29, and projections indicate a 5%ï11% increase by 2100 30. 

 In these challenging environments, microbial communities encounter different 

stressors including high temperatures, intense UV radiation, scarcity of nutrients and 

water 31. Despite this, drylands harbor a huge biodiversity of wild and endemic life forms 

adapted to survive in these regions 24. Thus, drylands are a key ecosystem to learn from, 

especially to mitigate impacts of ongoing climate change 32. 

Nitrogen is considered the second most important limiting factor after water in 

drylands 33. It is concentrated in top soils 34, however important inorganic nitrogen (nitrate) 

reservoirs have been described in deep soils 35 with implications for global N budget 36. 

As with C cycling, microbial communities are the primary drivers of nitrogen 

transformations in arid systems. Arid microbial communities are key drivers of N cycling, 

as key taxa mediate specific processes for retaining or losing N species to the 

environment 31. Nitrogen losses constitute special interest to global warming, as these 

can lead to the release of potent greenhouse gases such as nitrous oxide (N2O) 37.  

Unlike more humid ecosystems, where plants dominate biogeochemical 

processes, microbial communities in arid lands are the dominant players in 

biogeochemical cycles, as these regions are characterized by scarce vegetation 38. In 

drylands, microbial communities, along with the broader ecosystem, rely on short periods 

of high-resource availability, known as pulses, which can result from precipitation, fog or 

dew condensation, and ice or snowmelt 39. These pulses trigger bursts of metabolic 

activity that drive essential biological processes in arid ecosystems 40,41. 

https://paperpile.com/c/Jqk1vm/wwYB+fgby
https://paperpile.com/c/Jqk1vm/0o5P
https://paperpile.com/c/Jqk1vm/Q9YbC
https://paperpile.com/c/Jqk1vm/ztNE
https://paperpile.com/c/Jqk1vm/E7KJ
https://paperpile.com/c/Jqk1vm/029V
https://paperpile.com/c/Jqk1vm/Q9YbC
https://paperpile.com/c/Jqk1vm/h0U0
https://paperpile.com/c/Jqk1vm/o7EK
https://paperpile.com/c/Jqk1vm/cDXa
https://paperpile.com/c/Jqk1vm/bptk
https://paperpile.com/c/Jqk1vm/SRyK
https://paperpile.com/c/Jqk1vm/ztNE
https://paperpile.com/c/Jqk1vm/nhcy
https://paperpile.com/c/Jqk1vm/NMGf
https://paperpile.com/c/Jqk1vm/nAlE
https://paperpile.com/c/Jqk1vm/DKHy
https://paperpile.com/c/Jqk1vm/8A5K
https://paperpile.com/c/Jqk1vm/SRyK
https://paperpile.com/c/Jqk1vm/qjhd
https://paperpile.com/c/Jqk1vm/KMq6
https://paperpile.com/c/Jqk1vm/xAe4m
https://paperpile.com/c/Jqk1vm/STup+dRus
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However, climate change threatens this delicate balance, as future models predict 

longer droughts interspersed with less frequent but more intense precipitation events, 

particularly in the Southwestern USA 42. This changing precipitation regime could 

fundamentally alter microbial responses to moisture pulses. Moreover, ecosystem 

responses to resource pulses are highly sensitive to the amount, timing, and intensity of 

precipitation events 43, highlighting the vulnerability of these systems to shifting climate 

patterns. 

 

SYNTHESIS: Microbial Communities At Environmental Extremes 

 

Despite inhabiting dramatically different environments, soil microbial communities 

in both permafrost and arid ecosystems share fundamental roles as drivers of key 

ecosystem processes, playing crucial roles in C and N cycling, contributing to greenhouse 

gas consumption and emissions. While the environmental stressors differðtemperature 

extremes in the Arctic versus water limitation in drylandsðmicrobial responses to these 

stressors determine the fate of vast C reservoirs. 

This comparative analysis reveals important parallels in how microbial 

communities adapt to environmental extremes. The accelerating impacts of climate 

change on terrestrial ecosystemsðfrom permafrost thaw in Arctic peatlands to the 

expansion of arid regionsðunderscore the delicate balance between C storage, 

greenhouse gas emissions, and ecosystem stability. 

 Microbial communities, as the primary drivers of biogeochemical cycles, play a 

crucial role in regulating C and nutrient fluxes, yet their resilience to environmental change 

remains uncertain. As warming intensifies, shifts in microbial composition, activity, and 

interactions could have profound consequences for C sequestration and greenhouse gas 

emissions, potentially amplifying climate feedbacks. Through integrating multi-omics 

approaches across these contrasting ecosystems, this dissertation aims to identify 

common adaptive mechanisms and ecosystem-specific responses, ultimately developing 

a more comprehensive understanding of how soil microbial communities adapt to 

environmental change across different biomes, and informing predictions and 

management strategies for preserving these vital C sinks. 

Survival strategies to environmental stress 

Microbial communities in both permafrost and arid ecosystems face significant 

environmental challenges that require sophisticated adaptive responses. These changing 

environments create stressful conditions for microbial communities, which must employ 

various adaptation and acclimation strategies to survive and remain active 44. However, 

these strategies come at a physiological cost, as some of them require the investment of 

high energy, which in turn can alter the composition and activity of the microbial 

community with direct influences on ecosystem functioning 44. Although permafrost and 

https://paperpile.com/c/Jqk1vm/3oV6
https://paperpile.com/c/Jqk1vm/BhWi
https://paperpile.com/c/Jqk1vm/2mEj
https://paperpile.com/c/Jqk1vm/2mEj
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arid environments represent contrasting extremes, their microbial inhabitants face 

comparably severe stressors. In thawing permafrost peatlands, microbes experience a 

dramatic transition from frozen, high-salinity, water- and nutrient-limited conditions to 

post-thaw environments characterized by increased temperatures, greater resource 

availability, and reduced salinityðrepresenting one of the most extreme environmental 

shifts known in biological systems 45. Similarly, microorganisms in arid regions face 

multiple environmental pressures, including prolonged drought, high salinity, intense UV 

radiation, extreme temperature fluctuations, and low concentrations of C, N, and other 

essential nutrients 46.  

 These parallel challenges have driven the evolution of remarkably similar survival 

mechanisms across these seemingly disparate ecosystems. Microbes in both permafrost 

and arid systems have developed diverse structural, physiological, and molecular 

adaptations that have been extensively documented in the literature 45,47 and arid 

environments 39,48,49. 

Among the most critical challenges faced by microorganisms in both ecosystems 

is water limitation. Water is fundamental for virtually all biomolecular processes, including 

protein folding and stability, enzyme-substrate interactions, and cellular structural integrity 

e 50,51. Without adequate moisture, nutrients cannot dissolve and enter cells, microbial 

motility is restricted, compromising cellular and metabolic activities 48. The stress of 

desiccationðcommon in arid regions and also present in intact permafrostð causes 

condensation of molecules, membrane disruption, conformational changes of proteins, 

causing functional loss and denaturation, and the accumulation of free radicals that harm 

DNA, proteins and lipids 52.  

To counteract these water-related stresses, microorganisms have evolved 

sophisticated cellular protection mechanisms. These include the accumulation of 

protective molecules such as antioxidants, small peptides, and manganese complexes to 

repair cellular damage and mitigate oxidative stress 53. To counterbalance effects of 

osmotic pressures, microorganisms accumulate compatible solutes such as K+ ions, 

glutamate, glutamine, proline, trehalose, glycine betaine and glucosylglycerol 54.  

Beyond these osmoprotectants, microbes employ various damage mitigation 

strategies, including the production of heat shock proteins that degrade denatured 

proteins and efficient DNA repair mechanisms that address double-stranded breaksð

adaptations particularly well-documented in arid environments 55,56.  

While individual cellular adaptations are essential, community-level strategies 

provide additional protection against environmental stresses. In xeric environments, 

biofilm formation represents a critical survival strategy 48. These biofilms consist of 

extracellular polymeric substances (EPS), which are complex polymers composed of 

polysaccharides, nucleic acids, proteins, lipids, and other biopolymers. By providing 

structural stability, retaining moisture, and offering protection against environmental 

stressors such as desiccation and UV radiation, biofilms enhance microbial resilience in 

https://paperpile.com/c/Jqk1vm/SU0f
https://paperpile.com/c/Jqk1vm/h1TI
https://paperpile.com/c/Jqk1vm/d1qN+SU0f
https://paperpile.com/c/Jqk1vm/6LHr+r02uV+xAe4m
https://paperpile.com/c/Jqk1vm/Wda4+UaUc
https://paperpile.com/c/Jqk1vm/6LHr
https://paperpile.com/c/Jqk1vm/5HbO
https://paperpile.com/c/Jqk1vm/eZuo
https://paperpile.com/c/Jqk1vm/kj0D
https://paperpile.com/c/Jqk1vm/fBkn+A2Cj
https://paperpile.com/c/Jqk1vm/6LHr
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extreme arid conditions 57.Concurrently, microbes in permafrost systems show increased 

reliance on horizontal gene transfers, which facilitate rapid adaptation, alongside 

enhanced environmental sensing, chemotaxis, and scavenging behaviors that optimize 

resource acquisition in resource-limited conditions 47. 

The metabolic adaptations of microorganisms represent another crucial strategy 

for survival under environmental stress. Many species enter dormancy, a reversible state 

of metabolic inactivity that allows microorganisms to endure unfavorable conditions until 

resources become available 58. This dormancy takes various forms across microbial 

communities. For example, members of the phyla Actinobacteria and Firmicutes produce 

stress-resistant spores with thick cell walls, enabling widespread dispersal in harsh 

environments 59. Not all microorganisms can form resistant forms, and as such some 

microorganisms instead reduce their metabolic demands by decreasing growth rates, 

minimizing cell size, and avoiding energy-intensive activities such as motility and 

macromolecule synthesis 48. 

Despite the advantages of dormancy, even inactive cells require minimal energy 

to maintain cellular integrity, suggesting that microbial survival in arid environments 

requires additional strategies or alternative energy sources during prolonged dry periods. 

The energy reserve hypothesis proposes that microbial communities synthesize 

macromolecular reserves to endure harsh conditions and take advantage of sporadic 

resource availability, such as precipitation events 40,41. 

When environmental conditions shift, so too do microbial resource acquisition 

strategies. The return of moisture releases nutrients previously trapped in soil aggregates 

and intracellular osmoprotectants like trehalose and glycine 60. This moisture influx also 

causes osmotic disruption of some cells, releasing organic compounds that become 

readily accessible substrates for surviving heterotrophic microorganisms 61. During 

extended periods when conventional resources are scarce, microbial communities 

demonstrate remarkable metabolic versatility by utilizing atmospheric gases such as 

hydrogen (HϜ), carbon monoxide (CO), and methane (CHϞ) as electron donors for energy 

production 62.These gases serve as critical energy sources for microbial respiration and 

carbon fixation due to their high-energy potential and ability to diffuse through membranes 

with low activation energy 63. Metabolic versatility has also been suggested as a key 

strategy enabling organisms to adapt to xeric environments 48.  

The web of microbial interactions further enhances survival under stress 

conditions.Heterotrophic organisms rely not only on organic compounds for energy but 

also on metabolites produced by phototrophs (organisms that use light energy) and 

chemolithotrophs (microbes that oxidize inorganic compounds) 40,64. These biotic 

relationships, both beneficial and competitive, significantly influence how microorganisms 

respond to disturbances 65. While some taxa are directly affected by disturbances, others 

experience indirect effects due to their interactions with susceptible species. These 

https://paperpile.com/c/Jqk1vm/gUdK
https://paperpile.com/c/Jqk1vm/d1qN
https://paperpile.com/c/Jqk1vm/4w4Y
https://paperpile.com/c/Jqk1vm/wc1K
https://paperpile.com/c/Jqk1vm/6LHr
https://paperpile.com/c/Jqk1vm/STup+dRus
https://paperpile.com/c/Jqk1vm/OddP
https://paperpile.com/c/Jqk1vm/V3Os
https://paperpile.com/c/Jqk1vm/y36K
https://paperpile.com/c/Jqk1vm/wI4c
https://paperpile.com/c/Jqk1vm/6LHr
https://paperpile.com/c/Jqk1vm/NVG0+STup
https://paperpile.com/c/Jqk1vm/rkSe
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cascading effects can lead to secondary extinctions or unexpected shifts in community 

composition, such as the rise of previously outcompeted species 66. 

The diverse array of adaptive strategies employed by microbial communities in 

both permafrost and arid ecosystems highlights their remarkable resilience in the face of 

extreme conditions. From metabolic dormancy and stress-resistant structures to 

alternative energy acquisition methods and complex community interactions, these 

adaptations highlight the critical role microorganisms play in maintaining ecosystem 

functioning under challenging environmental conditions. While our understanding of these 

mechanisms continues to grow, significant uncertainties remain regarding how 

disturbance-induced changes affect microbial communities and their capacity to 

withstand further disturbances 67.  

Multi-omics approaches to study microbial adaptations 

Studying the soil microbiome is challenging due to its immense diversity, complex 

interactions among bacteria, archaea, viruses, fungi, and protozoa, and its highly 

heterogeneous abiotic environment 68. Traditional culture-based methods provide limited 

insights, as less than 1% of soil bacterial species have been isolated and cultivated from 

environmental samples 69, making it difficult to quantify their contributions to soil organic 

C dynamics and further constraining our understanding of their role to a minor part of the 

diversity of microbial communities in natural systems 70. 

Advancements in high-throughput omics technologies are helping to address 

these challenges by providing a more comprehensive view of microbial community 

dynamics 71. Each omics approach provides unique but complementary insights into 

microbial communities. Metagenomics offers insights into the functional potential of soil 

communities, allowing the opportunity to analyze the metabolic potential of microbial 

communities without requiring the cultivation of individual members 72,73, however this 

omic is limited by the presence of relic DNA 74 and the inability to distinguish active 

microbes. Moving beyond genetic potential to actual activity, metatranscriptomics 

explores gene expression within microbial communities. By analyzing the total RNA pool, 

metatranscriptomics provides insights into the functional activity and metabolic processes 

of microbial communities at a given time, helping to understand their ecological roles and 

responses to environmental changes 75. At the biochemical level, metabolomics provides 

the most immediate snapshot of microbial activity by examining small metabolic 

compounds and their shifts in response to environmental changes 76. The integration of 

these complementary approaches has proven particularly valuable for understanding 

microbial adaptations in extreme environments.Various studies have integrated multi-

omics approaches to investigate microbial function across different environmental 

conditions, offering deeper insights into their adaptive responses and ecosystem roles. 

In the context of tropical rainforests, using an integrative multi-omics approachð

including metagenomics, metatranscriptomics, and metabolomicsð researchers 77 

https://paperpile.com/c/Jqk1vm/iiWw
https://paperpile.com/c/Jqk1vm/Opk0
https://paperpile.com/c/Jqk1vm/orRP
https://paperpile.com/c/Jqk1vm/Npmn
https://paperpile.com/c/Jqk1vm/Ybbi
https://paperpile.com/c/Jqk1vm/vT71
https://paperpile.com/c/Jqk1vm/iTtR+vNq6
https://paperpile.com/c/Jqk1vm/qi4M
https://paperpile.com/c/Jqk1vm/IyTn
https://paperpile.com/c/Jqk1vm/WJhW
https://paperpile.com/c/Jqk1vm/Dwjx


17 
 

 

uncovered shifts in microbial gene expression and metabolic pathways under drought 

stress, highlighting how drought conditions drive microbial communities to release stored 

soil C as VOCs, potentially accelerating climate feedback loops. 

Similarly, multi-omics has enhanced our understanding of how microorganisms 

respond to moisture pulses, a critical process in arid environments. For example, 

researchers 78 used multi-omics to examine microbial responses to wet/dry cycles, 

revealing that drying significantly altered microbial composition and function, while wetting 

had minimal effects. Across multiple omics layers, drying led to sugar and sugar alcohol 

accumulation (potential osmolytes), increased transcription of genes involved in 

nucleotide and C metabolism. Despite these advances, long-term studies are needed to 

predict the impacts of prolonged drought. 

Microbial and metabolome assembly as a tool to understand ecosystem 

adaptations 

Understanding how microbial adaptations scale from individual cells to entire 

ecosystems requires robust theoretical frameworks. Microorganisms employ diverse 

strategies to survive environmental fluctuations but understanding how these individual-

level adaptations scale up through ecological interaction networks to influence 

populations, communities, and ultimately ecosystem functioning remains a complex 

challenge. It has been proposed that functional and compositional resilience are shaped 

by species-level traits (e.g., growth rate, genetic variability), community-level factors (e.g., 

functional redundancy, network structure) and landscape-level dynamis (e.g., dispersal, 

connectivity) 79. 

Community assembly theory provides a framework for understanding the 

ecological processes shaping microbial communities across spatiotemporal scales 80 and 

their links to ecosystem functioning 45,81,82. Moreover, assembly theory and the interaction 

of assembly processes has been suggested to influence the response of microbial 

communities to disturbance 65. 

The interplay between deterministic and stochastic forces drives community 

formation. Community assemblages are shaped by both deterministic 83 and stochastic 

processes. These processes encompass selection, driven by environmental factors and 

biotic interactions; drift, resulting from random fluctuations in species abundances; 

speciation, which generates new diversity; and dispersal, which governs the movement 

and establishment of species across habitats 84.  

Methodological advances have transformed assembly theory from conceptual to 

quantitative. Vellendôs conceptual framework unified niche and neutral theories, 

prompting the development of various methods to study the ecological processes shaping 

communities 85. While most approaches provided only qualitative insights, 86 introduced 

a null-model-based method that quantitatively assessed the relative influence of 

selection, drift, dispersal, and speciation, marking a significant advancement in microbial 

https://paperpile.com/c/Jqk1vm/8CXZ
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ecology 87. This quantitative approach was later extended beyond microbial communities 

to metabolites. In 2020, Danczak et al. proposed a similar framework for metabolome 

assemblages, suggesting that deterministic and stochastic processes also shape 

metabolites composition 88. Applying such quantitative approaches can provide deeper 

insights into how disturbances impact microbial communities and their functional 

potential, shedding light on broader ecosystem consequences. 

Studies have highlighted the role of deterministic and stochastic processes in both 

intact and thawed permafrost. Dispersal limitation has been shown to dominate in intact 

permafrost 89, whereas stochastic assembly becomes more prominent in the weeks to 

months following thaw 90. A recent review further emphasizes the importance of assembly 

theory, not only for understanding microbial community dynamics post-thaw but also for 

predicting their assembly and functional responses to environmental changes 45. 

In arid regions, microbial community assembly in hot deserts is shaped by 

deterministic processes such as niche partitioning and habitat filtration 91, while stochastic 

influences have also been documented 92. 

Assembly theory has been widely applied across various ecosystems under 

different conditions, highlighting the significance of this approach. Beyond enhancing our 

understanding of the ecological processes shaping microbial communities in diverse 

environmental contexts, it also facilitates the development of theoretical frameworks for 

generating testable hypotheses. This potential has been demonstrated in studies applying 

assembly theory to microbial communities under environmental stress 93. 

The pool of metabolites within an ecosystem plays a crucial role in shaping 

microbial community structure and function, directly influencing key biogeochemical 

cycles 94. Microbial processes are largely driven by interactions with metabolitesð

through degradation, storage, and releaseðunderscoring the intricate connections 

between microbial and chemical networks. Both the microbiome and metabolome are 

shaped by environmental factors, making it essential to understand how biotic and abiotic-

biotic interactions influence their composition. Researchers are increasingly leveraging 

community assembly theory to explore metabolite organization across diverse 

environments 95ï98, emphasizing its potential as a powerful framework for linking microbial 

community dynamics, metabolome variability, and environmental conditions. 

Research goals and dissertation structure  

Building on the theoretical frameworks and methodological approaches described 

above, this dissertation aims to elucidate microbial adaptation mechanisms in climate-

disturbed ecosystems. My research focuses on understanding the feedback loops to 

global warming triggered by environmental disturbances in thawing permafrost peatlands 

and dryland ecosystems affected by shifts in monsoon patterns. 

By investigating these contrasting yet equally vulnerable ecosystems, this work 

provides complementary insights by employing a multi-omics approach alongside 

https://paperpile.com/c/Jqk1vm/hzMq
https://paperpile.com/c/Jqk1vm/WG46
https://paperpile.com/c/Jqk1vm/c98B
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assembly theory to explore how climate disturbance affects terrestrial C cycling across 

different environmental conditions. Through this lens, I seek to enhance our 

understanding of microbial and metabolite interactions and their role in climate feedback. 

This integrated framework allows for the examination of both deterministic and stochastic 

processes shaping microbial communities and metabolomes across spatiotemporal 

scales, providing deeper insights into ecosystem responses to environmental change. 

The dissertation is structured as a series of three interconnected studies, each 

addressing a specific aspect of microbial adaptation to climate disturbance. Extended 

abstracts are included in the main body of the dissertation, while the full chapters are 

provided in the appendices:  

Chapter 1: Microbiomeïmetabolite linkages drive greenhouse gas dynamics over 

a permafrost thaw gradient 

This chapter investigates the complex interactions between microorganisms and 

metabolites in thawing permafrost environments, with particular focus on how these 

interactions influence greenhouse gas emissions. The specific goals for this chapter are:  

ǒ Examine microbial-metabolite interactions at both the community and individual 

microbial levels in thawing permafrost environments. 

 

ǒ Identify key microbial species and metabolites that play critical roles in community 

assembly under thawing conditions. 

 

Chapter 2: Stochastic Assembly and Metabolic Network Reorganization Drive 

Microbial Resilience in Arid Soils 

This chapter transitions from Arctic ecosystems to arid environments, exploring how  

microbial communities in dryland ecosystems adapt to and recover from environmental 

shifts, which is critical for understanding long-term ecosystem stability in the face of 

climate change. The goals of this chapter are: 

ǒ Investigate the resilience mechanisms of microbial communities in arid 

ecosystems at both individual and community levels. 

 

ǒ Characterize shifts in microbial composition, function, and soil organic matter 

composition under transient monsoon conditions. 
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Chapter 3: Metabolic Continuity, Not Dormancy: Multi-omics Reveals Dynamic 

Functional Redundancy in Arid Soil Microbial Communities Across Monsoon 

Transitions 

Building on the findings of Chapter 2, this chapter investigates the metabolic 

adaptations of arid soil microbial communities in response to moisture pulses. By 

combining metatranscriptomics and liquid chromatography tandem mass spectrometry 

(LC-MS/MS), this chapter aims to:  

ǒ Gain a mechanistic understanding of microbial metabolic shifts in response to wet 

and dry conditions driven by monsoon events, and their implications for 

biogeochemical processes. 

ǒ Identify microbial and metabolites that are essential for ecosystem functioning, 

focusing on their roles in nutrient cycling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



21 
 

 

Chapter 1: Microbiomeïmetabolite linkages drive greenhouse gas dynamics over 

a permafrost thaw gradient 

Building on our understanding of microbial adaptation mechanisms in climate-

disturbed ecosystems, this chapter investigates the complex interactions between 

microbiomes and metabolites in thawing permafrost environments. Microbiomeï

metabolite interactions play a crucial role in environmental processes, yet their influence 

on greenhouse gas (GHG) emissions during ecosystem transitions remains poorly 

understood. Permafrost peatlands, which store vast amounts of C, are particularly 

vulnerable to climate-driven thawing, potentially releasing significant quantities of carbon 

dioxide (COϜ) and methane (CHϞ). While microbial activity is known to mediate these 

emissions, the extent to which microbial community dynamics and metabolite 

transformations contribute to GHG fluxes remains unclear. A deeper understanding of 

these interactions is essential for improving predictions of ecosystem responses to 

permafrost thaw and refining climate change mitigation strategies. 

In this study, we analyzed microbial and metabolite composition across a 

permafrost thaw gradient in Stordalen Mire, Sweden. The microbiome was characterized 

using genome-resolved metagenomics, while the metabolome was assessed through 

high-resolution Fourier transform ion cyclotron resonance mass spectrometry (12 T 

Bruker FTICR mass spectrometer). Additionally, we applied community assembly theory 

to quantitatively assess the relative influence of deterministic and stochastic processes in 

shaping both microbial communities and metabolite profiles across the thaw gradient. 

Our findings revealed a fundamental divergence between microbial and metabolite 

assembly processes, indicating that these components respond to environmental 

pressures in distinct ways. This challenges a key assumption in trait-based microbial 

models, which often presume a coordinated response between microbial taxa and 

metabolite composition. By integrating microbial and metabolite data, we provide deeper 

insights into ecosystem function, demonstrating that microbial community-level analyses 

alone may be insufficient to fully capture the biochemical drivers of GHG emissions. 

A feature-level analysis of microbiomeïmetabolite interactions allowed us to 

identify specific linkages between microbial taxa, metabolites, and observed variations in 

COϜ and CHϞ concentrations in porewater. Notably, we found that lignin-like metabolites 

enriched in sulfur and nitrogen were strongly associated with microbial species involved 

in GHG production. These results highlight the importance of investigating fine-scale 

interactions between microbes and metabolites to better understand metabolic pathways 

driving greenhouse gas fluxes in thawing permafrost ecosystems. 

This research provides valuable insights into the complex interactions between 

microbiomes and metabolites and their collective impact on greenhouse gas dynamics in 

changing ecosystems. The key messages and contributions of the first chapter are:  
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1. We show that microbial communities and metabolites do not respond in a 

coordinated manner to permafrost thaw. This underscores the need for integrated 

multi-omics approaches to fully capture ecosystem dynamics. 

2. Our findings reveal that microbial and metabolite composition is influenced by 

distinct ecological processes, highlighting the limitations of relying solely on 

microbial community data to predict ecosystem functions and GHG emissions. 

Incorporating metabolite analyses provides a more comprehensive perspective on 

ecosystem function. 

3. By identifying connections between specific microbial taxa, metabolite classes, 

and observed variations in COϜ and CHϞ concentrations, our study advances the 

understanding of metabolic processes that drive greenhouse gas emissions during 

ecosystem transitions. These insights are critical for predicting and mitigating 

climate change impacts. 

 

While this study provides valuable insights into microbiomeïmetabolite 

interactions in permafrost thaw, several limitations should be acknowledged: 

 

1. Our analysis utilized high-resolution mass spectrometry to profile broad metabolite 

composition, yet identifying specific metabolites and their functional roles remains 

challenging. The inclusion of complementary techniques such as liquid 

chromatography tandem mass spectrometry (LC-MS/MS) and gene expression 

analysis could provide more detailed insights into metabolic pathways driving GHG 

emissions. 

2. This research was conducted at Stordalen Mire, Sweden, which represents a 

specific permafrost thaw gradient. The extent to which these findings generalize to 

other permafrost regions with different environmental conditions and microbial 

communities remains uncertain, emphasizing the need for broader geographic 

studies. 

3. Our study provides a snapshot of microbial and metabolite interactions during 

permafrost thaw. However, permafrost ecosystems are dynamic, and 

understanding how these interactions evolve over time requires longitudinal 

studies to capture seasonal and long-term trends in microbiomeïmetabolite 

dynamics. 

 

Addressing these limitations through future research will enhance our 

understanding of the complex mechanisms driving greenhouse gas emissions in 

permafrost ecosystems. Expanding analytical approaches, broadening geographic 

scope, and incorporating temporal analyses will be key to refining predictions of 

permafrostïclimate feedbacks in a warming world. 
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Chapter 2: Stochastic assembly and metabolic network reorganization drive 

microbial resilience in arid soils 

While Chapter 1 explored microbial-metabolite interactions in permafrost 

environments, this chapter shifts focus to arid ecosystems, examining how microbial 

communities respond to moisture pulses from monsoon events. Arid environments are 

shaped by multiple stressors, including high temperatures, intense UV radiation, and 

highly variable precipitation regimes, which pose significant challenges to microbial 

community survival and function 46,99. While microbial responses to environmental stress 

have been extensively studied across diverse ecosystems, arid environments remain 

underexplored despite their ecological importance. The ability of microbial communities 

to withstand and adapt to extreme conditions is crucial for maintaining ecosystem stability 

and functionality. 

Microbial communities in arid environments employ diverse stress tolerance 

mechanisms to ensure survival, including DNA repair strategies, adaptations to oxidative 

and osmotic stress 55, dormancy 58, and rapid activation following rainfall events. These 

adaptations suggest that arid microbial communities are well-suited to prolonged 

resource scarcity and capable of efficiently exploiting transient resource availability. 

Although microbial activity in arid regions has traditionally been understood through a 

pulse-dynamic framework 99, an increasing number of studies report sustained 

transcriptional activity in these ecosystems 100,101. This challenges previous assumptions 

and underscores the need for a deeper understanding of microbial metabolic strategies 

in arid environments. 

While the physiological responses of individual microbes to stress are well-

documented, how these responses integrate into broader community dynamics remains 

unclear. Specifically, the coordination of survival strategies, resource utilization, and 

functional stability under extreme environmental fluctuations is yet to be fully elucidated. 

To address these knowledge gaps, we conducted a comprehensive sampling 

campaign at Saguaro National Park in the Sonoran Desert (Tucson, Arizona), collecting 

soil samples across nine time points spanning pre-monsoon, monsoon, and post-

monsoon conditions within 1 year. We applied a time-resolved multi-omics approach, 

including genome-resolved metagenomics, metatranscriptomics, and high-resolution 

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) for 

metabolome analysis, combined with assembly theory, to investigate microbial 

community adaptation and resilience in arid soils. 

Our study proposes that microbial resilience in arid environments arises from 

dynamic microbial network reorganization, facilitating the coordination between 

stochastic processes that maintain community stability and individual stress responses. 

Additionally, we identified Thermoproteota as a keystone taxon that plays a central role 

in nitrogen cycling and fosters cross-feeding networks, contributing to ecosystem stability. 

https://paperpile.com/c/Jqk1vm/h1TI+Xxf3
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Key findings and broader implications of our study include: 

ǒ Expansion of our understanding of microbial stress tolerance strategies and 

functional variability over time in response to transient monsoon conditions. 

ǒ Identification of potential novel microbial species in arid environments and their 

functional potential. 

ǒ Recognition of ammonia-oxidizing archaea, particularly Thermoproteota, as a 

crucial component of nitrogen cycling in arid soils, highlighting the functional 

vulnerability of these communities under environmental change. 

ǒ Identification of shifts in ecological processes shaping microbial and metabolite 

assembly in arid soils influenced by monsoon conditions. 

Our findings bridge the gap between individual microbial adaptations and 

community-wide resilience, providing a framework for understanding microbial responses 

to environmental fluctuations and their implications for ecosystem function. 

While our study provides valuable insights into microbial resilience and ecosystem 

functions in arid systems, we acknowledge certain limitations: 

ǒ Given the climatic and microclimatic variability of arid lands worldwide, our findings 

are specific to our study site but may offer insights applicable to other dryland 

ecosystems. 

ǒ Many of our metagenome-assembled genomes were incomplete, necessitating 

cautious interpretation of gene presence/absence and metabolic pathway 

completeness, as these may be influenced by sequencing or binning artifacts. 

Overall, our study advances our understanding of microbial community dynamics 

in arid environments, offering new perspectives on microbial adaptation, functional 

stability, and ecosystem resilience under climate-driven environmental changes. 

Author Contributions:  

This chapter was co-authored with Christian Ayala-Ortiz. We collaboratively 

designed the experimental approach and jointly conducted field sampling and DNA 

extractions. I took the lead on RNA isolations and soil organic matter extractions, while 

Christian Ayala-Ortiz led the metagenomic analyses, including data processing, 

assembly, binning, and annotation, as well as the microbial co-occurrence and interaction 

network analyses. My primary contributions included the metatranscriptomic analysis, soil 

organic matter characterization using FT-ICR MS, 16S rRNA amplicon sequencing 

analysis, and the microbial and metabolite assembly analyses. We both contributed 

substantially to manuscript preparation, with shared responsibility for figure development 

and finalization. 

  



25 
 

 

Chapter 3: Metabolic continuity, not dormancy: Multi-omics reveals dynamic 

functional redundancy in arid soil microbial communities across monsoon 

transitions 

Building on the community-level analysis presented in Chapter 2, this final chapter 

investigates the specific metabolic mechanisms that enable microbial resilience in arid 

soils. Climate change is expected to intensify weather extremes, particularly in arid 

regions, where precipitation is projected to become less frequent but more intense 27. 

These shifts pose significant challenges to the stability and functionality of soil 

microbiomes, as drought and rewetting events drive fluctuations in microbial metabolism 

and biogeochemical processes. In arid ecosystems already constrained by limited water 

and C availability, understanding how microbial communities adapt to these changes is 

critical for predicting long-term ecosystem resilience. 

Our previous study 102 in the Sonoran Desert (Saguaro National Park, Tucson, 

Arizona) revealed that arid soil microbial communities exhibit diverse survival strategies 

that dynamically shift with monsoon-driven moisture fluctuations. We proposed a 

framework linking individual microbial resilience to broader community processes through 

beneficial interactions elucidated via network analysis and stochastic assembly models. 

Supporting a growing body of literature 100,101, we challenged the traditional dormancy-

centered paradigm by demonstrating that many microbial taxa in arid environments 

remain metabolically active even under drought conditions. 

However, key questions remain regarding how these metabolic adaptations 

sustain biogeochemical cycling through drying and rewetting events and how they 

influence microbial-driven soil processes under a changing climate. To address these 

gaps, we collected 36 soil samples across the 2021 North American monsoon season in 

Saguaro National Park and employed an integrative multi-omics approach, combining 

genome-resolved metagenomics, metatranscriptomics, and metabolomics (via LC-

MS/MS). 

While our previous chapters utilized high-resolution Fourier transform ion cyclotron 

resonance mass spectrometry (FT-ICR MS) for broad metabolite characterization, this 

study employed liquid chromatography tandem mass spectrometry (LC-MS/MS) to obtain 

more precise metabolite identifications and annotations. 

Our findings revealed the active expression of core metabolic pathways across 

both dry and wet conditions, facilitated by ecological niche specialization. Dry-adapted 

taxa (e.g., Rubrobacteria, Chloroflexota, Nitrososphaera) maintained metabolic activity 

under arid conditions, whereas wet-adapted taxa (e.g., Actinomycetes, Thermoleophilia) 

exhibited increased activity during the monsoon period. These results suggest that 

metabolic flexibility and resource allocation strategies are as crucial as dormancy for 

microbial survival in arid environments 55,103. Furthermore, functional redundancy 

emerged as a fundamental mechanism for maintaining microbial resilience and sustaining 

ecosystem functions despite seasonal moisture fluctuations. 

https://paperpile.com/c/Jqk1vm/h0U0
https://paperpile.com/c/Jqk1vm/mjHD
https://paperpile.com/c/Jqk1vm/sSDM+oOYs
https://paperpile.com/c/Jqk1vm/NpZR+fBkn


26 
 

 

Metabolomic analysis provided additional mechanistic insights by linking key 

metabolite fluctuations to gene expression patterns. Notably, amino acids and peptides 

were enriched in dry conditions, suggesting roles in osmoprotection, alternative nitrogen 

metabolism, and energy storage. Other metabolites associated with stress tolerance and 

desiccation survivalðsuch as trehalose, maltotetraose, and maltotrioseðwere also 

highly abundant under arid conditions. 

Together, our results highlight how arid soil microbial communities dynamically 

regulate metabolic pathways in response to seasonal moisture variability, balancing 

osmoprotection, nutrient acquisition, and stress responses. This study provides critical 

insights into the microbial strategies that underpin ecosystem resilience in drylands and 

offers a predictive framework for understanding microbial contributions to biogeochemical 

cycling under future climate scenarios. 

Key findings and broader implications of our study include: 

1. Our study challenges the dormancy-centric paradigm by showing metabolic 

continuity through functional redundancy, offering a new perspective on microbial 

survival strategies in dryland ecosystems. 

2. It also suggests that arid soil microbial communities may exhibit functional 

resilience to shifting precipitation patterns, though extreme changes could still 

pose risks. 

3. Demonstrates the role of metabolic flexibility, cross-feeding (from our previous 

study), and functional redundancy in maintaining ecosystem function across 

monsoon transitions. 

4. Identifies specific genes, pathways, and metabolites that can serve as early 

indicators of ecosystem destabilization and aid in land restoration efforts. 

Despite these advancements, we acknowledge the following limitations: 

1. While multi-omics provides strong, experimental validation (e.g., stable isotope 

probing, transcript knockouts) is needed to confirm specific metabolic processes. 

2. Genome-resolved metagenomics may miss key functional contributors, especially 

in complex communities with high microbial diversity. 

3. Despite covering monsoon transitions, longer-term monitoring across multiple 

years would be necessary to capture interannual variability in microbial responses. 

4. While metabolites were linked to gene expression, their precise microbial origins 

and functional roles require further validation through isotope tracing or single-cell 

approaches. 

5. Our findings are based on a specific arid ecosystem and may not be universally 

applicable to other dryland regions with different edaphic and climatic conditions. 
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Conclusions 

This dissertation advances our understanding of how soil microbial communities 

adapt to climate disturbance in two contrasting yet equally vulnerable ecosystem types: 

Arctic permafrost peatlands and arid environments. By integrating multi-omics 

approaches with ecological theory, our research provides novel insights into the 

molecular and community-level mechanisms that underpin ecosystem resilience in the 

face of environmental change. 

This dissertation demonstrates that integrating metagenomics, 

metatranscriptomics, and metabolomics provides a holistic understanding of microbial 

responses to climate stressors. Additionally, the application of assembly theory to 

microbial and metabolite assemblages offers deeper insights into ecological processes 

shaping ecosystem functions and microbial adaptation under changing environmental 

conditions. 

In Chapter 1, we proposed a multi-omic framework to characterize ecological 

processes driving microbial and metabolite assemblages across a permafrost thaw 

gradient. Using high-resolution mass spectrometry (FT-ICR MS) and metagenomics, we 

identified key metabolite molecular formulas and microbial taxa structuring microbial-

metabolite networks across three thaw stages. Our findings revealed a fundamental 

divergence between microbial and metabolite assembly processes, challenging a key 

assumption in trait-based microbial models, which often presume a coordinated response 

between microbial taxa and metabolite composition. This insight underscores the need 

for integrated multi-omics approaches to fully capture ecosystem dynamics and 

greenhouse gas emissions in thawing permafrost. While developed for permafrost 

peatlands, this framework is broadly applicable to other peatland and other ecosystems 

in transition, improving our understanding of global biogeochemical patterns and 

informing predictive climate models. 

In Chapter 2, we leveraged multi-omic integration to explore microbial survival 

strategies in response to monsoon-driven environmental fluctuations in an arid 

ecosystem. By analyzing the functional potential and expression of 282 metagenome-

assembled genomes, we highlighted potential taxonomic novelty and functional stability. 

We also characterized stress tolerance genes and their expression shifts with monsoon 

conditions, enhancing our understanding of microbial survival strategies. Furthermore, 

using assembly theory, microbial co-occurrence, and functional network analyses, we 

proposed a framework linking resilience strategies at individual and community levels. 

Our study demonstrated that microbial resilience in arid environments arises from 

dynamic microbial network reorganization, facilitating the coordination between 

stochastic processes that maintain community stability and individual stress responses. 

We also identified Thermoproteota as a keystone taxon that plays a central role in 

nitrogen cycling and fosters cross-feeding networks, contributing to ecosystem stability. 
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Our findings underscore the importance of microbial interactions and key metabolic 

byproducts in stabilizing arid communities, particularly during dry months. 

In Chapter 3, we applied metagenome-resolved metatranscriptomics and 

metabolite identification (via LC-MS/MS) to investigate how arid microbial communities 

dynamically regulate metabolic pathways in response to seasonal moisture variability. 

Challenging the traditional dormancy-centered paradigm, our findings demonstrate that 

many microbial taxa remain metabolically active even under drought conditions. We found 

that arid soil microbial communities exhibit functional resilience to shifting precipitation 

patterns through metabolic flexibility, cross-feeding, and functional redundancy. Notably, 

we identified dry-adapted taxa (e.g., Rubrobacteria, Chloroflexota, Nitrososphaera) that 

maintained metabolic activity under arid conditions and wet-adapted taxa (e.g., 

Actinomycetes, Thermoleophilia) that showed increased activity during the monsoon 

period. We propose that functional redundancy and metabolic flexibility enable microbial 

communities to maintain activity despite environmental stressors. Moreover, we identified 

functional guilds exhibiting preferential expression of key metabolic pathways under dry 

and wet conditions. Metabolomics analysis further revealed key microbial adaptation 

compounds, including osmoprotectants, antioxidants, and nitrogen-rich metabolites. 

Overall, this dissertation identifies genes, pathways, and metabolites that serve as 

early indicators of ecosystem destabilization and could inform surveillance and restoration 

efforts. By integrating multi-omics approaches with ecological theory, our work advances 

understanding of microbial resilience in climate-sensitive ecosystems and provides a 

foundation for predicting microbial contributions to biogeochemical cycling under future 

climate scenarios. 

As I reach this pivotal milestone in my career, I reflect on the experiences and 

opportunities that have shaped me into the scientist I am today. I am deeply grateful for 

the enlightening, supportive, and inspiring interactions with mentors and peers that have 

guided my journey. With more passion than ever, I remain committed to uncovering and 

harnessing the power of microbes, as I truly believe they hold key solutions to the 

challenges of an increasingly human-influenced world. 
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Glossary of terms 

A glossary is provided to define key ecological terms used throughout this dissertation, 

as certain terminology can be used interchangeably in the field. This reference aims to 

improve clarity for readers. 

Community: group of potentially interacting organisms from multiple species that live in 

a specific place and time 84. 

Community ecology: study of the processes that influence changes in diversity, 

abundance and composition of species. These processes are selection, drift, speciation 

and dispersal 84. 

Stress: is a physiological or functional response of an individual or system to a 

disturbance or ecological process, relative to a defined reference condition. It is 

characterized by its direction, magnitude, and persistence 104. 

Disturbance: is an abiotic or biotic force, agent, or process that causes perturbation in 

an ecological component or system, relative to a defined reference state 104. 

Acclimation: involves physiological, anatomical, or morphological adjustments within a 

single organism that improve performance or survival in response to environmental 

change. The extent of this acclimation is constrained by the genome of the individual and 

offers short-term resilience. 

Adaptation: adaptation involves the acquisition or recombination of genetic traits that 

improve performance or survival over multiple generations. It drives long-term 

evolutionary change. Species respond to environmental stress through acclimation and 

adaptation. 

Resilience: rate at which microbial composition returns to its original composition after 

being disturbed 105. 

Resistance: degree to which microbial composition remains unchanged after 

disturbance 105. 

Functional redundancy ability of an individual to carry out a process at the same rate 

as another under the same environmental conditions 105. 

Assemblage: phylogenetically related organisms that co-occur in space and time 80 

Niche theory: in community ecology this theory explains that species traits, 

environmental abiotic factors (e.g., temperature, salinity, moisture) and biotic interactions 

(competition, predation, mutualism, trade-offs) determine changes in species diversity 

https://paperpile.com/c/Jqk1vm/TAPQ
https://paperpile.com/c/Jqk1vm/TAPQ
https://paperpile.com/c/Jqk1vm/pAAg
https://paperpile.com/c/Jqk1vm/pAAg
https://paperpile.com/c/Jqk1vm/Y89U
https://paperpile.com/c/Jqk1vm/Y89U
https://paperpile.com/c/Jqk1vm/Y89U
https://paperpile.com/c/Jqk1vm/mQdg


30 
 

 

and composition. These factors are referred to as deterministic or non-random 83,86. From 

a metabolomics perspective, it might be understood as the biotic and abiotic 

transformations that control fluctuations of metabolites within the metabolite assemblages 

(e.g., differences in production and degradation rates) 88. 

Neutral theory: explains changes in species diversity, relative abundance and 

composition due to stochastic or random (unpredicted) processes (birth, death, 

colonization, extinction, and speciation) 83,86. From a metabolomics perspective, similar 

to microbial communities, dispersal of metabolites influenced by physical forces or vector 

movement can affect the meta-metabolome composition (divergent or homogenous 

assemblages) which can be understood as an effect of stochastic drift processes 88. 

Selection: is a deterministic fitness difference between individuals of different species 84. 

Dispersal: with respect to a community, dispersal is the movement of organisms across 

space 84. 

Drift: random changes in species relative abundance 84. 

Speciation: creation of new species 84. 

Homogeneous selection: steady selective pressures originated from persistent 

environmental conditions are the main cause of low compositional turnover between a 

pair of local communities 106 

Variable selection: varying selective pressures originating from changes in the 

environmental conditions are the main cause of high compositional turnover between a 

pair of local communities 106. 

Homogenizing dispersal: high dispersal rates that homogenize communitiesô 

composition are the main cause of the little compositional turnover between a pair of local 

communities 107. 

Dispersal limitation: low dispersal rates constraining the exchange of organisms and 

causing communitiesô composition to drift apart are the main cause of high compositional 

turnover between a pair of local communities 107. 

Undominated: the compositional turnover between a pair of local communities is not 

dominantly driven by selection nor by dispersal processes 107. 

Multi-omics: óomicsô refers to a set of high-throughput techniques that analyze various 

levels of biological information to provide a comprehensive, system-wide view of 

molecular processes. This includes genomics (DNA sequences of an organism), 
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metagenomics (genetic material from entire microbial communities), transcriptomics 

(gene expression patterns), metatranscriptomics (community-wide gene expression), 

proteomics (protein composition and function), and metabolomics (small-molecule 

metabolites involved in cellular processes) 108. 

 

Metabolomics: Metabolomics is the study of naturally occurring low molecular weight 

organic compounds (50ï1500 Da) present within cells, tissues, or biofluids 76. 

Environmental metabolomics (ecometabolomics) applies metabolomics techniques to 

characterize how living organisms, communities, interact with their environment 109. 

 

Permafrost: perennially frozen ground (rock, soil, ice) underlining natural ecosystems in 

high-latitude areas, with a temperature < 0 C for at least 2 consecutive years 110. 

 

Active layer: is the uppermost layer of soil in a permafrost column that undergoes 

seasonal thawing and refreezing. Unlike the permanently frozen permafrost beneath it, 

the active layer responds dynamically to temperature fluctuations, thawing in the warmer 

months and refreezing in colder seasons. Its thickness varies depending on climate 

conditions, soil composition, and vegetation cover, playing a crucial role in hydrology, C 

cycling, and ecosystem dynamics in permafrost regions 110,111 .  

 

Aridity index: is a measure of dryness, calculated as the ratio of precipitation to potential 

evapotranspiration (Zomer et al., 2022). 
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Abstract 

Interactions between microbiomes and metabolites play crucial roles in the 

environment, yet how these interactions drive greenhouse gas emissions during 

ecosystem changes remains unclear. Here we analysed microbial and metabolite 

composition across a permafrost thaw gradient in Stordalen Mire, Sweden, using paired 

genome-resolved metagenomics and high-resolution Fourier transform ion cyclotron 

resonance mass spectrometry guided by principles from community assembly theory to 

test whether microorganisms and metabolites show concordant responses to changing 

drivers. Our analysis revealed divergence between the inferred microbial versus 

metabolite assembly processes, suggesting distinct responses to the same selective 

pressures. This contradicts common assumptions in trait-based microbial models and 

highlights the limitations of measuring microbial community-level data alone. 

Furthermore, feature-scale analysis revealed connections between microbial taxa, 

metabolites and observed CO2 and CH4 porewater variations. Our study showcases 

insights gained by using feature-level data and microorganismïmetabolite interactions to 

better understand metabolic processes that drive greenhouse gas emissions during 

ecosystem changes.  

Main 

Permafrost peatlands are critical carbon (C) reservoirs1, and as climate warming 

accelerates thaw, substantial carbon releases are expected. The magnitude of climate 

feedback depends on both the amount of C released through microbial decomposition 

and the composition of greenhouse gases (GHG) released (for example, CO2 versus 

CH4), influenced by microbial decomposition of soil organic matter (SOM)2,3. However, 

fine-scale interactions affecting ecosystem emissions remain poorly understood. 

Advances in metabolomics now enable precise characterization of environmental 

metabolites4, providing insights into metabolic mechanisms from microbial communityï

environment interactions5 that structure ecosystem response to environmental changes6. 

Metabolites, produced by microbial reactions in response to physiological or 

environmental changes7, provide direct insight into in situ microbial function8. However, 

the full suite of environmental metabolites9,10ðthe metabolomeðresults from biotic 

sources beyond microorganisms, including plant exudates and detritus11 as well as abiotic 

by-products12. This complexity can lead to distinct controls shaping metabolome and 

microbiome assembly, potentially resulting in divergent and asynchronous responses to 

environmental changes13,14. To understand these drivers, we applied community 

assembly theory jointly to microbiomes and metabolomes, treating metabolite 

ócommunitiesô as ecologically analogous to microbial ones13. This approach helps 

disentangle metabolome and microbiome functions, enhancing our grasp of ecosystem 

biogeochemistry and improving climate change predictions13,15. We leveraged shotgun 
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metagenomics and high-resolution metabolomics techniques respectively, guided by 

community assembly principles, to decipher the composition and structure of microbial 

communities and metabolomes across a thaw gradient. This is particularly relevant for 

transitioning ecosystems, such as thawing permafrost, where microbial communities and 

metabolomes reassemble as conditions change. Community assembly involves 

deterministic and stochastic factors16,17 (Table 1), which can be disentangled using 

phylogenetic null models18,19. Furthermore, we performed random matrix theory (RMT) 

network analysis to assess the interactions within these reassembling communities and 

metabolomes. 

Our focus is on the Stordalen Mire, a model permafrost ecosystem in northern 

Sweden spanning three thaw-stage habitats: dry permafrost-underlain palsas (with a 

seasonally thawed active layer), partially thawed and inundated ombrotrophic bogs, and 

fully thawed and inundated minerotrophic fens. This thaw progression substantially alters 

microbial communities3,20, vegetation21,22 and SOM composition23,24,25,26, resulting in 

increased GHG emissions27. 

We hypothesized that the primary drivers shaping microbial community and 

metabolome assembly shifted in response to the unique environmental signatures of each 

habitat. In palsa environments, we expected selection pressures to dominate assembly, 

leading to homogenous microbial communities adapted to seasonal thawing events28,29. 

The high chemical lability of litter and presence of oxygen probably promoted rapid 

microbial degradation compared with the anoxic conditions of bogs and fens26. Steep 

environmental gradients suggested the dominance of deterministic factors, particularly 

variable selection, in shaping the palsa metabolome. Limited dispersal, encouraged by 

dry ombrotrophic conditions, probably contributed to microbial and metabolome 

homogeneity. Bog ecosystems presented a contrasting scenario. Although exposed to a 

strong selective filter from Sphagnum metabolites and acidity, the bog microbiota 

probably experienced some local dispersal owing to fluctuating water table levels, 

potentially mitigating homogenous selection. Sphagnum moss strongly influenced the 

bog metabolome through litter inputs and bioactive metabolites. We predicted 

homogenization of the metabolome due to accumulation of recalcitrant metabolites, 

altered enzymatic activity and anoxic conditions24. For fen environments, we 

hypothesized that minerotrophic conditions and full inundation promoted microbial 

dispersal, outweighing selective pressure28,30. Runoff from surrounding areas and water 

mixing might have facilitated metabolite dispersal30. We predicted a more variable 

metabolome shaped by the diverse and active microbial community present supported by 

the presence of microbially derived compounds with low aromaticity23,24,25. 

We examined the congruence between microbial communities and metabolomes 

at community and feature scale (microbial lineages and metabolite formulas). We 

hypothesized that synchrony in ecological assembly processes at the community level 
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signified a stable, coordinated ecosystem response while feature-scale alignment 

suggested specialized, finely tuned microbial activities and metabolite patterns. 

Results 

Divergent assembly of metabolites and microorganisms in permafrost 

We used paired genome-resolved metagenomics and high-resolution Fourier 

transform ion cyclotron resonance (FTICR) mass spectrometry to characterize peatland 

microbial communities and metabolomes. Samples were collected from three habitats 

(palsa, bog and fen) at different depths (shallow, middle and deep) at the Stordalen Mire 

between June and August 2012 (Supplementary Data 1). Although we used a 

metagenome-assembled genome (MAG) database compiled over a longer time frame 

(2011ï2017), containing 13,290 MAGs31,32, we analysed 1,402 MAGs from 2012 samples 

with paired metabolome data, detecting 14,432 metabolites (6,763 with assigned 

molecular formulas). By investigating ecological processes shaping microbiome and 

metabolome assembly at various scales, our analysis revealed a decoupling between 

drivers of microbiome and metabolome assembly. Microbial assembly shifted along the 

permafrost thaw gradient from environmental filtering and biotic interactions towards 

increased stochasticity resulting in low compositional turnover within habitats (Fig. 1a,b). 

Microbial assembly was driven by homogeneous selection in the palsa and homogeneous 

dispersal in the bog and fen (Fig. 1e). Variable selection contributed somewhat to the fen. 

In the palsa, limited spatial turnover probably resulted from consistent environmental 

filters such as dry, ombrotrophic conditions and strong seasonal freezingïthawing cycles. 

Increased water availability promotes dispersal in the bog and fen. Various ecological 

factors may shape bog communities, including Sphagnum presence, low pH, nutrient 

levels33 and water table fluctuations, creating distinct niches34. The diverse fen SOM 

composition22 provided various avenues for microbial communities to thrive3,24,25. In 

contrast to microbial assembly, metabolome compositions were primarily driven by 

variable selection and homogenizing dispersal (Fig. 1bïe). The bog had the highest 

variable selection, followed by the palsa and the fen. Homogenizing dispersal had the 

most impact on the fen, then the palsa and, lastly, the bog. Despite our hypotheses, 

Sphagnum-derived metabolites did not create a uniform bog metabolome (variable 

selection was dominant), suggesting that microorganisms can degrade complex 

polyphenolic compounds35. Abiotic reactions also facilitate Sphagnum leachate 

breakdown36. Divergent palsa and fen metabolomes may arise from factors 

systematically affecting production or transformation, akin to ecological selection13,37. 

Differing metabolite patterns probably stem from niche specialization, nutrient dynamics 

and habitat physicochemical properties23,38. As distinct processes govern microbial 

versus metabolite assembly, we examined their coordination using Mantel tests within 

each habitat, finding no significant correlations. However, Spearman correlations 
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revealed strong microbial and metabolite beta nearest taxon index (ɓNTI) associations in 

the palsa at monthly and depth scales (Supplementary Data 2) indicating the need for 

finer-scale analysis to elucidate microorganismïmetabolite interactions. 

Next, we examined the environmental drivers underlying the observed divergent 

assembly patterns between microbiomes and metabolomes. Depth, C:N ratios and 

precipitation significantly contributed to shaping palsa and fen metabolomes (Fig. 1f). This 

highlights the influence of oxygen availability, microbial activity and peat stratification on 

metabolome assembly24,26,39. Notably, bog metabolite assemblages showed no 

significant correlations with environmental factors, suggesting the involvement of 

unexplored variables. Even though this habitat experienced a higher influence of variable 

selection (Fig. 1e), the strongest connection with environmental variables was observed 

in the other habitats suggesting that the bog is potentially organized at the feature scale 

and driven by the connections and actions of individual features. This highlights the 

importance of feature-scale microorganismïmetabolite connections in the bog and the 

need for a multidimensional approach to understand the ecological processes shaping 

permafrost ecosystems. 

Microbial and metabolite dynamics at the feature scale 

Building on a previous work15, we used a feature-specific beta diversity null 

modelling approach (ɓNTIfeature) to identify individual microbial taxa and metabolites 

influencing ecological variation or similarity within communities15. This method pinpoints 

members with unique responses to ecological pressures15,40. Although most individual 

microorganisms minimally affected divergence or convergence (ecological variation or 

similarity, respectively) (Supplementary Data 3 and 4), a greater proportion of metabolites 

contributed to metabolome variation within each habitat compared with the microbiome 

(Supplementary Data 3 and 4, and Supplementary Note 1). This aligns with findings15 

suggesting that the transient nature of metabolomes drives this difference. 

Furthermore, our analysis of correlations between microbial genome abundances 

and metabolite-ɓNTIfeature-derived clusters unveiled groups influencing ecological 

chemical variation, similarity and stochasticity (Fig. 2c). More microbialïmetabolite 

correlations were observed in the bog, supporting our findings that this habitat is 

organized at the feature-scale level (previous section). This suggests that strong 

microorganismïmetabolite interactions are more important in the bog for organic matter 

diversification. In the bog, cluster 1 metabolites contributed to metabolome divergence 

with a higher relative abundance of S-containing compounds, while cluster 2 exhibited a 

prevalence of N-containing compounds contributing to divergence and stochasticity (Fig. 

2c). Meanwhile, in the palsa and fen, we identified three metabolite clusters with different 

contributions to metabolome assembly and significantly different metabolite properties 

(Supplementary Note 2). Across habitats, clusters contributing towards metabolome 

convergence or having insignificant contributions had higher abundance of CHO 
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compounds, primarily carbohydrates, aligning with previous observations15 and 

suggesting common processes driving chemical similarity across permafrost gradients 

(Fig. 2d). 

Strong positive and negative correlations were evident between genome 

abundances and metabolite clusters in each habitat (Fig. 2a and Supplementary Data 5), 

probably arising from the peat spatial complexity, and dynamic C distribution creating 

microbial niches41 leading to specialization in the utilization of distinct metabolite pools. 

This was especially evident in bog cluster 1, in which S-containing metabolite clusters 

(Fig. 2d), with CHOS elemental composition, were linked to metabolome divergence. 

Cluster 1 metabolites exhibited characteristics of recalcitrance, potentially Sphagnum-

moss-derived compounds. They had a high proportion of aromatic rings (modified 

aromaticity index (AI_mod) > 0.5 and AI_mod > 0.67); were highly unsaturated (double-

bond equivalent minus oxygen (DBE_O) > 0); had a low nominal oxidation state of carbon 

(NOSC < 0), suggesting low bioavailability42; and were enriched in S-containing 

condensed hydrocarbon and lignin-like compounds (Fig. 2d and Extended Data Fig. 1c). 

Previous studies have proposed that Sphagnum litter is the primary source of organic S 

in peat, serving as the main reservoir for recycling43,44. These S-containing metabolites 

probably play a key role in SOM cycling within bogs. Comparing metabolites across plant 

species and peat soil from the three habitats showed that (1) Sphagnum had a lower 

NOSC than other plants, (2) S-containing compounds were highly consumed in bogs and 

(3) newly observed lignin-like compounds (compounds not observed in the plant extracts 

or the peat) were abundant in the bog and fen26. These findings suggest that bog 

microbial communities co-evolved to efficiently use these metabolites, consistent with 

previous substrate addition experiments45. Moreover, given low S and N levels in bogs, 

these metabolites may control SOM decomposition rates in the Stordalen Mire. 

Organic S compounds, such as those in cluster 1, may serve as reservoirs for 

microbial sulfate mobilization46 via assimilatory or dissimilatory sulfate reduction. 

Supporting this mechanism in the bog, 55 MAGs across 9 phyla, mostly Acidobacteria, 

Verrucomicrobia and Proteobacteria, strongly correlated with cluster 1 metabolites and 

encoded and expressed genes for S metabolism pathways (Extended Data Fig. 2 and 

Supplementary Note 2). 

Sulfur-containing compounds can also result from sulfide (H2S) incorporation into 

organic matter by sulfate-reducing microorganisms (SRM)47 during dissimilatory sulfate 

reduction. SOM degradation in peatlands depends on available terminal electron 

acceptors, forming a redox gradient48. As sulfate reduction is more thermodynamically 

favourable than fermentation and methanogenesis, SRM can outcompete methanogens 

for substrates, mitigating methane flux3,23. SRM have versatile substrates from H2, fatty 

acids, alcohols to aromatics49. Syntrophic SRMïmethanogen interactions occur via H2, 

formate, acetate50, methyl sulfides51 or direct electron transfer52, further influencing GHG 

production. 
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Therefore, bacteria involved in organosulfur transformations and methanogenï

methanotroph interactions may be key functional species in the bog. Our analysis 

identifies these potentially crucial bacteria and suggests their role in driving metabolome 

divergence. Correlations between bacterial genomes and S-containing metabolite 

clusters hint at their possible use as terminal electron acceptors, aligning with previous 

proposals23. Going beyond simply quantifying inorganic S species, our study identifies 

specific organosulfur metabolites and associated taxa and elucidates complex bog 

biogeochemical cycling. 

Metabolite clusters further correlated with environmental factors (Fig. 2a and 

Supplementary Note 2). This analysis links individual microbial and metabolic features to 

assembly processes and environmental parameters, offering insights into the interplay 

and scale dependencies governing permafrost microbiome and metabolome dynamics53. 

Microbial and metabolite assembly linked to greenhouse gas 

To explore the connection between ecological assembly and biogeochemical 

function at the feature scale, we investigated whether metabolically important genomes 

(those significantly associated with metabolite clusters) were also associated with varying 

CO2 levels in the palsa peat or with dissolved CO2 and CH4 concentrations in the bog and 

fen porewater. Even though the measured GHG concentrations do not directly reflect in 

situ production rates or above ground fluxes, their trends can help us understand how 

microscale processes may influence systemic outputs54. Significant correlations between 

genome abundances and GHG levels were observed only in the bog with 45 MAGs 

correlating with CO2, and 29 MAGs correlating with CH4 (Supplementary Data 5). Here 

we focus the discussion only on five of those genomes that were also found to significantly 

contribute to community assembly (Fig. 3a,b). The lack of significant correlations in other 

habitats probably suggests that the relationship between ecological processes and 

biogeochemical functions may occur at different scales along the thaw gradient. In the 

bog, where there are strong ecological filters such as low pH and the presence of 

recalcitrant compounds24,33, specific features (that is, microorganisms) seem to contribute 

to GHG production (Fig. 3a,b). Meanwhile, in the palsa and fen, this function may depend 

on the action of many members of the microbial community, making their contributions 

less important at the feature level. 

Of the five bacterial genomes that correlated with GHG levels in the bog porewater, 

two genomes, Terracidiphilus (Acidobacteria) and Fen-455 (Actinobacteria), had positive 

correlations with dissolved CO2 and CH4 concentration. Holophaga (Acidobacteria) 

correlated solely with CO2, while RAAP-2 (Actinobacteria) correlated negatively with CO2 

and CH4 (Supplementary Data 5). 

Members of Acidobacteria have been described as the primary degraders of 

Sphagnum polysaccharides in peat bogs3. These Terracidiphilus genomes expressed a 

wide set of enzymes for the degradation and utilization of polysaccharides, highlighting 
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their role in breaking down biopolymers55 and contributing to core biogeochemical 

processes. Genomic and gene expression analysis revealed that Terracidiphilus 

genomes encoded several genes related to central carbon metabolism and S cycling (Fig. 

3, Supplementary Note 3 and Extended Data Fig. 3). The Terracidiphilus genome 

contained genes for assimilatory sulfate reduction. 

Importantly, Acidobacteria genomes expressed genes for producing and/or 

utilization of common methanogenic substrates (that is, acetate, formate). Some 

expressed WoodïLjungdahl pathway genes. The correlation of these genomes with 

porewater CH4 levels suggests they are key community members providing or competing 

for methanogen substrates. Our results highlight their versatile metabolism, linking the 

presence of these microorganisms to GHG productionðinsights relevant for 

environmental modelling and management strategies. 

Microbialïmetabolite networks in a permafrost thaw gradient 

In our systematic exploration of microbialïmetabolite interactions, we applied 

abundance-based co-occurrence networks using RMT-based network analysis56,57,58. 

This method helped us study how metabolites influencing metabolome convergence and 

divergence interacted with the microbial community within each habitat. The networks 

showed characteristics typical of complex networks, including scale-free node 

connectivity, small-world properties and high modularity (Supplementary Data 6). A total 

of 177 MAGs (palsa = 30, bog = 66, fen = 84) constituted the networks, termed networked 

microbial communities. Node numbers increased with thaw progression, with distinct 

interaction patterns within each habitat. 

Notably, the bog exhibited the most microorganismïmetabolite links, followed by 

the fen and the palsa. This corroborates our previous analysis that the bog has a strong 

feature-scale organization. Most microorganismïmetabolite interactions were negative 

(Extended Data Fig. 4b), probably reflecting microbial transformation or utilization of 

metabolites23,25,59. Limited microorganismïmicroorganism connections in the palsa were 

attributed to its dry ombrotrophic conditions. Conversely, increased water content in the 

bog and fen was associated with greater microbial and metabolite dispersal, probably 

contributing to increased microorganismïmicroorganism, microorganismïmetabolite and 

metaboliteïmetabolite interactions (Extended Data Fig. 4b). Across all three habitats, we 

identified nodes that played important roles in shaping network structure and stability, 

including module hubs, which are highly connected nodes within a network module, and 

connector nodes, which are extensively linked to multiple modules56. Interestingly, the 

bog exhibited a prevalence of connector nodes. These nodes in all three habitats were 

predominantly lignin-like compounds with CHO and CHNOP elemental composition, 

characterized by low NOSC values. CHNOP and CHOSP module hubs and connectors 

contributed to metabolome divergence (Supplementary Data 6). Lignin-like compounds 

probably serve as primary nutrient sources for microorganisms. Their degradation can 
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produce polyphenols, which are considered recalcitrant and potentially inhibitory to 

microbial activity under anaerobic conditions48, despite evidence of anaerobic 

degradation35. Consequently, these compounds and their derived polyphenols may 

influence GHG emissions in peatlands. 

Using the METABOLIC pipelineðcommunity option60, we examined the functional 

profiles of the 177 networked MAGs. These communities, primarily Acidobacteria, 

Actinobacteria, Proteobacteria and Verrucomicrobia phyla, had only three shared MAGs 

among different habitats. In addition, the bog and fen networks included three archaeal 

phyla: Halobacteria, Methanobacteriota and Thermoproteota. Alluvial plots (Fig. 4dïf) 

elucidated microbial community contributions to metabolic and biogeochemical 

processes. Notably, in the palsa and bog, Acidobacteria played a substantial role in 

various steps of the C, N and S cycles, evident from numerous negative links with 

metabolite nodes (Extended Data Fig. 4d,e). 

Furthermore, metatranscriptomics analyses were conducted to investigate the 

potential microbial activity associated with the microbialïmetabolite networks. The 

analyses revealed networked Acidobacteria are key degraders of palsa and bog SOM, 

highly expressing diverse carbohydrate-active enzymes (CAZymes) for plant-derived 

polysaccharides (for example, those in the glycoside hydrolase and polysaccharide lyase 

families) and polyphenolic compound degradation (for example, auxiliary activity family 

with ligninolytic activity61) (Extended Data Fig. 5), consistent with previous meta-omics 

data at this site3. The latter finding further supports the correlation of the networked 

bacteria with lignin-like compound nodes, especially in the bog (Extended Data Fig. 4e), 

highlighting the use of microbialïmetabolite networks for surveying potential microbial 

activity. 

Metatranscriptomics revealed genes expressed for fatty acid (that is, butanoate, 

propionate) and fermentation end products (that is, glycerol, ethanol, lactate) utilization. 

Transcripts for propionate fermentation were dominated by Acidobacteria in the palsa and 

bog. For butanoate, Acidobacteria led in the palsa while sharing with Actinobacteria in the 

bog. Glycerol and ethanol fermentation transcripts were mostly Acidobacteria in the palsa. 

In the bog, networked Acidobacteria highly expressed lactate and ethanol fermentation 

genes. Bog networked Acidobacteria, Verrucomicrobia and Halobacteria expressed 

acetogenesis genes compared with a broader range of genomes expressing them in the 

fen (Extended Data Fig. 6). 

Metatranscriptomics also revealed the involvement of networked genomes in core 

redox reactions. Bog and fen Halobacteria and Methanobacteriota expressed 

hydrogenotrophic methanogenesis genes. Bog Methanobacteriota also expressed 

methylotrophic methanogenesis genes, while in the fen, only Methanobacteriota 

genomes were responsible for this process. We observed expression of dissimilatory 

sulfur oxidation and assimilatory and dissimilatory sulfur reduction in the bog and fen 

networked bacteria, but only assimilatory sulfur reduction in palsa. These expression 
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patterns in C degradation, fermentation, methanogenesis and S cycling linked to network 

topology shifts emphasize the importance of metatranscriptomics to measure active 

processes across the different thaw environments. Unlike metagenomics, which does not 

ensure gene expression, integrating metatranscriptomics into the correlation networks 

offers a direct measure of active processes. 

Discussion 

We used an integrative metagenomic and metabolomic approach to study 

permafrost peatland ecosystems. Contrary to our initial hypothesis of congruence 

between microbial communities and metabolites, we observed divergent assembly 

patterns across the thaw gradient, highlighting the need for a nuanced framework 

capturing the complex microorganismïmetabolite interplay. We integrated multi-omics 

data using a null modelling framework to quantify ecological processes governing 

microbial and metabolome assembly. This approach uses phylogenetic metrics to identify 

signatures of processes like selection and dispersal limitation, providing quantitative 

estimates of different ecological driversô influences on assembly patterns13,18,19,62,63. 

While null modelling elucidated key assembly processes, correlation-based 

analyses complemented this by identifying potential microorganismïmetabolite 

interactions across datasets. Notably, organosulfur compounds, potentially originating 

from Sphagnum mosses, were identified as important factors influencing both 

metabolome composition and microbial community assembly, thereby impacting GHG 

concentrations in porewater. This highlights the importance of S and C cycling dynamics 

in peatlands as S cycling exerts an important control on organic C degradation and GHG 

emissions47,49,64 and the need for further exploration of organosulfur compounds in 

Sphagnum-dominated peatlands. 

Our integrated multi-omics approach sheds light on metabolic processes driving 

GHG emissions from thawing permafrost. Future work aims to elucidate causal 

mechanisms through complementary methods such as mapping multi-omics data into 

metabolic pathways using chromatographic techniques (for example, liquid 

chromatography tandem mass spectrometry (LC-MS/MS)) and microbial isolation 

studies. We acknowledge the limitations of relying solely on direct infusion FTICR mass 

spectrometry (DI-FTICR-MS) for metabolite identification, including the inability to 

differentiate isomers, or determine molecular structures, as well as issues with signal 

suppression or enhancement65. Moving forward, implementing this technique alongside 

chromatographic techniques could provide a better understanding of the complex 

processes in natural ecosystems. 

Furthermore, incorporating longer timescales and expanded spatial representation 

will further refine our understanding of the most relevant microorganismïmetabolite 

interactions. By integrating microbial lineages and metabolite formulas into future 

mechanistic models of GHG emissions such as those described here66, we can gain a 
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focused picture of the key interactions and processes driving emissions across Arctic 

permafrost ecosystems, particularly given the importance of plant-derived organosulfur 

compounds and Sphagnumôs role in shaping microbial and metabolic dynamics. 

Methods 

Site description 

The Stordalen Mire, a peat plateau characterized by discontinued permafrost, is 

located southeast of the Abisko Scientific Research Station in northern Sweden (68.35° 

N, 19.05Á E; 351 m above sea level). Altered climate drivers, specifically permafrost thaw 

in response to rising temperatures (2.5 ÁC between 1913 and 2006)67, have caused 

topographic changes in the mire, which have affected hydrological patterns altogether 

with moisture levels and nutrient availability68. As a result, three habitats along the thaw 

gradient have been formed in the mire with different vegetation21, microbial communities3, 

SOM composition23,24,25 and rates of greenhouse gas production27,39. Palsa sites are 

elevated dry hummocks with intact permafrost (0.5ï2.0 m above their surroundings)69, 

while bog and fen sites are wet depressions with partially thawed or thinning permafrost, 

and totally thawed permafrost, respectively68. 

Palsa sites are underlain by a thick permafrost layer (10ï20 m)70. These sites have 

no measurable water table, with thin peat and active layer depths (0.4ï0.7 m)69. Palsa 

vegetation is dominated by dwarf shrubs, feather mosses and lichens68,69,71. Bog sites 

receive rainfall and runoff from nearby palsa sites69. They are ombrotrophic and have 

thicker peat (0.5 to >1 m) and active layer (>1 m depth) than the palsa. The bogôs 

vegetation is characterized by Sphagnum species and small sedges (for example, 

Sphagnum spp. and Eriophorum vaginatum, respectively)72. Fen sites are completely 

thawed ecosystems. They are minerotrophic and receive surface and groundwater inputs. 

The water table at the fen sites is at or near the peat surface, providing nutrients to support 

vegetation such as tall sedges (Carex spp. and Eriophorum. angustifolium) and 

Sphagnum mosses72. 

Sample collection 

 Peat soil samples were collected between June and August 2012 at different depths 

(shallow, middle and deep) from the three habitats: palsa, Sphagnum-dominated bog and 

Eriophorum-dominated fen (Supplementary Data 1). Sets of triplicate cores were 

collected using an 11-cm-diameter homemade circular push corer. To avoid cross-

contamination, 1 cm from each coreôs edge was not included in the sampling and the 

corer was rinsed with distilled water between cores. After collection, the cores were 

divided directly in the field into sections as follows: surface (1ï5 cm), middle (10ï14 cm) 

and deep (20ï24 cm) and then placed on dry ice until transport to the laboratory where 

they were stored at ī20 ÁC until further analysis. Cores for microbial analysis were placed 
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in cryotubes, mixed with a LifeGuard solution (MoBio Laboratories) and stored at ī80 ÁC 

until processing. 

Data collection of peat temperature, depth of each core, percentage of carbon and 

nitrogen content in the solid phase peat and dissolved CO2 and CH4 concentrations used 

in this study was previously described73. Geochemistry data generated in this study are 

available at the EMERGE Database at https://emerge-db.asc.ohio-

state.edu/datasources/0001_Coring2012, https://emerge-db.asc.ohio-

state.edu/datasources/0006_GeochemPorewater20102012 and https://emerge-

db.asc.ohio-state.edu/datasources/0005_GeochemSolid20102012. Details about 

sampling date, time of sample collection, global positioning system (GPS) location, air 

and soil temperature, active layer depth and notes related to the sampling can be found 

at the EMERGE Database at https://emerge-db.asc.ohio-state.edu/datasources/12. For 

further clarity, we included this information in Supplementary Data 1 (sample metadata 

table). We believe that these data are in concordance with the requirements described in 

ref. 74. Meteorological data used in this study, including precipitation and temperature 

measurements, were retrieved from the Abisko Scientific Research Station, 2012, and 

the Sweden Meteorological and Hydrological Institute for Stordalen Station 188790 

(https://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-

observationer#param=airtemperatureInstant,stations=all,stationid=188790). 

FTICR-MS sample preparation and data preprocessing 

We implemented DI-FTICR-MS to gain a comprehensive overview of the soil 

metabolome across the thawing permafrost gradient. This technique leverages the high 

resolving power, ultrahigh mass accuracy and sensitivity of FTICR-MS75, along with rapid 

data acquisition from direct infusion into the mass spectrometer ion source. As SOM 

comprises a complex and dynamic mixture of metabolites, DI-FTICR-MS detects and 

resolves a wide range of individual molecules for characterization of molecular 

composition and transformation. While chromatography-based methods such as LC-

MS/MS enable more accurate structural elucidation, they can be biased towards highly 

abundant compounds if appropriate care is not taken that increases the analysis time. As 

the objective here was to capture assembly processes across the soil metabolome, we 

favoured a high-throughput approach providing wider detection of low-abundance 

metabolites without focusing extensively on structural annotation beyond biochemical 

classification. 

In this study, we used only water as an extractant to focus on the bioavailable 

compounds actively cycling with microorganisms in this dynamic thawing environment. 

Our goal was to mimic the natural thaw conditions as closely as possible. Ultrahigh-

resolution characterization of the water-soluble metabolites that were extracted from peat 

was achieved using a 12 T Bruker FTICR mass spectrometer (Bruker, SolariX) located at 

the Pacific Northwest National Laboratory using a methodology previously described23. 
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Briefly, 100 mg of frozen peat soil was combined with 1 ml of Milli-Q water and shaken for 

2 h. Then, the water and peat soil mix was centrifuged and the resultant supernatant was 

mixed with high-performance liquid chromatography (HPLC)-grade methanol (1:2 water 

to methanol ratio). The resulting solution was injected directly into the 12 T Bruker FTICR 

mass spectrometer in which a Bruker electrospray ionization source was used to generate 

negatively charged molecular ions. The negative ionization mode was used for all 

metabolomics analyses in this study, as previous work has shown that organic matter, 

which makes up a large proportion of the sample matrix76, is predominantly composed of 

oxygen-containing compounds such as carboxylic acids that ionize best in negative 

mode. While positive ionization could provide additional coverage of some nitrogen-

containing compounds, the focus of this analysis was presence and absence and relative 

comparisons between samples, rather than capturing all possible metabolites. As all 

samples were analysed under the same parameters, comparisons should still be valid. 

However, the use of only the negative ion mode may preclude detection of some 

metabolites that ionize exclusively in positive mode. 

To ensure instrument stability, a Suwannee River fulvic acid standard obtained 

from the International Humic Substance Society was injected at the beginning of the run. 

To monitor potential carryover between samples, HPLC-grade methanol blanks were 

injected throughout the process. In addition, the instrument was flushed between samples 

with a solution of Milli-Q water and HPLC-grade methanol. Variations in carbon 

concentration from different samples were controlled by modulating the ion accumulation 

time that was adjusted for each sample and ranged between 0.1 s and 0.3 s. A total of 

144 scans were collected for each sample. Scans were averaged and calibrated using an 

organic homologous series separated by 14 Da (CH2). The mass accuracy was <1 ppm 

for single changed ions across a 100ï1,200 m/z range, the mass resolution was ~240,000 

at 341 m/z and the transient was 0.8 s. 

Raw spectra collected from each sample were converted to a list of m/z values 

using the BrukerDaltonik version 4.2 FT-MS peak picking module using a signal-to-noise 

ratio of 7 and an absolute intensity threshold of 100 (default). Out of the 85 samples 

analysed, 17 were technical replicates in which the mass spectrometry data were 

collected twice through independent sample injections. These replicate samples allowed 

assessment of technical variability in the metabolomics data pipeline. The remaining 68 

samples corresponded to the biological experimental conditions of interest across 

different sites, depths and time points; these samples constitute 3 replicates per peat core 

sampled within each habitat and month, unless otherwise specified (Supplementary Data 

1). Chemical formula assignment was performed with Formularity77 using parameters 

described in ref. 78. Compounds with m/z values outside of 200 to 900 m/z and isotopic 

peaks (13C-peaks) were filtered out for downstream analysis. 

Log-transformed FTICR-MS intensities for the extracts of the solid peat used in 

this study were previously published26 and are available from the EMERGE Database at 
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https://emerge-db.asc.ohio-state.edu/datasources/0141_Wilson-etal-2022-

STOTEN_ICR-plants. We eliminated eight samples from this dataset because the 

number of m/z detected in them was very low compared with that of the rest of the 

samples, less than 200 m/z (and in some cases close to zero m/z) compared with the 

more than 2,000 m/z detected in most of the samples. These differences had the potential 

to introduce bias in the analysis. Furthermore, the number of m/z detected in the other 

replicates and technical replicates (when available) of these samples was like the rest of 

the dataset, suggesting that the eliminated samples might have suffered from issues 

during the m/z collection process. The eliminated samples were Aug_E_3_D_2012, 

Aug_P_3_D_2012, Aug_S_2_S_2012, Aug_S_3_D_2012, Aug_S_3_M_2012, 

July_P_3_D_2012, July_S_3_D_2012 and June_E_1_M_2012. 

Standard indices inferred from FTICR molecular formulae (that is, Kendrick defect, 

double-bond equivalence (DBE), aromaticity index (AI), NOSC and the standard Gibbôs 

free energy (ȹGÁC-ox)) were calculated using the óftmsRanalysisô R package version 

1.1.0 (ref. 79). 

Potential biochemical transformations occurring between metabolites identified 

with FTICR-MS were estimated as follows: pairwise differences between chemical 

masses (m/z values) were calculated and mapped to a database containing 1,255 known 

chemical transformations, retrieved from the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) compound database80,81, and previously described in ref. 13. Mass differences 

within 1 ppm from the known transformations were considered in the analysis. This 

approach allows identifying potential relationships among metabolites, which are 

represented as transformation networks, in which chemical masses (m/z values) are 

represented as nodes and pairwise mass differences as edges. 

Metabolite dendrogram construction 

In this study, we applied community ecology metrics (for example, beta diversity) 

to understand metabolite assembly13, using three relational dendrograms built based on 

(1) metabolite molecular characteristics (molecular characteristic dendrogram (MCD)), (2) 

metabolite potential biochemical transformations (transformation dendrogram (TD)) and 

(3) metabolite transformation-weighted characteristics (transformation-weighted 

characteristic dendrogram (TWCD)). Moreover, metabolite dendrograms were built using 

binary presence and absence values instead of peak intensities to avoid biases in 

abundance estimates due to charge competition. 

Briefly, the MCD was constructed using an unweighted pair-cluster method using 

arithmetic averages (UPGMA) hierarchical clustering analysis of the Euclidean distance 

matrix derived from between-metabolite similarities calculated based on their molecular 

properties (that is, elemental composition, double-bond equivalence, modified aromaticity 

index and Kendrickôs mass defect). The TD was constructed based on a transformation 

distance matrix derived from transformation networks that represent putative biochemical 
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reactions occurring between different metabolites. Finally, the TWCD was created by 

combining previously mentioned matrices using a UPGMA hierarchical clustering 

analysis13. 

The results shown in this study are derived from the TWCD, which is a combination 

of the molecular characteristic and transformation-based dendrograms. The full suite of 

metabolites represented 14,432 peaks. Of those, 6,763 were assigned a molecular 

formula (MCD), 13,177 peaks were part of potential biochemical transformations (TD) and 

6,526 peaks were included in the combined dendrogram. 

DNA extraction, metagenome sequencing, assembly and binning 

DNA extraction and sequencing for these samples were performed using the 

PowerMax Total Nucleic Acid extraction kit (MoBio) and sequenced with a combination 

of HiSeq (2 Ĭ 100 bp) and NextSeq (2 Ĭ 150 bp) platforms, protocols described in ref. 3. 

For the analysis in this paper, we leveraged an existing MAG database31 built from MAGs 

derived from field samples collected from 2010 to 2017 at the Stordalen Mire, MAGs from 

a previously published study using the 2011ï2012 samples3 and MAGs from a stable 

isotope probing experiment performed on field peat with labelled litter added (óSIP studyô). 

Full details about the database construction can be found in ref. 32 and are briefly 

summarized below. 

Reads from both the field and SIP studies were cleaned via Trimmomatic82. In both 

studies, assembly and binning were performed on all samples independent of each other 

(no co-assembly). Field reads were assembled with SPAdes (v3.12, with -meta option) 

with default kmer sets83. For the field assemblies, initial bin sets for each sample were 

generated using the UniteM (v0.0.18) workflow84, with the following options: 

mb_sensitive, mb_verysensitive, mb_specific, mb_veryspecific, mb2, max40, max107, bs 

and gm2. Then, two rounds of ensemble binning were performed with DAS Tool 

(v1.1.1)85, MetaWRAP (v1.0.6)86 and UniteM (v0.0.18)84, with the output from the first 

round of ensemble binning being used as input for the second round. Following the 

second round of ensemble binning, completeness and contamination statistics of the 

resulting ensemble bins were assessed via CheckM (v1.0.12)87 lineage workflow. For 

each of the three ensemble bin sets, bins with 70% completion and less than 10% 

contamination were used to calculate a quality score: 

completeness ī (5 Ĭ contamination). A candidate bin set for each sample was chosen 

based on the ensemble binning tool that had yielded the bin set with the highest quality 

score. The bins in each candidate bin set were then further refined with RefineM 

(v0.0.24)88 and manually examined in anviôo (v.5.2)89. The SIP study reads were 

assembled with SPAdes (-meta option enabled) and MEGAHIT (v.1.1.3, default kmer 

set)90, and bins were generated with MetaBAT2 (v.2.12.1)91. Additional MAGs from all 

studies were generated independently via the Department of Energy Joint Genome 
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Institute (DOE JGI) metagenome annotation pipeline92, and downloaded in December 

2020. 

Together, the database comprises 13,290 MAGs with at least 70% completeness 

and 10% contamination (determined via CheckM (ref. 87)). The ~13,000 MAGs were 

reduced to 1,806 genomes when dereplicated at the 95% similarity (species) level via 

galah (https://github.com/wwood/galah (ref. 93)). The relative abundance of each MAG 

was assessed by read mapping with CoverM (ref. 94; https://github.com/wwood/CoverM), 

using the same relative abundance calculation strategy as in ref. 3 (that is, using the 

CoverM genome option, with the following parameters: ïmin-read-percent-identity 0.95, 

ïmin-read-aligned-percent 0.75, -coupled and -m trimmed_mean (Supplementary Data 

1)). For all statistical analyses, the relative abundance of each species in each sample 

was calculated by dividing its coverage by the total coverage of all species in the 

dereplicated set. MAGs were annotated using DRAM (1.4.0)95 and can be found at 

https://doi.org/10.5281/zenodo.7587534. 

This study focused on 2012 as it provided matching metagenomic and 

metabolomic data, for 67 samples, and the desired temporal resolution. To maximize 

genome-resolved inferences from these data, we queried the 2012 metagenomes with 

the site-specific MAG database spanning samples from 2011 to 2017 of 13,290 MAGs 

(1,806 when dereplicated to species level; BioProject PRJNA386568 (ref. 32)). Read 

mapping with CoverM to the dereplicated dataset resulted in an abundance table of 1,402 

species-dereplicated MAGs that were present in 2012 samples and were used for 

subsequent analyses. 

To quantify the portion of the microbial community diversity present in the 2012 

samples that was represented by the 1,402 MAGs, we applied the óappraiseô tool from 

SingleM (version 0.15.1)96 setting the sequence identity threshold to 0.86 (genus-level 

divergence). Our analysis revealed that the 1,402 MAGs collectively accounted for 71.8% 

of the bacterial community and 62.9% of the archaeal community at the genus level within 

the 2012 samples. 

Metatranscriptomics 

RNA extraction and sequencing of 2012 samples were described in ref. 3. Briefly, 

240 ng of RNA extracted from peat material was further cleaned using DNAse I (Roche) 

to remove residual RNA, then library preparation was performed using ScriptSeq 

Complete (Bacterial) low-input library kits (Epicentre). Agilent 2100 Bioanalyzer and 

Agilent 2200 Tapestation (Agilent Technologies) were used to test the quality of the RNA 

and libraries. RNA quantity was measured using Qubit (ThermoFisher Scientific). 

Samples were sequenced on 1/8th of a NextSeq (Illumina) lane, with initial shallow runs 

conducted on 1/11th of a HiSeq (Illumina) and MiSeq (Illumina) lanes3. 

Forward-stranded metatranscriptome reads were processed using TranscriptM 

(ref. 97) v0.3.1, including QC by KneadData 
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(https://github.com/biobakery/biobakery/wiki/kneaddata), genomic-DNA decontamination 

and read counting to produce transcripts per million (TPM) per gene per genome 

(Supplementary Data 7). DRAM95 was used to perform gene calling and assign KEGG80,81 

and CAZyme annotations98 (http://www.cazy.org/). GraftM (v.0.15.0)99 packages were 

generated for homologous genes forward and reverse dissimilatory sulfite reductase 

(dsrAB/rdsrAB) grouped under the same KEGG IDs (K11180, K11181), as follows. Seed 

sequences (with experimentally confirmed functioning where available) were searched 

against Uniref90 (ref. 100) r2022_01 using MMseqs2 (ref. 101) easy-search. A total of 300 

sequences per seed were then combined with matching sequences from our MAGs to 

create hidden Markov models (HMMs) and phylogenetic trees using GraftM create. The 

trees were manually annotated in ARB (ref. 102) to label each clade with the function of 

the seed sequences. These trees were used to classify the matching sequences from our 

MAGs and encode their annotation as a specific homologue. Then, manually curated 

KEGG-based definitions (Supplementary Data 8) for carbon degradation, fermentation 

and fixation and methanogenesis and sulfur redox cycling pathways were used to 

transform TPM values for genes to a pathway-average count per pathway. For 

methanogenesis, curation was performed following the methods described in ref. 103. 

Briefly, TPM was averaged across reactions in a pathway and summed across alternative 

pathways. 

Microbial tree construction 

Bacteria and archaea phylogenetic trees were built from MAGs stored at the 

EMERGE Database31 using the de novo workflow of the GTDB toolkit version 1.5.1 (ref. 
104) (reference data version r202). Bacterial and archaeal trees were initially built 

separately, as each group has different marker genes. The bacteria tree was rooted with 

Patescibacteria as the outgroup, and the archaeal tree was rooted with Altarchaeota as 

the outgroup. After the trees were built, they were joined at the archaealïbacterial split 

proposed in ref. 105. Tree tips that were not present in any sample (for example, those 

from GTDB and those from the EMERGE MAG Database deriving from different studies) 

were dropped and not used for the analysis. 

Microbial phylogenetic signal 

The microbial community assembly from 2012 peat samples was investigated 

using ecological null modelling18,19, which assumes phylogenetic signal is correlated with 

environmental optima. The phylogenetic signal explains the tendency of closely related 

species to resemble each other ecologically more than they do the other randomly 

selected species in a tree106. To evaluate the phylogenetic signal, we estimated the 

environmental optima of each microbial operational taxonomic unit (OTU) for the following 

variables: peat temperature, average depth of the core, carbon and nitrogen ratio, and 
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precipitation. Briefly, OTU environmental optima were calculated based on the 

abundance-weighted mean values for each environmental variable (function optima, 

óanalogueô package version 0.17.6)107. The Euclidean distance matrix was calculated from 

the optima estimates, which represents differences in ecological niches across OTUs. A 

matrix of between-OTU phylogenetic distance was calculated from the microbial 

phylogenetic tree (function cophenetic.phylo, ópicanteô package version 1.8.2)108. Finally, 

the phylogenetic signal was evaluated by quantifying the relationship between these 

matrices via a Mantel correlogram as in ref. 19 (Supplementary Fig. 1). 

ɓ-diversity analysis and ecological null modelling 

To estimate and compare the ecological processes driving microbial (n= 67, with 

paired metabolomics data) and metabolite (n= 85) assemblages, the ɓNTI and Raupï

Crick BrayïCurtis (RCBC) index were calculated for the microbial phylogenetic tree and 

metabolite dendrogram following the methodology described in ref. 13. Briefly, the 

observed microbial and metabolite ɓ-mean nearest taxon distance (ɓMNTD) was 

estimated using the comdistnt function from the package ópicanteô version 1.8.2 (ref. 108) 

and was compared with the null model (obtained from 1,000 randomizations). Then, the 

ɓNTI was calculated by normalizing the observed ɓMNTD with the null expectation 

following ref. 18). Using this approach, the influence of ecological processes can be 

differentiated as follows: for |ɓNTI| > 2 deterministic processes are assumed to 

predominantly shape metabolite and microbial assemblages, suggesting that 

environmental abiotic factors and biotic interactions determine (or impose selection) 

changes in species diversity and composition (in the case of microbial communities)16,19 

while biotic and abiotic transformations control fluctuations of metabolites within 

metabolite assemblages (for example, differences in production and degradation rates). 

If |ɓNTI| < 2, then it is assumed that stochasticity drives changes in species diversity, 

relative abundance and composition owing to random (unpredicted) disturbances. 

Similarly, for metabolites, dispersal can be explained by physical forces or vector 

movements that cause changes in the metabolome composition of the system13. 

Moreover, when ɓNTI > 2, variable selection explains how divergent environmental 

factors cause high compositional turnover between a pair of communities analysed, and 

when ɓNTI < ī2, homogenous selection describes how steady selective pressures 

originated from persistent environmental conditions are the main cause of low 

compositional turnover between a pair of local communities18. 

Significant differences between ɓNTI (microbial and metabolite) within each 

habitat were determined using a two-sided MannïWhitney U test using the package 

órstatixô version 0.7.2 (ref. 109), and multiple testing was corrected with the Bonferroni 

method. 

Stochastic ecological processes were further investigated using the RCBC turnover 

index. Briefly, the observed presence-and-absence-based BrayïCurtis values derived 
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from pairwise comparisons were estimated and compared with the null expectation 

(generated after 1,000 randomizations). Then, deviations of the observed values from the 

null comparisons were normalized between +1 and ī1 (RCBC metric). If RCBC> 0.95 and 

|ɓNTI| < 2, then higher-than-expected compositional differences between a pair of 

communities (or metabolomes) are primarily due to dispersal limitation enabling 

ecological drift. However, if RCBC< ī0.95 and |ɓNTI| < 2, then lower-than-expected 

compositional differences between a pair of communities (or metabolomes) are primarily 

due to homogenizing dispersal. Finally, if |RCBC| < 0.95 and |ɓNTI| < 2, then the 

compositional turnover between a pair of local communities (or metabolomes) is not 

dominantly driven by selection, dispersal or ecological drift and this scenario is referred 

to as being undominated19. 

Correlations with environmental variables 

To further understand drivers that control deterministic or stochastic processes 

influencing metabolite assembly, calculated ɓNTI values were correlated with 

environmental data including peat temperature, average depth of the core, carbon and 

nitrogen ratio, and precipitation. The precipitation value used represents a 3 day 

accumulation before the sampling day (Supplementary Data 9). Mantel tests (Mantel 

function, óveganô package v2.5-7)110 using a Pearson correlation and 9,999 permutations 

were used to estimate correlations between peat and microbial samplesô ɓNTI (n= 67, 

where the sample number was filtered to include only those that have matching 

microbiome and metabolome data), and the pairwise differences of each environmental 

variable between samples. Mantel statistics were calculated within each habitat and 

multiple testing was corrected with the Bonferroni correction method. 

Feature-specific ɓNTI estimation 

We further used a recently developed approach15 that performs null modelling at 

the feature level (ɓNTIfeature); a feature within this Article is a microbial community member 

or metabolite (FTICR-MS molecular formula) that forms part of a phylogenetic tree or 

relational dendrogram, respectively. This approach allows us to investigate how 

ecological pressures differentially affect specific community members and metabolites. 

The ɓNTIfeature for microbial and metabolite data was estimated within the three habitats 

following ref. 15 (microbial: palsa, n= 21; bog, n= 22; fen, n= 24; metabolome: palsa, 

n= 29; bog, n= 27; fen, n= 29). Briefly, the MAG-derived phylogenetic tree and the 

relative abundance OTU matrix were used for the microbial analysis, while the TWCD 

dendrogram and the FTICR peak intensity matrix (transformed to presence and absence) 

were used for the metabolites. The ɓNTIfeature was estimated in a similar way to the 

community ɓNTI; the ɓMNTD index of an individual feature (for example, the OTU or 

molecular formula) is calculated using the formula below: 
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In this formula represents the relative abundance of the feature  in relation to the 

community , while  represents the number of samples and  is the average 

minimum relational distance of fixed feature  in relation to the fixed community  to any 

other feature  in the other communities . Conspecifics were not removed from both 

datasets. The term ñfixedò indicates that this calculation is performed in one feature at the 

time, in other words one microbial member or FT-ICR molecular formula is compared to 

the rest of the microbial members and metabolites at a single time (see further details in 

15). Then, in a similar way than the calculation at the community level, the  

was estimated using the comdistnt function from the package picante version 1.8.2 105 

and was compared with the null model (obtained from 999 randomizations). Finally, ɓNTI-

feature is calculated by the difference of the observed  with the average of the 

nulls results ( ), divided by the standard deviation of the null values, using the 

following formula: 

 

To understand how a specific feature, either a specific taxon or metabolite, contributes 

towards the community variation at a specific scale we used the following rules: if |ɓNTI-

feature|<1 the contribution is considered insignificant, if 1<|ɓNTI-feature|<2, the 

contribution is considered moderate, where as if |ɓNTI-feature|>2, then the contribution 

of a specific taxon or metabolite is considered significant. Moreover, if the ɓNTI-feature 

was negative, then the feature was assumed to contribute to community convergence 

(ecological/functional similarities) whereas positive values represented contributions to 

divergence (ecological/functional differences) 15. 

Feature-specific ɓNTI-derived metabolite clusters 

A hierarchical cluster analysis of metabolites (palsa, n= 29; bog, n= 27; fen, 

n= 29) was performed in R using the package óclusterô version 2.1.3, using a modification 

of a previously described approach111 but using the ɓNTIfeature value estimated in a 

previous section instead of metabolite abundances. Only metabolite features that were in 

50% of the samples were kept. A distance matrix of the ɓNTIfeature values within each 

habitat was calculated using Manhattan distance using the function daisy. The resulting 

dissimilarity matrix was used for clustering the metabolites using the function pam. The 
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optimal number of clusters (k) was determined by calculating the silhouette value of every 

metabolite, which represents the ratio of the distances to members of its own cluster to 

distances to members of the nearest neighbour cluster. For each k, the average silhouette 

value (ASV), also called silhouette coefficient112, was calculated, to find which k 

maximizes the ASV. 

A consensus ɓNTIfeature matrix was calculated as the median of the ɓNTIfeature value 

of the representative features of each cluster in each sample. Representative features 

(metabolites) were determined as those whose silhouette value was higher than the ASV 

of their respective cluster. This approach provided a better representation of the patterns 

of ɓNTIfeature values among the clusters111. 

Differences between the biochemical indexes AI_mod, DBE_O and NOSC of the 

representative features were determined using a Wilcoxon test. 

Correlations between the consensus ɓNTIfeature values and environmental factors 

and individual microbial abundances were calculated using a Spearmanôs rank test with 

the Hmisc package version 5.0.1 (ref. 113). Correlation P values were adjusted using the 

false discovery rate (FDR) method. Correlation networks were visualized using the igraph 

package version 1.4.1 (ref. 114,115), ggraph package version 2.1.0 (ref. 116) and tidygraph 

version 1.2.3 (ref. 117). The abundance of genomes that significantly correlated with the 

consensus ɓNTIfeature metabolite clusters were correlated with CO2 and CH4 levels in 

palsa peat, and bog and fen porewater using Spearmanôs rank test; the FDR method was 

used for multiple testing correction. 

Microbialïmetabolite co-occurrence networks 

Co-occurrence networks of metabolite and microbial abundance data from each 

habitat (n= 67, analysis within each habitat included palsa, n= 21; bog, n= 22; and fen, 

n= 24) were constructed using the Molecular Ecological Network Analyses (MENAP) 

pipeline (http://ieg4.rccc.ou.edu/mena/main.cgi)56,57,58. Only metabolites identified to 

significantly contribute towards convergence or divergence were included. Metabolite and 

microbial abundance were transformed separately using the centred log ratio 

transformation, then combined into a single matrix and uploaded to the MENAP web 

server. Data were filtered to include only features that were present in at least 50% of the 

samples for the accuracy and reliability of our correlation calculations57,118. The similarity 

matrix was built using Spearmanôs correlation, and RMT (ref. 57) was applied to objectively 

determine the association threshold, thus preventing the use of arbitrary cut-offs that can 

introduce uncertainties during the process of building the networks. Further advantages 

of using this approach can be reviewed in refs. 56,57,58,118. Networks were divided into 

modules using the greedy modularity optimization algorithm119. Nodes were assigned to 

one of four nodal topological roles based on their within-module connectivity (Zi) and 

intermodule connectivity (Pi)56. Finally, networks were visualized using igraph R package 

version 1.4.1 (ref. 114) using a FruchtermanïReingold layout algorithm, and metabolite 
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nodes were coloured based on the elemental composition. Topological roles of nodes 

were classified into peripherals, module hubs and connectors based on the within-module 

connectivity (Zi) and participation coefficient (Pi)56. Also, the MENAP pipeline calculates 

different network topological parameters including network size (n), number of links (L), 

power-law fitting of node degrees, average connectivity or degree, average cluster 

coefficient, average path distance (GD), geodesic efficiency (E), harmonic geodesic 

distance (HD), maximal degree, centralization of degree (CD), maximal betweenness, 

centralization of betweenness (CB), maximal stress centrality, centralization of stress 

centrality (CS), maximal eigenvector centrality, centralization of eigenvector centrality 

(CE), density (D), reciprocity, transitivity (Trans), connectedness (Con), efficiency, 

hierarchy, lubness, number module and modularity. Finally, to test the significance of the 

networks, a total of 100 random networks were constructed by rewiring the links (edges) 

among nodes while constraining n and L. The network properties of the randomized 

networks are calculated altogether with means and standard deviation, which are 

compared with the original or empirical network. This process was performed in the 

MENAP pipeline. 

Functional annotation of networked microbial communities 

The genomes of networked microbial communities from each habitat were 

annotated using the Metabolic and Biogeochemistry Analyses in Microbes (METABOLIC) 

pipeline in community mode (METABOLIC-C.pl)60. The METABOLIC pipeline was run 

with default parameters, using a total of 30 MAGs as an input for the palsa, 66 MAGs for 

the bog and 84 MAGs for the fen. Briefly, this pipeline uses Prodigal from gene calling 

and annotates them using three sets of HMM-based databases: KOfam (ref. 120), 

TIGRfam (ref. 121) and Pfam (ref. 122) as well as custom metabolic HMM profiles. In 

addition, CAZymes are annotated using dbCAN2 (ref. 123). 

Alluvial plots generated by the METABOLIC pipeline were used to represent the 

contribution of different metagenomes (MAGs) to individual metabolic and 

biogeochemical processes within the carbon, nitrogen, sulfur and other cycles. 

For MAGs that showed the strongest correlations with specific metabolites, we 

further analysed their corresponding metatranscriptomic data. This analysis validated the 

expression of genes involved in the biosynthesis pathways of these metabolites, 

reinforcing the functional connection between the identified microbial populations and the 

observed metabolite profiles. 

Statistics 

All statistical analyses and visualization were performed using the R statistical 

language versions 4.1.0 and 4.2.1 (ref. 124) and with the packages ggplot2 (v3.4.2)125, 

ftmsRanalysis (v1.1.0)79, picante (v1.8.2)108, rstatix (v0.7.2)109, vegan (v2.5-7)110, cluster 
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(v 2.1.3)126, igraph (v1.4.1)114, ggraph (v 2.1.0)116, tidygraph (v1.3.1)117, Hmisc (v5.0.1)113, 

patchwork (v.1.1.2)127 and ggpubr (v.6.0)128. 

Reporting summary 

Further information on research design is available in the Nature Portfolio 

Reporting Summary linked to this article. 

Data availability 

The metagenomes and metatranscriptomes used in this paper are available via 

Zenodo at https://doi.org/10.5281/zenodo.10426238 (BioProject PRJNA386568)31. The 

annotation of the MAGs are available via Zenodo at 

https://doi.org/10.5281/zenodo.7587534. FTICR-MS intensities for the extracts of the 

solid peat used in this study were described in ref. 26 and are available from the EMERGE 

Database at https://emerge-db.asc.ohio-state.edu/datasources/0141_Wilson-etal-2022-

STOTEN_ICR-plants. Data of peat temperature, depth of each core, percentage of 

carbon and nitrogen content in the solid phase peat, and dissolved CO2 and CH4 

concentrations used in this study were described in ref. 73. The data are also available in 

the EMERGE Database at https://emerge-db.asc.ohio-

state.edu/datasources/0001_Coring2012, https://emerge-db.asc.ohio-

state.edu/datasources/0006_GeochemPorewater20102012 and https://emerge-

db.asc.ohio-state.edu/datasources/0005_GeochemSolid20102012. Meteorological data 

used in this study, including precipitation and temperature measurements, were retrieved 

from the Abisko Scientific Research Station, 2012, and the Sweden Meteorological and 

Hydrological Institute for Stordalen Station 188790 

(https://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-

observationer#param=airtemperatureInstant,stations=all,stationid=188790). The KOfam 

database (https://www.genome.jp/ftp/db/kofam/) was used for annotation as part of the 

DRAM pipeline95. Source data are provided with this paper. 

Code availability 

All scripts for data processing and visualization are available via GitHub at 

https://github.com/tfaily-lab/Metabolome_permafrost and Zenodo at 

https://doi.org/10.5281/zenodo.12571699 (ref. 129). 
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Figures 

 
Figure. 1: Ecological assembly processes driving active-layer permafrost microbial 

communities and metabolites. a,b, Comparison of the average within-habitat ɓNTI, an 

index used to compare the ecological processes driving microbial (a) and metabolite (b) 

assemblages. Violin plots show the average within-habitat ɓNTI of each sample 

(microbial: palsa, n= 21; bog, n= 22; fen, n= 24; metabolome: palsa, n= 29; bog, n= 27; 

fen, n= 29) calculated from MAG-derived OTUs and TWCD metabolites. Boxes represent 

the upper and lower quartiles, the line in each box represents the median and the 

whiskers represent the maximum and minimum values, no further than 1.5 times the 

interquartile range; values beyond the whiskers represent outliers and are plotted 

individually. Significant differences between habitats were determined using a two-sided 

MannïWhitney U test. Assembly processes can be delimited by the red dashed lines; 
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variable selection (ɓNTI > 2), homogenous selection (ɓNTI < ī2), stochastic assembly 

(|ɓNTI| < 2). P values were adjusted using the Bonferroni method and are indicated as 

óP=ô. c,d, Density plots showing changes in the ɓNTI of each habitat with depth (c) and 

month (d). Assembly processes can be delimited by the red dashed lines: variable 

selection (ɓNTI > 2), homogenous selection (ɓNTI < ī2), stochastic assembly (|ɓNTI| < 2). 

e, Bar plots showing the putative influence of different ecological processes within each 

habitat according to (from top to bottom) the microbial community and bulk metabolites. 

f, Correlation of microbial and metabolite ɓNTI values with environmental data using a 

one-sided Mantel test using Pearsonôs correlation method. The heatmap shows Mantel 

correlations between peat samplesô ɓNTI, calculated within bulk metabolites and the 

pairwise differences of each environmental variable between samples. Mantel r values 

range from 1 to ī1 showing positive and negative correlations. P values were adjusted 

using the Bonferroni method. Metabolite ɓNTI correlation with depth in palsa, P= 0.0115, 

and with depth, P= 0.0005; C:N ratio, P= 0.032; and precipitation, P= 0.0005, in the fen. 
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Figure. 2: Metabolite-ɓNTIfeature-derived clusters correlate with specific microbial 

taxa and environmental factors. a, Spearman correlations between metabolite-

ɓNTIfeature-derived clusters and bacterial genomes normalized abundances and 

environmental factors (T. soil is depth, precipitation, soil temperature). Correlation P 

values were estimated with rcorr() from the Hmisc R package (two-sided test). Only 

metabolite clusters showing significant correlations (P adjusted < 0.05) are shown. The 

false discovery rate method was used for multiple correction testing. The colour and 

thickness of the edges represent Spearman rho values; positive correlations are shown 

in red, negative correlations in blue. b, Differences of metabolite properties, including 

AI_mod, DBE_O and NOSC, between each cluster within each habitat (number of 

metabolite features in each habitatôs clusters: palsa: cluster 1 = 764, cluster 2 = 142, 

cluster 3 = 228; bog: cluster 1 = 29, cluster 2 = 284, cluster 3 = 696; fen cluster 1 = 95, 

cluster 2 = 539, cluster 3 = 259). Significant differences between metabolite clusters were 

determined using a two-sided Wilcoxon test. Boxes represent the upper and lower 

quartiles, the line in each box represents the median value and the whiskers represent 

the maximum and minimum values, no further than 1.5 times the interquartile range; 
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values beyond the whiskers represent outliers and are plotted individually. P values were 

adjusted using the Bonferroni method. c, Percentage of metabolites that contribute to 

metabolome assembly as follows: |ɓNTIfeature| < 1, insignificant; ɓNTIfeatureÓ2, 

significant high divergence (Sig. high); ɓNTIfeature Ó1, high divergence (High); 

ɓNTIfeature Ò ī2, significant high convergence (Sig. low); and ɓNTIfeature Ò ī1, high 

convergence (Low). d, Percentage of metabolite elemental compositions within each 

cluster. 
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Figure. 3: Correlation of genomes that significantly correlated with BNTIfeature 

metabolite clusters with CO2 and CH4 in the bog porewater. a,b, Spearman 

correlation between genome abundances and CO2 (a) and CH4 (b) in the bog porewater 

(n= 19 bog samples). Correlation P values were estimated with rcorr() from the Hmisc R 

package (two-sided test). P values were adjusted using the FDR method. Contribution to 

microbial community assembly: ɓNTIfeatureÓ2, significant high divergence (Sig. high), 
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and ɓNTIfeature Ò ī2, significant high convergence (Sig. low). c, Functional potential of 

these taxa. The heatmap represents the functional potential of these five MAGs. The 

heatmap is divided into functional categories (right) with different functions within each 

category; the presence of a function is observed as a coloured rectangle. 
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Figure. 4: Microbialïmetabolite co-occurrence networks within each habitat across 

the thaw gradient and their functional potential. aïc, Networks within the palsa (a), 

bog (b) and fen (c), in which metabolites are represented by circles and microbial phyla 

are represented by squares. Networks are coloured by metabolite elemental composition. 

Larger circles or squares represent microbial and metabolite node hubs and connectors. 

dïf, Metabolic alluvial plots representing the contribution of different MAGs to individual 

metabolic and biogeochemical processes within the carbon, nitrogen, sulfur and other 

cycles in the palsa (d), bog (e) and fen (f). Microbial genomes within each habitat are 

represented at the phylum level. The three columns from left to right represent taxonomic 

groups scaled by the number of genomes, the contribution to each metabolic function by 

microbial groups calculated based on genome coverage and the contribution to each 

functional category or biogeochemical cycle. Different colours represent different phyla. 
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Supplementary material 

Please refer to the publication: https://www.nature.com/articles/s41564-024-01800-

z#Sec25 
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Abstract 

Microbial resilience plays a pivotal role in ecosystems as environmental 

fluctuations impact community functioning and stability. Despite resilience emerging from 

both individual adaptations and community-level processes, integration of these 

mechanisms remains enigmatic, particularly in arid environments. These extreme 

ecosystems, spanning over 45% of Earthôs terrestrial surface, provide a natural laboratory 

for understanding microbial survival under harsh conditions. Here, we use time-resolved 

multi-omics to show that resilience results from dynamic microbial network reorganization 

enabling the coordination between stochastic processes that maintain community 

stability, and individual stress responses. Additionally, Thermoproteota emerged as a 

keystone taxon maintaining nitrogen cycling and fostering cross-feeding networks. Its 

ecological prominence highlights its central role in arid ecosystems, making it an ideal 

model organism for understanding microbial adaptation to environmental extremes. Our 

findings bridge the gap between individual adaptations and community-wide resilience, 

offering a framework for understanding microbial responses to environmental fluctuations 

and their implications for ecosystem function. 

KEYWORDS:  

Arid soils, metagenomics, metatranscriptomics, resilience, adaptation, mass 

spectrometry, microbial networks 
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Introduction 

Microbial communities are pivotal to ecosystem functions 1, yet they face persistent 

environmental fluctuations across diverse habitats 3. These changes can dramatically 

impact community functioning and stability 4 with responses typically manifesting through 

four primary scenarios: full recovery, physiological adaptation, functional redundancy, or 

complete loss of 5function2. Despite advances, the molecular mechanisms underlying 

microbial community recovery remain poorly understood, particularly how individual 

strategies integrate with community-level processes to ensure resilience 5. 

Microbial resilience emerges from both individual survival strategies and collective 

community-level coordination 6ï8. Community-level dynamics like functional redundancy 

can buffer ecosystem functions against environmental stress 2, while individual 

adaptations provide the mechanistic basis for survival during extreme fluctuations9ï12. 

Understanding this multi-level response is particularly crucial as climate change 

intensifies the frequency and severity of environmental perturbations. 

Arid environments offer a unique laboratory for studying microbial resilience. 

Characterized by extreme temperatures, intense UV radiation, and variable precipitation 
13,14, these ecosystems represent critical systems for understanding adaptation 15,16. As 

these regions expand due to climate change 17,18, understanding their ecological 

mechanisms becomes increasingly urgent for both ecosystem stability and agricultural 

resilience. 

Soil microbes have evolved diverse survival strategies to cope with extreme 

conditions. Dormancy allows bacteria to persist during unfavorable conditions and rapidly 

reactivate when conditions improve 19,20, ensuring long-term population survival 21. Upon 

rewetting, dormant microbes prioritize DNA repair and energy generation 20. Other 

adaptations, such as the consistent transcription of stress response and nutrient 

acquisition genes during dry periods, further enhance survival 22, while mechanisms to 

mitigate oxidative and osmotic stress protect cellular integrity 23. However, how these 

individual adaptations integrate with community-level processes remains largely 

unknown, leaving crucial gaps in our understanding of how they scale to maintain 

ecosystem function, particularly during dramatic environmental transitions like wet-dry 

cycles 13. 

To address this knowledge gap, we employed an integrated time-resolved 

multiomics approach analyzing bare soil samples from Arizonaôs Saguaro National Park, 

an iconic desert ecosystem characterized by extreme wet-dry cycles. Our findings reveal 

that microbial resilience emerges from a sophisticated balance between community 

stability and functional adaptability. While stochastic processes maintain stable microbial 

community composition, the organic matter profiles show deterministic shifts reflecting 

metabolic adaptations to environmental stress. The key mechanism enabling this dual 

stability-adaptability strategy is microbial network reorganization, allowing communities 

to maintain both compositional integrity and coordinated individual responses. This 

https://paperpile.com/c/9qlrhf/HMAe
https://paperpile.com/c/9qlrhf/5qB4i
https://paperpile.com/c/9qlrhf/pP45J
https://paperpile.com/c/9qlrhf/aBoH
https://paperpile.com/c/9qlrhf/aUGM
https://paperpile.com/c/9qlrhf/aBoH
https://paperpile.com/c/9qlrhf/w7mL7+Q3ron+517pA
https://paperpile.com/c/9qlrhf/aUGM
https://paperpile.com/c/9qlrhf/0yE54+JG4le+HszDe+Q0Ruk
https://paperpile.com/c/9qlrhf/fVV5v+HBqb2
https://paperpile.com/c/9qlrhf/n0hPM+gwuIX
https://paperpile.com/c/9qlrhf/SyBID+M38NY
https://paperpile.com/c/9qlrhf/3htJw+xWSuf
https://paperpile.com/c/9qlrhf/dEV0d
https://paperpile.com/c/9qlrhf/xWSuf
https://paperpile.com/c/9qlrhf/DCOL0
https://paperpile.com/c/9qlrhf/MIy6K
https://paperpile.com/c/9qlrhf/fVV5v
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dynamic is exemplified by ammonia-oxidizing Thermoproteota, whose flexible gene 

expression patterns enable it to assume different network roles while preserving critical 

ecosystem functions during environmental fluctuations. Our findings advance the 

understanding of microbial resilience in expanding drylands and provide a framework for 

predicting ecosystem responses to climate change. By comprehensively characterizing 

both microbial communities and their metabolic outputs, we demonstrate how coordinated 

responses across multiple organizational levels maintain biogeochemical cycling under 

extreme conditionsðinsights critical for ecosystem management as arid regions continue 

to expand globally. 

Materials and methods 

Soil collection 

Soil samples were collected at the Saguaro National Park West, Tucson, Arizona 

(32° 15 '05.4"N, 111° 09' 40.2"W), using ethanol-sterilized shovels, at 10-15 cm depth. 

Sample collection occurred across 9 time points spanning pre-monsoon (May 2021, 

2022), monsoon (June-August 2021), and post-monsoon (September-October 2021) 

seasons, with 4 biological replicates per time point (total n = 36). Samples were 

transported on ice to the laboratory, and sequentially sieved through 4000 µm and 2000 

µm Fieldmaster® sieves (Science First, Yulee, FL). Samples were stored at -80°C until 

analysis. 

The sampling site is located within the Sonoran Desert in the Southwestern USA. 

A region that experiences extreme temperatures exceeding 40°C, with maximum 

temperatures reaching 48°C 24. It has an annual precipitation average of 200 mm (1980-

2016), with regional variations across the desert landscape 25. The areaôs distinctive 

bimodal precipitation pattern includes winter frontal system rainfall and summer monsoon 

storms 26, with a characteristic dry period in late spring.  

Soil physicochemical properties 

For soil moisture, around 5 g of soil were placed in 15 ml Eppendorf tubes (3 

replicates per sample) and lyophilized on a FreeZone 2.5 Liter Benchtop Freeze Dryer 

(Labconco, Kansas City, MO) for 72 hours. Moisture content (%) was calculated as: 

[(initial weight - lyophilized weight)/initial weight] × 100. For pH measurements, 2 g of soil 

were mixed with 6 ml double-distilled water, vortexed for 15 minutes, centrifuged for 3 

minutes, and incubated at room temperature for 30 minutes. pH was measured twice per 

sample using a benchtop Orion Star A211 pH meter (Thermo Scientific, Waltham, MA).  

Total carbon (TC) and nitrogen (TN) were measured for all samples (n=36) using 

a ECS 4010 Elemental combustion analyzer (Costech Analytical Technologies, Valencia, 

California) by the Arizona Laboratory for Emerging Contaminants (ALEC) at the University 

of Arizona. Major cations (K, Ca, Na, Mg) and trace metals (V, Cr, Fe, Co, As, Se) were 

https://paperpile.com/c/9qlrhf/od3G7
https://paperpile.com/c/9qlrhf/WFF5H
https://paperpile.com/c/9qlrhf/WVBto
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quantified using an Agilent 7700 inductively coupled plasma mass spectrometer (ICP-

MS) (Agilent, Santa Clara, CA) as described before 27 with the exception that the US EPA 

Method 3051A was used for soil acid digestion. All measurements are available in 

Supplementary Table 1. 

Daily precipitation data, soil and air temperature measurements were retrieved 

from the U.S. Climate Reference Network Data website 

(https://www.ncei.noaa.gov/pub/data/uscrn/). Normalized difference vegetation index 

values were retrieved from the Terra Moderate Resolution Imaging Spectroradiometer 

(MODIS) Vegetation Indices (MOD13Q1) Version 6.1 28 dataset. 

For multivariate analysis of the environmental variables, they were first 

standardized with the vegan package. Standardized values were used to produce a 

hierarchical clustering of the samples using Euclidean distances. Additionally, a principal 

component analysis (PCA) was also performed with this data to better visualize the 

differences between samples. 

FTICR-MS sample preparation and data preprocessing 

Ultra-high resolution soil organic matter profiling was conducted using Direct 

Infusion Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR-MS). 

Soil metabolites were extracted through sequential water and methanol extraction. A total 

of 2.5 g of each 2021 soil sample (n = 32) was mixed with 5 ml of dd 15 ml Eppendorf 

tubes with 5 ml of ddH2O, followed by two rounds of vortexing and 2-hour sonication. 

Samples were then centrifuged at 5000 rpm for 5 minutes. The supernatant was collected 

and stored at -20°C. The remaining soil mix underwent two rounds extra of extraction with 

the same protocol using 5 ml of HPLC-grade methanol instead of ddH2O. Combined water 

and methanol extracts were purified using solid phase extraction (SPE) to remove 

contaminants 29. Extracts were eluted using 1.5 mL of HPLC methanol, and the final 

purified extracts were shipped to the Pacific Northwest National Laboratory (PNNL) for 

mass spectrometry analysis.  

High-resolution mass spectra data was collected with a 12-Tesla Bruker SolariX 

FTICR mass spectrometer (Bruker, SolariX, Billerica, MA) located at the Environmental 

Molecular Sciences Laboratory at PNNL in Richland, WA. Samples were directly infused 

into the instrument using a custom automated direct infusion cart that performed two 

offline blanks between each sample. The FTICR-MS was outfitted with a standard 

electrospray ionization (ESI) source, and data was acquired in negative and positive 

mode with the needle voltage set to +4.2kV and -4.2kV respectively. Data was collected 

at 4MW, and the ion accumulation time (IAT) was optimized for each polarity. In negative 

mode the IAT was set to 0.08 sec and data was measured from 98.28 m/z to 2000 m/z 

with a resolution of 300K at 333.1118 m/z. In positive mode the IAT was set to 0.08 sec 

and the data were measured from 147.42 m/z to 1400 m/z with a resolution of 380K at 

https://paperpile.com/c/9qlrhf/hoz1V
https://www.ncei.noaa.gov/pub/data/uscrn/products/daily01/
https://paperpile.com/c/9qlrhf/czy0H
https://paperpile.com/c/9qlrhf/XhiYe
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385.1176 m/z. One hundred forty-four scans were co-added for each sample and 

internally calibrated using OM homologous series separated by 14 Da (ïCH2 groups). 

The mass measurement accuracy was typically within 1 ppm for singly charged ions 

across a broad m/z range (100 m/z - 900 m/z). Bruker Data Analysis (version 4.2) was 

used to convert raw spectra to a list of m/z values by applying FTMS peak picker module 

with a signal-to-noise ratio (S/N) threshold of 7 and absolute intensity threshold of 100. 

Chemical formulae were then assigned using Formularity 30, with parameter: S/N >7, and 

mass measurement error < 0.5 ppm, allowing only for the presence of C, H, O, N, S and 

P. We present results from positive mode analysis only, which revealed the strongest 

shifts in metabolite composition. 

Thermodynamic indexes for the FTICR molecular formulae, chemodiversity 

indexes and putative biochemical transformations were calculated using MetaboDirect 

(version 1.0.7) 31 keeping only peaks that were present in at least 4 samples and with the 

sum normalization method. The number of nitrogen and sulfur containing transformations 

were inferred based on the assigned transformation names (Supplementary Table 2). 

Metabolite dendrogram construction 

To analyze monsoon-mediated shifts in metabolite assembly processes in arid 

soils, we applied ecological null modeling methods originally developed for microbial data 
32,33, and then adapted for the analysis of metabolites 34,35. Metabolites were categorized 

into three groups based on molecular class assignments 36: group 1: ñlipid-likeò, group 2: 

carbohydrate-, protein- and amino sugar- like compounds referred to as ñsugarsò and 

group 3: tannin-, lignin- and condensed hydrocarbon-like compounds referred to as 

ñTLCò. 

Relational dendrograms were constructed for both bulk metabolite data and the 

three metabolite pools using three approaches 1) metabolite molecular characteristics 

(MCD), 2) metabolite potential biochemical transformations (TD), and 3) metabolite 

transformation-weighted characteristics (TWCD) 34. Dendrogram construction utilized 

binary presence/absence values to eliminate charge competition bias in abundance 

estimates 34.  

DNA extraction 

DNA was extracted from 250 mg soil samples using the DNeasy PowerSoil Pro Kit 

(Qiagen, Hilden, Germany) according to manufacturer protocols. DNA quantification was 

performed using the Qubit DNA high sensitivity kit (ThermoFisher Scientific, Waltham, 

MA). Separate DNA extractions were conducted for 16S amplicon sequencing and 

shotgun metagenomics. The University of Arizona Genetics Core (RRID: SCR_012429) 

performed all library preparation and sequencing data generation. 

https://paperpile.com/c/9qlrhf/Z3Dnw
https://paperpile.com/c/9qlrhf/Cvk5N
https://paperpile.com/c/9qlrhf/oE1d3+0BYAx
https://paperpile.com/c/9qlrhf/wgxsl+w8e3Z
https://paperpile.com/c/9qlrhf/bZuVO
https://paperpile.com/c/9qlrhf/wgxsl
https://paperpile.com/c/9qlrhf/wgxsl
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16S rRNA amplicon sequencing 

Amplicon sequencing was conducted on samples collected from May to October 

2021 (n = 32). The V3-V4 regions of the 16S rRNA gene were amplified using previously 

designed primers 37 (Forward: 5'-CCTACGGGNGGCWGCAG-3' and Reverse: 5'-

GACTACHVGGGTATCTAATCC-3' ), with IlluminaÊ overhang adaptors at their 5ǋ ends. 

Amplicon amplification was performed using KAPA HiFi HotStart Ready Mix (Roche 

Sequencing Solutions, Pleasanton, CA) following manufacturer protocols. A secondary 

PCR utilized Nextera XT v2 Index kits sets A-D (Illumina, San Diego, CA). Amplicon 

purification employed HighPrep PCR magnetic beads (MagBio, Gaithersburg, MD) at 

0.8X and 1.2X volumes for first and second PCR products, respectively. Libraries were 

quantified using QuantiFlor dsDNA System (Promega, Madison, WI) on a BioTek FLX 

800 plate reader (BioTek, Charlotte, VT). Size determination of pooled amplicons used 

an AATI Fragment Analyzer with HS NGS Fragment kit (Agilent, Santa Clara, CA). Pools 

were diluted to <20nM and quantified using a Roche LightCycler 480-II with KAPA 

Illumina Library Quantification Kit (Roche Sequencing Solutions, Pleasanton, CA). 

Sequencing was performed on an Illumina MiSeq platform using the v3-600 cycle kit 

(Illumina, San Diego, CA), generating 250 bp paired end reads.  

Metagenomics sequencing 

Metagenomic libraries were prepared from samples collected in 2021 during May 

(Sampling time point 1; n = 4), July (Sampling time points 3, 4 and 5; n = 12), August 

(Sampling time point 6; n = 4), October (Sampling time point 8; n = 4), and May 2022 

(Sampling time point 9; n = 4). Quality control involved genomic DNA (gDNA) 

quantification using QuantiFlor dsDNA System on a BioTek FLX 800 plate reader, and 

size and integrity assessment using AATI Fragment Analyzer with HS NGS Genomic 

DNA kit. Genomic DNA (350-550 ng) was sheared to 200 bp using standard conditions 

on an S2 sonicator (Covaris, Woburn, MA). Library preparation utilized NEBNext Ultra II 

DNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA) with NEBNext 

Multiplex Oligos for Illumina UDI primer pairs (New England Biolabs, Ipswich, MA), 

employing 3 PCR enrichment cycles. Libraries were purified using 0.8X volume HighPrep 

PCR magnetic beads, quantified with QuantiFlor dsDNA System on a BioTek FLX 800 

plate reader, and sized using AATI Fragment Analyzer with HS NGS Fragment kit. Size-

adjusted libraries were quantified using Roche LightCycler 480-II with KAPA Illumina 

Library Quantification Kit before equal pooling. Initial metagenomic sequencing generated 

2x150 bp paired-end reads using one full lane of a NovaSeq 6000 S4 flow cell v1.5 (300 

cycles) on the NovaSeq 6000 platform (Illumina, San Diego, CA). A second sequencing 

round was performed for six selected samples (one per time point) using another full lane 

of a NovaSeq 6000 S4 flow cell v1.5 (300 cycles). 

https://paperpile.com/c/9qlrhf/m4OmH
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RNA extraction and sequencing 

Metatranscriptomic sequencing was conducted on the same samples used for 

metagenomic analysis (n = 28). RNA was extracted from 2 g soil samples using RNeasy 

PowerSoil Total RNA kit (Qiagen, Hilden, Germany) following manufacturer protocols. 

DNA removal was performed using DNase I (New England Biolabs, Ipswich, MA), 

followed by additional purification using RNA Clean Kit T2030 (New England Biolabs, 

Ipswich, MA). Initial RNA quantification employed Qubit RNA high sensitivity kit 

(ThermoFisher Scientific, Waltham, MA), with RNA integrity assessed via 2100 

Bioanalyzer (Agilent, Santa Clara, CA) before submission to the University of Arizona 

Genetics Core (RRID: SCR_012429) for library preparation and sequencing. 

Prior to library preparation, secondary RNA quantification was performed using 

Qubit Fluorometer 2.0 with Qubit Broad Range RNA Quantification Kit (ThermoFisher 

Scientific, Waltham, MA), and RNA quality was evaluated using AATI Fragment Analyzer 

with 15 nt RNA Kit. RNA ribodepletion was conducted on 50-500 ng input RNA using 

NEBnext rRNA Depletion Kit (Bacteria) (New England Biolabs, Ipswich, MA). Libraries 

were prepared using NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New 

England Biolabs, Ipswich, MA) and NEBnext Multiplex UDI Primer Pairs for Illumina (New 

England Biolabs, Ipswich, MA), with 9-14 PCR enrichment cycles. Double purification of 

libraries used 0.8X volume HighPrep PCR magnetic beads. RNA library quantification 

and sequencing followed the same protocols described for DNA libraries. 

Comparison with other datasets 

 Metagenomics read signatures were compared with shotgun metagenomics reads 

available in public databases from other arid ecosystems across the world including the 

Negev Desert (PRJEB36534) 19 and (PRJNA657906) 38, Sinai Desert (PRJNA810925) 
39, Xilingol League (PRJNA916612) 40, Mojave Desert (PRJNA620793) 41, Cuatro 

Cienagas (PRJNA857298) 42, as well as our same study ecosystem, the Sonoran Desert 

(PRJNA664514) 43, using MASH distances 44. Microbial taxonomic profiles of all datasets 

were inferred with SingleM (v0.18.2) 45. 

Microbial community profiling and analysis 

Microbial community profiles based on amplicon sequence variants (ASVs) were 

generated using 16S rRNA gene amplicon sequencing reads with the DADA2 (v1.26) 

pipeline 46. Briefly, adapter trimming was performed using cutadapt 47, trimmed reads 

were then filtered and quality trimmed to a minimum length of 50 and maximum expected 

error of 2. Error rates were learned directly from processed reads using DADA2 sample 

inference algorithm to infer sequence variants. Fully denoised sequences were generated 

by merging ASVs from forward and reverse reads followed by chimeric sequence 

https://paperpile.com/c/9qlrhf/3htJw
https://paperpile.com/c/9qlrhf/LKctg
https://paperpile.com/c/9qlrhf/2290F
https://paperpile.com/c/9qlrhf/ZQSBr
https://paperpile.com/c/9qlrhf/aOPcp
https://paperpile.com/c/9qlrhf/opXqQ
https://paperpile.com/c/9qlrhf/tOR5H
https://paperpile.com/c/9qlrhf/ovOkJ
https://paperpile.com/c/9qlrhf/jzJAK
https://paperpile.com/c/9qlrhf/j5kHk
https://paperpile.com/c/9qlrhf/b3sfr
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removal. Taxonomy was assigned using a naive Bayesian classifier 48 with Genome 

Taxonomy Database (GTDB) version r220 49. 

To account for 16S rRNA gene copy number variation effects on community 

analysis 50, metagenomic-based taxonomic profiling was performed using SingleM 

(v0.18.2) 45 on metagenomic raw reads following tool authors' recommendations. Alpha 

diversity indexes were calculated as the average value of the indexes obtained from each 

marker gene. For other downstream analyses we used the rplP gene (encoding ribosomal 

protein L16 L10e), due to its effectiveness in distinguishing between closely and distantly 

related genomes 51.  

Statistical analyses were conducted in R (v4.3.2) 52. Both datasets were rarefied 

to 25,000 reads for alpha and beta diversity calculations, while other analyses used 

unrarefied datasets. Observed and estimated richness (Shannon diversity index and 

Chao1) were calculated with the phyloseq R package 53, while beta diversity analysis was 

done with Bray Curtis distances calculated with the vegan package 54. Principal 

coordinates analysis (PCoA) was performed using phyloseq, with PERMANOVA testing 

for differences between sampling time points. 

For phylogenetic analysis of 16S rRNA data, multiple sequence alignment was 

done using the DECIPHER package (version 2.26.0) 55. A maximum-likelihood 

phylogenetic tree was constructed using FastTree (version 2.1.1) 56, with a generalized 

time-reversible model and gamma option for branch length rescaling and Gamma20-

based likelihood computation. The tree was midpoint-rooted using the phytools package 

(version 2.3.0) 57. 

Metagenome processing and assembly 

Sequencing generated 44-180 million read pairs during the first round and 416-

588 million read pairs during the second round per sample. Read quality assessment was 

performed using FastQC (v0.11.9) 58. Raw reads underwent preprocessing using the 

"RQCFilter" pipeline (BBtools version 38.90) 59. Cleaned reads were assembled with 

MEGAHIT (v1.2.9) 60 with the `--presets meta-large` option as recommended for high-

biodiversity soil metagenomes. To optimize metagenome assembled genome (MAG) 

recovery, eight metagenome assemblies were generated using two strategies: 1) Co-

assembly of samples from identical sampling points (6 assemblies) and 2) Co-assembly 

of samples from the same sequencing run (2 assemblies). Assemblies were then filtered 

to retain only contigs larger than 2000 bp. In total we retrieved between 0.3 and 1.5 million 

contigs from each assembly with a N50 between 3200 bp to 3500 bp. Read mapping to 

the filtered assemblies using CoverM (version 0.7.0) 61, with flags -p minimap2-sr -m 

trimmed_mean --min-read-percent-identity 0.95 --min-read-aligned-percent 0.75, 

indicated they accounted for 29.74% to 42.89% of the reads of each sample. 
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Recovery of metagenome assembled genomes 

For MAG recovery, filtered contigs of each assembly were binned separately using 

CONCOCT (v1.0.0) 62, MetaBAT2 (v2.12.1) 63, and MaxBin2 (v2.2.6) 64 with default 

options. The resulting bin sets were refined using the bin refinement module from 

metaWRAP (v1.3.0) 65. Refined bins were manually curated using anviôo (version 8) 66. 

Bin quality and completeness were checked using CheckM2 (v1.0.2) 67. Only bins with 

more than 50% completeness and less than 10% contamination (medium quality draft 

genomes) were retained and used for the analysis resulting in a set of 661 bins. Bins 

generated from the different assemblies were dereplicated at 95% ANI similarity (species-

level 68) using galah (v0.4.0) 69 resulting in 282 dereplicated MAGs. Read mapping using 

CoverM, with the same parameters as before, revealed that the recovered MAGs 

accounted for 3.40% to 9.11% of the reads from each sample, comparable to other 

metagenomics studies of soil microbial communities (2.7%-22.4%) 70. To determine how 

much of the microbial communities was represented by the recovered MAGs, we 

compared the taxonomic profiles of the reads, the assemblies and the recovered MAGs 

using SingleM appraise at 86% sequence identity (genus level) and the ïimperfect flag.  

Dereplicated bins were taxonomically classified using the Genome Database 

Taxonomy toolkit (GTDB-tk) (v2.4.0) 71 and the R09-RS220 database. Phylogenetic trees 

for bacterial and archaeal species were built separately using the de-novo workflow of 

GTDB-tk based on 120 marker genes for bacteria and 53 marker genes for archaea. 

Trees were rooted using the p__Patescibacteria and p__Altiarcheota for the bacteria and 

the archaeal tree respectively. Visualization of the trees was performed using the ggtree 
72 and ggtreeExtra 73 R packages.  

Functional annotation of the MAGs was performed using the automated DRAM 

pipeline 74. Additional databases used in the same DRAM run included the NCycDB 75, 

SCycDB 76, and PCycDB 77. KEGG annotations were integrated with annotations from 

NCycDB, SCycDB, and PCycDB based on KEGG Orthology (KO) numbers. This 

integration enabled differentiation between closely related orthologs from KEGG 

databases (e.g., K19044 encoding either amoA or pmoA) using metabolism-specific 

database results. 

MAG stress tolerance trait identification was based on literature-derived 

definitions, KEGG database annotations 78, and modified microtrait definitions 79 as 

detailed in Supplementary Table 3. Traits were considered present in a MAG when at 

least 50% of trait-defining genes were detected. Functional pathway analysis for carbon, 

nitrogen, and sulfur metabolism in MAGs was conducted at both reaction (Supplementary 

Table 4) and pathway levels (Supplementary Table 5). Reaction and pathway definitions, 

including key enzymes, were sourced from the KEGG database and literature review. A 

reaction was considered present in a MAG when at least 50% of required genes were 

detected. Similarly, pathways were considered present when a MAG contained at least 

50% of pathway reactions plus required key enzymes.  
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Maximal growth rate for each of the MAGs was predicted based on genome-wide 

codon usage statistics using the gRodon2 80 R package. 

Metatranscriptomics processing 

The quality of metatranscriptomics reads was evaluated with FastQC 58. Raw 

reads were processed with the ñRQCFilterò pipeline (BBtools version 38.90) 59 to trim 

adapters and filter contaminants. Further filtering of risobomal RNA was performed using 

SortMeRNA (version 4.3.6) 81. Bowtie2 (v2.5.4) 82 was used to map the filtered and 

trimmed reads against the dereplicated MAGs. The resulting SAM files were sorted using 

samtools 83. Mapped reads counts were obtained using featureCounts (version 2.0.6) 84. 

Only transcripts with read counts higher than 5 and present in at least 3 samples were 

kept for downstream analysis. Read counts were normalized following the gene length 

corrected trimmed mean of M-values (geTMM) method 85.  

ɓ-diversity analysis and ecological null modeling 

Microbial phylogenetic signal 

Microbial community assembly shifts during the monsoon season were analyzed 

using ecological null modeling 32,33,based on the assumption that phylogenetically related 

ASVs share ecological similarities (phylogenetic signal) 32. Phylogenetic signal analysis 

encompassed 19 environmental variables (detailed in Supplementary Table 1), using the 

between-ASV difference in environmental optima and between-ASV phylogenetic 

distance.  

Environmental optima were calculated using abundance-weighted mean values for 

each environmental variable using the analogue package (version 0.17.6) 86. Between-

ASV environmental optima differences were computed using Euclidean distance for all 

environmental variables. Between-OTU phylogenetic distances were derived from the 

microbial phylogenetic tree using the adephylo package (version 1.1.16) 87. Phylogenetic 

signal assessment was done using a Mantel correlogram based on a Pearson's 

correlation coefficient across 50 distance classes with 999 permutations, applying 

progressive Holm-Bonferroni correction for multiple testing. 

ɓ-diversity analysis and ecological null modeling 

Ecological processes influencing microbial and metabolome assemblages during 

monsoon periods were estimated using ɓ-nearest taxon index (ɓNTI) and Raup-Crick 

Bray-Curtis index (RCBC), analyzing the microbial phylogenetic tree and TWCD 

metabolite-derived dendrogram as previously described 32ï34l. 

Following this approach, |ɓNTI| > 2 indicates predominance of deterministic 

processes, such as environmental abiotic factors and biotic interactions influence 
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microbial community turnover and differences in production and degradation rates of 

metabolites. Meanwhile, |ɓNTI| < 2 indicates that stochastic processes such as random 

processes of birth, death, colonization and speciation of microbial communities 88 cause 

changes in species diversity and composition. Similarly, metabolite shifts caused by 

physical forces or vector movements are considered as stochastic changes 34. Moreover, 

when ɓNTI > 2, variable selection indicates that divergent environmental factors drive 

high compositional turnover between a pair of communities. Conversely, when ɓNTI < -

2, homogeneous selection indicates consistent selective pressures from stable 

environmental conditions are the primary cause of low compositional turnover between 

local communities 33.  

Furthermore, the Raup-Crick Bray-Curtis (RCBC) turnover index was used to 

determine the influence of stochastic ecological processes. Briefly, the observed 

presence/absence-based Bray-Curtis values from pairwise community comparisons were 

calculated and compared to a null expectation (generated through 1,000 randomizations). 

Deviations of observed values from the null comparisons were then normalized between 

+1 and -1 to produce the RCBC metric. An RCBC > 0.95 with |ɓNTI| < 2 indicates that 

higher-than-expected compositional differences between communities (or metabolomes) 

are primarily due to dispersal limitation, allowing ecological drift. In contrast, an RCBC < 

-0.95 with |ɓNTI| < 2 suggests that lower-than-expected compositional differences are 

driven mainly by homogenizing dispersal. Finally, when |RCBC| < 0.95 and |ɓNTI| < 2, 

compositional turnover between communities (or metabolomes) is not predominantly 

influenced by selection, dispersal, or ecological driftða condition referred to as 

'undominated' 32. 

Co-occurrence network analysis 

MAG interactions were analyzed through co-occurrence microbial networks using 

a random matrix theory (RMT)-based approach 89. Networks were constructed using the 

Molecular Ecological Network Analysis pipeline (MENA) 89,90 website 

(http://ieg4.rccc.ou.edu/mena/login.cgi). Two separate networks were constructed, one 

using data from sampling points from two ñdryò months (May and October) and another 

with data from two ñwetò sampling points (July and August). Metagenome-assembled 

genomes abundances expressed as trimmed means of M-values (TMM) were obtained 

using CoverM. Separate abundance tables for each network were uploaded and 

processed using the MENA pipeline. Briefly, a similarity matrix was built using Spearman 

correlations of features present in at least half of the samples. An association threshold 

was then determined using the RMT approach 90. Network topological parameters were 

calculated with the MENA pipeline. Module determination employed a greedy modularity 

optimization algorithm 91. Node topological roles were assigned based on within-module 

connectivity (Zi) and participation coefficient (Pi) 89. Networks were visualized using the 

igraph 92 and ggnetwork 93 R packages. 
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Metabolic interaction network 

Genome scale metabolic (GEM) models were reconstructed for each MAG using 

CarveMe 94, with distinct templates for bacterial and archaeal MAGs. Models were 

constructed without gap filling to avoid false-positive cross-feeding metabolic interaction 

predictions 95. 

To better understand metabolic interactions among the microorganisms in each of 

the co-occurrence networks, metabolic interactions were assessed using SMETANA 96. 

SMETANA was run in ñglobalò mode for each possible pair of MAGs within each of the 

two co-occurrence networks to calculate a metabolic interaction potential (MIP) score 

between each pair. Only pairs with MIP scores >= 5 were considered highly interacting 

and were used for building the metabolic interaction network 97. The cross feeding 

potential between pairs of highly interacting MAGS was then investigated using the 

ñdetailedò mode of SMETANA, keeping only those metabolites with a SMETANA score 

higher or equal than 0.1, as well as those related with nitrogen and sulfur metabolism. 

Node topological roles were assigned based on within-module connectivity (Zi) and 

participation coefficient (Pi) 89. Networks were visualized using the igraph and ggnetwork 

R packages. 

Results 

Monsoon events create distinct physicochemical states in arid soils 

The North American Monsoon drives dramatic shifts in resource availability across 

desert ecosystems. We characterized these environmental transitions through intensive 

temporal sampling at the Saguaro National Park (Fig. 1a). Soil samples were collected at 

10 cm depth across eight time points from May to September 2021, with an additional 

sampling in May 2022 (n = 36, 4 samples per time point), capturing the complete monsoon 

cycle from pre-monsoon drought through post-monsoon recovery (Fig. 1b). While these 

environmental transitions aligned with historical monsoon patterns in the Southwestern 

USA 98, 2021 saw some of the highest precipitation levels of the last decade 

(Supplementary Fig. 1a), offering an ideal natural experiment to examine microbial 

responses to extreme environmental transitions.  

The shift from extended drought to intense rainfall events created distinct temporal 

patterns in soil physicochemical conditions, marked by substantial changes in moisture 

availability, temperature, and potential resource inputs (Fig. 1c, Supplementary Table 1, 

Supplementary Fig. 1b). Principal component analysis revealed three distinct sample 

clusters corresponding to pre-monsoon (yellow ellipse), monsoon (blue ellipse), and post-

monsoon (red ellipse) periods (Fig. 1d). Notably, post-monsoon samples gradually 

returned to conditions similar to the pre-monsoon state, highlighting the cyclical nature of 

these environmental transitions. Moisture content and vegetation density (measured by 

the Normalized Difference Vegetation Index - NDVI) emerged as primary drivers, 
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explaining 30.47% of observed variance along PC1, while air temperature accounted for 

19.66% along PC2. Hierarchical clustering analysis of physicochemical parameters 

further confirmed these distinct environmental states between monsoon and non-

monsoon periods (Supplementary Fig. 1b).  

 

Community-level responses emerge from local adaptation 

To understand microbial responses to monsoon transitions, we employed a multi-

omics approach that combined microbial taxonomic profiling (using ASVs derived from 

16S rRNA amplicon sequencing and OTUs derived from shotgun metagenomics) with 

organic matter characterization using Fourier-transform ion cyclotron resonance mass 

spectrometry, (FTICR-MS).  

Our analysis revealed microbial compositional stability despite environmental 

fluctuations (Fig. 2a, c-d, Supplementary Fig. 2a; Supplementary Note 1). Beta diversity 

analysis showed only slight community differences during monsoon months 

(PERMANOVA, p = 0.033), with communities returning to their original structure after the 

storms (Fig 2d, Extended Fig 2b). This resilience aligns with prior studies suggesting arid 

soil microbial communities are adapted to endure dry-wet cycles 99 through ecological 

memory 100, optimized for historical moisture regimes 101. However, alpha diversity 

metrics presented a more dynamic response (Fig. 2f). Unlike previous reports of stable 

or increased microbial diversity post-precipitation 16,102, we observed a temporary decline 

in microbial diversity followed by recovery. This decline likely results from mechanisms 

such as differential growth triggered by increased water availability 103, formation of anoxic 

microsites 104, and osmotic stress-induced mortality 105. Comparison of metagenomics 

read signatures with other global arid ecosystems revealed that while each ecosystem 

harbors locally adapted communities, Sonoran Desert more closely resembled those from 

North American deserts (e.g., Mojave) than geographically distant systems (e.g., Negev) 

(Fig.2c) suggesting local adaptation shapes community composition while shared 

regional species pools support resilience 106,107. 

FTICR-MS analysis detected 20,971 different masses (m/z) across all samples, 

with 4,175 assigned putative molecular formulas. Unlike lignin-dominated peatlands 
108,109, these arid soils showed predominance of lipid-like compounds, followed by protein- 

and lignin-like metabolites (Supplementary Fig. 2d; Supplementary Note 1), indicating 

strong microbial influence on soil organic matter composition 110. 

Organic matter composition showed significant temporal variation (p = 0.014) (Fig. 

2b, e), particularly in N- and S-containing compounds (e.g., CHON, CHONS, CHONP) 

(Supplementary Fig. 2f, h). During wet periods, osmotic stress-induced cell lysis released 

intracellular metabolites 105, while increased substrate accessibility enhanced microbial 

activity 111. Though some lipid-like compounds remained stable throughout the monsoon 

season, amino sugar abundance increased with water availability. These amino sugars, 

likely derived from microbial components 112 may have been accumulated due to osmotic 
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stress-induced mortality 104. The subsequent increase in carbohydrates by the end of the 

monsoon season (September and August) likely reflected post-monsoon vegetation 

growth and enhanced microbial activity 113. Organic matter alpha diversity initially 

increased at monsoon onset, likely due to precipitation-induced release of labile 

metabolites 114. These metabolites were subsequently consumed, leading to decreased 

diversity and liability (NOSC) by monsoonôs end (Fig. 2f, Supplementary Fig. 2e). 

 

Contrasting assembly processes reveal mechanisms of community-level resilience 

While our observations demonstrate clear community-level responses to 

environmental change, the underlying ecological processes maintaining stability remain 

unclear. To investigate these mechanisms, we analyzed the ecological processes driving 

both community assembly and metabolite dynamics 32ï35.  

Our analysis revealed contrasting yet complementary mechanisms: stochastic 

processes predominantly shaped microbiome assemblages, while deterministic 

processes governed metabolite assemblages (Fig. 3 a, b). However, the relative 

importance of these ecological processes shifted dynamically with changing 

environmental conditions (Fig. 3c). 

Early monsoon onset (early July) triggered a brief period of deterministic microbial 

community assembly through environmental filtering and biotic processes. The sudden 

influx of water and nutrients created selection pressures favoring wet-adapted taxa 115 

and benefiting tolerant or opportunistic groups 8, leading to competition between rain-

activated and dry-tolerant microbes 104. As rainfall events increased in frequency (late 

July-early August, Fig. 1c) stochastic processes emerged as the dominant driver of 

community assembly, maintaining compositional stability (Fig. 3c). This stability emerged 

from two key mechanisms: enhanced pore connectivity enabled active microbial 

movement 2, while microbial dormancy during dry periods buffered against environmental 

filtering 19,20.  

The transition toward stochastic processes coincided with increased expression of 

mobility-related genes (Fig. 3d). Key taxa exhibited heightened expression of genes for 

chemotaxis, flagellar assembly, gliding motility, and pilus systems. For example, 

Mixococcota expressed flagellar and gliding motility genes, while Actinobacteria, 

Chloroflexota, and Desulfobacterota activated similar mobility mechanisms. Notably, 

Pseudomonadota upregulated pilus assembly genes for twitching motility. Enhanced 

mobility, combined with dormancy strategies, likely homogenized microbial communities 

while trait-based selection influenced dispersal capabilities 107,116. 

Metabolite assemblages showed strikingly different patterns, governed by 

deterministic processes throughout the monsoon cycle, similar to observations in 

peatland ecosystems 35. Wet periods drove high metabolome variability through 

increased plant inputs 117, secondary metabolite production 118, osmolyte release 119, and 

microbial necromass accumulation 120. Concurrently, rainfall-induced runoff and erosion 
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redistributed soil organic matter 121, contributing to metabolite homogenization in mid-

July. 

Dry periods produced a variable metabolome reflecting drought survival strategies. 

Sugar-like metabolites varied in their role as osmolytes 122, while lipid variability 

suggested membrane remodeling under water-limited conditions 123. Abiotic factors, 

including photodegradation and wind erosion, further shaped organic matter dynamics 

and metabolome heterogeneity 124.  

These contrasting assembly patterns show how ecological processes interact to 

maintain ecosystem function. Stochastic processes maintain microbial community 

stability during dynamic environmental shifts, while deterministic processes drive 

metabolite responses, ensuring ecosystem functionality. Together, these mechanisms 

allow microbiomes to adapt to environmental fluctuations while maintaining their core 

structure and function. 

Genomic features supporting resilience in arid soils 

To understand the genomic basis of microbial stability in arid soils, we next 

investigated the mechanisms underlying community-level responses. Our genome-

centric approach recovered 282 metagenome-assembled genomes (MAGs) (Fig. 4a) of 

medium to high quality (Supplementary Table 6, Supplementary Fig. 3). These MAGs 

captured approximately 60% of the sequenced microbial community at the genus level 

(86% sequence identity), providing a robust foundation for exploring genomic adaptation 

in arid soils.  

Phylogenomic analysis revealed unexpected taxonomic breadth, with MAGs 

spanning 30 bacterial and one archaeal classes across 18 phyla. While this diversity 

highlights the complex microbial ecology of arid soils, it also suggests high endemism - 

only one MAG was classified at species level (ANI > 95%), while most (n = 173) were 

classified at genus level, indicating potentially novel taxa adapted to arid conditions 

(Supplementary Table 6).  

Analysis of carbon fixation pathways revealed how diverse metabolic capabilities 

are distributed across the community. The Calvin-Benson-Banshan (CBB) cycle 

appeared in twelve bacterial genomes from Actinomycetota, Desulfobacterota and 

Pseudomonadota, which encoded complete RuBisCO genes (K01601, K01602) and 

associated pathway components (Supplementary Fig. 4). While some steps of the 

reductive citrate (rTCA) cycle were widely distributed, only one MAG from Nitrospirota 

encoded the key enzyme. Similarly, the 3-Hydroxypropionate/4-Hydroxybutyrate 

(3HP/4HB) and dicarboxylate/4-hydroxybutyrate (DC/4HB) cycles showed restricted 

distribution, with key enzymes found only in Thermoproteota, Desulfobacterota and 

Tectomicrobia.  

Nitrogen cycling functions displayed comparable patterns of specialized and 

redundant distribution. Nitrification capacity was limited to Thermoproteota, specifically 

https://paperpile.com/c/9qlrhf/BFKuP
https://paperpile.com/c/9qlrhf/7fTkh
https://paperpile.com/c/9qlrhf/4rDMR
https://paperpile.com/c/9qlrhf/n96t4


97 
 

 

the ammonia-oxidizing archaea (AOA) order Nitrososphaerales. In contrast, 

denitrification and dissimilatory nitrate reduction were broadly distributed across taxa. 

Sulfate reduction pathways were mostly limited to assimilatory and dissimilatory functions 

(full details in Supplementary Note 2).  

This genomic architectureð featuring both specialized and redundant metabolic 

functionsðhighlights how microbial communities maintain critical ecosystem processes 

under environmental stress. Specialized pathways enable niche-specific adaptations, 

while functional redundancy across taxa ensures resilience to fluctuating environmental 

conditions. Together, these features provide a mechanistic understanding of microbial 

resilience in arid soils. 

Genomic traits reveal convergent and specialized stress adaptations  

At the individual level, we investigated how specific traits and stress tolerance 

mechanisms support microbial survival to the environmental conditions of arid 

ecosystems. Most recovered MAGs (n = 183) exhibited high GC content and slow 

predicted growth rates (n = 143, maximum growth rate < 0.2) (Fig. 4b), suggesting a 

common evolutionary response to harsh conditions 125. High GC content likely enhances 

thermotolerance 126, while slow growth rates indicate oligotrophic lifestyles 127 aligning 

with previous findings of GC enrichment in arid conditions 99 and resource-driven 

selection against AT base pairs in nutrient-limited soils 128. Notably, Thermoproteota 

demonstrated an alternative strategy having low GC content, suggesting successful 

adaptation through genome streamlining 129, and efficient nitrogen use 130. 

Analysis of the gene expression levels of stress tolerance traits (Supplementary 

Table 7), revealed that protein stability mechanisms were widespread, with most taxa 

encoding and expressing genes for protection, repair, and degradation of denatured and 

misfolded proteins (Fig. 4c, Supplementary Fig. 5), reflecting adaptation to high 

temperatures 23. These included various heat shock proteins (HSP70, HSP40, HSP60, 

HSP10, HSP100, HSP24) critical for protein folding and protection 131. 

 Osmolyte production and transport showed both common and specialized 

patterns (Fig. 4c, Supplementary Fig. 5). While trehalose and glutamate production was 

widespread, glycine betaine biosynthesis was restricted to select groups, and bacteria-

exclusive ectoine was found only in Actinomycetota. These osmolytes help manage both 

high salinity and sudden water influx 131. 

Oxidative stress responses revealed similar diversity in adaptation strategies. 

Superoxide dismutase (K04564) showed widespread expression by most MAGs (n = 140) 

during dry months, particularly a higher expression in Thermoleophilia members 

(Supplementary Fig. 5). Different taxa employed specialized catalase systems: heme-

based catalases (KatG, KatE) in Acidobacteriota, Actinomycetota, Chloroflexota, 

Myxococcota and Pseudomonadota (KatG n = 41; KatE n = 8) , and manganese catalase 

(K07217) in Thermoproteota, Gemmatimonadoa and Nitrospirota (n = 41) with the highest 
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expression during dry months (Supplementary Fig. 5), suggesting specialized strategies 

for reactive oxygen species (ROS) management 132.  

Multifunctional dps proteins (K04047) were present in several phyla (Fig. 4c), 

providing resistance against oxidative, metal, and thermal stress 133, with the highest 

expression occurring during the dry months for Acidobacteriota, Actinomycetota, 

Chloroflexota, Gemmatinomonadota, Tectomicrobia and Thermoproteota, and in the wet 

months for Pseudomonadota (Supplementary Fig. 5). Furthermore, the genes for the 

glyoxylate bypass, suggested to play a role in oxidative stress 134, were found encoded in 

many taxa and expressed during the dry months in Actinomycetota, Chroloflexota and 

Tectomicrobia, and during the wet months in Acidobacteriota, Desulfobacterora, 

Gemmatinomonadota and Pseudomonadota genomes (n = 48) (Supplementary Fig. 5).  

Other widely distributed stress tolerance mechanisms included the expression of 

genes relate to DNA repair as most taxa except for Thermoproteota encoded and 

expressed genes for the RecA (K03553) protein, which catalyzes one of the central steps 

of the DNA repair and homologous recombination pathway 135 as well as polymerases 

such as polA (K02335) and polIV (K02346, K04479) that may play a role in double-strand 

DNA break repair 136,137. Other strategies related with dormancy and persistence such as 

sporulation, exopolysaccharide (EPS) and lipopolysaccharide (LPS) production, and 

polymeric carbon storage are explored in Supplementary Note 3.  

These findings revealed how genomic traits and their modulation throughout the 

monsoon season support the compositional stability of microbial communities, from an 

individual standpoint. The combination of shared survival mechanisms and unique 

adaptations, exemplified by Thermoproteotaôs distinct strategies, provides a genomic 

foundation for community resilience to environmental fluctuations. These insights 

enhance our ability to predict ecosystem responses to climate change. 

Network restructuring reveals how individual traits shape community responses  

To bridge individual adaptations and community-level properties, we analyzed 

both microbial co-occurrence networks and their metabolic interaction potential. Using a 

random matrix theory (RMT)-based approach 89, we found that increased precipitation 

dramatically altered network architecture 138,139. During dry periods, networks were larger 

and more modular (higher modularity, transitivity, and node/edge numbers, lower average 

path distance), whereas wet conditions produced smaller, more hierarchical networks 

(higher degree centralization, betweenness centralization, and stress centrality) (Fig. 5a 

and Supplementary Table 8). The dramatic shift in network architecture between dry and 

wet conditions represents more than structural reorganization - it reveals fundamental 

changes in community interaction strategies. During dry periods, the larger, more modular 

networks reflect a community-wide strategy for resource conservation. Each module 

functions as a metabolically interdependent unit, allowing efficient resource cycling within 

tightly connected groups. This organization stands in stark contrast to conventional 
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understanding of drought responses, where networks typically become fragmented and 

less connected. 

Our findings overturn traditional expectations about water availabilityôs impact on 

microbial networks. Unlike other ecosystems where wet conditions promote higher 

interconnectedness 140, dry conditions in our system fostered tighter community 

organization through modular, interconnected network structures. This tight organization 

likely reflects the need for efficient resource utilization 141, where interdependence 

enhances environmental resilience. Conversely, wet conditions relaxed these tight 

resource constraints, allowing for more hierarchical organization with diffuse, 

opportunistic interactions 140,142. These changes in structure suggest microbial 

interactions and responses play a role in community-level resilience. The higher centrality 

of wet networks suggests wet environments favor dominant species that quickly capitalize 

on increased nutrients 143, while osmotic stress forces other microbes to regulate 

metabolism more intensively 100. This network restructuring aligns with increased 

selection processes at monsoon onset (Fig. 3b), as water simultaneously drives 

community structure and metabolic activity changes 144,145, while enhancing niche 

connectivity through dispersal mechanisms 2.  

Network analysis identified key species bridging individual traits and community 

function. In dry conditions, an Actinobacteria MAG served as a network connector, similar 

to findings from other deserts including Namib 146, Atacama 147, and Sahara 148. However, 

this MAGôs high abundance challenges the assumption that desert community stability 

relies on rare taxa 110, suggesting abundant species can be central to ecosystem function. 

To understand how network changes reflect metabolic adaptations, we analyzed 

metabolic interaction potential (MIP) using SMETANA 96. Dry networks showed more 

extensive metabolic interactions, indicating increased interdependence and active 

metabolite exchange 141. Moreover, this analysis identified additional potential keystone 

MAGs (network hubs): Methylomirabilota and Actinomycetota in dry conditions, and 

Acidobacteriota during wet periods (Fig. 5b). The Methylomirabilota keystone is 

particularly significant given its roles in greenhouse gas cycling 149, soil processes 150, 

and vegetation interactions 151. SMETANA analysis in detailed mode (Fig. 5c), revealed 

that this MAG primarily donates amino acids, as previously reported 152, while the 

Actinomycetota hub absorbs them demonstrating how individual metabolic capabilities 

shape community-level interactions and eventually resilience through energy-expensive 

amino acid exchange 153. Analysis of metatranscriptomics data confirmed some of these 

results, as complete biosynthetic pathways for valine, leucine and isoleucine were found 

to be present in the Methylomirabilota genome (Supplementary Fig. 6a), which were 

expressed through the monsoon season (Supplementary Fig. 6b). Additionally, 

expression of amino acid transporters was detected in a wide range of phyla 

(Supplementary Fig. 6c) indicating the ability of these microbes to retrieve amino acids 

from the environment. These insights into network restructuring demonstrate how 
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community stability and metabolic responses are interconnected through dynamic 

organizational changes. This coordination between resilience levels may be crucial for 

maintaining ecosystem function amid climate change-related precipitation alterations. 

 

Strategic gene regulation by Thermoproteota maintains critical ecosystem 

processes 

To understand how individual taxa maintain specific functions within changing 

networks, we examined Thermoproteota as a model organism. We selected this phylum 

because: (1) eight MAGs from the Nitrososphaeraceae family represented the only 

aerobic ammonia oxidizers in our community, (2) nitrogen availability critically influences 

arid ecosystem function 154,155 and (3) Thermoproteotaôs genomic features and regulatory 

patterns provide a unique model for understanding how individual adaptations support 

community stability. 

Using genome-resolved metatranscriptomics, we tracked Thermoproteotaôs gene 

regulation throughout the monsoon season (Supplementary Table 9). The ammonia 

oxidation genes amoABC (K10944, K10955, K10946) showed unexpected expression 

patterns, peaking during dry periods (Fig. 6a), with amoC (K10946) showing highest 

expression 156. This counterintuitive pattern reveals a sophisticated adaptation strategy. 

During dry periods, when most microbes reduce activity, Thermoproteota maintains high 

nitrification rates, likely capitalizing on reduced competition for limited nitrogen resources. 

This strategy is supported by unique stress tolerance mechanisms, including specialized 

protein repair systems, manganese-based catalases for ROS management, and efficient 

nitrogen utilization enabled by genome streamlining. Together, these adaptations allow 

Thermoproteota to maintain critical ecosystem functions even when other taxa become 

dormant, consistent with its crucial role in hyperarid soils 157. 

Environmental correlations further highlight how individual adaptations respond to 

community-level conditions. A strong negative correlation between amoABC expression 

and both soil moisture and NDVI (Fig. 6b, Supplementary Table 1) suggests that 

Thermoproteota sustains high nitrification activity under the driest conditions, potentially 

outcompeting other microbes for limited nitrogen. Moreover, four Thermoproteota MAGs 

showed high expression of the urease gene cluster (ureABCDEFG) during wet periods 

(Fig. 6c), indicating these taxa can metabolize both ammonia and urea as energy sources 
158. This versatility exemplifies how individual-level adaptations enable persistence across 

variable conditions, providing significant ecological advantages in nutrient-limited soils. 

The absence of ammonia-oxidizing bacteria (AOB) in our system further highlights 

how Thermoproteotaôs strategy of regulated persistence enables their dominance of 

nitrification processes. Analysis of the taxonomic profiles of other arid soil datasets 

showcase the widespread presence of Thermoproteota in arid systems worldwide 

(Supplementary Fig. 2h). This global distribution underscores their importance in 

stabilizing nitrogen fluxes, a critical ecosystem function in arid environments that are 
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particularly vulnerable to climate change-induced disruptions 155, aligning with previous 

reports of archaeal dominance in arid soils 155 and their broader distribution across 

oligotrophic environments 159,160. Their success demonstrates how individual-level 

expression modulation contributes to community-level resilience by maintaining essential 

ecosystem processes despite environmental stress (Supplementary Note 4). 

The success of this strategy extends beyond individual survival to shape 

community-level functions in several ways. First, Thermoproteotaôs maintained activity 

during dry periods provides a consistent nitrogen supply that supports community 

stability. Second, its network position shifts from peripheral during wet periods to central 

during dry periods, demonstrating how individual adaptations influence community 

organization. Third, its regulated persistence exemplifies how specialized taxa can 

maintain essential ecosystem processes despite environmental stress, contributing to 

overall community resilience.  

These findings expand our understanding of Thermoproteotaôs role in arid 

ecosystem nitrogen cycling 110 and demonstrate how specialized adaptations maintain 

critical functions supporting community stability. This coordination between individual 

regulation and community-level processes provides insights into how arid ecosystems 

may persist amid increasing climate variability. 

 

Discussion 

In this study, we applied an integrated time-resolved multiomics approach to better 

understand how microbial communities can respond to dramatic environmental 

transitions. Our findings reveal the interplay between community-level adaptations and 

individual stress responses, providing a comprehensive view of how microbial networks 

reorganize dynamically to sustain ecosystem functions under fluctuating conditions. 

Using soils from the Sonoran Desert as a model system, characterized by the highly 

variable environmental conditions of the monsoon season, we identified three 

interconnected mechanisms underpinning microbial resilience: (1) stochastic processes 

that maintain community stability, (2) dynamic network reorganization, and (3) 

coordinated individual stress responses. Additionally, we identified Thermoproteota as a 

key taxon in arid soils, highlighting its potential as a model organism for understanding 

adaptation to aridity. 

Microbial Network Responses to Environmental Fluctuations 

Our findings challenge the prevailing view that drought predominantly disrupts 

microbial networks 139,161,162. Instead, we observed enhanced microbial network 

connectivity under dry conditions, aligning with evidence that stress can foster tighter 

microbial associations 163. This tightly organized community structure became more 

diffuse during wet conditions, suggesting dynamic reorganization based on resource 

availability (Figure 5A, Supplementary Table 8). These results may reflect unique 
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adaptations of microbial communities in bare soils, where plant buffering effects are 

limited 161,164. 

The observed increase in network connectivity under drought conditions supports 

the stress gradient hypothesis 165ï167. During dry periods, certain taxa, such as 

Thermoproteota and Actinomycetota, likely act as hubs, facilitating functional 

complementarity and efficient resource sharing among community members. Conversely, 

wet conditions promoted larger, more centralized networks with increased negative 

correlations, indicating the rise of dominant microbes and heightened competition 142,167. 

This dynamic network restructuring is crucial for maintaining microbial diversity and 

ecosystem function, as evidenced by stable community composition across monsoon 

cycles and the dominance of stochastic assembly processes (Figure 3C). These patterns 

highlight how microbial communities balance stability and adaptability in fluctuating 

environments. 

 

Network Reorganization Bridges Community Stability and Individual Adaptations 

 

The link between network reorganization and resilience underscores the 

importance of coordination at multiple biological levels 6. Tight networks during dry 

periods optimize resource exchange and foster interdependencies, enhancing community 

stability under stress 96,168. This is supported by correlations between network modularity 

and the expression of stress-response genes. In contrast, diffuse networks during wet 

periods allow metabolic flexibility and opportunistic interactions, enabling communities to 

rapidly exploit resource pulses while maintaining core functions 12. 

Despite inherent limitations in metagenomics-derived network analysesðsuch as 

the inability to discern the precise nature of correlations, which may arise from indirect 

interactions or shared niches 169ðour approach demonstrates the utility of network 

analysis for inferring ecological functions 168,170,171. Here, we go further ahead and provide 

some evidence on how the sophistication of this network-mediated coordination emerges 

through metabolic interactions. For example, the prominent role of Thermoproteota during 

dry conditions (Fig. 5A) highlights its contribution to nitrogen cycling, a critical process for 

maintaining ecosystem function. Its widespread presence in arid environments globally 

(Supplementary Fig. 2g) further emphasizes its ecological significance as both an 

indicator of resilience and a potential biotechnological target. Meanwhile, 

Methylomirabilota, Actinomycetota and Acidobacteriota maintained active amino acid 

exchange with other community members (Fig. 5C), supported by sustained expression 

of biosynthetic pathways and transporters (Supplementary Fig. 6). These coordinated 

interactions create reciprocal dependencies optimizing resource utilization, forming 

feedback loops where individual metabolic activities shape community structure, while 

community organization influences individual responses 172.  
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Organic Matter Profiles Reflect Coordinated Stress Responses 

 

The analysis of organic matter profiles reveals deterministic changes driven by 

both community-level metabolic adjustments and individual stress responses 35. Unlike 

plant-dominated ecosystems 108,109, the prevalence of lipid- and protein-like compounds 

in these soils underscores the strong microbial influence on soil organic matter 

composition 173. During dry periods, the accumulation of osmolytes and stress-related 

compounds reflects individual microbial adaptations 174, while shifts in metabolite profiles 

during wet periods indicate community-level metabolic reorganization. These changes 

mirror network restructuring, as metabolite exchange relationships transition between 

tight and diffuse network arrangements, further illustrating the integration of microbial 

activities in maintaining ecosystem resilience. 

Individual-Level Survival Strategies and Their Role in Resilience 

 

Our analysis uncovered shared and specialized survival strategies among taxa, 

highlighting strong selective pressures for traits that support both individual survival and 

community function 99. For instance, Actinomycetota employed multiple adaptations 

including high GC and production of chaperone proteins to to provide thermostability and 

protect cellular machinery 175, spore formation to enable dormancy 176, osmolyte 

production to overcome water stress 177, and versatile metabolic strategies to allow 

resource optimization 178. Similarly, the Thermoproteota maintained regulated function 

through sophisticated stress response mechanisms including chaperones, DNA-repair 

proteins and the widespread production of stress-related proteins like katG, katE, dps, 

and superoxide dismutases to overcome stressful conditions while maintaining regulated 

function in the nitrification pathway (Fig. 6a, Supplementary Fig. 4). The consistency of 

stress response mechanisms across diverse taxa suggests strong selective pressure for 

maintaining both individual survival and community function 179. The widespread 

distribution of heat shock proteins, osmolyte production pathways, and oxidative stress 

responses indicates that these mechanisms represent essential adaptations to arid 

conditions 19,162. Together, these diverse survival strategies underscore the critical role of 

functional redundancy and metabolic versatility in maintaining community stability, 

demonstrating how alternative strategies can achieve similar community-level outcomes 
19,20. Such individual-level adaptations form the building blocks of network-mediated 

resilience, enabling the community to buffer environmental perturbations and sustain key 

ecosystem processes.  

 

Implications for Microbial Resilience and Climate Change 
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Our findings provide a framework for understanding microbial resilience in arid 

systems. Specifically, stochastic processes ensure stable community structures, while 

dynamic network reorganization and individual stress responses enable adaptation to 

extreme environmental conditions (Figure 7). The pivotal role of Thermoproteota in 

nitrogen cycling highlights its potential as both an ecological indicator and a target for 

biotechnological interventions aimed at enhancing soil resilience. Furthermore, the 

observed prevalence of shared stress response mechanisms and network reorganization 

patterns may suggest that the principles of network-mediated resilience revealed in our 

study likely extend across arid ecosystems worldwide and potentially non-arid 

ecosystems 180.  

While these multi-level resilience mechanisms currently enable functional 

persistence through monsoon cycles, they also suggest vulnerabilities to future climate 

change. Increased aridity, prolonged droughts, or disruptions to stochastic processes 

may exceed the adaptive capacity of these specialized microbial communities, leading to 

cascading effects and destabilization 100,140,181,182. To safeguard critical ecosystem 

functions, future efforts should prioritize promoting functional redundancy within microbial 

communities, conserving microbial diversity hotspots, and monitoring network 

reorganization thresholds. Additionally, integrating predictive modeling with multi-omics 

datasets could facilitate early detection of resilience breakdowns under changing climate 

scenarios. Tracking key taxa such as Thermoproteota will be essential to these efforts, 

providing critical data on how microbial communities navigate environmental extremes 

and informing strategies to safeguard ecosystem functionality in a rapidly changing world. 

 

Data availability 

All environmental measurements are available as part of Supplementary Table 1. 

Raw metagenomics, metatranscriptomics and amplicon sequencing data is 

available at the NCBI database (Bioproject Accession: PRJNA1193034). The following 

reviewer link can be used to check the submission until paper acceptance 

(https://dataview.ncbi.nlm.nih.gov/object/PRJNA1193034?reviewer=t661lr6tp95nc2n5fs

8fi0fcai) 

Processing report of FTICR-MS data, assembled MAGs sequences and their 

annotations are available in the OSF repository with DOI 

(https://doi.org/10.17605/OSF.IO/WR6Z4)  

Code availability 

Code for all statistical analysis in this manuscript are available in its GitHub 

repository: https://github.com/Coayala/arid_dual_resilience_paper  
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Figures 

 

Figure 1. (A) Geographic location of soil sampling sites within Saguaro National Park. (B) 

Pictures taken at the sampling site during the sampling campaign in May, July and August 

of 2021. (C) Principal ordination analysis of the collected samples (n = 36) based on the 

measured environmental factors. (D) Temporal dynamics of environmental and 

physicochemical factors throughout the 2021 monsoon season. 
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Figure 2. Microbial community and organic matter profiling of arid soil samples. (A) 

Average relative abundance of bacterial phyla, from OTUs inferred with SingleM, at each 

sampling time (n = 4). (B) Average relative abundance of observed elemental 

compositions based on FTICR-MS data collected in positive mode at each sampling time 

(n = 4). (C) Ordination of different metagenomics datasets collected from arid soils. (D) 

Principal component analysis (PCoA) of shotgun metagenomics data (n = 28). (E) Non-

metric multidimensional scaling (NDMS) of FTICR-MS data (n = 28). (F) Alpha diversity 

indices (observed richness and Chao1 richness) inferred from SingleM OTUs and FTICR-

MS metabolites abundances respectively. Boxes represent the upper and lower quartiles, 

the line in each box represents the median and the whiskers represent the maximum and 

minimum values, no further than 1.5 times the interquartile range; values beyond the 

whiskers represent outliers and are plotted individually 
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Figure 3. (A) and (B) Density plots showing changes in the ɓNTI of microbial community 

and metabolome in each month of sampling (n total = 32), ɓNTI was calculated from 16s 

rRNA OTUs and TWCD metabolites. Assembly processes can be delimited by the red 

dashed lines: variable selection (ɓNTI > 2), homogenous selection (ɓNTI < ī2), stochastic 

assembly (|ɓNTI| < 2). (C) Bar plots showing the putative influence of different ecological 
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processes within each month according to the microbial community, bulk metabolites, 

lipid-, sugar- and TLC-like metabolites. (D), Heatmap representing the expression of 

microbial motility related genes. Gene length corrected trimmed mean of M-values 

(geTMM) values for expressed motility related genes were averaged per each MAG per 

month, the log10 is represented.  
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Figure 4. (A) Phylogenetic tree of the 282 recovered metagenome-assembled genomes 

(MAGs) showing their GC content, genome size, completeness and contamination 

inferred by CheckM2 as well as their changes in abundance throughout the sampling 

campaign. (B) Dot plot showing the distribution of the recovered MAGs based on their 

GC consent and estimated maximum growth rate. (C) Heatmap showing the presence of 

stress resistance traits among the different taxa of the recovered MAGs. 
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Figure 5. Microbial networks. (A) Co-occurrence networks based on MAGs abundances 

(TMM) inferred with CoverM for the dry (May and October) and wet (July and August) 

months. Nodes represent MAGs and are colored based on their Phylum. Node size 

indicates the Degree (number of connections) of each node. Colored ellipses indicate 

network modules with more than 6 nodes. (B) Social networks based on the metabolic 

interaction potential (MIP) score calculated with SMETANA. Only genome pairs with MIP 

>= 5 were considered for the network. Nodes represent MAGs and are colored based on 

their Phylum. Node size indicates the Degree (number of connections) of each node. (C) 
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Heatmap showing metabolite donation and uptake patterns between Network Hub 

microbes and members of other phyla. 
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Figure 6. (A) (A) Heatmap of nitrogen metabolism gene expression (geTMM) across 

Thermoproteota genomes. (B) Dotplot showing correlations between amoABC gene 

complex expression and environmental variables (soil moisture and NDVI). (C) Heatmap 

of urease complex and transport gene expression (geTMM).  
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Figure 7. Proposed dual-level resilience framework showing microbial responses to 

monsoon fluctuations in arid ecosystems. Resilience emerges from interactions between 

individual-level mechanisms (genomic traits, metabolic functions, gene regulation) and 

community-level processes (composition, assembly). These interactions drive network 

restructuring, enabling resource sharing and protection during dry periods, and resource 

exploitation during wet periods. Individual-level adaptations include high GC content, 

DNA repair mechanisms, and osmolyte production, while community-level responses 

involve both co-occurrence and metabolic interaction networks. 



129 
 

 

Supplementary material 

Supplementary Tables 

Due to their large size, all supplementary tables can be found in the following link: 

https://drive.google.com/drive/folders/1CgOC-B6FpWZPCba-

1SCzcevBgQioEpzx?usp=drive_link 

Supplementary Note 1 

Community Structure and Metabolite Dynamics During Monsoon Transitions in Arid Soils 

This note characterizes the taxonomic composition and metabolite profiles of arid 

soil microbiomes throughout a monsoon cycle, integrating both amplicon sequencing and 

shotgun metagenomic approaches with high-resolution metabolomics. The analysis 

reveals how dominant taxa (Actinomycetota, Pseudomonadota, and Thermoproteota) 

employ diverse stress tolerance mechanisms, while metabolite profiles show distinct 

temporal patterns reflecting both microbial mortality and adaptation during wet-dry 

transitions. The findings demonstrate how community structure and metabolic responses 

are coordinated across multiple organizational levels to maintain ecosystem function 

under extreme environmental fluctuations. 

Taxonomic profile 

Taxonomic analysis revealed a diverse yet specialized community adapted to arid 

conditions. We identified 6,698 unique amplicon sequencing variants (ASVs) through 16S 

rRNA sequencing and 807 operational taxonomic units (OTUs) via SingleM analysis 45 of 

shotgun metagenomics data . The community was dominated by Actinomycetota (ASV: 

50.1%; SingleM: 64.5%) and Pseudomonadota (ASV: 17.6%; SingleM: 8.9%), followed 

by Acidobacteriota and Chloroflexota (Fig 2A and Extended Fig 2A), consistent with 

previous observations in southwestern USA 183,184, and other arid systems 185ï190. The 

prevalence of these taxa reflects diverse individual-level adaptations that support 

community resilience.Actinomycetotaôs dominance stems from multiple stress tolerance 

mechanisms: extreme temperature and UV radiation resistance, metabolic versatility, 

sporulation capabilities, and efficient DNA repair strategies 191ï194. Pseudomonadota 

(previously Proteobacteria) persist through bacteriochlorophyll-dependent 

photosynthesis, enabling survival in nutrient-poor conditions 187. Chloroflexotaôs success 

appears linked to their slow growth rates 195, an adaptation to resource limitation and 

drought stress 8,190.  

Interestingly, Thermoproteota showed marked differences between detection 

methods, representing 3.5% of SingleM OTUs but <0.1% of ASVs. Thermoproteota 

(previously known as Thaumarchaeota), is an archaeal taxon previously documented in 

https://drive.google.com/drive/folders/1CgOC-B6FpWZPCba-1SCzcevBgQioEpzx?usp=drive_link
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various hot desert soils such as the Mojave and the Chihuahuan Desert 127, that plays a 

key role in arid 39,130,196,197 and oligotrophic environments 198 through ammonia oxidation 

and carbon fixation 196. TThe detection discrepancy between methods likely reflects 

methodological biases including 16S copy number variation, PCR amplification biases, 

and differential primer specificity 70, highlighting the importance of complementary 

approaches for comprehensive community characterization.  

These findings reinforce our dual-level resilience framework by demonstrating how 

diverse individual adaptations collectively maintain community stability in extreme 

conditions. The consistent community structure across geographically distinct arid 

environments suggests fundamental constraints on microbial adaptation strategies, while 

methodological insights inform future studies of arid ecosystem resilience. 

 

Organic matter profile 

 

 Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) 

analysis in positive mode revealed a complex metabolic landscape reflecting both 

community-level processes and individual adaptations. We identified 20,971 distinct 

masses (m/z) across all samples, with 4,175 assigned putative molecular formulas using 

Formularity 30. The metabolite profile was dominated by lipid-like compounds, followed by 

protein- and lignin-like metabolites (Extended Fig. 2d), contrasting with peatlands 
108,109,199 and forest ecosystems 200,201, 202 where plant-derived lignin dominates 203. This 

distinct profile reflects the primacy of microbial rather than plant influences on 

biogeochemical processes in arid soils 173, 110.  

Elemental composition analysis revealed a high abundance of N-containing 

(CHON, CHONS, CHONP, CHONSP) and S-containing compounds (CHOS, CHONS, 

CHOSP, CHONSP). The prevalence of N-containing metabolites indicates substantial 

microbial contribution to soil organic matter (SOM) formation  112through protein 

degradation and biomass turnover 204. S-containing compounds likely derive from multiple 

sources: atmospheric sulfate deposition 205, urban particulate matter 206, Cenozoic 

evaporites 207 and anthropogenic inputs 202,208,209. The widespread distribution of 

assimilatory sulfate reduction pathways among MAGs (Supplementary Note 2, Extended 

Fig. 4) demonstrates active microbial incorporation of these compounds.  

 While the abundance of some lipid-like compounds remained high throughout the 

monsoon season (Extended Fig. 2g), other metabolites such as some amino sugars 

increased in abundance alongside the increase in water availability. Amino sugars are 

highly labile metabolites 210, derived from microbial components 112, that can be used as 

a marker of microbial necromass 211. The increase of some amino sugars, especially at 

the beginning of the monsoon season, is a potential indicator of how the sudden increase 

of water may result in the dead of some microbial communities due to osmotic pressure 

or oxygen limitation 104,212, increasing the nutrient pool available during the monsoon 
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months which are them rapidly degraded by microbial communities 213 adapted to these 

conditions. In contrast, the increase of carbohydrates by the end of the monsoon season 

(September and August) can result from the increase in surface vegetation that occurs 

after the monsoon.  

Similar to previous studies 114, increased precipitation resulted in an initial increase 

of labile metabolites, as indicated by the increase in metabolite diversity (Fig. 2f) and 

NOSC (Extended Fig. 2e) at the beginning of the monsoon season. The increase in labile 

compounds may be derived from the increased vegetation and microbial production and 

mortality 173 caused by the increased water availability, which fuels microbial metabolism 

as evidenced by the increase in metabolite transformations among the N- and S-

containing metabolites (Extended Fig. 2f). The subsequent decrease in metabolite 

diversity and NOSC by seasonôs end demonstrates efficient microbial processing of labile 

compounds, highlighting how community-level metabolic responses shape organic matter 

composition in arid soils. 

These metabolomic insights reinforce our dual-level resilience framework by 

demonstrating how individual metabolic responses collectively shape community 

resource pools and ecosystem function. The distinct metabolite profiles and their temporal 

dynamics reflect both community-level adaptation strategies and individual metabolic 

flexibility in response to environmental fluctuations. 

 

Supplementary Note 2 

Carbon and Nitrogen Metabolism Pathways Supporting Microbial Resilience in Arid Soils 

This note examines the distribution and expression of key metabolic pathways 

across arid soil microbiomes, focusing on carbon fixation strategies and nitrogen cycling 

mechanisms. The analysis reveals unexpected complexity in carbon fixation pathways 

and specialized nitrogen transformation capabilities, particularly in Thermoproteota, 

demonstrating how metabolic versatility at both individual and community levels enables 

ecosystem function under extreme conditions. These findings highlight how diverse 

metabolic strategies contribute to microbial resilience in arid environments, with 

implications for understanding ecosystem responses to climate change. 

Comprehensive analysis of metabolic potential across recovered genomes 

revealed sophisticated adaptations for energy generation in arid conditions. Using Kofam 
214, SCyc 76, and NCyc 75 databases combined with curated KEGG module definitions 78, 

we identified functional pathways when at least 50% of required genes were present 

(Extended Fig. 4). This approach provides unprecedented insights into the metabolic 

capabilities of arid soil microbiomes, revealing novel adaptations to extreme 

environments. 
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Carbon Fixation Pathways 

The Calvin-Benson-Banshan (CBB) cycle, considered the most widespread CO2 uptake 

pathway in terrestrial ecosystems 215, appeared in twelve bacterial genomes across 

Actinomycetota, Desulfobacterota, and Pseudomonadota. These MAGs encoded 

ribulose-1,5-biphosphate carboxylase (RuBisCO) for transforming ribulose-1,5-

phosphate to 3-phosphoglycerate 216 (Extended Fig. 4). The broad distribution across 

taxa aligns with previous observations 217. Notably, some Actinomycetota displayed 

potential novel energy generation strategies, possibly coupling H2 oxidation through high-

affinity hydrogenases with the CBB cycle, suggesting adaptation to resource-limited 

conditions (Jordaan, 2020). This finding opens new avenues for understanding microbial 

survival strategies in extreme conditions and may have implications for biogeochemical 

cycling in arid regions. 

Despite previous suggestions favoring energy-conserving pathways like Wood-

Ljungdahl, reverse TCA (rTCA), and dicarboxylate/4-hydroxybutyrate (DC/4HB) cycles in 

oligotrophic environments 215,218) our analysis revealed more complex patterns. While 

many MAGs from Acidobacteriota, Actinomycetota, Bacillota, Chloroflexota, 

Gemmatinomonadota, and Pseudomonadota showed rTCA cycle components for carbon 

fixation steps - particularly succinyl-CoA to 2-oxoglutarate and 2-oxoglutarate to isocitrate 

conversion 217, - none encoded complete acetyl-CoA and CO2 to pyruvate conversion 

pathways. Only one Nitrospirota genome possessed ATP-dependent citrate lyases for 

cycle completion. Meanwhile, 4 genomes from Thermoproteota were found to encode the 

gene for the dehydration of 4-hydroxybutyryl-CoA to crotonyl-CoA (Extended Fig. 4, a key 

step in carbon fixation using the 3-Hydroxypropionate/4-Hydroxybutyrate (3HP/4HB) and 

DC/4HB cycles 219. Even though none of the Thermoproteota MAGs encode a complete 

3HP/4HB or DC/4HB, even the presence of a rudimentary 3HP/4HB cycle may provide 

this archaea with the ability of coassimilate other organic metabolites 159. This finding 

highlights the potential for novel or modified carbon fixation pathways in arid soil 

microbiomes, warranting further investigation. 

 

Nitrogen Metabolism 

Our study also sheds light on the nitrogen metabolism of arid soil microbiomes, a 

critical aspect given the limiting nature of nitrogen in these ecosystems 155. Notably, we 

identified nitrifying organisms exclusively within the phylum Thermoproteota, all belonging 

to the ammonia-oxidizing archaea (AOA) order Nitrososphaerales (Extended Fig. 4), an 

order of ammonia oxidizing archaea (AOA) widely distributed in terrestrial and marine 

ecosystems 220. The presence of amoABC genes in these archaea for ammonia oxidation 
156 (Extended Fig. 4), is coupled with the absence of hydroxylamine dehydrogenase 

(HAO), suggesting potential novel routes for hydroxylamine oxidation, possibly involving 

blue copper proteins or cupredoxin-like proteins 220,221. This finding not only expands our 
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understanding of nitrification in arid soils but also points to potential new pathways in 

archaeal nitrogen metabolism. 

Furthermore, our analysis revealed the widespread presence of nearly complete 

pathways for dissimilatory nitrate reduction to ammonia (DNRA) across various phyla, 

including Acidobacteria, Actynomycetota, Chloroflexota, and Pseudomonadota 

(Extended Fig. 4). While DNRA is known to be ubiquitous in terrestrial environments 222, 

a process known to depend on C/N ratios, and is more favorable in environments with 

high C and low nitrogen concentrations 223 its significance in arid systems has been 

underexplored 155. Our findings suggest that DNRA may play a crucial role in nitrogen 

retention in arid soils, particularly under conditions of high carbon and low nitrogen 

availability. These insights into carbon fixation and nitrogen metabolism in arid soil 

microbiomes have broad implications. They not only enhance our understanding of 

microbial adaptations to extreme environments but also provide a foundation for 

predicting ecosystem responses to climate change in arid regions.  

These insights into carbon fixation and nitrogen metabolism demonstrate how 

specialized metabolic adaptations enable both individual survival and community-level 

function in extreme conditions, supporting our dual-level resilience framework. 

 

Supplementary Note 3 

Dormancy and Stress Protection Mechanisms Across Arid Soil Taxa 

This note examines key survival mechanisms employed by microorganisms in arid soils, 

focusing on sporulation pathways, carbon storage through glycogen metabolism, and 

protective polysaccharide production (EPS/LPS). The analysis reveals differential 

expression patterns of these mechanisms across taxa and temporal conditions, with 

some groups showing specialized adaptations during wet versus dry periods, highlighting 

diverse strategies for persistence in extreme conditions. 

Essential actinobacterial sporulation genes, including the cell division regulator 

WhiA (K09762) and transcriptional regulator WhiB (K18955, K18956, K18957) 224, were 

encoded across Actinomycetota, Bacillota, Chloroflexota, and Eremiobacteriota 

genomes. However, expression was detected only in Actinomycetota and Chloroflexota. 

Similarly, while Bacillota genomes encoded sporulation genes (spoIIB, sda, spoVID, 

safA), no expression was observed (Fig. 4c, Extended Figure 5, Supplementary Table 3). 

Genes encoding for the synthesis of glycogen, necessary for entering and reviving 

from resting stages 225, were found predominantly expressed in wet months in 

Acidobacteria, Actinomycetota and Pseudomonadote genomes (n = 8). Similarly, genes 

encoding for glycogen degradation were found expressed for most MAGs (n = 35) in wet 

moths with the exception of Tectomicrobia, which showed the highest expression 

compared with the other MAGs in dry months. 
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In the case of EPS production, only a few genomes of Pseudomonadota were 

found to encode genes for the biosynthesis of Poly-N-acetyl-glucosamine (PNAG), Pel 

polysaccharide and Vibrio-like polysaccharides, but several genomes encoded genes for 

the assembly and transport of LPS. Pel polysaccharide was expressed only in 1 

Pseudomonadota genome while LPS was expressed in 7 phyla including, 

Pseudomonadota , Desulfobacterota, Gemmatimonadota, Methylomirabilota and 

Nitrospirota. 

Bacteria secrete polysaccharides during growth to form protective capsules or 

regulate their environment, aiding in chemical reactions, trapping nutrients, and mitigating 

drought or salinity 19226. While various taxa can produce EPS, studies have identified 

Pseudomonadota (Proteobacteria) as primary producers of EPS and lipopolysaccharides 

(LPS) in biocrusts and rhizosphere soils 227,228. 

 

Supplementary Note 4 

Thermoproteota Metabolic Capacities in Arid Soils 

The following detailed metabolic analysis of Thermoproteota demonstrates how 

individual-level adaptations support community resilience in arid ecosystems through 

regulated gene expression and metabolic flexibility. 

Nitrogen metabolism 

Thermoproteota genomes, belonging to Nitrososphaera, TH5893 and of unknown 

genera, possessed orthologous genes for denitrification pathway, including NirK 

(K00368), norB (K04561) and nosZ (K00376), but none of them encode for narG 

(K00370) or napA (K02567) for the reduction of nitrate into nitrite (Supplementary Table 

5). All these were found to be expressed in the metatranscriptomics dataset, with the 

higher expression of the NirK gene observed in three Nitrososphaera genomes during 

May and July. It has been suggested that NirK is essential for ammonia oxidation in 

ammonia oxidizing archaea (AOA) as NO (product of NirK) acts as an intermediate 229 , 

however its precise function remains unclear 156. norB and nosZ genes have been 

described in other Thermoproteota genera such as Nitrosocosmicus but not in 

Nitrososphaera or TH5893 156. 

Five genomes encoded genes NR (K10534) for nitrate reduction via the 

assimilatory nitrate reduction pathway, but three of them also encoding the nirA gene 

(K00366) for the reduction of nitrite to ammonia. Both those genes were found to be 

expressed with the nirA gene having a higher expression during the dry months. Within 

the dissimilatory nitrate reduction pathway, most Thermoproteota genomes (n = 7) 

encoded only for the nirD gene (K00363) for the transformation of nitrite to ammonia in a 

complex with nirB (K00362), which was found only in two genomes. The highest 

expression of nirD was observed during dry months in three Nitrososphaera genomes. 
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The expression of glutamate dehydrogenase, gudB, rocG (K00260) and glutamate 

dehydrogenase NAD(P)+, GLUD1_2 (K00261) involved in the interconversion of 

glutamate to 2-oxoglutarate and ammonia was expressed as well, the former expressed 

only in one Nitrososphaera genome with highest expression observed in dry months. 

While the expression of glutamine synthetase (K01915) that couples ammonium 

assimilation to glutamate synthesis was observed at lower levels and expressed in other 

genomes. These suggest that Nitrososphaera genomes can obtain nitrogen from different 

organic molecules as observed in other N-limiting environments such as geothermal 

springs 230.  

Sulfur metabolism 

Genes involved in the assimilatory sulfate reduction pathway were found to be 

encoded and expressed including sat (K00958), cysC (K00860), cysH (K00390), cysI 

(K00381) and sir (K00392). Also, genes encoding the sulfonate transport system, the 

substrate-binding protein ssuA (K15553) and the ATP-binding protein ssuB (K15555) 

were expressed as well. The expression of sulfide:quinone oxidoreductase (K17218) for 

the oxidation of sulfide to zero-valent sulfur was observed as well as thiosulfate 

sulfurtransferase glpE (K02439) involved in the transformation of thiosulfate to sulfite. 

This indicates that Nitrososphaera genomes are able to obtain sulfur from organic and 

inorganic compounds, no major changes in the expression of these genes were observed 

through the monsoon, although the expression levels were low. 

Carbon fixation 

Incomplete carbon fixation pathways were found encoded in the Thermoproteota 

genomes. For the Dicarboxylate-hydroxybutyrate (DC/4HB) pathway we found the 

presence and expression of 4-hydroxybutyryl-CoA dehydratase / vinylacetyl-CoA-Delta-

isomerase (K14534), a key enzyme of this pathway. Other genes encoded and expressed 

were enoyl-CoA hydratase / 3-hydroxyacyl-CoA dehydrogenase (K15016), succinyl-CoA 

synthetase alpha subunit (K01902) and the succinate dehydrogenase flavoprotein 

subunit (K00239) and the succinate dehydrogenase iron-sulfur subunit (K00240). 

However other key enzymes of this pathway, succinic semialdehyde reductase (NADPH) 

(K14465) and 4-hydroxybutyrate-CoA ligase (K14467,K18861,K25774) were not 

encoded by any genome. This could be due to the lack of metagenome sequencing 

coverage, complete DC/4HB has been described in other Thermorproteota families 

different than Nitrososphaeracea 230.  

On the other hand, the Hydroxypropionate-hydroxybutylate (3-HP-HB) pathway 

was almost completely encoded and expressed. The abfD (K14534) gene involved in 

both pathways, DC/4HB and 3HP/4HB, showed the highest expression during dry months 

(May and October) in 3 Nisotrosphaera genome and one genome of unknown genus.  
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Within the Reductive citrate cycle, the following genes were found to be encoded 

and expressed; pyruvate, orthophosphate dikinase (K01006), succinyl-CoA synthetase 

alpha subunit (k01902), the succinate dehydrogenase flavoprotein subunit (K00239) and 

the succinate dehydrogenase iron-sulfur subunit (K00240), the 2-oxoglutarate/2-oxoacid 

ferredoxin oxidoreductase subunits alpha (K00174) and beta (K00175). The highest 

expression was observed in dry months for the later genes encoding the transformation 

of succinyl-CoA to 2-oxoglutarate.  

 

Central carbon metabolism 

 

Most of the reactions within the Glycolysis/gluneogenesis pathway were found 

encoded and expressed. The highest expression was observed in dry months for the 

fructose 1,6-bisphosphate aldolase/phosphatase (K01622) gene encoding the 

transformation of fructose-6P to glyceraldehyde-3P and pyruvate kinase (K00873) 

encoding the transformation of phosphoenolpyruvate to pyruvate.  

Within the Citrate cycle, only the genes involved in the 3 first reactions of the 

second carbon oxidation pathway were encoded and expressed. 

Almost all of the non-oxidative phase of the pentose phosphate pathway was 

encoded and expressed with the exception of the transformation of xylulose-5P to 

ribulose-5P. In general, all the steps within this pathway seemed to be more expressed 

during dry months, the higher expression was observed in the ribose 5-phosphate 

isomerase A gene (K01807) involved in the transformation of ribulose-5P to ribose-5P. 

The gene (K00033), part of the oxidative phase, encoding the transformation of 6-

phospho-D-gluconate to ribulose-5P was also expressed in 3 Nitrososphaera genomes. 

Also the ribose-phosphate pyrophosphokinase genes (K00948) that encodes the 

enzyme catalyzing the biosynthesis of 5-Phospho-alpha-D-ribose 1-diphosphate (PRPP) 

was expressed in 7 Thermoproteota genomes, 3 Nitrososphaera genomes showed the 

highest expression in dry months. 

Other carbon metabolism 

Genes involved in three reactions within the Formaldehyde assimilation, serine 

pathway were found to be encoded and expressed including glycine 

hydroxymethyltransferase(K00600), glycerate 2-kinase (K11529) and enolase 1/2/3 

(K10689). 

Amino acid metabolism 

Three Thermoproteota MAGs encoded the enzymes for the glycine cleavage 

system (and other 3 genomes have an incomplete pathway), but only a single 

Nitrososphaera genome expressed all reactions within this pathway, while other two 

genomes expressed only the first and last reaction. The genes encoding the glycine 
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cleavage system P protein (glycine dehydrogenase) subunits 1 (K00282) and 2 (K00283), 

that are involved in the transformation of glycine to CO2, were more expressed during dry 

months in 3 Nitrososphaera genomes. Meanwhile, the glycine cleavage system T protein 

(aminomethyltransferase)(K00605), involved in the transformation of Tetrahydrofolate to 

Ammonia was only expressed in one genomes with a higher expression observed in July. 

The dihydrolipoyl dehydrogenase gene(K00382), involved in the transformation of 

diihydrolipoylprotein to lipoylprotein, was more expressed during dry months in 4 

genomes. 

Genes for the two reactions for the transformation of 3-phospho-D-glycerate to 

serine within the biosynthesis of the serine pathway, encoded by the D-3-

phosphoglycerate dehydrogenase / 2-oxoglutarate reductase (K00058) and 

phosphoserine phosphatase (K01079) respectively, were found encoded in most 

Thermoproteota genomes (n=6), but they were only also expressed in four of them. 

 

Cofactors 

 

These archaea also encoded genes within the sulfur relay pathway including moaD 

(K03636), moeB (K21029), iscS (K04487), moaE (K03635) and moaA (K03639) for the 

biosynthesis of molybdenum cofactor (MOCO). This has been previously reported and 

suggested to provide additional protection for oxidative stress 156 

All genes involved in the redox cofactor, coenzyme F420 were expressed as well. 

It has been suggested that this widely distributed cofactor confers advantages to soil 

microbial communities by allowing them to detoxify, decompose and synthesize a broad 

range of organic compounds 231. 

Genes involved in the aerobic and anaerobic cobalamin (vitamin B12) biosynthesis 

were expressed as well. Genomic analysis indicated that Thermoproteota is an important 

cobalamin producer in marine and soil environments 232,233. 

 

 

 

 

 

 

 

 

 

  

https://paperpile.com/c/9qlrhf/TVspw
https://paperpile.com/c/9qlrhf/o5pej
https://paperpile.com/c/9qlrhf/MYhTT+jcMng


138 
 

 

Appendix C: Metabolic continuity, not dormancy: Multi-omics reveals dynamic 

functional redundancy in arid soil microbial communities across monsoon 

transitions 

 

Author list: Viviana Freire-Zapata1, Christian Ayala-Ortiz1, Malak M. Tfaily1,2* 

 

Affiliations: 
 

1 Department of Environmental Science, The University of Arizona; Tucson, AZ, USA 
 

2 Bio5 Institute, The University of Arizona; Tucson, AZ, USA 

 

*Corresponding author. Email: tfaily@arizona.edu 

 

Abstract: 

 

Arid soil microbial communities endure extreme and rapidly fluctuating environmental 

conditions, particularly during monsoon transitions. To uncover how these communities 

respond to seasonal pulses, we applied an integrated multi-omics approachðcombining 

metagenomics, metatranscriptomics, and metabolomicsðin dryland ecosystems. 

Contrary to the prevailing assumption of widespread dormancy, our findings show that 

microbial populations remain metabolically active, exhibiting dynamic functional 

redundancy. Communities rapidly reconfigure gene expression and metabolite profiles in 

response to shifts in moisture and nutrient availability. This functional plasticity supports 

continuous ecosystem processes and underscores a resilience strategy previously 

underappreciated in arid soils. We further observed consistent partitioning of metabolic 

functions across ecological preference groups, enabling sustained ecosystem functioning 

amid environmental extremes. As arid lands comprise over 40% of Earthôs terrestrial 

surface, these insights are critical for predicting ecosystem responses to accelerating 

climate change. 
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Introduction 

 

Arid ecosystems cover approximately 40% of Earthôs terrestrial surface and play 

crucial roles in global biogeochemical cycling, representing the third-largest terrestrial 

carbon pool, with approximately 646 Pg of organic carbon in topsoil 1. These systems 

face increasing pressure from climate change-driven shifts in precipitation patterns 2, and 

anthropogenic land degradation and desertification 3,4 raising critical questions about their 

resilience under future climatic conditions. 

The extreme conditions that characterize arid environments ðlow moisture , 

nutrient limitations, high UV rate and extreme fluctuations in temperature and rain 

patterns 5 6ðcreate a challenging arena for microbial life. Particularly significant are the 

periodic rainfall events that induce abrupt environmental transitions, triggering 

pronounced fluctuations in microbial activity and soil organic matter dynamics. These 

moisture pulses reactivate microbial metabolism 7, increase nutrient availability 8 and 

accelerate carbon turnover 9, reshaping ecosystem dynamics through complex physical, 

chemical and biological interactions 10. 

Traditionally, microbial responses to drought in arid environments have been 

conceptualized primarily through the lens of dormancy, with microbes significantly 

reducing metabolic activity during dry periods 11.This view has been complemented by 

studies of physiological adaptations including exopolysaccharide (EPS) production, 

biofilm formation, modifications in cell membrane composition, accumulation of 

compatible solutes and metabolic flux adjustments 6,12,13. However, growing evidence 

suggests that arid microbial communities remain metabolically active even under extreme 

drought conditions 14,15, challenging the dormancy-centered paradigm. 

What remains poorly understood is how microbial communities maintain key 

biogeochemical functions under these extreme fluctuations. While previous studies have 

classified microbial communities based on ecological traits such as nutritional strategies, 

growth dynamics, water tolerance, and disturbance response 16ï18, few have examined 

the dynamic molecular mechanisms underlying continuous ecosystem functioning during 

moisture shifts. Here, we propose a functional classification based on gene expression 

patterns, providing a more dynamic perspective on microbial metabolic strategies. Our 

previous study 19 demonstrated that arid communities employ diverse survival strategies 

during monsoon transitions, including protein stability systems and osmolyte production. 

However, how these adaptations translate into maintained biogeochemical cycling across 

seasons remains largely unexplored. 

One potential mechanismðfunctional redundancy across taxonomically diverse 

microorganisms 20,21 ðmay provide resilience against environmental fluctuations by 

ensuring that critical ecosystem functions continue even as conditions change. This 

concept suggests that different microbial taxa might specialize in performing similar 

functions under different environmental conditions, creating a community-level insurance 
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policy against functional collapse 22,23. The degree to which such redundancy operates in 

arid ecosystems, particularly for critical processes like carbon, nitrogen, and sulfur 

cycling, is essential for predicting ecosystem responses to future climate scenarios. 

Recent investigations into other extreme environments, such as warming 

permafrost ecosystems, have begun to challenge prevailing assumptions about microbial 

community responses to environmental change. These studies suggest that despite 

significant warming and landscape-scale transitions, habitat-specific microbiome 

complexity can remain functionally stable over multi-year timescales. Integrated analyses 

of permafrost systems have revealed that functional redundancy within communities may 

provide resilience against environmental perturbations. However, while permafrost 

systems experience directional change through thawing, arid ecosystems face cyclical 

yet extreme moisture fluctuations, potentially selecting for different stabilizing 

mechanisms. This raises important questions about whether arid microbial communities 

employ similar functional redundancy strategies but with unique constraints and 

adaptations specific to water limitation. Understanding these mechanisms could establish 

new metrics for assessing community resilience in arid ecosystems, which might prove 

more resistant to climate-induced changes than previously thought due to evolved 

strategies for coping with environmental extremes. 

Better understanding of arid soil microbes is critically important as they represent 

ecological ódiamonds in the roughô 24 ï organisms with extraordinary adaptive capabilities 

that enable life in some of Earthôs most challenging environments. These microorganisms 

function as ecological engineers with potential applications for restoring degraded 

landscapes and mitigating desertification processes. Their metabolic versatility and stress 

adaptation mechanisms could provide biological templates for enhancing soil health in 

regions threatened by climate change and land degradation. By deciphering how these 

microbial communities maintain functional resilience despite extreme environmental 

fluctuations, we can develop more effective strategies for harnessing their capabilities to 

address growing global challenges of soil degradation and desertification. 

To address these knowledge gaps, we applied a time-resolved multi-omics 

approach integrating genome-resolved metagenomics, metatranscriptomics, and 

untargeted tandem liquid chromatography-mass spectrometry (LC-MS/MS) to analyze 

microbial responses to monsoon-driven changes in moisture availability. Our 

investigation specifically aimed to: 1) Determine how microbial gene expression patterns 

shift between dry and wet monsoon stages. 2) Identify key metabolic pathways that drive 

microbial adaptation across monsoon transitions. 3) Characterize metabolite fluctuations 

and their link to microbial functional shifts. 4) Investigate taxon-specific metabolic 

strategies and their role in shaping community function. 

This study provides a mechanistic understanding of microbial metabolic flexibility 

in arid ecosystems, revealing unexpected pathways typically associated with anoxic 

environments and identifying both functionally redundant processes and specialized 
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metabolic bottlenecks. These insights offer crucial perspectives on how environmental 

perturbations regulate microbial contributions to carbon, nitrogen, and sulfur cycling in 

arid lands, with implications for understanding ecosystem resilience under changing 

climatic conditions  

 

Results 

Functionally dynamic microbial communities maintain biogeochemical processes 

across monsoon transitions 

To investigate how microbial communities and the arid metabolome respond to 

monsoon transitions, we applied a time-resolved multi-omics approach integrating 

genome-resolved metagenomics, metatranscriptomics, and untargeted metabolomics. 

Our study revealed a striking contrast between taxonomic stability and functional 

dynamism in arid soil microbial communities. Non-metric multidimensional scaling 

(NMDS) ordination and permutational multivariate analysis of variance (PERMANOVA) 

revealed that MAG relative abundances remained largely stable across monsoon 

transitions (NMDS stress: 0.1142, P value = 0.14; Fig. 1a), consistent with our previous 

findings based on raw reads profiles 19. In contrast, gene expression profiles (geTMM-

normalized transcripts) exhibited a strong shift between dry and wet conditions (NMDS 

stress: 0.0534, P value = 0.001; Fig. 1b), as observed in dry/rewetting cycles 25,26, 

challenging the dormancy-centered paradigm of arid soil microbiology and suggesting 

instead a model of continuous but shifting metabolic activity. These results indicate 

microbial metabolic activity is highly dynamic despite relatively stable community 

structure. 

To identify functional microbial groups driving these metabolic transitions, we 

clustered 279 MAGs based on mean transcript expression across sampling months, 

classifying them into three ecological preference groups: dry-adapted MAGs (58) (higher 

expression in dry months, decreasing upon wet conditions, wet-adapted MAGs (158) 

(increased expression in wet months) and pulse-responsive MAGs (36) (no clear 

preference, suggesting transient activity across conditions) (Fig. 1d, Suppl. table 1). This 

classification represents a novel approach to understanding microbial community 

dynamics based on expression patterns rather than mere presence/absence, providing 

insights into how functionally redundant microbes operate under different moisture 

regimes. 

 

https://paperpile.com/c/j0P2qs/4WHyf
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Taxonomic classification revealed distinct phylogenetic signatures across these 

ecological preference groups, with certain taxa predominantly associated with 

specific ecological preference groups. 

Dry-adapted MAGs were dominated by Actinomycetota classes UBA4738 

(32.75%), Rubrobacteria (10.34%), Chloroflexota classes Chloroflexia (5.17%), 

Dehalococcoidia (5.17%) and the archaea Nitrososphaera (13.79%). Among the 

functionally significant taxa identified Rubrobacteria has been described as an abundant 

taxa in biological soil crust and encoding key genes for stress protection and repair 27, 

while our data newly identifies its importance specifically in dry conditions. Nitrososphaera 

has been identified as a key ammonia oxidizer in arid soils 19.  

Whereas wet-adapted MAGs were primarily Actinomycetes (21.08%) (order 

Mycobacteriales), Thermoleophilia (40.54%) (orders Solirubrobacterales, Gaiellales), 

Gemmatimonadetes (9.18%), Alpha- (4.32%) and Gammaproteobacteria (5.40%) (Fig. 

1e). Solirubrobacterales and Gaiellales were identified as key taxa contributing to arid 

community stability which responded to changes in soil pH and water content 28. Also, 

Mycobacteriales family Pseudonocardiaceae has been suggested as a key degrader of 

hemicellulose, cellulose and chitin substrates in arid soils 29. 

The Acidobacteriota class Terriglobia predominated in the pulse cluster (22.22%), 

followed by Actinomycetota UBA4738 (11.11%) and Chloroflexota UBA6077 (11.11%).  

An analysis of the diversity and habitat preferences of Acidobacteriota classes identified 

Terriglobia as highly ubiquitous, with a strong preference for and greater relative 

abundance in soil compared to other habitats 30. Additionally, Terriglobia genomes were 

predicted to exhibit a competitive life history strategy within the ruderal-competitor-

scarcity framework 30,31, suggesting that Terriglobia may belong to the pulse-preference 

group, shifting to a competitor strategy only under favorable conditions, such as those 

mediated by rainfall. The UBA6077 was recently proposed as a novel endolithic taxa with 

key strategies for survival in the Antarctic desert 32 and our results extend its ecological 

significance to arid soils. 

These phylogenetic-functional associations suggest evolutionary adaptation to 

specific moisture regimes, with implications for predicting community responses to future 

climate change scenarios. 

Complementing the microbial functional analysis, our comprehensive metabolomic 

profiling revealed distinct chemical fingerprints across monsoon phases. We analyzed the 

metabolite composition across the monsoon via LC-MS/MS in RP and HILIC modes, 

resulting in the detection of 1,023 and 907 features, respectively. Of these, 5.08% (RP) 

and 3.86% (HILIC) were annotated at Level 1, while 75.56% (RP) and 18.41% (HILIC) 

were classified at various sublevels within Level 2 (see Materials and Methods, Suppl. 

table 2-3). Additionally, 17.01% (RP) and 73.54% (HILIC) were annotated as Level 3 

(molecular classes), and fewer than 5% fell into Level 4 (2.35% and 4.19% for RP and 

HILIC, respectively). Organoheterocyclic compounds, lipid and lipid-like derivatives, 

https://paperpile.com/c/j0P2qs/iKrDw
https://paperpile.com/c/j0P2qs/4WHyf
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organic acids and derivatives, organic oxygen compounds, benzenoids and 

phenylpropanoids and polyketides were the predominant metabolite superclass of the 

arid metabolome (Suppl. Fig 1c). 

Normalized metabolite abundances were significantly affected by monsoon 

transitions, with NMDS clustering distinguishing dry (MayïJune), wet (JulyïAugust), and 

post-monsoon (SeptemberïOctober) phases (NMDS stress: 0.1485, P = 0.001; Fig. 1c, 

Suppl. Fig. 1a). Notably, we identified a distinct post-monsoon metabolic state, 

suggesting a specialized transitional phase with unique biogeochemical significance 

rather than a simple return to pre-monsoon conditions. 

  This finding suggests a transitional metabolic state, likely reflecting microbial 

responses to shifting moisture availability. Metabolome shifts under dry/rewet cycles have 

been described in other systems 33,34. 

To investigate the effect of environmental variables on the arid metabolome, we 

performed a redundancy analysis using the relative abundance of metabolites (RP and 

HILIC mode, separately) as response variables and environmental factors as explanatory 

variables. The RDA models explained 24% and 20% of the variation in RP and HILIC 

mode respectively of the total variance in metabolites (adjusted R² = 0.24, R² = 0.20). 

Permutation tests (999 permutations) showed that the overall RDA model was statistically 

significant (p = 0.001, RP and HILIC modes) (Fig. 1f, Suppl. Fig. 1b). Among the 

environmental variables, soil moisture (p = 0.001) and pH (p = 0.001) were the strongest 

predictors of metabolite variation (Suppl. table 4). Following rainfall events, soil 

processes such as nitrogen mineralization, organic matter decomposition, and microbial 

respiration are rapidly activated 35 , driving shifts in the soil metabolome. While moisture 

and pH explained a significant portion of metabolite variance, our analysis indicates that 

the variation may be attributed to other factors, including potentially stochastic processes 

and specialized microbial interactions 19. 

Key metabolites reflect functional transitions across monsoon conditions 

After establishing the dynamic functional shifts in microbial communities despite 

taxonomic stability, we next sought to identify specific metabolic signatures associated 

with monsoon transitions to understand the molecular mechanisms underlying these 

functional adaptations. To identify metabolites with key functional roles across monsoon 

conditions, we applied a linear mixed-effects model, using median-normalized metabolite 

abundances (HILIC and RP modes) as the response variable and moisture, pH, and C:N 

ratios as predictor variables. 

Our analysis identified 358 metabolites (RP mode: 230, HILIC mode: 128) whose 

relative abundances significantly changed alongside the environmental fluctuations 

caused by the monsoon (Fig. 2a, Suppl. table 5-6). These results highlight distinct 

metabolite groups, some accumulating in dry conditions while others accumulate during 

wet months, reflecting shifts in microbial, plant and biochemical activity. To gain deeper 

https://paperpile.com/c/j0P2qs/pvP0N+B0fbS
https://paperpile.com/c/j0P2qs/4FVUE
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insights into temporal patterns and potential functional relationships among these 

compounds, we employed dynamic time warping, clustering these significantly changing 

metabolites based on their relative abundance patterns across months (Suppl. Fig 2b). 

Amino acids, peptides, and derivatives: key players in nitrogen cycling and stress 

response 

Nitrogen is often a limiting nutrient in arid ecosystems, making nitrogen metabolism 

particularly important for understanding community function. Our analyses revealed 

complex dynamics in nitrogen-containing metabolites that suggest specialized roles 

across moisture regimes. 

Metabolites within the amino acids, peptides, and derivatives subclass increased 

during dry months, suggesting their role as protectants, alternative nitrogen (N) and/or 

energy sources. For instance, ergothioneine, a rare antioxidant primarily produced by 

Actinomycetota, Cyanobacteria, and certain fungi 36, was detected in dry conditions. 

While the hercynylcysteine S-oxide lyase (egtE, K18913) gene, responsible for 

ergothioneine biosynthesis, was present in eight Actinomycete MAGs (orders 

Mycobacteriales and Streptosporangiales), it was not expressed. 

L-glutamine was a key metabolite significantly influenced by pH fluctuations with 

monsoon shifts. Combining our metabolomic and transcriptomic data, we observed 

ecological niche specialization in glutamine metabolism. Glutamine synthetase (GS) gene 

(glnA, K01915), which catalyzes the conversion of L-glutamate and ammonia (NHϝ) to L-

glutamine and orthophosphate, exhibited distinct microbial expression patterns. In dry 

conditions, a higher expression was observed in Rubrobacteria and Entotheonellia while 

most arid MAGs exhibited increased glnA expression during wet months. Tectomicrobia 

have been identified as active ammonia-scavenging taxa in sympatric sponges, with the 

expression of glnA genes observed 37. Initially described in marine sponges 38, this 

Candidatus taxon is now recognized for its broad distribution and extensive metabolic 

biosynthetic potential 39.  

Although glutamate was detected in both HILIC and RP modes, it was not identified 

as a significantly changing metabolite in the linear mixed-effects (LME) model. Glutamate 

is the first amino acid synthesized by glutamate dehydrogenase via the reductive 

amination of 2-oxoglutarate during bacterial growth on inorganic ammonium (NH4
+) 40. 

We observed temporal partitioning of glutamate metabolism pathways between 

ecological preference groups. Glutamate dehydrogenase (GDH) genes were 

predominantly expressed in dry conditions, suggesting glutamate breakdown for energy 

production. Specifically, Nitrososphaera and Entotheonellia expressed NADϕ-dependent 

glutamate dehydrogenase (gudB, K00260) and NAD(P)ϕ-dependent GDH (gdhA, 

K00261), while Rubrobacteria and unclassified Actinomycetota expressed another NADϕ-

dependent GDH (GDH2, K15371). These microbes likely degrade glutamate to generate 

NADH/NADPH, 2-oxoglutarate, and ammonia (NHϝ). Few MAGs expressed both 

https://paperpile.com/c/j0P2qs/ffDWH
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glutamate synthase (GOGAT) genes (gltBD, K00265 and K00266), which convert 2-

oxoglutarate into L-glutamate using L-glutamine as a nitrogen source. Expression of 

these genes was notably higher in wet months. These opposing patterns in nitrogen-

assimilating enzyme expression highlight a key mechanism of functional redundancy, 

where different ecological preference groups maintain critical nitrogen cycling functions 

under contrasting moisture conditions 

Intracellular ammonium availability regulates bacterial nitrogen assimilation: at 

high concentrations, GDH dominates, producing glutamate, while at low concentrations, 

GS converts glutamate to glutamine. GDH has a low affinity for NHϞϕ (Km= 1.1 mM), 

requiring high concentrations to function efficiently, whereas GS, with a higher affinity (Km 

= 0.2 mM), remains effective even at low ammonium levels. 41. Glutamine and glutamate 

synthases (GS/GOGAT pathway) play a central role in microbial nitrogen assimilation, as 

their products serve as primary nitrogen donors for the biosynthesis of amino acids, 

nucleotides, and polyamines 42. This pathway is crucial for both plants and 

microorganisms 43, facilitating NHϞϕ assimilation, specially in microorganisms 44.  

Our findings extend previous exometabolome studies and provide a mechanistic 

explanation for nitrogen exchange in arid systems. A study of the exometabolites of taxa 

isolated from biocrust samples, identified glutamate and glutamine depleted in media 

suggesting a high competition for these metabolites involved in nitrogen metabolism 45. 

Our previous analysis identified Entotheonellia as a donor of glutamine to Actinomycetes 

(Thermoleophilia, UBA4738), Chloroflexota (Limnocylindria, UBA6077, Acidimicrobiia) 

and Nitropirota (Nitrospiria) MAGs 19 highlighting cross feeding as a mechanism to 

support microbial community stability 46, even in dry conditions.  

We observed multiple strategies for nitrogen storage and conservation in dry 

conditions. Glutamate- and glutamine-containing dipeptides were highly abundant in dry 

months, likely functioning as osmoprotectants 47 or alternative nitrogen and energy 

reservoirs. ɔ-Glutamylglutamate (ɔ-Glu-Glu), ɔ-Glutamyl-leucine (ɔ-Glu-Leu) and ɔ-Glu-

Gln can be recycled as an amino acid or nitrogen source. The gene encoding the enzyme 

ɔ-glutamyl transpeptidase (ggt) which catalyze the transfer of ɔ-glutamyl moiety from 

donor substrates (i.e., glutathione/glutamine) to an acceptor substrate such water, amino 

acids or small peptides 48 was expressed in dry conditions primarily in Entotheonella and 

Thermoleophilia MAGs. Several functions of ggt have been suggested, including 

gluthatione utilization as a source of amino acids under nutrient limiting conditions in 

Gram-negative bacteria, degradation of poly-ɔ-glutamic acid (PGA) into glutamate in PGA 

production gram-positive bacteria as a source of nitrogen in nutrient starvation conditions, 

indicated as a virulence factor in gram-negative pathogenic bacteria (reviewed by 49). 

However the physiological role of this enzyme in bacteria remains unclear 50. Our 

integrated multi-omics analysis suggests a novel ecological role for ɔ-glutamyl peptides 

in arid systems. Given that genes associated with glutathione biosynthesis showed a 

minor expression in our arid MAGs, it is possible that the observed metabolites and 
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expression of ggt indicated an uptake of exogenous supply of ɔ-Glutamyl peptides as 

source of amino acids, as observed in Escherichia coli 51 and B. subtilis 52, however 

further research is necessary.  

Glutamine-rich dipeptides (Gln-Glu, Glu-Val, Gln-Val) likely serve as a nitrogen 

reservoir that can be used once moisture returns. For example, glutamyl valine was 

identified as an exometabolite from cyanobacteria M. vaginatus and was consumed by 

heterotrophic isolates in biocrust culture experiments 45. 

Monsoon rains triggered a dramatic shift in nitrogen metabolism, evidenced by 

increased amino acid abundances in wet months. An increased relative abundance of 

amino acids was observed in the arid soil during wet months. Tyrosine, aspartic acid, 

threonine, serine, leucine, isoleucine, phenylalanine and valine abundance increased 

through wet months indicating increased rates of proteolysis and/or active N cycling 53 . 

It has been suggested that amino acids are an important N source for plant and 

microorganisms in semi-arid and arid systems 54. Complex interacting mechanisms 

contribute to changes in soil amino acids pools, microbial and plant selective uptake and 

assimilation, exudation, cell lysis and plant-litter/microbial decomposition 55 contribute to 

amino acid changes. Also, edaphic and climatic factors control amino acid pools, soil 

moisture, sampling site, time, and temperature can also influence this pool 56, for example 

a significant negative correlation of amino acids pools and soil moisture was described in 

arid soils 57. 

Most of the arid microbial communities actively expressed genes for amino acid 

biosynthesis (see next section), moreover a metabolic interaction potential network 

analysis indicated an active cross feeding of amino acids, as various arid taxa either 

donated or accepted these compounds 19. These findings reveal that metabolic 

interdependencies contribute to cooperative interactions 58, highlighting a critical 

mechanism for maintaining ecosystem function despite environmental fluctuations.  

The metabolite patterns we observed suggest energy conservation strategies are 

as important as water conservation for arid microbiomes. The uptake of fragments of cell 

wall such as amino sugars and amino acids requires less ATP than the synthesis of 

monomers from precursors 59, highlighting substrate energy constraints under poor 

nutrient conditions. 

Contrary to our expectations, the osmoprotectant cycle showed unexpected 

dynamics. The relative concentration of the osmoprotectant betaine also increased during 

wet months, after hydration, soil microbes experience a strong negative solute potential 

and must expel accumulated intracellular osmolytes to prevent excessive water influx 6. 

Dead microbial cells can also release osmolytes after hydration, becoming a source for 

microbial degradation 60. These results contrast with previous studies that observed a 

heightened abundance of this osmolyte under water limiting conditions 61,62. Genes 

involved in betaine biosynthesis were expressed by selected arid taxa with specific dry 
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and wet patterns 19. Moreover, genes involved in betaine degradation were expressed as 

well, especially during wet months.  

Sarcosine is an intermediate in betaine degradation and was also increased in 

abundance in wet months. Microbes may regulate water influx upon rewetting by 

metabolizing intracellular osmolytes, or expelling them into the external solution, where 

other microbes uptake and metabolize them 61,63,64. An increase in sarcosine in arid soil 

during wet months may reflect partial degradation of betaine; an active betaine 

degradation pathway was observed during wet months. 

The metabolomic data revealed unexpected biosynthetic activity during wet 

periods. Other amino acids which increase in abundance during wet months are the 2,6 

diamonopimelic acid (DAP) a naturally occuring amino acid in bacteria and higher plants 
65. Alpha-aminopimelate, together with DAP are intermediates in the diaminopimelate 

pathway, a major route for lysine biosynthesis in bacteria and plants, which starts from 

aspartic acid 66. Also, 2-Aminoadipic acid is a key precursor in the aminoadipate pathway, 

an alternative lysine biosynthesis pathway primarily found in fungi 67, certain archaea 68 , 

and few bacteria 69, which starts from homocitrate. Their increased abundance in wet 

conditions suggests a microbial shift towards cell growth, division, and biosynthesis, 

which aligns with the idea that monsoon rains stimulate microbial proliferation and 

metabolic activity. 

Citrulline, an intermediate in the urea cycle and arginine biosynthesis, also 

increased in abundance during wet months. Our multi-omics approach revealed taxon-

specific partitioning of arginine metabolism across moisture regimes. Expression of genes 

encoding argininosuccinate synthetase (argG, K01940) that converts citrulline to 

argininosuccinate, and argininosuccinate lyase (argH, K01755) that converts 

argininosuccinate to arginine during wet months by various arid MAGs including 

Actinomycetes, Thermoleophilia, Blastocatellia suggests enhanced nitrogen metabolism, 

linked to increased microbial activity and nitrogen fluxes following rainfall. Contrary these 

genes were more expressed in dry conditions in Rubrobacteria, likely suggesting possible 

niche differentiation or metabolic cross-feeding, where Rubrobacteria could be utilizing 

nitrogenous compounds excreted by other taxa in wet conditions. In fact, nitrogen-

containing compounds such as citrulline, glutamate and glutamine were found to be 

consumed in biocrust exometabolomics assays suggesting potential metabolic 

competition and/or active cross-feeding within microbial communities 45.  

Prolylgline was also increased in wet conditions, some proline-containing 

dipeptides (e.g., Pro-Gly, Pro-Val) have been linked to stress adaptation and biofilm 

formation in bacteria, B. subtilis for example import proline-containing peptides, break 

them to use proline as osmoprotectant 70. 

The monsoon transition surprisingly introduced oxidative stress, as evidenced by 

specific stress markers. Methionine sulfoxide (Met-O) is a biologically relevant oxidized 

form of methionine, associated with oxidative stress. The oxidation of methionine is 
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considered an important cell regulatory event because it modulates the activity of several 

proteins 71. Its accumulation in wet-season soil samples could indicate important microbial 

metabolic adjustments. The sudden moisture influx can induce oxidative stress in 

microbial communities due to increased respiration and transient oxygen availability. Met-

O is a biomarker of oxidative stress, in order to maintain protein function, microbes 

encode methionine sulfoxide reductases (msrA, msrB) to repair Met-O back to methionine 
72 . These genes we expressed during wet months in arid MAGs from Actynomycetes 

(Propionibacteriales, DE p < 0.01), Thermoleophilia (Gaiellales, Solirubrobacterales both 

DE p < 0.01 ), Chloroflexia, Enthotheonellia, Gemmatimonadetes (DE p < 0.001) and 

Nitrososphaera classes, suggesting active oxidative stress response and protein repairs. 

 

Carbohydrates and carbohydrates conjugates: Storage Compounds and 

Osmoprotectants 

 

Carbohydrate metabolism is central to energy storage and osmotic regulation, and 

our analysis revealed distinct temporal patterns in these compounds. Carbohydrates and 

carbohydrates conjugates with a high relative abundance in dry conditions, and 

significantly changing with soil moisture content according to the LME include: trehalose 

and its derivative trehalose 2-sulfate, the accumulation of this compatible solute is a well 

known strategy used by microbes to survive desiccation 73 and it has been recently 

suggested to have a role in protein damage by counteracts detrimental protein acetylation 

and glycation 74. Arid microbial MAGs expressed genes for trehalose biosynthesis in dry 

and wet conditions 19. 

Intriguingly, we observed accumulation of complex carbohydrate breakdown 

products during dry periods. Metabolites maltotetraose and maltotriose, degradation 

products of starch, and cellobiose, a degradation product of cellulose, were found in 

higher abundance in dry conditions as well. This may indicate accumulation of substrates 

due to reduced degradation even though genes encoding CAZymes for these substrates 

were found expressed in dry months (see next section).  

N-acetly-Dgalactosamine (GalNAc), which is a key component of glycoproteins, 

glycolipids and polysaccharides, had a higher abundance in dry conditions as well. 

Potential sources can be microbial cell degradation 75, particularly from Gram-positive 

bacteria (e.g., Actinobacteria) or fungi, which incorporate GalNAc into their 

peptidoglycans and extracellular polysaccharides 76. Also, it could indicate decomposition 

of microbial exopolysaccharides (EPS) as GalNAc is a common component of microbial 

EPS and glycoproteins 77, so its accumulation could reflect stress-induced microbial 

secretion. 

Raffinose is a well-known osmoprotectant produced by plants 78 was found to be 

increased in dry conditions as well. 
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Lipid and lipid-like compounds: Membrane Adaptations and Metabolic Precursors 

 

Lipid metabolism plays crucial roles in membrane adaptation to environmental 

stress and provides metabolic precursors for various cellular processes. Different 

subclasses of lipids and lipid-like compounds were influenced by monsoon transitions as 

well. Acetylcarnitine abundance was higher in dry months and decreased with rain. 

Quaternary ammonium compounds such as acetylcarnitine, carnitine, betaine, choline, 

ergothioneine represent around 25% the size of the amino acids pools in soils, probably 

reflecting central roles in metabolism and osmoprotection in plant and animals 79. 

Mevalonic acid is a precursor of the mevalonate pathway, which produces 

isoprenoids 80. This is a common pathway in eukaryotes and archaea 81 and certain 

bacteria 80. A low expression of the mevalonate pathway was observed in arid MAGs, 

while a higher expression of the methylerythritol phosphate pathway (non- mevalonate 

pathway) for terpenoid backbone biosynthesis, commonly observed in bacteria 82, was 

observed. Thus, it is more likely that this metabolite has plant and/or fungal origin.  

Microbial metabolism across monsoon transitions: mechanisms driving functional 

adaptations  

After characterizing the metabolite profiles that distinguish dry and wet conditions, 

we next sought to investigate the specific metabolic mechanisms that enable microbial 

communities to maintain biogeochemical functions across these dramatic environmental 

transitions. While our metabolomics analysis revealed what compounds were present, 

examining transcript expression allowed us to identify which microbes were actively 

processing these compounds and through which pathways, providing mechanistic insight 

into the functional redundancy we observed. 

The integration of metatranscriptomics with metabolomics represents a powerful 

approach that goes beyond traditional single-omics studies in arid ecosystems. Linking 

specific metabolites to active gene expression in different ecological preference groups 

enables reconstruction of actual metabolic processes occurring in situ rather than merely 

inferring potential activities. This approach is particularly valuable in arid systems where 

microbes may employ unexpected or specialized pathways to maintain function under 

extreme conditions. 

In the following sections, we present an integrated analysis that connects our 

observed metabolite patterns to specific enzymatic mechanisms and microbial taxa, 

revealing how functional redundancy operates at the molecular level. This integration 

moves beyond cataloging genes or compounds to understanding the living metabolic 

network that enables arid soil microbiomes to maintain critical ecosystem processes 

despite dramatic moisture fluctuations. 
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Complex carbon degradation: substrate preferences shift with water availability  

Given the importance of carbon cycling in arid ecosystems and the accumulation 

of various carbohydrates observed in our metabolite analysis, we first focused on 

enzymes involved in complex carbon degradation. To identify key enzymes involved in 

complex carbon degradation and characterize microbial functional shifts across monsoon 

transitions, we analyzed the expression patterns of carbohydrate-active enzyme 

(CAZyme) encoding genes. 

We identified 25,262 CAZyme-encoding genes in arid MAGs using dbCAN3 83, of 

which 7,417 were actively expressed. Among these, 466 genes exhibited significant 

differential expression across monsoon conditions (p < 0.01, |L2FC| > 2; Suppl. table 7). 

This active expression of CAZymes across both dry and wet conditions further supports 

our central finding that arid soil microbes maintain metabolic activity rather than entering 

complete dormancy during drought. The majority of expressed CAZymes belonged to 

glycoside hydrolase (GH, n = 3,131), glycosyltransferase (GT, n = 3,025), and 

carbohydrate-binding module (CBM, n = 714) families. Each family plays distinct but 

complementary roles in carbohydrate metabolism. Glycoside hydrolases (GHs) catalyze 

the cleavage of the O-glycosidic bonds between carbohydrates or between carbohydrates 

and non-carbohydrates compounds 84. Alongside lytic polysaccharide mono-oxygenases 

(LPMOs) and polysaccharide lyases, GHs are essential for polysaccharides processing 
85. In nutrient-limited arid systems, GHs are often more diverse, abundant, and potentially 

more active, suggesting a strong microbial investment in resource acquisition strategies 
8687. 

Meanwhile, complementing the degradative function of GHs, glycosyltransferases 

(GTs) are essential for polysaccharide biosynthesis, contributing to energy storage, cell 

wall integrity, signaling, and biofilm formation 8889. Carbohydrate-binding modules (CBMs) 

function as auxiliary domains that recognize and bind specific polysaccharides, 

enhancing enzyme-substrate interactions and facilitating carbohydrate hydrolysis 90.  

To connect our metabolite findings with microbial functions, substrate prediction at 

the CAZyme subfamily level enabled the identification of potential carbon sources 

preferred by arid microbial communities. Consistent with our metabolite analysis, we 

observed higher expression of subfamilies associated with starch, xylan, chitin, glycogen, 

cellulose, and ɓ-glucan degradation. For example, our metabolite data identified D-

glucosamine, a degradation product of chitin, as well as maltotetraose and maltotriose, 

degradation products of starch, and cellobiose. However, substrate prediction was not 

possible for the majority of expressed subfamilies (Figure 3a), highlighting the unique 

and potentially specialized nature of arid soil carbohydrate metabolism. 

Among the expressed genes, those encoding CAZyme subfamilies within GT4 and 

GT2 were the most abundant, followed by GH13, GT51, and GH23. Notably, no 

substrates were predicted for GT4, GT2, or GT51. Subfamilies within GT2, GT4, and 

GH13 are associated with trehalose metabolism and are prevalent in semiarid and desert 
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soils 91. These families also include enzymes such as cellulase, chitin synthase, and ɓ-

mannosyltransferase (GT2), as well as sucrose synthase, Ŭ-glucosyltransferase, and Ŭ-

N-acetylglucosaminyltransferase (GT4) 88.  

Further annotation of 791 genes within these families identified 58 KO hits 

associated with pathways such as exopolysaccharide biosynthesis, starch and sucrose 

metabolism, and biofilm formation (Suppl. table 8). Substrate predictions of GH13 

subfamilies indicated that were predominantly linked to sucrose, starch, and Ŭ-glucan 

degradation, while GH23 subfamilies were associated with peptidoglycan degradation. 

These findings suggest that arid microbial communities allocate resources not only for 

carbon acquisition but also for protective mechanisms, potentially aiding survival in 

nutrient-limited environments. 

When examining the distribution of CAZyme expression across our ecological 

preference groups, we found that among the most transcriptionally active taxa, 

Actinomycetes, Thermoleophilia (Actinomycetota), UBA6077 (Chloroflexota), and 

Terriglobia (Acidobacteriota) expressed the highest number of CAZymes with unknown 

substrate specificity (Figure 3b). Actinomycetales members are known to be proficient 

degraders of complex polysaccharides of different sources in semiarid grasslands 29.  

Overall, CAZyme expression was predominantly higher during wet months. 

Actinomycetes and Thermoleophilia exhibited the highest catalytic potential, expressing 

a broad range of CAZyme subfamilies with predicted substrates, particularly under wet 

conditions (Figure 3c, Supp. fig 3). However, specific CAZymes associated with starch 

and sucrose (GH13_e0, GH13_e48), as well as glycogen (CBM48_e3, CBM48_e2), were 

expressed in both dry and wet conditions by Actinomycetes and Thermoleophilia. In 

contrast, Rubrobacteria and Entotheonellia exhibited increased CAZyme expression 

during dry conditions.  

To further explore substrate preferences across monsoon conditions, we 

aggregated the expression of differentially expressed CAZymes (p < 0.01, |L2FC| > 2) 

based on predicted substrate specificity and averaged them per month and MAG class. 

Subfamilies predicted to degrade sucrose, glycogen, and Ŭ-glucans exhibited higher 

expression under dry conditions, particularly in Actinomycetes, Thermoleophilia, 

unidentified Actinomycetota MAGs, UBA6077, and Entotheonellia (for sucrose and 

glycogen). Conversely, subfamilies linked to chitin, cellulose, xylan and gluco-

oligosaccharides degradation showed elevated activity under wet conditions, with 

particularly high expression in Actinomycetes MAGs (Figure 3c).  

During dry conditions, microbes prioritize the degradation and modification of 

storage polysaccharides such as sucrose, glycogen, and Ŭ-glucans, likely to sustain 

metabolic activity and enhance resistance to environmental stress. Glycogen, in 

particular, is thought to play a crucial role in the formation of resistant stages and the 

resuscitation from dormancy. 27,92,93. In contrast, wet periods stimulate the breakdown of 

structurally complex polysaccharides, such as cellulose, xylan, and chitin, suggesting an 
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opportunistic shift toward more recalcitrant carbon sources when water availability 

increases.  

The differential expression of CAZymes across monsoon transitions highlights 

taxon-specific adaptations, with Actinomycetes and Thermoleophilia demonstrating broad 

substrate utilization under wet conditions, while Rubrobacteria and Entotheonellia appear 

to specialize in dry-adapted strategies. These complementary strategies across different 

ecological preference groups demonstrate how functional redundancy enables 

continuous carbon cycling despite dramatic environmental fluctuations. These findings 

underscore the dynamic nature of microbial carbon cycling in arid ecosystems and 

suggest that microbial communities actively modulate their enzymatic repertoire to cope 

with fluctuations in water availability, ultimately shaping biogeochemical processes in 

these environments.  

Carbohydrate metabolism: core pathways maintain activity with specialized 

temporal regulation 

Building on our analysis of complex carbohydrate degradation enzymes, we next 

examined how these substrates feed into central carbon metabolism pathways across 

moisture regimes. This allowed us to track the fate of carbohydrates after initial 

breakdown and further understand how different ecological preference groups maintain 

energy production despite environmental fluctuations. To examine metabolic adaptations 

to changing water and nutrient availability, we analyzed the expression of core carbon 

metabolism pathways across monsoon conditions in arid MAGs. 

Our integrated multi-omics approach revealed that, contrary to the dormancy 

paradigm, the arid microbial community expressed an active central carbon metabolism 

through the monsoon season. Glycolysis, pentose phosphate pathway (PPP), pyruvate 

oxidation, tricarboxylic acid (TCA) cycle and alternatives pathways including glyoxylate 

bypass and ethylmalonyl-CoA (EMC) pathway were expressed in dry and wet conditions. 

This continuous metabolic activity, even during dry periods, further supports our central 

finding that functional redundancy across ecological preference groups maintains 

biogeochemical cycling despite extreme moisture fluctuations. 

Examining temporal patterns across these central pathways revealed strategic 

metabolic shifts that correspond with our observed CAZyme expression and metabolite 

profiles. A community-level analysis of the functional expression of these pathways 

indicated a higher expression of PPP and pyruvate oxidation during dry months, with the 

highest expression observed in the PPP non-oxidative phase in dry months (Figure 4a). 

This emphasis on the PPP during dry conditions is particularly significant as it generates 

NADPH, which is crucial for maintaining cellular redox balance under stress conditions, 

while also producing pentose sugars needed for nucleic acid synthesis and repair. In 

contrast, an increase in TCA cycle and glyoxylate bypass was observed with the monsoon 

onset. These pathway-level shifts were driven by differential expression of key enzymes 
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that represent critical control points in carbon metabolism. Key genes within the main 

pathways were differentially expressed in response to monsoon transitions, (Figure 4b, 

Supp. Fig 4). The glyoxylate bypass upregulation during wet periods is particularly 

noteworthy as it allows microbes to grow on C2 compounds like acetate 94 when more 

complex carbon sources become available , connecting our observations of increased 

complex carbohydrate degradation during wet conditions with central carbon metabolism.  

Together, these findings reveal how arid soil microbiomes maintain energy 

generation across extreme environmental transitionsðby shifting between different 

central carbon metabolism strategies that maximize efficiency under changing moisture 

conditions while maintaining overall function at the community level. The activation of 

specific pathways by different ecological preference groups enables continuous carbon 

cycling despite dramatic environmental fluctuations, representing another layer of 

functional redundancy in these resilient communities. 

 

Glycolysis or Embden-Meyerhof-Parnas pathway maintains activity with ecological 

preference group-specific expression patterns  

 

The EMP was widely expressed across arid MAGs, 71 MAGs expressed the full 

pathway (glucose to pyruvate), while 112 expressed the core module (glycerone 

phosphate to pyruvate) and 17 MAGs expressed genes within this pathway observed 

Thermoproteota 95 and other archaea. 

Consistent with our ecological preference group classification, at the class-level, 

glycolytic pathway expression increased with the monsoon onset in Actinomycetes and 

Thermoleophilia while Entotheonellia and Rubrobacteria were higher during dry months 

and decreased in wet conditions (Supp. Figure 5). These patterns were further supported 

in specific taxa within these classes by observing differential expression of key genes 

changing accordingly to monsoon conditions (individual-level expression) 

(Supplementary Note 1). 

EMP is a highly conserved pathway in all organisms, responsible for the production 

of adenosine triphosphate (ATP) from the breakdown of glucose 96. Actinomycetes and 

Thermoleophilia preferentially upregulate glycolysis during the wet season, aligning with 

increased ATP demand likely used for growth and biosynthetic activity. This metabolic 

shift was particularly evident in Pseudonocardia, an unclassified Micromonosporaceae 

lineage, and several families within Thermoleophilia (Solirubrobacteraceae, 

Thermoleophilaceae, Gaiellaceae). Members of Pseudonocardia and 

Micromonosporaceae are known for their roles in organic matter decomposition and 

carbohydrate metabolism 97,98. Actinobacteria, Thermoleophilia and Rubrobacteria has 

been described as habitat generalist 99 thought to be metabolically flexible, adapt to 

changing environmental conditions and outcompete habitat specialist under disturbance 
13. 
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Importantly, and further challenging the dormancy paradigm, Rubrobacteria and 

Tectomicrobia upregulated glycolysis during dry months, suggesting sustained energy 

production rather than dormancy. Xerotolerant microbes often rely on aerobic respiration, 

glycolysis, the TCA cycle, and oxidative phosphorylation to generate energy necessary 

for desiccation stress 12. Biosynthesis of osmoprotectants is energy-intensive 100, and 

members of the arid microbial community expressed diverse genes encoding 

osmoprotectants alongside stress tolerance mechanisms 19. 

Beyond energy production, glycolytic intermediates contribute to biosynthetic 

processes, including amino acid and nucleotide synthesis 101. Downregulation of pfk 

(ATP-dependent phosphofructokinase) in wet months may limit glycolytic flux, favoring 

pathways like the PPP, TCA cycle, and oxidative phosphorylation for biosynthetic 

precursors and efficient energy production. The expression of an alternative glycolytic 

pathway (17 MAGs, Thermoproteota-like) suggests adaptation to extreme conditions via 

energy-efficient sugar metabolism. 

 

The Pentose Phosphate pathway (PPP) provides NADPH for redox balance and 

biosynthesis 

 

Connecting to our observed oxidative stress markers in the metabolome, the PPP 

was widely expressed across arid MAGs (n = 137) as well. Both the oxidative and non-

oxidative phase of the pathway were more expressed in dry conditions in Actinomycetes, 

Rubrobacteria and Enthotheonellia classes. While Thermoleophilia showed an increase 

of the oxidative phase during wet months (Supp. Fig 5). 

The PPP is a key metabolic route that generates NADPH, essential for the 

biosynthesis of fatty acids, triacylglycerides, and steroids.However, unlike glycolysis or 

the TCA cycle, the PPP does not directly produce ATP 40. During dry conditions, 

Rubrobacteria, Thermoleophilia, and Actinomycetes show high expression of oxidative 

PPP genes (zwf, pgd) suggesting that NADPH production is critical under arid conditions. 

This upregulation likely supports the production of protective molecules and redox 

defense mechanisms we observed in our metabolomic analysis. Given that glycolysis 

genes are also expressed in these taxa during dry conditions, this suggests that glycolytic 

intermediates may not only serve as ATP sources but also as precursors for PPP-driven 

biosynthesis and redox stress management. Enhanced glycolytic flux can help maintain 

redox balance by feeding into the pentose phosphate pathway (PPP) to generate 

NADPH, a key factor in oxidative stress defense 102. 

 

Pyruvate Oxidation and TCA cycle show moisture-dependent regulation 

 

The pyruvate oxidation pathway was broadly expressed across arid MAGs (n = 

102), with distinct seasonal patterns. Actinomycetes, UBA6077, Rubrobacteria, 
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Entothenellia classes showed a higher expression during dry conditions, while 

Thermoleophilia showed an increased expression with the monsoon onset (Supp. fig 6).  

The TCA cycle was expressed in 95 arid MAGs, with seasonal variation in 

expression patterns. The highest expression was observed in Actinomycetes, with a peak 

of this pathway aligning with the monsoon onset (Sup. Fig 6) Higher activity was observed 

during wet conditions, particularly in Mycobacteriales order. In contrast, Thermoleophilia 

(Solirubrobacterales, Gaiellales) and an unknown class of Actinomycetota exhibited 

higher expression of TCA cycle genes during dry months.  

The higher expression of genes within the glycolysis, PPP, and TCA cycle in 

Rubrobacteria and Thermoleophilia in dry months suggests metabolic activity rather than 

dormancy. The high expression of PPP genes may indicate increased NADPH demand 

for oxidative stress defense, while sustained pyruvate oxidation and TCA cycle activity 

point to an active, albeit potentially slow-growing 103 metabolism under water-limiting 

conditions. 

Alternative carbon pathways enhance metabolic flexibility (Entner-Doudoroff (ED) 

pathway;  

Few arid MAGs (n = 40), primarily Actinomycetota, expressed at least 50% of the 

genes required for the ED pathway. However, only Pseudonocardia, Terrulia, Trinickia 

(Burkholderiaceae genera), and an unknown Rhizobaceae family expressed the two key 

enzymes: 6-phosphogluconate dehydratase (edd, K01690) and KDPG aldolase (eda, 

K01625). Upregulation of edd (p < 0.01) was observed in Pseudonocardia at monsoon 

onset, followed by downregulation in October. The ED pathway, an alternative glucose 

catabolic route 104, is well-documented in Burkholderiaceae 105 but not in Actinobacteria, 

which typically utilize the EMP pathway 106.  

Anaplerotic pathways maintain tca cycle function across moisture regimes 

(glyoxylate cycle; Ethylmalonyl-CoA (EMC) pathway)  

 

  Anaplerotic pathways showed distinctive expression patterns across ecological 

preference groups. The glyoxylate cycle, also known as the glyoxylate bypass, is an 

anaplerotic pathway that microbes use to conserve carbon, as the complete breakdown 

of carbon to COϜ via the TCA cycle is not always favorable 40. This pathway is typically 

induced during growth on acetate or fatty acids and repressed in the presence of easily 

degradable carbon sources like glucose and succinate 107. 

The enzymes of the glyoxylate bypass were widely expressed in arid MAGs, with 

expression patterns influenced by monsoon conditions and taxonomic identity. The first 

reaction, the breakdown of isocitrate to succinate and glyoxylate, catalyzed by isocitrate 

lyase (aceA, K01637), and the second reaction, the synthesis of malate from glyoxylate 

and acetyl-CoA catalyzed by malate synthase (aceB, K01638), were highly expressed in 
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dry conditions, particularly by Rubrobacteria, UBA6077, and certain Actinomycetes 

(Streptosporangiales, Mycobacteriales). An upregulation during dry months of these 

genes was observed in Mycobacteriales, Streptosporangiales and Thermoleophilia 

(Solirubrobacterales, Gaiellales ) MAGs while various Gemmatimonadetes MAGs 

showed upregulation during wet months (Supp. table 9). 

During desiccation, pathways involved in aerobic respiration (i.e., glycolysis, the 

TCA cycle, the glyoxylate shunt, and oxidative phosphorylation) are favored to meet the 

energy demands required to sustain metabolic activity 12. Additionally, the glyoxylate cycle 

plays a key role in oxidative stress tolerance, enhancing microbial survival under 

prolonged dry conditions 108. 

The glyoxylate bypass upregulation during wet periods in Gemmatimonadetes is 

particularly noteworthy as it allows microbes to grow on C2 compounds like acetate when 

more complex carbon sources become available (Kornberg and Madsen 1957), 

connecting our observations of increased complex carbohydrate degradation during wet 

conditions with central carbon metabolism. 

Certain microorganisms lack isocitrate lyase, the key enzyme of the glyoxylate 

cycle, and instead utilize the EMC pathway 109. This pathway serves as an alternative 

anaplerotic route for replenishing TCA cycle intermediates while avoiding carbon loss as 

COϜ. Thermoleophilia (Solirubrobacteriales) expressed the key enzyme of this pathway, 

crotonyl-CoA carboxylase/reductase (ccr, K14446), which catalyzes the carboxylation of 

crotonyl-CoA. Higher expression of ccr was observed during wet months. Also, this gene 

was upregulated in two Solirubrobacteriales with the monsoon onset (p < 0.05). 

Other EMC enzymes such as methylmalonyl-CoA/ethylmalonyl-CoA epimerase 

(mcee, K05606), malyl-CoA/(S)-citramalyl-CoA lyase (mcl, K08691), and ethylmalonyl-

CoA mutase (ecm, K14447) were expressed as well. The observed seasonal shifts 

suggest that this pathway plays a role in microbial adaptation to fluctuating carbon 

sources in arid environments. 

Our metabolomic dataset identified metabolites part of the carbon metabolism, 

such as succinate, aspartate, serine and glutamate. Succinate and aspartate are part of 

the TCA cycle, the former is a key intermediate metabolite linking carbon metabolism and 

energy production while the other can be converted to oxaloacetate and it is also a 

precursor for nucleotide and amino acid biosynthesis. Serine is part of the formaldehyde 

assimilation pathway, one-carbon metabolism and also is a precursor for the biosynthesis 

of purines and pyrimidines. The formaldehyde assimilation pathway was also found 

expressed by arid MAGs. Glutamate is a key nitrogen donor as previously mentioned 

(section 2), and can also be transformed to 2-oxoglutarate and enter the TCA cycle.  

Together, these findings demonstrate remarkable metabolic versatility in arid soil 

microbiomes, with different ecological preference groups maintaining complementary 

central carbon metabolism strategies across moisture regimes. This functional 

partitioning ensures continuous carbon cycling despite environmental fluctuations, 
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revealing another layer of functional redundancy that supports ecosystem resilience in 

these extreme environments. 

Carbon fixation pathways reveal autotrophic activity in arid microbiomes 

While heterotrophic metabolism dominated our observations, we also discovered 

carbon fixation capacity across multiple ecological preference groups, suggesting that 

arid soil microbiomes may rely less on photosynthetic inputs than previously thought. A 

limited number of arid MAGs (n = 27) expressed key genes involved in the Calvin-Benson-

Bassham (CBB) cycle, particularly the ribulose-bisphosphate carboxylase large chain 

(rbcL, K01601), indicative of COϜ fixation via this pathway. Notably, rbcL was expressed 

under dry conditions in Thermoleophilia (Solirubrobacterales), Actinomycetes 

(Mycobacteriales, Streptosporangiales), and UBA4738 MAGs, showing significant 

downregulation with monsoon onset and/or upregulation at its end (p < 0.05, Supp. table 

9). In contrast, the small chain (rbcS, K01602) was exclusively expressed in 

Solirubrobacterales MAGs. Compared to these groups, Gammaproteobacteria 

(Steroidobacterales) exhibited lower rbcL and rbcS expression during wet months. 

The observed transcriptional patterns in Thermoleophilia, Actinomycetes, and 

UBA4738 suggest that these taxa play a crucial role in carbon assimilation under water-

limited conditions. This finding challenges conventional views of arid ecosystem carbon 

cycling by suggesting that chemoautotrophic fixation 110, rather than solely photosynthetic 

inputs from plants or biocrusts, may contribute significantly to carbon acquisition when 

water is limited. The CBB cycle may be a key pathway for microbial survival and carbon 

acquisition in arid soils, particularly when organic carbon availability is low. These findings 

align with previous studies highlighting the relevance of the CBB cycle in arid microbial 

communities 27 and similar seasonal expression patterns 14. 

Our multi-omics approach also revealed taxonomic specialization in alternative 

carbon fixation pathways. Among other carbon fixation pathways, only a Nitrospiria MAG 

expressed the ATP-citrate lyase subunits (aclAB, K15230, K15231), key enzymes of the 

Reductive Citrate Cycle (Arnon-Buchanan cycle). 

The Dicarboxylate-Hydroxybutyrate (DC-HB) and Hydroxypropionate-Hydroxybutyrate 

(HP-HB) cycles were also detected but exhibited taxon-specific expression patterns. The 

gene encoding 4-hydroxybutyryl-CoA dehydratase (abfD, K14534), a key enzyme in both 

pathways 111, was expressed in Nitrososphaera, Entotheonella, and Binatia MAGs, with 

the highest expression observed in dry conditions 19, an upregulation of abfD during 

October was observed in 3 Nitrososphaera MAGs (Supp. table 9). Additionally, succinic 

semialdehyde reductase (NADPH) (K14465) was exclusively expressed by Chloroflexota 

(UBA6077). However, other critical enzymes of the DC-HB cycleðsuch as 4-

hydroxybutyrate-CoA ligase (K14467, K18861, K25774)ðwere neither encoded nor 

expressed. 
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Connecting to our observations of archaeal activity in dry conditions, the HP-HB 

pathway was almost fully expressed in Nitrososphaera MAGs 112, whereas an incomplete 

pathway was detected in most other MAGs. Similarly, the 3-Hydroxypropionate bi-cycle 

was not fully reconstructed in our arid MAGs, though key enzymes were transcribed. 

Thermoleophilia, UBA6077, Gemmatimonadetes, Alphaproteobacteria, and 

Gammaproteobacteria showed higher expression of acetyl-CoA carboxylase subunits 

(accACD) (responsible for acetyl-CoA to malonyl-CoA conversion), malyl-CoA/(S)-

citramalyl-CoA lyase (mcl, K08691) (malonyl-CoA to glyoxylate conversion), succinate 

dehydrogenase subunits (sdhABC), and methylmalonyl-CoA/ethylmalonyl-CoA 

epimerase (mCEE, K05606), particularly during wet months. 

A few Actinomycetes expressed 2-methylfumaryl-CoA isomerase (mct, K14470) 

and fumarate hydratase, class II (fh, K01679). However, malonyl-CoA reductase (mcr, 

K14468) was neither encoded nor expressed. The incompleteness of these pathways 

could suggest novel functional adaptations for carbon fixation or reflect metagenomic 

sequencing limitations in the analyzed MAGs. Regardless, both partial and complete 

versions of these pathways likely enable microbial communities to coassimilate diverse 

organic compounds, sustain biomass production when organic substrates are limited, and 

maintain redox balance by consuming excess reducing equivalents (e.g., NAD(P)H, 

FADHϜ) that accumulate during metabolism 111. 

These findings highlight an important mechanism of resilience in arid 

ecosystemsðthe capacity for endogenous carbon fixation independent of photosynthetic 

inputs. The expression of diverse carbon fixation pathways in arid microbial communities, 

particularly during dry months, suggests that these microbes serve as a primary carbon 

source under limited conditions. These findings highlight the critical role of 

chemoautotrophs as primary producers in bare soil ecosystems, reducing dependence 

on Cyanobacteria-dominated biocrusts and reinforcing the idea that chemoautotrophic 

microorganisms form the foundation of arid soil food webs 27,113.  

Nitrogen metabolism:functional complementarity maintains critical 

biogeochemical processes 

After examining carbon metabolism and fixation pathways, we next investigated 

nitrogen cycling, another critical biogeochemical process in arid ecosystems. Just as with 

carbon metabolism, we found that different ecological preference groups maintain 

complementary nitrogen transformation pathways across moisture regimes, ensuring 

continuous nitrogen cycling despite environmental fluctuations.  

 

Nitrification: Specialized Taxa Drive Key Transformations 

 

Nitrification genes were encoded and expressed by only a few MAGs (n = 7) from the 

Thermoproteota, Tectomicrobia, and an unclassified Actinomycetota. Thermoproteota 
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was the primary driver of ammonia oxidation to hydroxylamine, encoding this 

transformation via AmoABC genes, which were highly expressed throughout the 

monsoon season but showed a notably higher expression during dry months 19. The 

unclassified Actinomycetota MAG also expressed AmoABC genes, albeit at lower levels 

than Thermoproteota (Figure 4d). 

The hao gene, catalyzing the conversion of hydroxylamine to nitrite, was 

exclusively expressed by a Tectomicrobia MAG, with peak expression also occurring in 

dry months. It is well known that Nisosphaera genomes lack the hao gene, and instead, 

a copper-protein complex has been proposed to fulfill this function 114. Also, 

hydroxylamine oxidation by nirK, which was found expressed in our Thermorpoteota 

MAGs, has been suggested in Nitrososphaera 115. Thermoproteota N metabolism and its 

key role in this arid community was described by 19. 

This taxonomic specialization in nitrification resembles the functional partitioning 

we observed in carbon fixation, with a small subset of microbes performing critical 

ecosystem functions under specific conditions. The dominant expression of 

Thermoproteota and Tectomicrobia under arid conditions suggests their crucial role in 

nitrification within nitrogen-limited soils, where this process has been proposed to be 

restricted to a few low-abundance taxa 116.  

 

Dissimilatory nitrate reduction (DNR) and Assimilatory nitrate reduction (ANR): 

Widespread but Temporally Partitioned 

 

Dissimilatory and assimilatory nitrate reductions are biological processes by which 

nitrate (NOϝϖ) is reduced, via a nitrite intermediate, to the more assimilable ammonium 

ions, which are either excreted (DNR) or incorporated into biomass (ANR) 117. Both 

processes contribute to the retention of bioavailable inorganic nitrogen within an 

ecosystem 118. 

In contrast to the specialized nitrification process, nitrate reduction was widely 

distributed across the community, but with clear temporal partitioning between ecological 

preference groups. Dissimilatory nitrate reduction was widely expressed (n = 89) in arid 

communities. Genes encoding the conversion of NOϜϖ to ammonia (NHϝ) (nirBD or nrfAH 

subunits) were highly expressed under dry conditions, particularly in Tectomicrobia and 

an unclassified Actinomycetota. Additionally, dry-adapted taxa such as Rubrobacteria, 

Actinomycetes, and UBA4738 exhibited a preference for DNR under dry conditions. 

Conversely, Thermoleophilia and some Actinomycetes displayed higher expression of 

these genes during wet months, suggesting a dynamic microbial response to fluctuating 

nitrogen and moisture levels. 

This pathway is regulated by C:N ratios, NOϜϖ/NOϝϖ, and S²ϖ levels, favoring 

nitrate-limited conditions and high carbon availability 119. It is also more prevalent under 

strict anaerobic conditions with sufficient reductants 120. However, DNR has been 
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ubiquitously detected, though its rate is influenced by climate and soil attributes. The 

highest rates occur in anaerobic systems (e.g., paddy soils), with precipitation identified 

as the primary stimulator 121. Notably, DNR has also been observed in arid systems 15, 

suggesting it may be an overlooked pathway even in environments that do not typically 

favor it 122. 

Assimilatory nitrate reduction represented the most widely distributed nitrogen 

pathway in our dataset, further supporting our central finding that functional redundancy 

enables continuous ecosystem processes across extreme conditions. Assimilatory nitrate 

reduction was the most widely expressed nitrogen pathway (n = 238). Microbial taxa 

classified as dry-adapted exhibited higher expression during dry months, while wet-

adapted taxa showed increased activity throughout the monsoon season. For example, 

Rubrobacteria and Entotheonellia exhibited higher expression of genes encoding the 

NOϝϖ to NOϜϖ conversion in dry conditions, while Nitrososphaera MAGs showed greater 

expression of genes converting NOϜϖ to NHϝ under arid conditions. In contrast, 

Actinomycetes and Thermoleophilia displayed elevated expression of genes involved in 

both transformations during wet months, highlighting their role in nitrogen assimilation 

when moisture availability is high. 

Alternative pathways for nitrogen and ammonia assimilation were also identified, 

aligning with findings from other arid ecosystems 14,113. Genes encoding glutamate and 

glutamine synthases were actively expressed, with distinct seasonal shifts in expression 

(see previous section), indicating that microbial communities dynamically regulate 

nitrogen assimilation in response to monsoon-driven fluctuations. 

 

Denitrification: Moisture-Responsive with Unexpected Dry-Adapted Activity 

 

Denitrification is a key nitrogen-loss process that occurs predominantly under 

anaerobic or suboxic conditions, where nitrate (NOϝϖ) and nitrite (NOϜϖ) serve as terminal 

electron acceptors in microbial respiration 116. Through a stepwise reduction, these 

nitrogen compounds are converted into gaseous products, including nitric oxide (NO), 

nitrous oxide (NϜO), and dinitrogen (NϜ) 117. This process plays a crucial role in regulating 

nitrogen availability in ecosystems while also significantly impacting global climate 

dynamics, as NϜO is a potent greenhouse gas with a global warming potential far 

exceeding that of COϜ 123. 

Similarly to the pattern observed with carbon fixation, our analysis revealed 

unexpected denitrification activity under dry conditions, challenging conventional views of 

this process as strictly anaerobic.Denitrification was a widely expressed pathway (n = 81), 

with a general preference for wet conditions, though some exceptions were observed. 

Notably, some Rubrobacteria (n = 1), Entotheonellia (Tectomicrobia, n = 1), and 

Nitrososphaera (n = 4) exhibited higher expression under dry conditions. Although 

typically anaerobic, denitrification can also occur aerobically, with microorganisms 

https://paperpile.com/c/j0P2qs/6ubqX
https://paperpile.com/c/j0P2qs/RD3Wi
https://paperpile.com/c/j0P2qs/D70vC
https://paperpile.com/c/j0P2qs/8nakL+fFevA
https://paperpile.com/c/j0P2qs/58f9R
https://paperpile.com/c/j0P2qs/Rdq1s
https://paperpile.com/c/j0P2qs/WWfNt
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simultaneously using oxygen and nitrate as electron acceptors 124,125 . Further 

investigation into arid taxa could clarify the mechanisms of aerobic denitrification in these 

systems. 

Only a subset of Actinomycetes, Nitrospiria and Dormibacteria expressed genes 

encoding nitrate reductase (narGHI), responsible for reducing nitrate (NOϝϖ) to nitrite 

(NOϜϖ). In contrast, the majority of MAGs expressed nitrite reductase genes (nirK and 

nirS), catalyzing the transformation of NOϜϖ to nitric oxide (NO). NirK expression was 

significantly upregulated (p < 0.01) during the first monsoon rain (July_1) in 

Gemmatimonadetes, Thermoleophilia, and Chloroflexia MAGs (n = 17). However, when 

comparing expression levels between the first and second rain events, nirK was 

significantly downregulated (p < 0.01) in MAGs from the same orders (n = 24), suggesting 

a transient response to initial moisture availability. 

Genes encoding nitric oxide reductase subunits B and C (norBC), responsible for 

reducing NO to nitrous oxide (NϜO), were expressed by Actinomycetota, Chloroflexota, 

Tectomicrobia, Thermoproteota, Gemmatimonadota, and Pseudomonadota. The final 

step in denitrification, the reduction of NϜO to dinitrogen (NϜ), catalyzed by nitrous oxide 

reductase (nosZ), was widely expressed across the arid microbial community, indicating 

that complete denitrification is a key nitrogen loss pathway in these environments. 

Inorganic Nitrogen Dynamics Reflect Enzymatic Activity Across Moisture Regimes 

To connect our gene expression findings with actual ecosystem processes, we 

measured inorganic nitrogen concentrations (Available nitrate-nitrogen (NO3-N) and 

ammonium-nitrogen (NH4-N) were measured based on) throughout the monsoon season. 

to further understand N cycling though dry and wet conditions of the monsoon season.  

Nitrate-nitrogen (NOϝ-N) concentrations showed a slight increase in June and the 

first two sampling events in July compared to May, followed by a sharp decline in the third 

sampling event in July and August. Levels then rose again in post-monsoon samples, 

returning to values similar to those observed in May (Figure 5). In contrast, ammonium-

nitrogen (NHϞ-N) concentrations increased during the monsoon months, slightly 

decreased in the post-monsoon period, and reached their highest levels in samples 

collected in May 2022. However, not statistically significant differences were observed 

(Figure 5). 

These inorganic nitrogen patterns aligned with our gene expression data, providing 

evidence that the transcriptional activity we observed translated to actual biogeochemical 

transformations. A community-level analysis of genes involved in nitrogen metabolism 

revealed that genes encoding nitrate reductases (NR), which are part of the assimilatory 

nitrate reduction pathway, were highly expressed under dry conditions. The expression 

of NR decreased during the wet months (Figure 5), potentially explaining the lower NOϝ-

N concentrations observed in dry months and their subsequent increase during wet 

months. The sharp decline in NOϝ-N concentrations during the third sampling event in 

https://paperpile.com/c/j0P2qs/IvDvq+wnmng
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July and August coincided with increased plant activity, as indicated by a higher 

normalized difference vegetation index (NDVI), suggesting potential plant uptake of 

preferred inorganic nitrogen pools 126. Also, it could indicate run-off caused by intense 

rain 127.  

Meanwhile, the higher expression of genes involved in nitrification under dry 

conditions may have contributed to the decreased NHϞ-N concentrations observed during 

these periods. Supporting this trend, most arid-associated microbial taxa exhibited 

increased expression of the ammonium transporter gene (amt, K03320) throughout the 

monsoon season, with the highest expression occurring under dry conditions, particularly 

in Nitrososphaera, the dominant ammonia-oxidizing taxon in our system. Additionally, 

genes encoding urease (ureAB, K01430, K01429), which catalyzes the hydrolysis of urea 

into COϜ and ammonia, were more highly expressed in Nitrososphaera during the wet 

months, potentially influencing ammonium availability. Also, a higher expression of 

glutamine synthase (glnA), which directly assimilates NH4+ via glutamine biosynthesis 

(see section 2) was observed during wet conditions suggesting a thigh N cycle (Figure 

5). 

The ammonium pool in arid soils is highly influenced by seasonal changes, plant 

cover, litter availability, and the rate of organic matter decomposition, as well as the 

mechanisms of nitrogen loss 128. Microbial decomposition of nitrogen is regulated by 

factors such as temperature, moisture, aeration, organic matter composition, and pH 129. 

Additionally, inorganic nitrogen can be lost through leaching, fixation, and denitrification, 

making its quantification in soil particularly challenging. 

In summary, nitrogen metabolism in arid soil microbial communities is shaped by 

environmental fluctuations, particularly moisture availability. Nitrification was restricted to 

a few taxa, with Thermoproteota and Tectomicrobia playing central roles under dry 

conditions, while nitrate reduction strategies were widespread but temporally partitioned 

between ecological preference groups. Denitrification showed unexpected activity in 

some dry-adapted taxa, suggesting metabolic flexibility beyond conventional 

understanding. Our integrated analysis revealed remarkable functional complementarity 

among ecological preference groups, ensuring continuous nitrogen cycling despite 

extreme moisture fluctuations. This pattern mirrors our observations of carbon 

metabolism, further supporting our central finding that functional redundancy, rather than 

dormancy, enables biogeochemical resilience in arid ecosystems 60,117.  

Amino acid metabolism 

Building on our analysis of carbon and nitrogen cycling, we next examined amino 

acid metabolism, which connects these two biogeochemical cycles and plays critical roles 

in stress response and growth. Similar to our previous findings, we observed ecological 

preference group-specific patterns in amino acid biosynthesis that maintain these 

essential processes across moisture regimes. 

https://paperpile.com/c/j0P2qs/uMafz
https://paperpile.com/c/j0P2qs/jo5hN
https://paperpile.com/c/j0P2qs/JZ5Zf
https://paperpile.com/c/j0P2qs/KeOo
https://paperpile.com/c/j0P2qs/Rdq1s+0BR7L
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Amino acid biosynthesis was an active metabolic process in the arid microbial 

community under both dry and wet conditions. Additionally, our metabolome 

characterization identified several amino acids, some of which exhibited significant shifts 

in response to monsoon transitions (see section 2). 

 

Arginine metabolism: Moisture-Dependent Pathway Selection  

Arginine biosynthesis was an active and taxon-specific process in the arid 

microbial community, with two primary pathways detected: the classical glutamate-

dependent pathway (n = 13 MAGs) and the more widely distributed ornithine-dependent 

pathway (n = 75 MAGs). Following the same pattern observed in carbon and nitrogen 

metabolism, dry-adapted taxa performed this function under arid conditions, while wet-

adapted taxa activated during monsoon periods. Rubrobacteria exhibited increased 

expression of arginine biosynthesis via ornithine during dry months (upregulation of 

K00611 and K01940 in one MAG in October), whereas Actinomycetes (notably 

Propionibacteriales) and Thermoleophilia displayed higher expression during wet 

months, particularly at the onset of the monsoon. 

Similarly, the biosynthesis of ornithine from glutamate (n = 63 MAGs) followed 

seasonal patterns, with Rubrobacteria exhibiting increased expression in dry months, 

Actinomycetes showing a peak during the monsoon onset in July, and other taxa 

generally favoring wet conditions. Notably, Nitrososphaera MAGs were the only group 

expressing genes related to the ornithine biosynthesis pathway mediated by LysW, a 

carrier protein involved in lysine biosynthesis and proposed to protect the amino group of 

glutamate in the arginine biosynthesis of hyperthermophilic archaea 130. 

The widespread expression of the ornithine-urea cycle offers another example of 

how arid microbiomes adapt to resource limitations. This cycle expressed in several 

MAGs (n = 101 MAGs) underscores its ecological significance in nitrogen cycling within 

arid soils. Initially thought to be absent in bacteria and plants, its discovery in 

cyanobacteria suggests a crucial role in nitrogen storage and remobilization, enhancing 

microbial adaptability to fluctuating nitrogen availability 131. Rubrobacteria and 

Entotheonella exhibited higher expression during dry months, while Actinomycetes and 

Thermoleophilia showed increased activity during wet months. Metabolomic analyses 

confirmed the presence of key intermediates in these pathways, including L-arginine, L-

citrulline, L-aspartate, N-acetylornithine, L-glutamate, L-glutamine, and LysW-L-

glutamate. 

The seasonal regulation of arginine and ornithine biosynthesis suggests that arid 

soil microbes adjust nitrogen assimilation based on moisture availability. During dry 

months, Rubrobacteria and Entotheonella likely rely on these pathways for nitrogen 

storage and stress tolerance, while Actinomycetes and Thermoleophilia shift toward 

active nitrogen assimilation during wet months. The widespread ornithine-urea cycle 

https://paperpile.com/c/j0P2qs/VnFwz
https://paperpile.com/c/j0P2qs/VrDdQ


164 
 

 

further supports nitrogen conservation, helping microbes adapt to fluctuating nitrogen 

levels in extreme environments. 

 

Glycine cleavage system: Broadly Distributed with Moisture-Specific Expression 

 

A key pathway for glycine catabolism involves its oxidative cleavage to COϜ, NHϞϕ, 

and a methylene group, which is accepted by tetrahydrofolate (THF) to form N5,N10-

methylene-THF 132. NADH produced during this cleavage generates energy through the 

electron transport system, highlighting the physiological importance of the GCV system 
133. This pathway is key for C1 metabolism and pathogenesis 134 however research in arid 

environments seems limited. 

Unlike the strongly partitioned patterns seen in other pathways, the glycine 

cleavage system was widely expressed across both moisture regimes, suggesting its 

fundamental importance to cellular metabolism regardless of environmental conditions. 

This pathway was expressed in 145 MAGs throughout the sampling times, with no strong 

preference for dry or wet months, except in certain MAGs. The glycine cleavage system 

P protein subunits (gcvPA, K00282; gcvPB, K00283) were upregulated in dry months and 

downregulated with monsoon onset in Thermoleophilia (Solirubrobacteriales) while other 

Solirubrobacteriales showed a high expression during wet months. Actynomycetes 

showed a higher expression of the glycine cleavage system P protein (GLDC, K00281) 

during wet months, an upregulation of this gene was only observed in one 

Propionibacteriales. The glycine cleavage system T protein 

(aminomethyltransferase)(gcvT, K00605) was upregulated during wet months in 

Thermoleophilia. 

The upregulation during dry months in certain taxa suggests that these microbes 

may utilize the glycine cleavage system for stress responses or to sustain cellular 

functions under nitrogen-limited conditions. In contrast, the increased expression during 

wet months in other taxa, like Actinomycetes and Thermoleophilia, likely supports growth-

oriented metabolism when resources are more abundant.  

 

Branched chain amino acids: Growth and Stress-Response Functions 

 

The branched-chain amino acid (BCAA) biosynthesis pathways revealed clear 

ecological preference group-specific patterns that align with growth strategies under 

different moisture regimes BCAAs play diverse roles, serving as precursors for branched-

chain fatty acid synthesis (common in Gram-positive bacteria), supporting protein 

biosynthesis, regulating amino acid deprivation via the CodY repressor, and enhancing 

virulence in pathogens 135. 

Leucine biosynthesis from 2-Oxoisovalerate showed a high expression during the 

onset of the monsoon and throughout the wet months, particularly in Actinomycetes and 

https://paperpile.com/c/j0P2qs/QR76d
https://paperpile.com/c/j0P2qs/pcrdO
https://paperpile.com/c/j0P2qs/ErMUI
https://paperpile.com/c/j0P2qs/qYZTz
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Thermoleophilia (Solirubrobacterales). In contrast, Nitrososphaera MAGs exhibited 

higher expression during dry conditions. Rubrobacteria MAGs did not express the gene 

encoding the branched-chain amino acid aminotransferase (K00826). 

Similar expression patterns were observed for valine and isoleucine biosynthesis, 

starting from pyruvate and 2-oxobutanoate, respectively. Actinomycetes and 

Thermoleophilia again showed higher expression during wet months, while Rubrobacteria 

exhibited higher expression during dry months. Notably, all Rubrobacteria MAGs lacked 

expression of the acetolactate synthase I/II small subunit (K01653), but the large subunit 

(K01652) was expressed. Entotheonellia showed the highest expression during dry 

months, particularly for the acetolactate synthase large subunit, though an incomplete 

pathway was observed, as the expression was limited to the step catalyzed by ketol-acid 

reductoisomerase (ilvC, K00053). A similar pattern was noted in some Nitrososphaera 

MAGs. 

The biosynthesis of isoleucine from threonine was also expressed, with the gene 

encoding threonine dehydratase (ilvA, K01754) predominantly expressed by several arid 

MAGs, showing a preference for wet months, except for Entotheonellia, which exhibited 

higher expression during dry conditions. 

These BCAA biosynthesis patterns connect with our metabolomic findings and 

reinforce the ecological preference group-specific strategies we observed throughout our 

study. The increased expression of leucine, valine, and isoleucine biosynthesis during the 

wet months, especially in Actinomycetes and Thermoleophilia, suggests that these taxa 

prioritize growth and protein synthesis during periods of higher resource availability. Our 

metabolome analysis identified an increase in the abundance of these metabolites during 

wet months (section 2). 

In contrast, the higher expression of BCAA biosynthesis in Rubrobacteria and 

Entotheonellia during dry months indicates their reliance on these pathways for cellular 

maintenance and stress tolerance under nitrogen-limited or moisture-stressed conditions. 

The incomplete pathways observed in Entotheonellia and Nitrososphaera may suggest 

partial adaptations to limited resource availability, which could be linked to their survival 

strategies under dry conditions.  

Overall, our analysis of amino acid metabolism further strengthens our central 

finding that functional redundancy across ecological preference groups enables 

continuous biogeochemical cycling in arid ecosystems despite dramatic environmental 

fluctuations. The moisture-dependent expression patterns observed across multiple 

amino acid pathways demonstrate how different microbial taxa maintain essential cellular 

functions through complementary strategies, contributing to community-level resilience in 

these extreme environments. 
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Phosphorus metabolism 

After examining carbon, nitrogen, and amino acid metabolism, we next 

investigated phosphorus cycling, another essential nutrient that often limits microbial 

growth in arid ecosystems. Consistent with our previous findings, we observed ecological 

preference group-specific strategies for phosphorus acquisition and utilization that 

maintain this critical function across moisture regimes. 

Genes involved in phosphorus metabolism play key roles in inorganic and organic 

phosphorus (P) assimilation, uptake, transport, and regulation. Our integrated analysis 

revealed distinct strategies for phosphorus acquisition that align with the overall metabolic 

adaptations of different ecological preference groups. 

 

Inorganic Phosphorus Acquisition: Moisture-Dependent Expression of High and 

Low-Affinity System 

 

Genes encoding alkaline phosphatases (phoAD, K01077, K01113), which 

hydrolyze organic phosphates to release inorganic phosphate (Pi), were primarily 

expressed during dry months in Entotheonellia, Rubrobacteria, and UBA4738. In contrast, 

Actinomycetes exhibited higher expression of these genes during wet months, suggesting 

taxon- and season-specific strategies for phosphorus acquisition. 

The high-affinity phosphate transport system showed moisture-dependent 

expression patterns that mirror those observed in carbon and nitrogen cycling. Inorganic 

phosphate transporters (pstSCAB) were highly expressed in wet conditions, particularly 

in Actinomycetes and Thermoleophilia, with the highest expression observed in pstS, 

which encodes a high-affinity Pi-binding protein. Entotheonellia, Nitrososphaeria, and 

Rubrobacteria also exhibited increased pstSCAB expression during wet months, 

suggesting a widespread microbial response to fluctuating phosphate availability. A 

similar trend was observed in the two-component phosphonate limitation regulon 

(phoRBP), where phoR exhibited the highest expression in Thermoleophilia under wet 

conditions, highlighting a potential regulatory shift in response to phosphate fluctuations. 

Conversely, the low-affinity phosphate transporter pit (K16322) was predominantly 

expressed in dry months in Nitrososphaeria and Rubrobacteria but showed peak 

expression in Actinomycetes throughout the monsoon season. This suggests that while 

some taxa rely on high-affinity systems under wet conditions, others utilize low-affinity 

transporters under phosphorus-limited conditions. 

The PhoR-PhoB two-component system regulates phosphate homeostasis by 

sensing phosphate concentrations and activating the high-affinity, high-velocity 

phosphate transport system (pstSCAB) under phosphate-limiting conditions 136. Genes of 

the pstSCAB were found enriched in low P soils 137. The increased expression of phoR 

and phoB during wet months suggests heightened competition for dissolved inorganic 

https://paperpile.com/c/j0P2qs/2zkiA
https://paperpile.com/c/j0P2qs/wyXkZ
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phosphate, potentially due to greater microbial demand or fluctuating phosphate 

availability in the environment.  

Organic Phosphorus Utilization: Alternative P Sources Under Limitation: 

Several ecological preference groups showed specific adaptations for organic 

phosphorus utilization, further demonstrating how functional diversity enables resource 

acquisition under limitation. Genes encoding the ABC-type phosphonate transporter 

system (phnCED) were expressed in Entotheonellia, UBA6077, and Actinomycetes. The 

phnD gene, responsible for phosphonate binding, showed higher expression under dry 

conditions in Entotheonellia, whereas phnC, encoding a permease component, was 

predominantly expressed in wet months in Actinomycetes. 

Additionally, genes encoding the glycerol-3-phosphate (G3P) ABC transporter 

system (ugpABCDE) were expressed during dry months in Entotheonellia, 

Rubrobacteria, and some Thermoleophilia, whereas Actinomycetes and Thermoleophilia 

exhibited higher expression in wet months. These genes (phnCED, ugpABCDE) were 

found expressed in other arid systems as well 138. 

These complementary patterns of organic phosphorus utilization contribute to 

community-level resilience by allowing different taxa to access diverse phosphorus 

sources across moisture conditions. Our findings suggest that certain taxa may shift 

between organic and inorganic phosphorus sources depending on seasonal phosphorus 

availability, adding another dimension to the functional redundancy we observed across 

carbon and nitrogen cycles. 

In summary, phosphorus metabolism in arid soil microbiomes follows the same 

pattern of functional complementarity observed in other biogeochemical cycles, with dry-

adapted and wet-adapted taxa employing distinct but complementary strategies for 

phosphorus acquisition and utilization. This ecological preference group-specific 

partitioning ensures continuous phosphorus cycling despite moisture fluctuations, further 

supporting our central finding that functional redundancy, rather than dormancy, enables 

biogeochemical resilience in arid ecosystems. 

Sulfur metabolism 

To complete our investigation of major biogeochemical cycles, we examined sulfur 

metabolism, which plays essential roles in protein structure and function. As with carbon, 

nitrogen, and phosphorus, we found evidence for functional complementarity in sulfur 

cycling across ecological preference groups. 

Most MAGs expressed the assimilatory sulfate reduction pathway (n = 213) in 

agreement with previous studies based on metagenomic potential 113. This widespread 

distribution suggests that sulfur assimilation is a fundamental process for arid 

microbiomes, though the expression patterns still showed moisture-dependent regulation. 

https://paperpile.com/c/j0P2qs/VZy1R
https://paperpile.com/c/j0P2qs/8nakL


168 
 

 

Genes encoding for sulfate adenylyltransferase (sat, cysD, or cysN), that catalyze the 

transformation of sulfate to adenylyl sulfate (APS) had a higher expression through wet 

months, especially in wet preferred classes, Actinomycetes, Thermoleophilia, 

Gemmatimonadetes. Differentially expression analysis indicated an upregulation of one 

of these genes with the monsoon onset and a downregulation once the monsoon ends in 

October in certain Actinomycetes (order Mycobacteriales) and Thermoleophilia 

(Solirubrobacterales and Propionibacteriales)MAGs (Suppl. Table 9). 

While sulfur metabolism was active across moisture conditions, ecological 

preference groups maintained their characteristic expression patterns. Nitrososphaera, 

Entotheonella and Rubrobacteria MAGs showed a lower expression of sat gene in dry 

months compared with wet preferred MAGs. Few Gemmatimonadetes, Actinomycetes, 

Thermoleopjilia, Alpha and Gammaproteobacteria MAGs expressed the genes encoding 

the bifunctional enzyme CysN/CysC or the adenylylsulfate kinase (cysC), transforming 

APS to 3'-phosphoadenylyl sulfate (PAPS). The phosphoadenosine phosphosulfate 

reductase (cysH) gene encoding the transformation of PAPS to sulfite, were most 

expressed in wet conditions by Actynomycetes (Propiobacteriales and Mycobacteriales), 

Thermoleophilia. Also, one Nitrososphaeria MAGs expressed these genes through the 

monsoon season with a higher expression observed during dry months. 

The final steps of assimilatory sulfate reduction showed similar temporal 

partitioning. Genes encoding the transformation of sulfite to sulfide were expressed by 

few MAGs, the gene encoding the sulfite reductase ferredoxin (sir) was expressed by 

Actinomycetes and UBA4738 MAGS mostly in wet conditions. Only a 

Gammaproteobacteria MAG expressed both sulfite reductase (NADPH) components 

(cysIJ), while others mostly expressed the beta-component (cysI). The glpE gene 

encoding a thiosulfate sulfurtransferase was also widely expressed by arid MAG during 

wet conditions. 

This consistent pattern of functional partitioning across sulfur metabolismðsimilar 

to what we observed in carbon, nitrogen, phosphorus, and amino acid cyclingðprovides 

further evidence that functional redundancy is a key mechanism enabling biogeochemical 

resilience in arid ecosystems.  

 

Discussion 

 

In this study we have implemented a time-series analysis using genome resolved 

metagenomics, metatranscriptomics, and metabolomics to understand functional 

metabolic responses of arid ecosystems across the dry and wet conditions created by the 

monsoon season. Our findings challenge the prevailing dormancy-centered paradigm in 

arid soil microbiology, revealing instead a model of metabolic continuity maintained 

through functional redundancy across ecological preference groups. 
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Rather than universally entering dormancy in dry months, we found that core 

metabolic pathways (glycolysis, amino acid metabolism, nitrogen cycling) remain active 

across monsoon transitions. This metabolic continuity is enabled by ecological niche 

specialization, with dry-adapted taxa (Rubrobacteria, Chloroflexota, Nitrososphaera) 

maintaining metabolic activity during arid conditions, while wet-adapted taxa 

(Actinomycetes, Thermoleophilia) increase activity during monsoon periods. This 

complementary pattern appeared consistently across carbon, nitrogen, phosphorus, and 

sulfur cycling, suggesting that functional redundancy is a fundamental organizing principle 

in arid soil microbiomes. 

Our results indicate that microbial communities in arid soils do not undergo 

complete metabolic reprogramming between seasons but rather modulate existing 

pathways, differentially upregulating or downregulating genes across various metabolic 

pathways to compensate for changing demands (e.g., moisture and nutrient availability) 
12. This metabolic versatility seemed to contribute to resilience of our arid microbial 

community and aligns with growing research suggesting that metabolic flexibility and 

resource allocation strategies (e.g., cross-feeding, nutrient acquisition) may be as 

important as dormancy in microbial survival under arid conditions 14,27. 

Our integrated multi-omics approach provided unique insights by connecting 

specific metabolite fluctuations with gene expression patterns. For instance, amino acids, 

peptides, and their derivatives were enriched in dry conditions, suggesting their role as 

osmoprotectants, alternative nitrogen sources, and energy reserves. Trehalose, 

maltotetraose, and maltotriose, which are associated with stress and desiccation survival, 

were abundant in dry conditions as well and matched with expression of corresponding 

CAZymes. 

 We found evidence of active carbon fixation and complex nitrogen cycling during 

dry periods, challenging conventional views of the latter process as dependent on 

abundant moisture. The expression of diverse carbon fixation pathways in arid microbial 

communities, particularly during dry months, suggests that chemoautotrophs may serve 

as primary carbon sources under moisture-limited conditions, potentially reducing 

dependence on photosynthetic inputs.Wet conditions favored biosynthetic pathways, as 

seen in the increased abundance of lysine pathway intermediates (diaminopimelic acid, 

Ŭ-aminopimelate, 2-aminoadipic acid) and citrulline, which supports enhanced nitrogen 

metabolism and microbial proliferation. 

Betaine, an osmoprotectant, increased in abundance during wet months as well 

as sarcosine, a degradation product of betaine, suggesting microbial regulation of 

osmolytes.  

Methionine sulfoxide, a marker for oxidative stress, accumulated in wet conditions, 

indicating microbial metabolic adjustments due to sudden moisture influx. The expression 

of methionine sulfoxide reductase genes by multiple taxa during wet months confirmed 

this coordinated stress response at the transcriptional level. 

https://paperpile.com/c/j0P2qs/P1dxA
https://paperpile.com/c/j0P2qs/fFevA+iKrDw
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The active expression of amino acid metabolism and nitrogen assimilation 

pathways across all conditions suggests that microbial cross-feeding is likely a key 

mechanism supporting microbial growth and persistence in deserts 139 as well as 

community stability as observed in our previous study 19. Microbial taxa that remain 

metabolically active in dry conditions may provide essential metabolites (e.g., glutamate, 

glutamine) to other community members, facilitating survival and ecosystem function. 

Similarly, the presence of functionally redundant taxa across metabolic pathways 

further supports microbial resilience. Multiple taxa contributed to carbon and nitrogen 

cycling suggesting that functional redundancy is a key stabilizing factor in arid microbial 

communities, reducing the risk of ecosystem disruption due to environmental variability. 

Our findings have important implications for predicting ecosystem responses to 

climate change. As climate change disrupts precipitation patterns 2 and anthropogenic 

activities accelerate land degradation and desertification 3, the resilience of arid 

ecosystems to future climatic conditions remains increasingly uncertain. The observed 

microbial metabolic flexibility suggests that arid soil ecosystems may exhibit some level 

of functional resilience to climate-driven shifts in precipitation, though extreme conditions 

could still disrupt key microbial interactions.Understanding how microbial communities 

balance metabolic activity and resource allocation across moisture gradients is crucial for 

predicting long-term ecosystem responses to climate change. 

Beyond these theoretical insights, the unprecedented mechanistic detail provided 

by our study has significant practical applications. By identifying the specific genes, 

pathways, and microbial taxa that drive biogeochemical cycling across moisture regimes, 

we provide critical biomarkers that can serve as early warning indicators of ecosystem 

destabilization. These biomarkers could be monitored in restoration efforts to track 

recovery or in natural systems to predict tipping points before visible ecosystem collapse 

occurs. Furthermore, our precise identification of key functional players and their 

metabolic strategies provides a blueprint for targeted bioremediation or restoration 

approaches in degraded arid lands. Our detailed molecular understanding of how these 

systems function could help develop targeted irrigation strategies that support the 

activities of crucial functional groups rather than broadly increasing water inputs. This 

study demonstrates the power of multi-omics approaches to transform our understanding 

of complex ecosystems at the molecular level while simultaneously providing practical 

tools for managing and restoring these vulnerable environments as they face increasing 

anthropogenic pressures. 

In conclusion, our study reveals that arid soil microbiomes maintain 

biogeochemical processes through functional redundancy rather than dormancy. The 

consistent partitioning of metabolic functions between ecological preference groups 

ensures continuous ecosystem functioning despite extreme environmental fluctuations. 

This previously underappreciated resilience mechanism may be critical for understanding 

https://paperpile.com/c/j0P2qs/LAw7h
https://paperpile.com/c/j0P2qs/4WHyf
https://paperpile.com/c/j0P2qs/MoiRR
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and predicting how arid ecosystemsðwhich cover over 40% of Earth's terrestrial 

surfaceðwill respond to the accelerating climate crisis. 

 

Material and methods 

Soil sample collection, DNA and RNA extraction, sequencing and metagenomic 

assembly 

A total of 36 soil samples were collected at Saguaro National Park West, Tucson, 

Arizona (32°15'05.4"N, 111°09'40.2"W) under permit SAGU-2021-SCI-0006. Sampling 

was conducted at four sites (n = 4 per sampling event) across nine sampling points from 

May 2021 to May 2022. The collections spanned different seasonal conditions: pre-

monsoon (May and June), monsoon (three sampling events in July and one in August), 

and post-monsoon (September and October 2021), with a final collection in May 2022. 

The detailed description of the methods used for sample collection, DNA and RNA 

extraction, metagenome sequencing, genome binning curation and dereplication have 

been described in 19. Raw metagenomic and metatranscriptomic reads generated using 

Illumina NovaSeq 6000 platform (Illumina) are available at NCBI database (Bioproject 

Accession: PRJNA1193034). 

Soil physicochemical properties - analysis of available nitrogen  

Different physicochemical properties were measured in the 36 samples collected, 

these include: soil moisture, pH, total C (TC), total nitrogen (TN), major cations (K, Ca, 

Na, Mg) and trace metals (V, Cr, Fe, Co, As, Se). The detailed methodology of these 

analyses have been described in 19. 

Residual inorganic nitrate-nitrogen (NO3-N) and ammonium-nitrogen (NH4-N) were 

measured based on protocol described in 129. 

Metagenome annotation and metatranscriptomics analysis 

Functional annotation of the metagenome assembled genomes (MAGs) was 

described in depth in 19. Briefly, MAGs were annotated using DRAM pipeline 140 and 

implementing the annotation of additional databases, these include NCycDB 141, SCycDB 
142 and PCycDB 143. This integration enabled an increase of annotation hits and 

differentiation of closely related orthologs. It is worth noting that a number of genes 

received different annotations by these databases, these were considered valid and used 

in further analysis. 

Functional annotation of key biogeochemical cycling process was performed at 

both reaction and module levels, following definitions described in 19 and additional 

definitions included in this manuscript. The completeness of KEGG modules/reactions 

was determined using the following steps: 
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A metagenome-assembled genome (MAG) was considered to encode and 

express a metabolic pathway based on KEGG definitions as follows:  

1. A reaction was considered encoded/expressed if at least 50% of the genes of any 

of its alternative gene sets were encoded/expressed (KOs forming a gene set are 

defined by plus sign in the definition, alternative gene sets are separated by 

ñcommasò). 

2. A module was considered encoded/expressed if at least 50% of its reactions were 

encoded/expressed. This 50% cutoff was selected to account for the 

incompleteness of MAGs, which are often neither fully assembled nor circularized, 

resulting in partial metabolic pathways. 

3. The presence/expression of key genes was also considered as an indicator of 

microbial metabolic capacity, despite the completeness of the modules, this was 

especially used for Carbon fixation pathways. 

 

The incompleteness of certain metabolic pathways should be interpreted with caution, 

as it may result from sequencing or binning artifacts.  

Also, CAZyme-encoding genes in arid MAGs were identified using dbCAN3 v 83 

Differential expression analysis 

To identify functional changes across monsoon transitions, a differential 

expression (DE) analysis was performed separately for each MAG using DESeq2 

v.1.42.1 144. The analysis was conducted in two ways: 

1. Gene-level analysis: All non-normalized gene counts mapped to each MAG were 

directly imported into DESeq2, which applies internal normalization. The results of 

this approach are presented in the CAZyme section. 

 

2. KO-level analysis: Non-normalized gene counts with the same KEGG orthology 

(KO) annotation were aggregated, creating a matrix of KO counts per MAG. This 

matrix was then analyzed in DESeq2, with results presented in the context of the 

main biogeochemical processes expressed by the arid microbial community. 

Pairwise DESeq2 comparisons were conducted between consecutive time points 

to capture temporal expression changes. Specifically, comparisons included May vs. 

July_1 (dry vs. monsoon onset), July_1 vs. July_2 (intra-monsoon), July_2 vs. July_3 

(intra-monsoon), July_3 vs. August (intra-monsoon, increasing plant activity), August vs. 

October (monsoon to dry transition), and October vs. May 2022 (end of monsoon vs. pre-

monsoon of the following year).  

Shrunken log2 fold change (LFC) estimates were calculated using the DESeq2 

lfcShrink function with the óapeglmô method 145. Genes were considered differentially 
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expressed (upregulated or downregulated) if they had an adjusted p-value < 0.05 and an 

absolute LFC > 2. Differentially expressed genes (DEGs) per each MAG are listed in the 

Supp. Table 9, and in the text, they are explicitly described as ódifferentially expressedô, 

óupregulatedô, or ódownregulatedô. Otherwise, references to expression patterns indicate 

non-DE genes. 

Untargeted tandem liquid chromatography-mass spectrometry (LC-MS/MS) 

Soil metabolites were extracted from 2.5 grams of soil using a sequential water 

and ethanol extraction method as described in 19. Briefly, 2.5 grams were placed into 15 

ml Eppendorf tubes and mixed with 5 ml of double distilled water. The mixture was 

vortexed briefly and sonicated for 2 hours. Then, samples were centrifuged and the 

supernatant was transferred to a new tube and stored at -20 C. This extraction was 

repeated twice. Next, 5 ml of HPLC grade ethanol was added to the same soil, and the 

vortexing and sonication steps were repeated. The ethanol extraction was repeated twice. 

Finally, water and ethanol extracts were combined and vortexed. 

A total of 10 mL of metabolite extracts were dried down for each liquid 

chromatography method, hydrophilic interaction liquid chromatography (HILIC) and 

reverse-phase (RP) liquid chromatography. Extras were split into 2 ml glass vials and 

dried down using a Vacufuge plus (Eppendorf, USA). Samples were then resuspended 

in 250 ul of a solution of 50% Acetonitrile and 50% water for HILIC and 250 ul of a solution 

of 80% water and 20% HPLC grade methanol for RP.  

Liquid chromatography was performed using a Thermo Scientific Vanquish Duo 

ultra-high-performance liquid chromatography (UHPLC) system. Metabolite separation 

was achieved with a Waters ACQUITY HSS T3 C18 column for reverse-phase (RP) 

separation and a Waters ACQUITY BEH amide column for hydrophilic interaction liquid 

chromatography (HILIC). Samples (1 µL injection volume) were eluted under the following 

gradients: for RP, the gradient transitioned from 99% mobile phase A (0.1% formic acid 

in HϜO) to 95% mobile phase B (0.1% formic acid in methanol) over 16 minutes; for HILIC, 

it transitioned from 99% mobile phase A (0.1% formic acid, 10 mM ammonium acetate, 

90% acetonitrile, 10% HϜO) to 95% mobile phase B (0.1% formic acid, 10 mM ammonium 

acetate, 50% acetonitrile, 50% HϜO). Both columns were maintained at 45°C with a flow 

rate of 300 µL/min. 

Spectral data were acquired using a Thermo Scientific Orbitrap Exploris 480 mass 

spectrometer with a heated electrospray ionization (H-ESI) source. A spray voltage of 

3500 V was used for positive mode (RP) and 2500 V for negative mode (HILIC). The ion 

transfer tube and vaporizer were both set to 350°C. Data-dependent MS/MS 

fragmentation was performed using higher-energy collisional dissociation (HCD) with 

collision energies of 20, 40, and 80. 

Data processing was conducted using Compound Discoverer 3.3.2.31 (Thermo 

Fisher Scientific) with an untargeted metabolomics workflow. Spectra were first aligned, 
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followed by peak detection. Putative elemental compositions of unknown compounds 

were predicted based on exact mass, isotopic pattern, fine isotopic structure, and MS/MS 

data using the built-in HighChem Fragmentation Library. Metabolite annotation was 

carried out using an in-house database of 1200 reference standards, spectral libraries, 

and compound databases. Annotation followed a three-step process: (1) fragmentation 

scans, retention times, and ion masses were matched against the in-house database; (2) 

MS² spectra were searched in mzCloud, a curated repository containing over 9 million 

spectra and 20,000 compounds; and (3) predicted compositions were assessed based 

on mass error, matched isotopes, missing fragments, spectral similarity scores, and 

theoretical versus measured isotope patterns. A mass tolerance of 5 ppm was applied for 

composition prediction. 

Compound annotation confidence levels were assigned according to the 

Metabolomic Standards Initiative 146. Level 1 - compounds with an exact match to a 

reference standard in our in-house library; Level 2 - compounds identified through MS2 

spectral similarity with online database mzCloud. Annotations were manually reviewed to 

validate identifications, identify isomers, and remove insource fragments. Additionally, 

annotated compounds were manually inspected based on spectral quality, peak shape, 

and retention time. 

To expand annotation coverage we used additional tools: SIRIUS v5.8.6, 

CSI:Finger ID 147 148 149 and, only for RP data, a method based on prediction of metabolite 

annotation based on retention time using meta-learned projections 150 was used. The 

model was implemented using in-house scripts (data not published). To assign compound 

classes, features with a known name or putative chemical structure were classified using 

ClassyFire 151, while unknown features with available MS2 data were categorized using 

CANOPUS 152. Based on these additional annotation tools, the annotation levels were 

refined as follows: L2.1 compounds annotated with mzCloud. L2.2 compounds whose 

annotation matched in at least two tools. L2.3 compounds with annotation assigned with 

a single tool. When annotations did not match between tools, all annotations were kept. 

Level 3.1 compounds with molecular formula predicted matching the CD Predicted 

Compositions node and any of the other two tools mentioned. L3.3 molecular formula 

predicted by a single annotation tool.  

Statistical analysis 

All statistical analyses were performed in R v4.3.2. 

Metabolomics data collected in RP and HILIC mode were analyzed separately. 

Previous to data normalization, 10% of the metabolite features were removed based on 

the estimated interquartile range using the matrixStats v1.2.0 R package. Followed, a 

median normalization was applied.  

Metatranscriptomics read counts were normalized following the gene length 

corrected trimmed mean of M-values 153, as previously described in 19.  
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A non-metric multidimensional scaling (NMDS) analysis was performed separately 

for each multi-omic dataset using the metaMDS() function from the vegan v2.6.6.1 R 

package. The input data included metagenome-assembled genome (MAG) abundances 

represented as trimmed means of M-values (TMM), Gene length corrected trimmed mean 

of M-values geTMM-normalized transcriptome reads, and median-normalized metabolite 

abundances. 

The identification of functional microbial groups was defined using a hierarchical 

clustering based on mean transcript expression per MAG across sampling months. 

We performed a redundancy analysis (RDA) to investigate the effect of 

environmental variables on the arid metabolome, we used relative abundance of 

metabolites (RP and HILIC mode, separately) as response variables and environmental 

factors and microbial diversity as explanatory variables. Environmental variables used 

were: total nitrogen, pH, soil moisture content, inorganic nitrate-nitrogen (NO3-N), 

ammonium-nitrogen (NH4-N), carbon to nitrogen ratio (C:N) and microbial diversity was 

calculated based on 16 s rRNA amplicon sequencing previous published by 19. Response 

variables were standardized using decostand() R function from vegan v2.6.6.1, 

multicollinearity was checked using the performance R package v.0.12.2. To test the 

significance of each individual explanatory variable in the model, we conducted an anova 

test using anova.cca() R function from vegan with 1000 permutations, variables were 

considered significant at p < 0.05. 

A linear mixed-effects modeling approach was used to identify metabolites with 

key functional roles across monsoon conditions. Median-normalized metabolite 

abundances, analyzed separately for reverse-phase (RP) and hydrophilic interaction 

liquid chromatography (HILIC) modes, served as the response variables. Based on the 

results of the redundancy analysis (RDA), moisture, pH, and carbon-to-nitrogen (C:N) 

ratio were included as fixed-effect predictors. Each metabolite was tested individually 

using the lmer() function from the lmerTest R package v3.1.3, which provides significance 

testing for fixed effects in linear mixed-effects models. 

A dynamic time warping (DTW) approach was employed to cluster significantly 

changing metabolites, as identified by the linear mixed-effects model. This analysis was 

conducted separately for RP and HILIC modes. For each significant metabolite, the mean 

relative abundance was calculated per month of sampling to construct time series profiles. 

Prior to clustering, the data were z-score standardized to focus on the shape of temporal 

patterns. Time series clustering was performed using the tsclust() function from the 

dtwclust R package (v6.0.0), applying a hierarchical agglomerative algorithm with 

average linkage and shape-based distance (SBD) as the similarity metric. Several values 

of k were tested, and a final value of k = 50 was selected based on the separation and 

interpretability of metabolite temporal patterns. Cluster centroids were defined using 

shape-based averaging to represent the dominant trend within each group. 
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Figures 

 

 
Figure 1. Arid microbial community and soil metabolome response to monsoon 

transitions. (A) Non-metric multidimensional scaling (NDMS) of metagenome-


















