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Abstract. Atmospheric carbon dioxide (CO2) sequestration is commonly attributed to plant-driven processes, while the
contribution of soil microorganisms remains comparatively underexplored. This imbalance is particularly relevant in dryland
ecosystems, which cover over 45% of Earth’s land surface and store a substantial fraction of global soil organic carbon. Despite
their vast extent and ecological significance, current frameworks often overlook the metabolic potential of microbial
communities inhabiting these environments. In drylands, microorganisms have evolved diverse metabolic strategies to capture
and store atmospheric carbon, supported by multiple carbon-fixation pathways that extend beyond the Calvin—Benson—
Bassham cycle. Here, we examine microbial carbon fixation in dryland ecosystems as an underexplored component of the
global carbon cycle. We highlight the diversity, metabolic flexibility, and stress adaptations of carbon-fixing microbes and
discuss the dominant pathways supporting carbon assimilation under arid conditions. By integrating evidence across studies,
the findings suggest that microbial processes in drylands can contribute to carbon sequestration in ways not fully captured by
plant-centered perspectives. This review provides a framework for incorporating microbial metabolic diversity into current

models of terrestrial carbon cycling and highlights its relevance for climate change mitigation strategies.

1. Introduction

Soil represents the largest terrestrial carbon pool and plays a critical role in global climate mitigation. Dryland ecosystems,
which cover >45% of Earth’s land surface, contribute substantially to global carbon storage, with their overall impact driven
largely by their vast spatial extent (Moharana et al., 2024). Reduced decomposition rates under arid conditions further enhance
long-term carbon retention, reinforcing the importance of aridity in the global carbon balance (Wu et al., 2024). Current
investigations of terrestrial carbon sequestration have largely focused on plant-driven processes. However, this perspective

may overlook the contribution of soil microbial communities, particularly in ecosystems where vegetation is sparse or
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intermittent (Schimel, 2018). In drylands, where plant productivity is often limited, microorganisms may play a more
prominent role in carbon fixation than typically recognized (Wei et al., 2023).

Microbial carbon fixation in drylands is supported by a diverse range of metabolic pathways, allowing
microorganisms to assimilate carbon under fluctuating and extreme environmental conditions. In addition to classical
autotrophic processes, many soil microbes can utilize alternative energy sources, such as atmospheric trace gases, to sustain
carbon assimilation (Leung et al., 2020). These adaptive strategies may enable microbial communities to contribute to carbon
sequestration in ways not fully captured by current models of terrestrial carbon cycling.

Despite growing interest in soil carbon dynamics, the role of microbial metabolism in dryland carbon sequestration remains
insufficiently integrated into current research. This gap is particularly relevant given the global distribution of drylands and
the vast diversity of microbial communities inhabiting these environments.

In this study, we examined microbial carbon fixation in dryland ecosystems as an underexplored component of the
global carbon cycle. We synthesize recent advances in microbial ecology and metabolism, highlight dominant carbon-fixation
pathways, and discuss how microbial processes may influence carbon sequestration under arid conditions. By integrating these
perspectives, we aimed to provide a more comprehensive understanding of carbon dynamics in drylands and identify key

directions for future research.

2. Dryland Microbial Contribution to Carbon Fixation

Microbial communities are key contributors to carbon cycling in dryland ecosystems, where plant primary productivity is often
limited (Maestre et al., 2021). Although traditionally considered secondary to plant-driven processes, autotrophic
microorganisms account for approximately 4% of global annual CO: fixation (Bossio et al., 2020), demonstrating a measurable
contribution to carbon capture at the global scale.

Reported fixation rates average approximately 22 mg C m~ day! (Lynn et al., 2017), and when considered across
the extensive global coverage of drylands, these rates translate into a substantial cumulative contribution to terrestrial carbon
sequestration. In addition, soil microbial biomass (MBC) stores approximately 23.2 Pg of carbon in the top 1 m (0—-100 cm)
of soil, reinforcing the role of microorganisms as a significant, yet often underrecognized, carbon reservoir (Ledn-Sobrino and
2019).

The composition of dryland microbial communities further supports their functional importance. Bacteria dominate
these systems (=93%), followed by fungi (6%) and archaea (0.43%), reflecting adaptation to diverse energy sources that sustain
carbon cycling under resource-limited conditions (Ledn-Sobrino et al., 2019). Among these groups, Actinomycetota are
particularly abundant due to their metabolic versatility, capacity for sporulation, and ability to conserve energy by suppressing
costly processes such as motility and macromolecule synthesis (van Bergeijk et al., 2020). Other microbial taxa, including
Pseudomonadota, Cyanobacteria, Bacteroidota, Firmicutes, Gemmatimonadota, Nitrospirota, and Thaumarchaeota, also

contribute to nutrient cycling and broader biogeochemical processes (Bukar et al., 2019; Zhang et al., 2023).
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Microbial carbon fixation in drylands is supported by a wide range of metabolic strategies that enable carbon
assimilation under fluctuating and extreme environmental conditions. In contrast to plant-driven processes, microbial activity
is not strictly constrained by phenology; instead, it is primarily regulated by abiotic factors such as soil temperature, moisture,
pH, organic carbon content, and precipitation (Zheng et al., 2022). This flexibility allows microbial communities to rapidly
respond to transient resource availability, particularly following precipitation events.

Biological soil crusts (BSCs) are important contributors to carbon fixation in many dryland systems and function as
key primary producers in environments with limited vegetation (Xu et al., 2022). However, carbon fixation is not restricted to
these surface-associated communities. Free-living soil microorganisms also contribute significantly to atmospheric CO2
assimilation across diverse dryland soil types (Ge et al., 2013; Zhao et al., 2018). Together, these findings indicate that
microbial carbon fixation extends beyond localized niches and represents a widespread process across dryland ecosystems.

Quantitative assessments further support the significance of microbial contributions. Microbial gross primary
productivity (GPP) in drylands has been estimated to reach approximately 18.2% of plant GPP (Chen et al., 2021a),
highlighting the need to incorporate microbial processes into terrestrial carbon budgets. Conventional satellite-based
approaches that focus exclusively on vegetation may therefore underestimate total GPP in drylands by neglecting microbial
activity.

The persistence of microbial carbon fixation under harsh dryland conditions is enabled by a suite of adaptive
strategies. Microorganisms can alternate between active growth and dormancy, accumulate compatible solutes for osmotic
balance, produce extracellular polymeric substances to retain moisture, and stabilize cellular components under stress (Lebre
et al., 2017). In addition, the presence of genes associated with carbon fixation (e.g., chbL) and energy-efficient metabolic
pathways supports rapid reactivation following environmental changes (Zhao et al., 2018).

Microbial autotrophy in drylands is fueled by phototrophic and chemolithoautotrophic processes. Oxygenic
phototrophs, such as Cyanobacteria, contribute significantly to energy capture and carbon assimilation, while
chemolithoautotrophic microorganisms utilize inorganic compounds such as CO, Ha, sulfate, phosphite, and iron as energy
sources (Correa et al., 2023). In arid and hyper-arid environments, chemolithoautotrophy may play a particularly important
role due to its metabolic versatility and capacity to operate under extreme conditions (Pinheiro et al., 2023). Higher expression
of chemoautotrophic carbon-fixation genes relative to photosynthetic genes further supports this functional shift (Ledn-Sobrino
etal., 2019).

Evidence from in situ carbon tracing and metagenomic analyses indicates that a substantial proportion of CO» fixation
genes in dryland soils are associated with chemoautotrophic and heterotrophic microorganisms (Liu et al., 2021). These
findings reinforce the importance of incorporating microbial metabolic diversity into current representations of terrestrial
carbon cycling.

Collectively, these results demonstrate that microbial carbon fixation in drylands is not a marginal process but a

widespread and functionally significant component of the global carbon cycle. Integrating microbial contributions into carbon-
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cycle models will improve estimates of carbon fluxes and enhance predictions of soil carbon sequestration potential under

ongoing climate change, particularly in expanding dryland regions.

3. Distribution of Carbon-Fixation Pathways in Dryland

Autotrophic microorganisms employ a diverse set of carbon-fixation pathways, reflecting the evolutionary and ecological
constraints that shape carbon assimilation across environments. Seven major pathways have been described, including the
Calvin—Benson—Bassham (CBB) cycle, the reductive tricarboxylic acid (rTCA) cycle, the reductive acetyl-CoA (Wood—
Ljungdahl, WL) pathway, and some variants of the 3-hydroxypropionate (3-HP) and hydroxybutyrate cycles (Berg et al., 2011;
Figueroa et al., 2018; Correa et al., 2023). In addition to these established pathways, other natural C-fixation cycles have been
described in some bacteria, and analyzed by combining large-scale omics and biochemistry, such as the reductive hexulose-
phosphate (RHP) cycle and reverse oxidative tricarboxylic acid cycle (roTCA) (Garritano et al., 2022) (Table 1). This
metabolic diversity provides microorganisms with the flexibility to sustain carbon fixation under a wide range of environmental
conditions.

The distribution of these pathways is strongly influenced by environmental constraints, particularly energy availability

and oxygen levels. Early metabolic networks likely combined elements of the rTCA and WL pathways, conferring robustness
under fluctuating conditions despite relatively low energy efficiency (Braakman and Smith, 2012). As atmospheric oxygen
levels increased, selective pressures favored pathways that were more tolerant of oxidative stress, driving the diversification
of modern carbon-fixation strategies (Zhao et al., 2020). Adaptations such as the evolution of carboxysomes in certain
chemolithoautotrophs further enhance carbon assimilation efficiency by minimizing carbon loss and protecting oxygen-
sensitive enzymes (Correa et al., 2024).
In dryland ecosystems, these environmental constraints are particularly pronounced. Low nutrient availability, limited water,
and fluctuating oxygen conditions favor energy-efficient metabolic strategies, resulting in a distinct distribution of carbon-
fixation pathways compared with more productive ecosystems. Although the CBB cycle dominates carbon fixation in many
terrestrial environments, alternative pathways, particularly the rTCA cycle and WL pathway, are more prevalent in oligotrophic
dryland soils (Liu et al., 2018).

The predominance of the rTCA cycle in drylands reflects its relatively low energy requirement and suitability for
microaerophilic conditions. This pathway operates in the reverse direction of the oxidative tricarboxylic acid cycle, producing
acetyl-CoA from COz with lower ATP demand than the CBB cycle (Hiigler and Sievert, 2011). Its reliance on oxygen-sensitive
enzymes further explains its association with low-oxygen microenvironments commonly found in dryland soils. Following the
rTCA cycle, the DC/HB cycle and WL pathway also contribute significantly, likely due to their high energy efficiency and
adaptability to nutrient-limited conditions (Yang et al., 2024).

Empirical evidence supports the ecological relevance of these pathways in drylands. Metagenomic analyses have
revealed a high abundance of genes associated with the rTCA cycle, often exceeding those of the CBB and other pathways
(Liu et al., 2018). Stable isotope labeling studies further demonstrate that carbon fixation in dryland soils is closely linked to
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the activity of multiple pathways, including the rTCA, 3-HP, and WL pathways (Liu et al., 2018). These findings indicate that
microbial carbon fixation in drylands relies on a network of complementary metabolic routes rather than a single dominant
pathway.

Environmental gradients, particularly precipitation, play a central role in shaping pathway distribution. The abundance
of carbon-fixation genes generally increases with moisture availability, with semi-humid regions supporting greater pathway
diversity and activity than more arid sites (Huang et al., 2022). These findings suggest that water availability acts as a primary
regulator of microbial carbon fixation, influencing both the abundance and activity of autotrophic communities.

Although alternative pathways dominate in many dryland soils, the CBB cycle remains important in specific
microenvironments. For example, BSCs often exhibit high chbL gene abundance, reflecting the contribution of phototrophic
microorganisms such as Cyanobacteria (Zhao et al., 2021). In these localized niches, carbon fixation is driven primarily by
light-dependent processes, highlighting the spatial heterogeneity of metabolic strategies within dryland ecosystems.

Beyond phototrophy, chemolithoautotrophic processes play a critical role in sustaining carbon fixation under extreme
conditions. These microorganisms utilize inorganic compounds such as CO, Hz, and reduced sulfur or iron species as energy
sources, enabling carbon assimilation independent of light availability (Correa et al., 2023). In arid and hyper-arid
environments, chemolithoautotrophy may be particularly important due to its capacity to operate under severe resource
limitations (Pinheiro et al., 2023).

Emerging evidence also highlights the potential role of thermophilic microorganisms in dryland carbon cycling. These
organisms possess heat-stable enzymes and metabolic adaptations that enable activity at elevated temperatures, which are
increasingly prevalent in expanding drylands (Schultz et al., 2024). Although their roles in carbon mineralization are well
established, their contribution to CO: fixation remains poorly understood, representing an important avenue for future research.

Collectively, these findings demonstrate that the distribution of carbon-fixation pathways in drylands is shaped by
strong environmental constraints that favor metabolic efficiency and flexibility. The predominance of alternative pathways
over the CBB cycle highlights the importance of considering microbial metabolic diversity when assessing carbon
sequestration in these ecosystems. Integrating these processes into current models of terrestrial carbon cycling is essential for

accurately understanding carbon fluxes in drylands and improving predictions under ongoing climate change.

4. Carbon Cycle Dynamics in Drylands
Understanding carbon cycling in drylands is essential for contextualizing the role of microbial processes within the broader
carbon system. Carbon fluxes in dryland ecosystems play a critical role in the global carbon cycle by mediating exchanges
between the atmosphere, soil, and biosphere through abiotic and biotic processes. Although terrestrial ecosystems exchange
more CO2 with the atmosphere than oceans, soils alone store >2,300 Pg of carbon in the top three meters (Regnier et al., 2022),
highlighting their importance as long-term carbon reservoirs.

In drylands, carbon cycling is characterized by a distinctive balance between soil organic carbon (SOC) and soil

inorganic carbon (SIC). Unlike more productive ecosystems, in which SOC dominates, dryland carbon stocks are largely

5
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governed by SIC pools, which exhibit long geological residence times and serve as major carbon reservoirs (Moharana et al.,
2021). The formation and stabilization of SIC are primarily driven by abiotic processes such as carbonate weathering and
bicarbonate leaching; however, increasing evidence suggests that microbial activity also contributes to inorganic carbon
formation in desert soils (Liu et al., 2020).

Despite the dominance of SIC, SOC remains a critical and dynamic component of dryland carbon cycling. SOC is
typically concentrated beneath vegetation and within subsoil layers, where it exhibits greater stability and longer residence
times compared to surface carbon (Shi et al., 2020). Its persistence reflects the balance between carbon inputs through
photosynthesis and outputs through microbial respiration and decomposition. In this context, microbial processes play a central
role in regulating SOC dynamics by mediating carbon stabilization and mineralization.

Microbial activity also governs key processes such as the priming effect, which determines whether soils act as net
carbon sources or sinks. The addition of labile substrates can stimulate microbial decomposition of native SOC, enhancing
CO:z release, particularly in carbon-poor soils (Guenet et al., 2018). Conversely, negative priming may occur when substrate
inputs reduce microbial turnover, promoting carbon retention (Chen et al., 2021b). These contrasting responses highlight the
complexity of microbially mediated carbon dynamics in drylands.

Beyond organic carbon processes, microorganisms also influence carbon cycling through the oxidation of atmospheric
trace gases. Soil microbes possessing specialized metalloenzymes consume reduced gases such as H> and CO, contributing
significantly to global atmospheric budgets (Bay et al., 2021). These processes provide alternative energy sources that sustain
microbial metabolism and indirectly support carbon assimilation under resource-limited conditions.

Environmental pressures further shape carbon cycling in drylands. High temperatures, low precipitation, land
degradation, and soil erosion collectively reduce carbon stocks and disrupt ecosystem function (Plaza-Bonilla et al., 2015).
Anthropogenic mismanagement has led to substantial carbon losses, estimated at 13—24 Pg across dryland regions (Okolo et
al., 2023). Erosion removes surface SOC and enhances carbon release through mineralization and exposure of carbonate-rich
substrates, accelerating carbon flux to the atmosphere.

Collectively, these processes demonstrate that carbon cycling in drylands is governed by a complex interplay of
abiotic and biotic factors, with microbial activity acting as a key regulator of organic and inorganic carbon pools. Incorporating
microbial processes into current models of dryland carbon dynamics is essential for accurately quantifying carbon fluxes and

predicting ecosystem responses to climate change.

5. Biological Strategies and Systems to Enhance Carbon Fixation in Drylands

Enhancing carbon sequestration in dryland ecosystems requires strategies that integrate microbial processes, vegetation
dynamics, and soil management. Whereas plant-based approaches have traditionally dominated carbon sequestration efforts,
growing evidence indicates that leveraging microbial metabolism and plant—microbe interactions can substantially improve

the efficiency of carbon fixation in these systems.
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In the subsequent sections, we outline key biological strategies that can enhance carbon sequestration in drylands, emphasizing

their underlying mechanisms and potential for large-scale application.

5.1. Microbial inoculants

Microbial inoculation represents a promising strategy to enhance carbon fixation in drylands by directly manipulating soil
microbiomes. Functional groups such as arbuscular mycorrhizal fungi, plant growth-promoting rhizobacteria, nitrogen-fixing
bacteria, and Actinomycetota improve nutrient cycling, soil structure, and plant resilience, thereby supporting increased carbon
sequestration (Kheirfam, 2020; Coleine et al., 2024).

Empirical evidence demonstrates that microbial inoculants can enhance short- and long-term carbon storage. Short-
term gains arise from increased microbial biomass and carbon-fixation activity, whereas long-term sequestration is promoted
through improved vegetation establishment and stress tolerance (Maestre et al., 2021; Fadiji et al., 2022). Cyanobacteria are
particularly effective due to their rapid growth, tolerance to extreme conditions, and capacity to contribute to biological soil
crust formation. Quantitative studies further highlight their potential: co-inoculation of Cyanobacteria (e.g., Oscillatoria sp.
and Nostoc sp.) with heterotrophic bacteria significantly increases carbon-fixation rates, demonstrating measurable gains in
carbon sequestration at the ecosystem scale (Kheirfam, 2020).

In addition to classical autotrophic processes, some dryland microorganisms sustain activity through trace gas
oxidation, maintaining metabolic readiness under prolonged drought. This strategy enables rapid reactivation following
precipitation events, thereby supporting continuous contributions to carbon fixation over time (Leung et al., 2024). Microbial
mediated carbonate formation also represents a potential pathway to enhance inorganic carbon storage. Approaches such as
inoculation with carbonate-forming microorganisms, optimization of soil moisture and mineral availability, and promotion of
biological soil crust development may increase SIC accumulation and long-term carbon retention. These findings indicate that
microbial inoculation offers a scalable and mechanistically grounded approach for enhancing carbon sequestration in drylands,

although further research is needed to optimize microbial consortia and ensure long-term stability across diverse environments.

5.2 Native plant species and afforestation

Vegetation plays a central role in carbon sequestration through aboveground biomass production and its influence on soil

carbon inputs and plant-microbe interactions. Native and drought-adapted species are particularly effective due to their ability

to allocate carbon to deep root systems, where carbon is more stable and less susceptible to decomposition (Tariq et al., 2024).
The use of native species in restoration and afforestation programs enhances carbon storage and ecosystem resilience.

These plants improve soil structure, promote microbial activity, and create localized zones of enhanced biological activity

even under extreme conditions (Ménard et al., 2023).

Large-scale afforestation initiatives, including programs in China, the African Sahel, and Australia, demonstrate the global

commitment to vegetation-based climate mitigation strategies. Model-based projections suggest that dryland afforestation

could contribute substantially to carbon sequestration, with estimated mitigation potential exceeding 50 Gt C under optimized
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conditions (Rohatyn et al., 2022). However, these strategies must be carefully implemented to avoid unintended tradeoffs,
particularly related to water availability and soil salinization. Optimizing species selection, spatial distribution, and ecosystem
carrying capacity is essential to ensure long-term sustainability (Yang et al., 2023). Integrating plant-based approaches with
microbial processes may further enhance carbon sequestration by strengthening plant-microbe interactions and improving

nutrient cycling efficiency.

5.3. Biochar amendments

Biochar application represents an additional strategy to enhance carbon sequestration by simultaneously improving soil
properties and microbial activity. As a stable, carbon-rich material, biochar increases SOC, enhances water retention, and
improves nutrient availability in dryland soils (Brtnicky et al., 2021).

Biochar also modifies the soil microbiome by providing physical habitat, retaining moisture, and promoting microbial
diversity. Increased abundance of beneficial taxa such as Bacillus and Pseudomonas has been associated with improved soil
health and plant growth, while reductions in pathogenic fungi contribute to ecosystem stability (Li et al., 2020; Ajema, 2018).
Changes in microbial community structure following biochar application further support its role in carbon sequestration.
Enhanced microbial activity and diversity increase the efficiency of carbon cycling and stabilization processes, particularly in
the topsoil layer where biological activity is concentrated (Lv et al., 2022). By simultaneously influencing physical, chemical,
and biological processes, biochar provides a multifunctional approach for improving carbon storage in drylands and represents

a promising tool for climate change mitigation in these environments.

6. Final Remarks
Dryland ecosystems are expanding rapidly under ongoing climate change, with increasing aridity and land degradation
threatening their capacity to store carbon. Although these systems have traditionally been viewed as carbon-poor and
biologically constrained, this perspective fails to fully capture the functional role of microbial communities in regulating
carbon dynamics.

Throughout this review, we demonstrate that microorganisms in drylands are active contributors to carbon fixation
and storage. Their metabolic diversity, capacity to operate under extreme conditions, and use of multiple carbon-fixing
pathways enable carbon assimilation in environments where plant productivity is limited. These findings suggest that microbial
processes represent an underappreciated component of the global carbon cycle.

Despite this, current models and policy frameworks remain largely centered on plant-driven carbon sequestration,
often overlooking microbial contributions. Integrating microbial metabolism into carbon-cycle models is therefore essential to
improve predictions of carbon fluxes and better represent dryland ecosystems in climate projections. From an applied
perspective, strategies that combine microbial inoculation, plant-based restoration, and soil amendments offer promising
avenues to enhance carbon sequestration in drylands. However, the long-term effectiveness and scalability of these approaches

remain insufficiently explored across diverse dryland environments.
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Future research should prioritize the quantification of microbial carbon-fixation rates at ecosystem scales and the
integration of molecular tools, such as metagenomics and isotopic tracing, to directly link microbial activity with carbon
sequestration outcomes. Expanding experimental frameworks to include microbial responses under changing atmospheric
conditions will further improve our understanding of their role in climate regulation.

Ultimately, recognizing microorganisms as active regulators of carbon cycling in drylands is critical for advancing
scientific understanding and climate mitigation strategies. Incorporating microbial processes into environmental policy and
land management practices will be essential to fully realize the carbon-sequestering potential of these rapidly expanding

ecosystems.

Author contributions

SSC: Conceptualization, methodology, writing — original draft, writing — review and editing. JS: Data curation, writing —
original draft, writing — review and editing. BS: Review and editing. ASR: Validation, writing — review and editing. SM:

Supervision and conceptualization, funding, writing — review and editing.

Competing interests

The authors declare no known competing financial interests or personal relationships that could have influenced the work

reported in this paper.

Acknowledgements

We thank the Brazilian National Council for Scientific and Technological Development (CNPq, Brazil) for supporting the
English-language review and figure development and King Abdullah University of Science and Technology for supporting the

English-language review.

Financial support

This work was financially supported by a UPAR Grant (#12R237) awarded to S.M. by the United Arab Emirates University.

Review statement

The review statement will be added by Copernicus Publications listing the handling editor as well as all contributing referees

according to their status anonymous or identified.



295

300

305

310

315

320

https://doi.org/10.5194/egusphere-2026-2278
Preprint. Discussion started: 13 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

References

Ajema, L. Effects of biochar application on beneficial soil organism. International Journal of Research Studies in Science,
Engineering and Technology, 5(5), 9-18, 2018.

Bay, S. K., Dong, X., Bradley, J. A., Leung, P. M., Grinter, R., Jirapanjawat, T., ... & Greening, C. Trace gas oxidizers are
widespread and active members of soil microbial communities. Nature Microbiology, 6(2), 246-256, 2021.

Berg, I. A. Ecological aspects of the distribution of different autotrophic CO2 fixation pathways. Applied and Environmental
Microbiology, 77(6), 1925-1936, 2011.

Bossio, D. A., Cook-Patton, S. C., Ellis, P. W., Fargione, J., Sanderman, J., Smith, P., ... & Griscom, B. W. The role of soil
carbon in natural climate solutions. Nature Sustainability, 3(5), 391-398, 2020.

Braakman, R., & Smith, E. The emergence and early evolution of biological carbon-fixation. PLoS Computational Biology,
8(4), 1002455, 2012.

Brtnicky, M., Datta, R., Holatko, J., Bielska, L., Gusiatin, Z. M., Kucerik, J., ... & Pecina, V. A critical review of the possible
adverse effects of biochar in the soil environment. Science of the Total Environment, 796, 148756, 2021.

Bukar, M., Sodipo, O., Dawkins, K., Ramirez, R., Kaldapa, J. T., Tarfa, M., & Esiobu, N. Microbiomes of top and sub-layers
of semi-arid soils in north-eastern nigeria are rich in firmicutes and proteobacteria with surprisingly high diversity of rare
species. Advances in Microbiology, 9(1), 102-118, 2019.

Chen, G., Fang, Y., Van Zwieten, L., Xuan, Y., Tavakkoli, E., Wang, X., & Zhang, R. Priming, stabilization and temperature
sensitivity of native SOC is controlled by microbial responses and physicochemical properties of biochar. Soil Biology and
Biochemistry, 154, 108139, 2021b.

Chen, H., Wang, F., Kong, W., Jia, H., Zhou, T., Xu, R., ... & Wu, J. Soil microbial CO2 fixation plays a significant role in
terrestrial carbon sink in a dryland ecosystem: A four-year small-scale field-plot observation on the Tibetan Plateau. Science
of the Total Environment, 761, 143282, 2021a.

Coleine, C., Delgado-Baquerizo, M., DiRuggiero, J., Guirado, E., Harfouche, A. L., Perez-Fernandez, C., ... & Egidi, E.
Dryland microbiomes reveal community adaptations to desertification and climate change. The ISME Journal, 18(1), wrae056,
2024.

Correa, S. S., Schultz, J., Zahodnik-Huntington, B., Naschberger, A., & Rosado, A. S. Carboxysomes: The next frontier in
biotechnology and sustainable solutions. Biotechnology Advances, 79, 108511, 2024.

Correa, S. S., Schultz, J., Lauersen, K. J., & Rosado, A. S. Natural carbon fixation and advances in synthetic engineering for
redesigning and creating new fixation pathways. Journal of Advanced Research, 47, 75-92, 2023.

Fadiji, A. E., Babalola, O. O., Santoyo, G., & Perazzolli, M. The potential role of microbial biostimulants in the amelioration

of climate change-associated abiotic stresses on crops. Frontiers in Microbiology, 12, 829099, 2022.

10



325

330

335

340

345

350

https://doi.org/10.5194/egusphere-2026-2278
Preprint. Discussion started: 13 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Figueroa, I. A., Barnum, T. P., Somasekhar, P. Y., Carlstrom, C. 1., Engelbrektson, A. L., & Coates, J. D. Metagenomics-
guided analysis of microbial chemolithoautotrophic phosphite oxidation yields evidence of a seventh natural CO2 fixation
pathway. Proceedings of the National Academy of Sciences, 115(1), E92-E101, 2018.

Ge, T., Wu, X., Chen, X., Yuan, H., Zou, Z., Li, B., ... & Wu, J. Microbial phototrophic fixation of atmospheric CO2 in China
subtropical upland and paddy soils. Geochimica et Cosmochimica Acta, 113, 70-78, 2013.

Garritano, A. N., Song, W., & Thomas, T. Carbon fixation pathways across the bacterial and archaeal tree of life. PNAS Nexus,
1(5), pgac226, 2022.

Guenet, B., Camino-Serrano, M., Ciais, P., Tifafi, M., Maignan, F., Soong, J. L., & Janssens, I. A. Impact of priming on global
soil carbon stocks. Global Change Biology, 24(5), 1873-1883, 2018.

Huang, L., Li, H., Zhang, Y., Wang, X., Zhang, T., & Xu, Y. Precipitation gradient shapes carbon fixation pathways in arid
and semi-arid ecosystems revealed by 13C labeling. Soil Biology and Biochemistry, 172, 108702, 2022.

Hiigler, M., & Sievert, S. M. Beyond the Calvin cycle: Autotrophic carbon fixation in the ocean. Annual Review of Marine
Science, 3(1), 261-289, 2011.

Kheirfam, H. Increasing soil potential for carbon sequestration using microbes from biological soil crusts. Journal of Arid
Environments, 172, 104022, 2020.

Kono, T., Mehrotra, S., Endo, C., Kizu, N., Matusda, M., Kimura, H., ... & Ashida, H. A RuBisCO-mediated carbon metabolic
pathway in methanogenic archaea. Nature Communications, 8(1), 14007, 2017.

Lebre, P. H., De Maayer, P., & Cowan, D. A. Xerotolerant bacteria: Surviving through a dry spell. Nature Reviews
Microbiology, 15(5), 285-296, 2017.

Ledn-Sobrino, C., Ramond, J. B., Maggs-Koélling, G., & Cowan, D. A. Nutrient acquisition, rather than stress response over
diel cycles, drives microbial transcription in a hyper-arid Namib Desert soil. Frontiers in Microbiology, 10, 1054, 2019.
Leung, P. M., Grinter, R., Tudor-Matthew, E., Lingford, J. P., Jimenez, L., Lee, H. C., ... & Greening, C. Trace gas oxidation
sustains energy needs of a thermophilic archaeon at suboptimal temperatures. Nature Communications, 15(1), 3219, 2024.
Leung, P. M., Bay, S. K., Meier, D. V., Chiri, E., Cowan, D. A., Gillor, O., ... & Greening, C. Energetic basis of microbial
growth and persistence in desert ecosystems. Msystems, 5(2), 10-1128, 2020.

Li, X., Wang, T., Chang, S. X, Jiang, X., & Song, Y. Biochar increases soil microbial biomass but has variable effects on
microbial diversity: A meta-analysis. Science of the Total Environment, 749, 141593, 2020.

Liu, Z., Sun, Y., Zhang, Y., Feng, W., Lai, Z., Fa, K., & Qin, S. Metagenomic and 13C tracing evidence for autotrophic
atmospheric carbon absorption in a semiarid desert. Soil Biology and Biochemistry, 125, 156-166, 2018.

Liu, Z., Sun, Y., Zhang, Y., Qin, S., Sun, Y., Mao, H., & Miao, L. Desert soil sequesters atmospheric CO2 by microbial mineral
formation. Geoderma, 361, 114104, 2020.

Liu, Z., Sun, Y., Zhang, Y., Feng, W., Lai, Z., & Qin, S. Soil microbes transform inorganic carbon into organic carbon by dark

fixation pathways in desert soil. Journal of Geophysical Research: Biogeosciences, 126(5), €2020JG006047, 2021.

11



355

360

365

370

375

380

385

https://doi.org/10.5194/egusphere-2026-2278
Preprint. Discussion started: 13 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Lv, Y., Xu, L., Guo, X., Liu, J., Zou, B., Guo, Y., ... & Zhao, M. Effect of biochar on soil physiochemical properties and
bacterial diversity in dry direct-seeded rice paddy fields. Agronomy, 13(1), 4, 2022.

Lynn, T. M., Ge, T., Yuan, H., Wei, X., Wu, X., Xiao, K., ... & Whiteley, A. S. Soil carbon-fixation rates and associated
bacterial diversity and abundance in three natural ecosystems. Microbial Ecology, 73(3), 645-657, 2017.

Maestre, F. T., Benito, B. M., Berdugo, M., Concostrina-Zubiri, L., Delgado-Baquerizo, M., Eldridge, D. J., ... & Soliveres,
S. Biogeography of global drylands. New Phytologist, 231(2), 540-558, 2021.

Mall, A., Sobotta, J., Huber, C., Tschirner, C., Kowarschik, S., Bac¢nik, K., ... & Berg, I. A. Reversibility of citrate synthase
allows autotrophic growth of a thermophilic bacterium. Science, 359(6375), 563-567, 2018.

Me¢énard, 1., Thiffault, E., Kurz, W. A., & Boucher, J. F. Carbon sequestration and emission mitigation potential of afforestation
and reforestation of unproductive territories. New Forests, 54(6), 1013-1035, 2023.

Moharana, P. C., Jena, R. K., Kumar, N., Singh, R. S., & Rao, S. S. Assessment of soil organic and inorganic carbon stock at
different soil depths after conversion of desert into arable land in the hot arid regions of India. Carbon Management, 12(2),
153-165, 2021.

Nunoura, T., Chikaraishi, Y., Izaki, R., Suwa, T., Sato, T., Harada, T, ... & Takai, K. A primordial and reversible TCA cycle
in a facultatively chemolithoautotrophic thermophile. Science, 359(6375), 559-563, 2018.

Okolo, C. C., Gebresamuel, G., Zenebe, A., Haile, M., Orji, J. E., Okebalama, C. B., ... & Eze, P. N. Soil organic carbon, total
nitrogen stocks and CO2 emissions in top-and subsoils with contrasting management regimes in semi-arid environments.
Scientific Reports, 13(1), 1117, 2023.

Pinheiro, Y., Faria da Mota, F., Peixoto, R. S., van Elsas, J. D., Lins, U., Mazza Rodrigues, J. L., & Rosado, A. S. A
thermophilic chemolithoautotrophic bacterial consortium suggests a mutual relationship between bacteria in extreme
oligotrophic environments. Communications Biology, 6(1), 230, 2023.

Plaza-Bonilla, D., Arrte, J. L., Cantero-Martinez, C., Fanlo, R., Iglesias, A., & Alvaro-Fuentes, J. Carbon management in
dryland agricultural systems. A review. Agronomy for Sustainable Development, 35(4), 1319-1334, 2015.

Regnier, P., Resplandy, L., Najjar, R. G., & Ciais, P. (2022). The land-to-ocean loops of the global carbon cycle. Nature,
603(7901), 401-410.

Rohatyn, S., Yakir, D., Rotenberg, E., & Carmel, Y. Limited climate change mitigation potential through forestation of the
vast dryland regions. Science, 377(6613), 1436-1439, 2022.

Schimel, J. P. Life in dry soils: Effects of drought on soil microbial communities and processes. Annual Review of Ecology,
Evolution, and Systematics, 49(1), 409-432, 2018.

Schlesinger, W. H. Inorganic carbon: Global carbon cycle. In Managing Global Resources and Universal Processes (pp. 431-
434). CRC Press, 2020.

Schultz, J., Correa, S. S., dos Santos, A., & Rosado, A. S. Disentangling the autotrophic thermophiles: concepts, diversity, and
emerging trends. In Microbial diversity in the genomic era (pp. 281-300). Academic Press, 2024.

12



390

395

400

405

410

415

420

https://doi.org/10.5194/egusphere-2026-2278
Preprint. Discussion started: 13 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Serrano-Ortiz, P., Sanchez-Caifiete, E. P., & Oyonarte, C. The carbon cycle in drylands. In Recarbonization of the biosphere:
Ecosystems and the global carbon Cycle (pp. 347-368). Springer, 2012.

Shi, Z., Allison, S. D., He, Y., Levine, P. A., Hoyt, A. M., Beem-Miller, J., ... & Randerson, J. T. The age distribution of global
soil carbon inferred from radiocarbon measurements. Nature Geoscience, 13(8), 555-559, 2020.

Singh, L. S., Awasthi, O. P., Singh, R. S., More, T. A., & Meena, S. R. Changes in soil properties under tree species. Indian
Journal of Agricultural Sciences, 82(2), 146, 2012.

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, S., O’Mara, F., Rice, C., Scholes, B., &
Sirotenko, O. Greenhouse gas mitigation in agriculture. Philosophical Transactions of the Royal Society B: Biological
Sciences, 363(1492), 789-813, 2008.

Tariq, A., Graciano, C., Sardans, J., Zeng, F., Hughes, A. C., Ahmed, Z., ... & Pefiuelas, J. Plant root mechanisms and their
effects on carbon and nutrient accumulation in desert ecosystems under changes in land use and climate. New Phytologist,
242(3), 916-934, 2024.

Tian, S., Liu, X., Jin, B., & Zhao, X. Contribution of fine roots to soil organic carbon accumulation in different desert
communities in the sangong river basin. International Journal of Environmental Research and Public Health, 19(17), 10936,
2022.

van Bergeijk, D. A., Terlouw, B. R., Medema, M. H., & van Wezel, G. P. Ecology and genomics of Actinobacteria: New
concepts for natural product discovery. Nature Reviews Microbiology, 18(10), 546-558, 2020.

Wei, Z., Ahmed Mohamed, T., Zhao, L., Zhu, Z., Zhao, Y., & Wu, J. Microhabitat drive microbial anabolism to promote
carbon sequestration during composting. Bioresource Technology, 346, 126577, 2022.

Wu, H,, Cui, H,, Fu, C, Li, R., Qi, F., Liu, Z., ... & Qiao, M. Unveiling the crucial role of soil microorganisms in carbon
cycling: A review. Science of the Total Environment, 909, 168627, 2024.

Yang, C., Li, X., Wang, Y., & Zhang, X. Advances in carbon fixation pathways in extremophiles: Adaptations to dryland
environments. Frontiers in Microbiology, 15, 1023456, 2024.

Yang, Y., L, Y., Fu, B., Wu, X., Wang, S., & Wu, T. The potential for carbon sequestration by afforestation can be limited
in dryland river basins under the pressure of high human activity. Science of the Total Environment, 858, 159817, 2023.

Xu, H., Zhang, Y., Shao, X., & Liu, N. Soil nitrogen and climate drive the positive effect of biological soil crusts on soil
organic carbon sequestration in drylands: A meta-analysis. Science of the Total Environment, 803, 150030, 2022.

Zhang, Z., Zhu, J., Ghenijan, O., Chen, J., Wang, Y., & Jiang, L. Prokaryotic taxonomy and functional diversity assessment
of different sequencing platform in a hyper-arid Gobi soil in Xinjiang Turpan Basin, China. Frontiers in Microbiology, 14,
1211915, 2023.

Zhao, K., Kong, W., Wang, F., Long, X. E., Guo, C., Yue, L., ... & Dong, X. Desert and steppe soils exhibit lower autotrophic
microbial abundance but higher atmospheric CO2 fixation capacity than meadow soils. Soil Biology and Biochemistry, 127,

230-238, 2018.

13



425

430

435

440

445

https://doi.org/10.5194/egusphere-2026-2278
Preprint. Discussion started: 13 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Zhao, K., Zhang, B., Li, J., Li, B., & Wu, Z. The autotrophic community across developmental stages of biocrusts in the
Gurbantunggut Desert. Geoderma, 388, 114927, 2021.

Zhao, L., Liu, Y., Wang, Z., Yuan, S., Qi, J., Zhang, W., ... & Li, X. Bacteria and fungi differentially contribute to carbon and
nitrogen cycles during biological soil crust succession in arid ecosystems. Plant and Soil, 447(1-2), 379-392, 2020.

Zheng, Z., Liu, B., Fang, X., Fa, K., & Liu, Z. Dryland farm soil may fix atmospheric carbon through autotrophic pathways.
Catena, 214, 106299, 2022.

14



EGUsphere\

//doi.org/10.5194/egusphere-2026-2278

https

13 May 2026

Preprint. Discussion started

(© Author(s) 2026. CC BY 4.0 License.

Sl
SIoUI0 DUE (12 ) oSBULLAS 01811 ur %) Immvnzz . SUD.10A1]20D 9143 poe AL
810C siomo pue [IEN w eI XOPALId -1K100y M%N H vjjanfinsaq Do8L> AIBPIXO ISIIANY
SUDILINJNSIP
(avupy) u :
9seud30IpAYOp  IXOPALId) ojeAns Immvnzz Iy OHqIA0fnsaq UNA|3
8107 SI9I0 pue voIONTI| - dLv 1u1]0.000UD D00€>
: JJeuLIo) pue H Ad/oyeurro @ dsoyqg osoniydso AIONPAI [BINJBN
Bupnpori0d  (d)AVN o9 piie oild
smpp1pun))
L10T SI9Y30 pue ouoyy ON oosigny H mﬂww\wmwm\ww IMAWM«Z ‘H oy Do0€> ayeqdsoqd
! (DAVN owo@:o.oiw PP njjridsounyapy -3S0[NXJY IANINPIY
u @ I
ose[Ax0qIed H{dAVN INJ[NS  D220I0ANfNSI(T
. IXOPaLId) L) ¥ ‘dLV . deafyngLxorpiy-p
110 stoyio pue S1og SOA dAd ‘oseyyuAs e K199 A pue s 086> EIAXOQIEN
eAnIkg Pu® H 1420V € - OOH tH appajo.idoutiay | IBIAX0GIEIA
(DavN 17001 NOPN—
‘9se[Ax0qIed H(@QAVN  Inyns
0 sajpqojofin 9)eILInqAX0.IpAY-
110T s10y10 pue S1og ON yoD-[Auordord ( &M<Z -_MQWA\ v dLV v pue NSMOMMM s DoEL> \Shzc.w_cma ?cwvm-.”.m
-v0D-1£100y ‘fODH T H ’ ’
ase[Axo0qIed
SI9Ujo pue 310 o voO-Auordoxd H reAnik Enﬁmvnz St ¥ euordoadLxoapAH-
[10T stoyio p q N ‘ase1AX0qIed (DAVN i d wm dlvV ¢ WsI'T posvx o0 DoSL> yeuot PAH-€
VOO-1K100Y _fODH €
aseudFoIpAyap s
0D-9seyjuAis 2]pqojS0aDY2.1Y
V0D-141008 w Voo H(dDAvVN ‘orejns
110 stoyio pue S1og SOA “aseua30IpAYIp xovubum hiay ¥ ALV q ‘sojpodwoun] (8> [yepsunlT—pooay
9jewtIo) 190D ¢ “BORYIIY
juspuadapur JrudFouryoU
-dvN 011030300y
ava1dsopIN
aseua3oIpAyop u HOAYN s poufinby
SIOYIO pUE LINOUNN SO X OYERIo0st 1XopaIey jeAnIkg ¥ ALV pue ‘D14210Dq02104J DoS6> PIE JlIdx0qIEaLY
810¢ ‘9seyjuhs pue H 00T WS ’ ‘earoeq ° AINPaY
aeren5oX0-z  (dAVN : LN
er1930eq 9[dind
H ojeydsoyd H(DAvVN ‘D14210Dq02104J
110 s1oyjo pue Sog ON Oostgny (DAvN -¢-opAy 9°dLV s J1q019e DoSL> uosuag—uIAre)
Ap[eIAIAID 60D € ‘D1I219PGOUDL)
‘oe3e ‘syueld
2
20U24122Y 241J1SUIS () sowd2ua A2y  gquvpINpay ndinQ nduy .ﬁ“em NN T2AT)) EMMNN& Avmyvg
Saousg

"SJUQWIUOJIAUD PUBIAIP Ul 90UBAS[AI [89150]009 J1oy) pue sAemujjed uonexy-uoqie) ' 9[qeL,

oSy



https://doi.org/10.5194/egusphere-2026-2278
Preprint. Discussion started: 13 May 2026 EG U S p h e re\

(© Author(s) 2026. CC BY 4.0 License.

Preprint repository

Fig. 1: Spatial distribution of microbial carbon fixation across a terrestrial gradient. The figure highlights the central role of

dryland microorganisms in carbon fixation and sequestration, where they represent dominant carbon-fixing agents. In arid

455  and semi-arid regions, microorganisms drive carbon fixation through alternative pathways such as the rTCA cycle, WL
pathway, and DC/HB cycle. In humid regions, carbon fixation is mainly driven by the CBB cycle, associated with plant-
dominated systems.
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