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INTRODUCTION

Anthropogenic activities have shifted Earth's natural cycles, leading to global warming. Moreover, the Industrial Revolution
has warmed the Earth above pre-industrial levels. It affects not only the climate but also microbiological communities, and
it is hard to predict whether soil becomes a source or a sink of greenhouse gases (Mukhtar et al., 2023). Furthermore,
activities such as burning fossil fuels and biomass and the decomposition of organic matter release climate pollutants into
the environment, and carbon dioxide is a major greenhouse gas. Therefore, carbon sequestration techniques are required to
produce climate change-resilient soil for appropriate agricultural growth. Enhancing carbon reserves at the terrestrial level
may reduce greenhouse gas emissions and improve soil fertility. However, microbes are hidden fighters (Pollo, 2025). Plant-
associated microbes play an important role in retaining carbon for crop production purposes, changing soil composition
and microbial communities (Sellappan et al., 2026).

Organic carbon is essential for improving soil structure and helps microbes to break down organic matter and release
nutrients. It also plays a major role in combating climate change. Carbon sequestration is important not only for reducing
greenhouse gases but also for improving soil function (Lamsili, 2025). Soil has the largest carbon reservoir and plays a
crucial role in climate mitigation. Diverse soil microbial communities, such as bacteria and fungi, have varying potential to
efficiently utilize carbon across ecosystems (Wang et al., 2026).

Soil stores a large amount of Carbon, almost 3.3 times the atmospheric pool. Soil organic matter is complex because of the
metabolic and residual products of soil organisms and plants, and it emits CO2 into the atmosphere (Qiao et al., 2025).
Moreover, proper management of soil may restore Soil Organic Matter and carbon. Adequate microbial inoculation and
soil management enhance carbon sequestration while reducing greenhouse gases and climate change. Soil microbiome
interventions could increase carbon stocks through plant inputs while reducing soil organic matter turnover. However,
existing inoculant applications rarely monitor soil carbon outcomes (Beattie et al., 2024). Necromass (soil microorganisms)
serves as a good source of natural carbon (Wang et al., 2023). Hence, Microbiomes are significant in carbon storage and
restoring agricultural fertility of the soil (Rodrigues et al., 2023).

The anthropogenic Amazonian Dark Earth, formed by pre-Columbians in central Amazonia, laid the foundation for Terra
Preta. Thereupon, the soil of this region is richer in nutrients and carbon than the surrounding earth. Another major source
of this region's soil fertility is Biochar produced through pyrolysis (burning wood, plant residue, and other organic material
to turn into coal in a controlled oxygen environment). Along with organic matter, it contains food remains like fish and
animal bones, as well as archaeologically significant artefacts such as pottery shards left by past inhabitants (Ortega, 2023).
These thermodynamically produced porous black substances served to store carbon for 2000 years in this region (Gross et
al., 2025). Hence, pre-Columbian peoples played a vital role in producing this carbon-rich soil, a type of Black Carbon, on
Earth (Lombardo et al., 2022).

Terra Preta is a carbon sink created by pre-indigenous communities thousands of years ago. Soil Organic Carbon and
Biochar serve as a huge natural source of carbon deposits, and this is good for creating a balance between the environment
and climate fluctuations. Furthermore, soil also assists archaeologists in connecting the ancient to the new, i.e. the old sites
and the modern Xingu region and these areas show similarities in patterns, i.e. containing phosphorus, carbon, and other
nutrients. Thus, these elements reduce aluminum toxicity and improve plant growth; common in animals, humans, and
plants. The fertility of Amazon dark earth is beneficial for modern sustainable agriculture and can compete with climate
change challenges (Schmidlt et al., 2023).

Aims and Objectives

1. To explore biosynthetic engineering used to produce Amazonian Dark Earth microbes' carbon-storing capacity in non-
native soil to make climate change resilient.

2. To identify the way engineered microbes, survive climate stress to restore degraded soil and boost agricultural
productivity.
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Research Questions

1. How can bio-synthetic engineering be used to produce Amazonian Dark Earth microbes' carbon-storing capacity in
non-native soil to make climate change resilient?
2. How can engineered microbes survive climate stress to restore degraded soil and boost agricultural productivity?

Research Significance

This inquiry is significant at academic, theoretical and practical levels, i.e., Soil Science, Environmental Biotechnology,
Microbial Biotechnology, Soil Ecology, Climate Science, Agricultural Biotechnology, and Synthetic Biology. Subsequently,
it reflects the significance of Terra Preta and the scientists’ role in utilizing the anthropogenic dark earth synthesis from
ancient soil to modern microbial engineering. Thereupon, food, agricultural production, soil fertility, climate change, and
population growth are real challenges in the modern era. Science, ancient wisdom, and biotechnological knowledge
combined may prove fruitful in combating these prevalent threats. Hence, the improvement in the proper functioning of
microorganisms may enhance climate change resilience in the soil and improve fertility.

Research Problem

The biggest cause of climate change is the release of greenhouse gases. In this regard, plants play a crucial role, but microbes
are also essential. Plants store carbon and use it for their own benefit, using sunlight and water to convert carbon dioxide
into sugar. However, microbes also help remove this carbon dioxide. Terra Preta is one of the best examples of a vast
network of soil ecosystems because it held millions of tons of carbon dioxide for centuries without leakage. Climate change
has significantly affected soil agricultural productivity, and extreme temperature fluctuations are also causing problems in
agriculture. Subsequently, microbes act as a buffer to enhance agricultural production. Hence, microbial engineering of
Terra Preta microbes is needed to restore climate-resilient soil, incorporate it into larger commercial agricultural fields to
enhance crop productivity and soil durability, and hold carbon dioxide for a longer period. However, bioengineering
Amazonian Dark Earth microorganisms is difficult in the lab, and their commercial-scale use remains underexplored
because of non-native soil conditions and competition with resident microorganisms.

LITERATURE REVIEW

Machine learning and remote sensing approaches are used to locate Terra Preta across the Xingu Indigenous territory.
Thereupon, the maximum storage of carbon in and around this area is 4%, and it is approximately 9 million Metric Tons of
carbon from the ancient activities of humans, specifically in the Xingu Indigenous territory. This percentage of carbon
storage is confined to this region, except for the entire Amazonian Dark Earth Basin (Goldberg et al., 2024). Furthermore,
microorganisms in soil can regulate the turnover of carbon by decomposing plant residue and assimilating carbon into
microbial biomass. Thus, microbes also play a significant role in carbon storage in the soil (Mason et al., 2023; Wu et al.,
2024).

Microbial inoculants are beneficial for sustainable agricultural growth, and field experiments also show good results in this
regard (Callaghan et al., 2022). Furthermore, microbial inoculants have commonly been developed for plant health and
yield, with minimal direct attention to soil carbon sequestration. However, biological inputs such as plant growth-
promoting bacteria and mycorrhizal fungi are great tools for influencing soil carbon sequestration processes (Mason et al.,
2023).

Microbial engineering has developed many routes, including identifying useful microbes, assembling microbial
communities, and genetically modifying microorganisms (Chemla et al., 2025). Moreover, genetic engineering has the
potential to produce soil microbiomes through lab experiments to achieve the desired goals. Thereupon, genetic
modifications in the microorganisms may enhance the performance of these microbes, and ultimately it leads to restoring
soil resiliency (Jansson et al., 2023). Thus, incorporating engineered biological systems from controlled lab experiments to
complex natural soil systems remains difficult because of stability, scale, environmental interactions, safety and regulatory
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constraints (Lea-Smith et al., 2025).

Microorganisms play an important role in restoring degraded biosphere habitats through nutrient cycling, nitrogen fixation,
organic matter degradation, soil health maintenance, and pollutant degradation. However, naturally occurring indigenous
microorganisms have limited potential for soil remediation. Furthermore, bioengineered microorganisms can enhance
targeted environmental functions. Thus, engineered microbes may serve as a promising restoration tool, but this does not
mean they have already restored degraded soils. Microbial engineering has improved worn-out soil conditions by directly
inoculating microorganisms into the soil ecosystem (Basumatary et al., 2024).

A fifteen-member synthetic community was derived from the rhizosphere of Brachypodium distachyon (purple false
brome, a small wild grass and a research model for cereal crops) using network analysis. The bacteria possessed various
plant growth-promoting functions, including osmoprotectant (compatible solute) production, sodium or potassium
transport, IAA production, ACC deaminase, phosphate-related functions, and gibberellin production; strain 11 showed
higher median abundance in planta. Thus, under drought, SynCOM-inoculated plants recovered better than un-inoculated
plants (Yadav ef al., 2025).

The critical literature review from (2022-26) addresses the direct impact of synthetic microbial communities on degraded
soil. However, it highlights key points from studies showing strong evidence: microbial engineering indirectly improves
soil conditions for sustainable agriculture, supports plant growth, and improves the soil ecosystem through plant-microbe
interactions.

RESEARCH METHODOLOGY

Data Collection

The research paradigm of this research is qualitative, and it uses the literature review method with an approach called
critical review. Furthermore, the data are collected through searches across five types of databases, i.e. PubMed,
ScienceDirect, Springer-Link, Multi-Disciplinary Digital Publishing Institute (MDPI) and Frontiers. The data selected are
from the timeframe (2022-26) to maintain current relevance, and these databases were selected to remain relevant to the
field of biotechnology. Moreover, the total number of research papers selected for this inquiry is fifty, based on concepts
such as soil ecology. Amazonian Dark Earth Microbes, climate change, microbial engineering, and sustainable agriculture.

Data Analysis

This critical review uses qualitative thematic synthesis to compare and integrate the findings across the above-mentioned
concepts in the data collection section (3.1) to explore the possible implications of native microbes’ role in non-native soil.
The data is selected from these databases through a purposive sampling technique and then through a critical review
represented in the form of a table and narrative text.

FINDINGS AND DISCUSSION
Microbial Engineering and Carbon Sequestration

Amazonian Dark Earth microbial resources, properties, microbial inoculation persistence, synthetic microbial communities,
and microbiome-based approaches to soil carbon sequestration management. However, modern microbial engineering may
utilize the characteristics of ADE microbes in non-native microbes to enhance soil productivity. Hence, synthetic biology,
ancient soil wisdom and modern microbial engineering may produce desired results in various fields, i.e., agriculture, soil
sciences and microbial genetic engineering.

Terra Preta draws on archaeological, ethnographic, geomorphological, stratigraphic, and soil evidence. Furthermore,
Amazonian Dark Earth, including the Caldeirao (cauldron), was largely formed by indigenous human activities of pre-
Columbians. Thereupon, nutrient- and carbon-rich properties result from the accumulation and reworking of human-
associated material, i.e., ash, food debris, fish bones, charcoal and ceramics. Thus, the rejection of alluvial deposition was
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the primary explanation for Caldeirao. This leads to geomorphic and pyrogenic processes shaping the Terra Preta profile
and its preservation (Lombardo ef al., 2022). These inquiries reflect the significance of Amazonian Dark Earth as a reference
system and its links to fertility and soil carbon. Microbial necromass is a crucial contributor to soil carbon; it does not classify
ADE-native microorganisms as persistent carbon storage (Camenzind et al., 2023).

Furthermore, there is a need to extract the biological functions related to ADE and experimentally be transferred to
microbial inoculants. Moreover, the target experimental unit includes plant establishment, plant-microbe interactions, and
changes in soil microbial community composition and interactions. This will eventually increase plant-derived carbon
inputs, affecting the overall carbon turnover and SOM formation.

Genome sequences of bacterial strains, i.e., Paenibacillus polymyxa, Bacillus cereus, Fictibacillus sp., and Brevibacillus agri.
obtained from Terra Preta showed antagonistic activity against Fusarium oxysporum (a common soil-borne fungus that
causes vascular wilt disease in a wide range of important crops) (Pelligrinetti, 2023). Moreover, mixing 20% ADE soil with
unfertile soil changed microbial richness and increased soil carbon stocks (Freitas et al., 2023).

There are twenty-seven metagenomes of bacterial genomes present in the litter of a secondary forest in Brazil, above the
Terra Preta pool. The genomes comprise several bacterial phyla. The authors presented the data resources to prospect
microorganisms with biotechnological potential not only for agriculture but also for ecological restoration (Freitas et al.,
2024). Therefore, ADE can be treated as a native microbial resource, but its importance for carbon sequestration still
demands laboratory experimental verification.

A greenhouse experiment was conducted by a team of researchers utilizing a small portion about 2% of ADE soil and mixing
it with degraded soil, along with the use of the plant species named Urochloa Brizantha, also known as signal-grass.
Furthermore, it is not only resistant to harsh environments but also increases soil organic matter and plays a crucial role in
nutrient cycling and carbon sequestration. It is widely used in pastures in the Brazilian Amazon Rainforest. Hence, the
researchers find the significance of this plant in worn-out soil: its roots aggregate the soil, improve fertility, and support
beneficial microbial activity, rehabilitating the soil for future plant growth (Freitas ef al., 2025).

In a degraded Oxisol pasture (an area of grazing land consisting of highly weathered, acidic, and nutrient-poor tropical
soils), Terra Preta and Urochloa brizantha (a tropical perennial grass native to Africa as high-yield livestock pasture and
forage) altered soil microbial community structure and network properties. Furthermore, the outcome was a 70% decline
in 3-glucosidase activity in Acacia mangium (a fast-growing evergreen tree in the pea family). However, native microbiota
resisted Terra Preta treatments. Thus, transferring native Amazonian Dark Earth material to degraded soil may yield good
results (Freitas et al., 2026). Microbial inoculation for carbon accumulation is biologically feasible, but it demands a specific
inoculant, soil, timescale and mechanism. Furthermore, the prominent component found in Terra Preta soil is biochar
because it plays a significant role in sustaining microbes, sequestering carbon, and enhancing soil fertility. Moreover, its
ability to store carbon depends on its physical and chemical properties. Sponginess, size, and surface area reflect biochar's
physical properties. However, thermochemical conditions, feedstock, and post-treatment processes, i.e., recalcitrance, high
carbon content, and thermal stability, reflect its ability to store carbon long-term in soil (Rani ef al., 2026).

Biochar reduces emissions of harmful gases, i.e., nitrous oxide, methane, and ammonia. It contains large amounts of
nutrients such as potassium, phosphorus, and nitrogen. These nutrients transfer to the soil and feed the microbial
community. It is composed of carbon, hydrogen, and oxygen, and it reduces greenhouse gas emissions, benefiting the
climate (Shoudho ef al., 2024). Therefore, biochar-mineral interactions affect carbon absorption, changes in microbial carbon
mineralization, aggregate formation, and microbial necromass. Its characteristics and properties highlight the importance
of interactions among the physical, chemical, and biological components of the soil system (Enebe et al., 2025). Thus, the
physicochemical environment influences microbial functions in soil. Biochar provides a microbial habitat while improving
soil carbon dynamics, moisture, nutrient availability, pH and structure, influencing microbial activity and community
composition. Currently, its effects are context-dependent, and its long-term stability still needs to be understood (Hayat ef
al., 2026).
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It is hypothesized about Amazonian Dark Earth cannot be recreated by mixing nutrients, biochar, and organic matter.
Furthermore, the carbon-rich, long-term soil-fertility characteristics reflect a path-dependent emergent ecological state
produced by various historical co-developmental factors. Briefly, black carbon is a significant component, but it is not
enough to produce a full Terra Preta system. It uses the language of attractor dynamics, hysteresis, thresholds, resistance to
change, and dependence on ecosystem assembly. The superficial modern tactics may not yield the same long-term
sustaining results. Broadly, the research needs to focus on interaction, long-term history, and assembly rather than just the
ingredients themselves. It provides a hypothesis for testing but no empirical data. Therefore, the meta-stability of soil is not
experimentally proven (Wilkins, 2026). Meta-analyses of biochar reveal the impacts on soil, prokaryotic, and microbial
biomass diversity (Deshoux et al., 2023).

Amazonian Dark Earth native microorganisms may struggle to survive in non-native soil conditions. However, there are
four barriers: cultivability biases, mismatch between production and field environments, competition from resident
communities, and soil specificity (McGuire, 2026). Thus, without altering native soil structure, Amazonian Dark Earth
native microorganisms may be outcompeted by native microbial strains, resulting in rapid population collapse.

Synthetic biology combines engineering principles with biological systems to create unique solutions for environmental
stability, health, and agriculture, highlighting its significant advancement. The potential of developing synthetic genetic
circuits and metabolic engineering tools has revolutionized medicine and enhanced crop resilience (Karatas & Ayaz, 2025).
Furthermore, it is vital in the engineering of microorganisms to perform environmental functions more efficiently, such as
carbon capture and pollutant removal. Therefore, researchers can engineer microbial metabolic pathways for carbon
fixation, pollutant degradation, and environmental responsiveness using approaches such as CRISPR-based genome
engineering and synthetic promoter regulation. Moreover, engineered cyanobacteria, algae and bacterial strains showed
improved performance compared to non-engineered strains. The reported results showed a 64% increase in carbon capture
and a 52% improvement in pollutant degradation. The future implications of this research predict the environmental
applications could benefit from combining synthetic biology with computational modelling and precision bioengineering.
This approach could help researchers design microorganisms with more targeted functions, such as improved carbon
capture and environmental restoration (Thiruchenduran et al., 2026).

Carbon dioxide fixation and valorization, pollutant degradation, waste conversion, bio-mining, and bioplastic-related
processes are investigated. Furthermore, successful environmentally disposition remains challenging because microbial
metabolism depends on environmental conditions, as current models have limited ability to predict microbial behaviour in
complex environmental conditions (Panagiotidou & Theodosiou, 2026). Therefore, soil microorganisms should be used as
interacting communities rather than as single strains. In soil, they interact with each other, as well as with plants, nutrients,
and the physics--style environment. Thus, synthetic microbial communities (SynComs) serve as a sandbox to identify the
interactions between microbes and hosts. Moreover, SynComs showed division of labor, metabolic complementarity,
resource exchange, and interactions among microorganisms.

Microorganisms selected based on good traits may perform better in a community because work is divided, but a single
microorganism may face many difficulties in this regard, and this is beneficial for soil health. It also proposes the design-
build-test-learn cycle approach to predict the ways microbe interactions in a community can improve soil function (Li et al.,
2024). Thus, Amazonian Dark Earth native microorganisms may function in natural soil systems and require critical system
development and community interactions, but single-strain inoculation may not provide authentic results.

ADE-native microbial strain genera like Bacillus, Paenibacillus, and Pseudomonas were isolated and grew in vitro, showing
they can actively solubilize phosphate, produce indole acetic acid for root growth, and suppress plant pathogens. However,
it does not support any ADE-native bacterial strain isolated and specifically functioning for carbon sequestration but
demands further research. Thus, these advances provide a strong conceptual basis for whether synthetic biology can
overcome the limitations of ADE-derived microbial interventions by enabling non-native microorganisms to sequester
carbon, because this mystery remains unresolved.
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Microbial Engineering: Climate Resilient Soil

Degradation occurs when soil fails or struggles to perform its productive and ecological functions because its physical,
chemical, and biological properties change. Alterations in properties such as physical structure, nutrients, organic matter
and water-related characteristics may weaken the soil's agricultural capacity and make it vulnerable to environmental
pressure (Maula, 2026). Furthermore, grassland restoration requires building and understanding microbial communities,
including their functions. Thus, degradation can disrupt microbial diversity, interactions, and ecosystem functions (Qiao ef
al., 2026). Genetic engineering may modify microorganisms to enhance specific environmental functions, such as improving
contaminant transformation and removal in the environment. However, ecological and biosafety concerns still constrain
their deployment (Rafeeq et al., 2023). Moreover, synthetic microbial communities, formed from functionally useful
microorganisms, could be used to develop climate-smart bio-fertilizers, utilizing plant microbiomes and the photobiont
concept to improve crop resilience to climate change. However, it requires solving major problems such as microbial
colonization, environmental interactions, community stability, and persistence under field conditions (Liu et al., 2026).

Advances in multi-omics (combining data from two or more different "omic" layers such as the genome, proteome, or
transcriptome to study life in a complete way), systems biology, and artificial intelligence have expanded plant-associated
soil microbiome engineering for sustainable and climate-resilient agriculture. It has identified microbial inoculation,
synthetic communities, and microbiome engineering strategies as promising approaches for improving not only plant
health but also climate resilience, nutrient management, and ecosystem restoration (Sadanov et al., 2026).

Synthetic engineering no doubt plays an evolutionary role in this regard. However, challenges to persistent long-term
stability hinder progress. Furthermore, microbial engineering offers various strategies to improve plant-associated
microbial functions related to bioremediation and sustainable agriculture. Therefore, engineered microbial communities
can contribute to the recovery of worn-out soils or environments, but they need greater stability and field-level validation
(Flores et al., 2026). Thus, bioengineered microorganisms may help restore soil health by improving nutrient cycling and
promoting plant growth. However, they also emphasize barriers to environmental deployment, such as stability, efficiency,
horizontal gene transfer, and interactions with native microbial communities (Sharma et al., 2024).

One important study highlighting the role of microbes in degraded agricultural soil focused mainly on naturally occurring
Jeevamrit. This naturally fermented microbial consortium restores degraded soil. Metagenome analysis identified diverse
microbial communities containing genes associated with nitrogen fixation, phosphorus-related functions, potassium
transport, siderophore (a small, specialized molecule produced and secreted by bacteria, fungi, and some plants to bind
and scavenge iron from the surrounding environment) production, plant growth, and organic substrate transformation. It
was a two-session field experiment focusing on Himalayan rice soil. After applying Jeevamrit, the authors interpreted the
results as evidence of microbial ecological intensification and soil fertility restoration (Walia et al., 2025).

Microbiome engineering could help address dysbiosis in stressed agroecosystems by enabling more targeted manipulation
of microorganisms and their functions. It could potentially restore functions of microorganisms associated with soil fertility,
but their deployment and long-term effects need further validation (Darriaut ef al., 2025). Furthermore, plant-microbe
interactions can help crops tolerate drought conditions and integrating plant-microbe mechanisms with genetic
engineering, synthetic communities and microbiome approaches could enable manipulation of target functions for crop
drought resilience and support sustainable agriculture (Haider ef al., 2026).

A synthetic biology microbial-assisted system engineered bacteria facilitated rhizosphere colonization by a functional
Trichoderma antiviride strain. In soil, the fungus-assembled beads reduced rhizosphere salinity, altered the microbiome,
and improved crop growth. This highlights the potential of microbial engineering to overcome microbial colonization under
climate fluctuations (Ji ef al., 2025). Moreover, introducing the ACC-deaminase gene into BL-EF results in an engineered
strain with ACC-deaminase activity is linked to improved plant physiological responses, photosynthesis, osmotic
regulation, and antioxidant activity. It not only increases the enzyme activity measured in soil but also increases soil nutrient
levels. Thus, microorganisms engineered for these functions could help mitigate changes in soil biological properties under
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saline conditions (Jia et al., 2025).

Engineered E. coli ECCMC (a glucan-binding protein) to display a polysaccharide-recognizing protein associated with plant
roots and to facilitate the recruitment of exogenous nitrogen-fixing bacteria. It was a 28-day experiment. The treatment
showed increased nitrogenase activity, soil nitrogen, SOM, and plant yield. Furthermore, it can enhance the functionality
of beneficial bacteria in the rhizosphere. Although it was a short-term experiment, its significance cannot be ignored (Liu ef
al., 2025).

A synthetic microbial consortium dominated by Serendipita indica improved tartary buckwheat growth and drought
tolerance, promoting photosynthesis and biomass accumulation; under drought conditions, it promoted root development
and was also linked to reduced transpiration. H20O2 and Malondialdehyde (MDA: a reactive organic compound produced
as a breakdown product during lipid peroxidation—the oxidative degradation of fats in cell membranes) levels. The
treatment also altered the root-associated microbial community and improved measured soil structure and fertility (Zhong
et al., 2025).

Metabolic engineering of the nitrogen-fixing bacterium Pseudomonas stutzeri for improving ammonium excretion
improved nitrogen fixation-related performance and biomass of maize. Furthermore, field inoculation increased maize
grain yield by 5.6% to 5.9%, and it was comparable to the wild-type strain under the tested conditions (Jiang et al., 2022).
Bio-inoculants, i.e. plant growth-promoting bacteria, can improve plant health and soil fertility in dryland agriculture.
Moreover, microbial functions such as IAA production and ACC (1-aminocyclopropane-1-carboxylate) deaminase activity,
as well as nitrogen fixation and pathogen suppression, are relevant to crop performance under climate change (Mataranyika
et al., 2022). Synthetic communities can improve drought tolerance in tree seedlings, suggesting their application in climate-
resilient forest restoration. They used microorganisms with traits such as exopolysaccharide production and hormone-
related activities. Thus, they selected Quercus pubescens and Sorbus domestica seedlings for drought-tolerance
communities (Aleksieienko ef al., 2025).

Synthesis of Major Findings

Table 1
Microbial Engineering: Carbon Sequestration to Restore Climate-Resilient Soil

Key Major Finding

Overall Implication

Author-Year Citation(s)

Amazonian Dark Earth (ADE/Terra Preta)
is a valuable microbial and soil resource,
but its carbon-sequestration potential is not

yet experimentally
established.

ADE provides a strong biological model
and microbial resource, but its direct role
in long-term microbial carbon
sequestration remains unresolved.

Lombardo et al. (2022);
Camenzind et al. (2023);
Freitas et al. (2024)

ADE-derived microbial resources can
improve soil properties and carbon stocks
under some experimental conditions.

ADE has demonstrated potential for soil
rehabilitation and carbon-related benefits,
although effects are context-dependent.

Freitas et al. (2023, 2025, 2026)

Biochar is a major component associated
with carbon storage, microbial habitat, and
soil fertility, but its effectiveness depends
on its properties and environmental
context.

Carbon sequestration through biochar
cannot be treated as a uniform process;
biochar characteristics and soil-microbe
interactions matter.

Rani et al. (2026); Enebe et al.

(2025); Hayat et al. (2026)

Biochar can influence multiple dimensions
of soil functioning beyond carbon storage.

Biochar operates as a multifunctional soil
intervention rather than merely a carbon-
storage material.

Shoudho et al. (2024); Enebe et
al. (2025); Hayat et al. (2026)
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OPEN ACCESS ORGANIZATION

Recreating Terra Preta by simply
combining biochar, nutrients, and organic
matter may not reproduce the original
system.

Effective replication may require attention
to microbial interactions, ecosystem
history, and community assembly rather
than ingredients alone.

Wilkins (2026); Deshoux et al.
(2023)

ADE-native microorganisms face
substantial barriers when transferred into
non-native soils.

Successful microbial inoculation requires
ecological compatibility and persistence,
not simply selection of beneficial strains.

McGuire (2026)

Synthetic microbial communities
(SynComs) offer an alternative to
single-strain inoculation.

Community-based engineering may better
represent the complexity of real soil
ecosystems than single-microbe
approaches.

Panagiotidou & Theodosiou
(2026); Li et al. (2024)

Microbial engineering has demonstrated
measurable potential for

environmental functions, including carbon
capture.

Synthetic biology provides a promising
technological route for targeted
environmental functions, including
carbon capture.

Karatas & Ayaz (2025);
Thiruchenduran ef al. (2026)

ADE-derived bacteria possess useful
agricultural traits, but direct evidence for
ADE-native microbial carbon sequestration
remains lacking.

The evidence supports agricultural and
soil-health functions, while the specific
carbon-sequestration function remains a
research gap.

Pelligrinetti (2023); Freitas et
al. (2024); Freitas et al. (2026)

Microbial engineering can contribute to
climate-resilient soil management.

Microbial engineering has potential as a
climate-resilience strategy, particularly in
degraded or stressed soils.

Sadanov ef al. (2026); Flores et
al. (2026); Sharma et al. (2024)

Experimental studies demonstrate
Improvements in plant and soil functions
through engineered microorganisms and
microbial consortia

Engineered microbes and microbial
communities can affect both plant
performance and soil functioning.

Jiet al. (2025); Jia et al. (2025);
Liu et al. (2025); Zhong et al.
(2025); Jiang et al. (2022)

Field-scale validation and long-term
stability remain the central limitations.

The major challenge is moving from
laboratory and greenhouse proof-of-
concept to stable, predictable field
applications.

Liu et al. (2026); Flores et al.
(2026); Sharma et al. (2024);
Darriaut et al. (2025)

Microbial engineering is most promising
when microorganisms are treated as
interacting communities rather than
isolated strains.

Future approaches should focus on
microbiome/community engineering
rather than single-strain interventions
alone.

Li et al. (2024); Panagiotidou
& Theodosiou (2026);
Aleksieienko et al. (2025)

Existing evidence supports a research
pathway combining ADE microbial
resources, synthetic biology, SynComs, and
advanced biological analysis.

A combined approach could investigate
which microbial functions can be
identified, engineered, assembled, and
maintained for soil carbon and climate
resilience.

Freitas et al. (2024);
Thiruchenduran et al. (2026);
Sadanov et al. (2026)

Note: This table no. 1 represents the synthetic findings from the critical review of the data from (2022-26) and shows the overall
implications along with references.
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CONCLUSION

This review shows the importance of Terra Preta. It highlights the role of microbial engineering in this area, reducing climate
change and the role of plants and microbes in holding carbon, especially the ADE soil microorganisms. It aims to determine
whether any study has shown whether these microbes were isolated or engineered for carbon sequestration. Because climate
change degrades soil and reduces fertility, microbial engineering plays an important role by improving microorganisms so
they can function with or within plants to improve soil fertility, reduce carbon in the environment, and make crops more
climate-change-resistant and improve plant life.

Engineered or isolated microbial strains from Terra Preta using different techniques. They assessed their effects on tree growth;
another study examined soil restoration alongside plant responses. However, the direct inoculation of microbial strains from
Terra Preta for targeted functions like carbon sequestration. Microbial engineering has potential benefits for soil health; many
studies have found improved nitrogen fixation, yield, growth, and resistance to climate fluctuations when engineered
microorganisms were inoculated into soil, improving not only plant health but also soil fertility. However, this review did not
address whether microbial engineering can improve worn-out soil conditions by directly inoculating microorganisms into soil;
any line or claim related to this statement should be considered a research gap.

FUTURE IMPLICATIONS

Microbial strains from Amazonian Dark Earth could be specifically isolated and grown in the lab and inoculated into natural
soil for long-term carbon sequestration. Furthermore, identify why the microorganisms cannot be directly inoculated into soil
to improve soil. Thereupon, Amazonian Dark Earth-associated microbial studies have not shown an experimental approach to
engineering microbes for carbon sequestration. Moreover, synthetic microbes improve plant performance in controlled
experiments, but long-term and multi-field studies are necessary before claiming they improve degraded soil. Future
framework includes (1) identify Terra Preta-associated functions; (2) identify genes and candidate organisms; (3)
experimentally verify its integrity; (4) check if it can persist and reduce climate change by stocking carbon; (5) analyze the
functions of microorganisms in degraded soil; (5) challenge the system with salinity, drought and heat; (6) check carbon pools
and fluxes using isotope approaches; (7) evaluate plant health, growth and resilience.
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