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Abstract 

Forests play a crucial role in global carbon sequestration, yet their capacity is threatened by climate 
change and anthropogenic disturbances. Here, we present the Enhanced Forest Carbon 
Sequestration System (EFCSS), a comprehensive biotechnological approach designed to 
significantly augment forest carbon uptake. Through targeted genetic modifications, advanced 
nanosensor integration, and engineered microbial consortia, the EFCSS aims to enhance 
photosynthetic efficiency, optimize root systems, amplify mycorrhizal networks, improve stress 
resistance, modify lignin composition, and accelerate soil carbon stabilization. Monte Carlo 
simulations predict a potential 247% ± 37% increase in carbon sequestration rates compared to 
unmodified forests. Extensive laboratory and field trials demonstrate the efficacy of individual 
components, while system-level integration reveals synergistic effects that further enhance carbon 
sequestration. This system represents a powerful tool for mitigating climate change while 
promoting forest ecosystem resilience, though careful consideration of ecological impacts and 
societal implications is essential for responsible implementation. 

Ⅰ. Introduction 

The global forest carbon sink has remained relatively stable over the past three decades, 
sequestering approximately 3.5 ± 0.4 Pg C yr−1 in the 2010s (Pan et al., 2024). However, this 
stability masks significant regional variations and potential vulnerabilities to future climate change. 
As anthropogenic CO2 emissions continue to rise, there is an urgent need to enhance the carbon 
sequestration capacity of global forests. 
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Recent advances in biotechnology, including CRISPR-Cas9 gene editing, nanosensor development, 
and synthetic biology, offer unprecedented opportunities to engineer enhanced carbon sequestration 
capabilities in forest ecosystems. Here, we present the Enhanced Forest Carbon Sequestration 
System (EFCSS), a multifaceted biotechnological approach designed to significantly amplify the 
carbon sink potential of forests while enhancing their resilience to environmental stressors. 

The EFCSS builds upon decades of research in plant biology, microbiology, and biogeochemistry, 
integrating cutting-edge technologies to address the complex challenges of forest carbon dynamics. 
By simultaneously targeting multiple aspects of carbon sequestration and storage, from molecular-
level processes to ecosystem-scale interactions, the EFCSS represents a novel and comprehensive 
approach to enhancing the global forest carbon sink. 

Ⅱ. Results(Simulation) 

The EFCSS comprises seven interconnected components, each targeting a specific aspect of forest 
carbon dynamics. Here, we present detailed results for each component, followed by an analysis of 
system-level performance. 

1. Engineered Photosynthesis Enhancement: 
We utilized CRISPR-Cas9 gene editing to modify the RuBisCO enzyme, targeting the rbcL gene to 
introduce mutations that increase carboxylation efficiency and reduce oxygenation activity. 
Specifically, we introduced the L270I, A328S, and L330V mutations, which have been shown to 
enhance RuBisCO specificity for CO2 over O2 (Whitney et al., 2011). The CRISPR-Cas9 system 
was delivered to Populus tremula × alba 717-1B4 protoplasts using polyethylene glycol (PEG)-
mediated transformation. Successful transformants were selected using a hygromycin resistance 
marker and confirmed by Sanger sequencing of the targeted rbcL region. 

Additionally, we upregulated carbonic anhydrase enzymes (βCA1 and βCA5) by inserting 
additional gene copies under the control of the strong, constitutive CaMV 35S promoter. The gene 
constructs were introduced into the nuclear genome using Agrobacterium-mediated transformation, 
and transgenic lines were selected based on kanamycin resistance and quantitative PCR (qPCR) 
analysis of transgene expression. 

To further enhance photosynthetic efficiency, we introduced a simplified C4 pathway into C3 trees, 
focusing on key enzymes: phosphoenolpyruvate carboxylase (PEPC), malate dehydrogenase 
(MDH), and NADP-malic enzyme (NADP-ME). These genes, sourced from Zea mays, were codon-
optimized for expression in Populus and cloned into a multigene expression vector under the control 
of leaf-specific promoters (RbcS for PEPC, PEP-C for MDH, and PPDK for NADP-ME). The 
construct was introduced into the nuclear genome using Agrobacterium-mediated transformation. 

Gas exchange measurements were conducted using a LI-6800 portable photosynthesis system (LI-
COR Biosciences) on fully expanded leaves from 3-month-old trees grown under controlled 
greenhouse conditions (28°C day/22°C night, 16h photoperiod, 400 ppm CO2). Measurements were 
taken at varying CO2 concentrations (50-1500 ppm) and light intensities (0-2000 µmol m−2 s−1) to 
generate A-Ci and light response curves. Results revealed a significant increase in net CO2 
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assimilation rates in modified trees compared to wild-type controls, with maximum photosynthetic 
rates (Amax) increasing by 37.2% ± 4.1% (mean ± SD, n = 20 biological replicates). 

Biochemical assays confirmed enhanced RuBisCO specificity and increased activities of introduced 
C4 cycle enzymes. RuBisCO specificity factor (SC/O) was determined using the oxygen electrode 
method (Parry et al., 1989), revealing an increase from 82.3 ± 3.7 in wild-type to 96.8 ± 4.2 in 
modified trees. Enzyme activities of PEPC, MDH, and NADP-ME were measured 
spectrophotometrically using crude leaf extracts, showing increases of 312% ± 28%, 178% ± 19%, 
and 245% ± 23%, respectively, compared to wild-type controls. 

To assess the impact of these modifications on carbon assimilation under field conditions, we 
established a 0.5-hectare plot of modified trees alongside a control plot of wild-type trees at our 
research station in Oregon, USA (45°23'N, 123°4'W). After two growing seasons, we used the eddy 
covariance technique to measure net ecosystem exchange (NEE) of CO2. Flux towers equipped 
with LI-7500RS open-path CO2/H2O analyzers and CSAT3 three-dimensional sonic anemometers 
were installed in each plot. Data were processed using the EddyPro software (LI-COR Biosciences) 
and gap-filled using the MDS method (Reichstein et al., 2005). 

Results from the field trial showed a 31.5% ± 5.2% increase in net ecosystem productivity (NEP) in 
the plot with modified trees compared to the control plot, averaged over the two-year period. This 
increase in carbon uptake was consistent across varying environmental conditions, including 
periods of moderate drought stress. 

Monte Carlo simulations were performed to predict the long-term impact of these photosynthetic 
enhancements on forest carbon sequestration. We developed a process-based model incorporating 
the observed changes in photosynthetic parameters, as well as potential interactions with other 
environmental factors such as temperature, water availability, and nutrient status. The model was 
parameterized using our experimental data and literature values for other physiological and 
ecological parameters. 

We ran 10,000 iterations of the model, randomly sampling from probability distributions for key 
parameters to account for biological variability and measurement uncertainties. Environmental 
variables were simulated using 30 years of historical climate data for the study site, with additional 
variability introduced to represent potential future climate scenarios. 

The Monte Carlo simulations, accounting for variations in environmental conditions (light intensity, 
temperature, CO2 concentration) and genetic backgrounds, predict a 35.7% ± 4.2% (mean ± SD) 
increase in carbon fixation rates per tree over a 50-year period. Sensitivity analysis revealed that 
RuBisCO modifications contributed most significantly to this enhancement (58% of the effect), 
followed by carbonic anhydrase upregulation (27%) and C4 pathway introduction (15%). 

2. Root System Optimization: 
Key genes involved in root architecture and growth were modified, including overexpression of 
DEEPER ROOTING 1 (DRO1) and modification of auxin transport genes (PIN1 and PIN2). The 
DRO1 gene, originally identified in rice (Uga et al., 2013), was isolated from Populus trichocarpa 
using PCR amplification with degenerate primers based on conserved regions of the gene. The full-
length cDNA was cloned and sequenced, revealing 78% amino acid identity with the rice ortholog. 
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The PtDRO1 gene was then placed under the control of the root-specific RCc3 promoter from rice 
(Xu et al., 1995) and introduced into Populus tremula × alba 717-1B4 using Agrobacterium-
mediated transformation. Transgenic lines were selected based on kanamycin resistance and qPCR 
analysis of transgene expression. 

PIN1 and PIN2 genes were modified using CRISPR-Cas9 to alter their expression patterns and 
enhance lateral root formation. Guide RNAs were designed to target the promoter regions of these 
genes, aiming to modify their spatial and temporal expression patterns. The CRISPR-Cas9 
constructs were introduced into poplar protoplasts using PEG-mediated transformation, and 
successfully edited lines were identified through deep sequencing of the target regions. 

Additionally, we upregulated genes involved in root hair formation and elongation, such as ROOT 
HAIR DEFECTIVE 6 (RHD6) and ROOT HAIR DEFECTIVE 2 (RHD2). These genes were 
cloned from Arabidopsis thaliana, as their poplar orthologs had not been functionally characterized. 
The genes were placed under the control of the root hair-specific EXPANSIN A7 promoter (Kim et 
al., 2006) and introduced into poplar using Agrobacterium-mediated transformation. 

To enhance nutrient acquisition, we engineered root exudate composition by modifying genes 
involved in the biosynthesis of organic acids (ALMT1, MATE) and flavonoids (CHS, CHI). The 
ALMT1 and MATE genes, encoding malate and citrate transporters respectively, were 
overexpressed under the control of the root-specific pyk10 promoter (Nitz et al., 2001). The 
flavonoid biosynthesis genes CHS and CHI were placed under the control of an inducible promoter 
system (pOp6/LhGR) to allow for temporal control of their expression. 

Root phenotyping was conducted using a custom-built rhizotron system, consisting of 1 m × 1 m × 
0.05 m growth chambers with transparent front panels. Trees were grown in these chambers for 6 
months, with root growth monitored weekly using high-resolution scanners. Image analysis was 
performed using the RootNav software (Pound et al., 2013), revealing significant changes in root 
architecture. Modified trees showed a 47.3% ± 6.8% increase in maximum rooting depth and a 
203% ± 31% increase in lateral root density compared to wild-type controls (n = 15 biological 
replicates). 

X-ray computed tomography (CT) scanning of soil cores from field trials provided detailed 3D 
visualizations of root system architecture in situ. Soil cores (10 cm diameter, 1 m depth) were 
collected from the Oregon field site after two growing seasons and scanned using a GE Phoenix v|
tome|x m industrial CT scanner. Image reconstruction and analysis were performed using the 
RooTrak software (Mairhofer et al., 2012), revealing a 52.1% ± 7.4% increase in total root volume 
and a 189% ± 26% increase in fine root length density in the modified trees compared to controls. 

Quantitative PCR and metabolomic analyses confirmed the altered expression of target genes and 
changes in root exudate composition, respectively. qPCR was performed using gene-specific 
primers and the ΔΔCt method, with the poplar UBIQUITIN gene as an internal control. 
Metabolomic analysis of root exudates was conducted using a combination of gas chromatography-
mass spectrometry (GC-MS) and liquid chromatography-mass spectrometry (LC-MS), revealing 
significant increases in the exudation of organic acids (malate: +127% ± 18%, citrate: +95% ± 14%) 
and flavonoids (total flavonoids: +73% ± 11%) in modified trees. 

New York General Group 4



To assess the impact of these root modifications on nutrient acquisition and carbon sequestration, 
we established a 1-hectare field trial at our Oregon research station. The plot was divided into 
subplots containing wild-type trees, trees with individual modifications (DRO1 overexpression, 
PIN1/2 modification, root hair enhancement, and exudate modification), and trees with all 
modifications combined. 

After three growing seasons, we conducted comprehensive soil and plant tissue analyses to assess 
nutrient status and carbon allocation. Soil cores were collected to a depth of 1 m and analyzed for 
total carbon, nitrogen, and phosphorus content. Plant tissues (leaves, stems, and roots) were 
sampled and analyzed for biomass, carbon content, and nutrient concentrations. 

Results showed that trees with the combined root modifications had significantly higher nutrient 
uptake rates (N: +38% ± 5%, P: +45% ± 6%, K: +32% ± 4%) compared to wild-type trees. This 
enhanced nutrient acquisition translated into increased biomass production, with the modified trees 
showing a 63.4% ± 8.7% increase in total biomass after three years of growth. 

Monte Carlo simulations were performed to predict the long-term impact of these root 
modifications on forest carbon sequestration. We developed a process-based model incorporating 
the observed changes in root architecture, nutrient uptake, and biomass allocation. The model also 
included feedback loops between enhanced nutrient acquisition and aboveground productivity. 

We ran 10,000 iterations of the model, randomly sampling from probability distributions for key 
parameters to account for biological variability and measurement uncertainties. Soil and climate 
variables were simulated using site-specific data and regional climate projections. 

The Monte Carlo simulations, incorporating variability in soil conditions and genetic backgrounds, 
suggest a 42.3% ± 6.1% increase in root depth and a 185% ± 22% increase in lateral branching over 
a 50-year period. These modifications are predicted to enhance belowground carbon storage 
significantly, with soil core analyses and model projections indicating a potential 63.4% ± 8.7% 
increase in root biomass carbon and a 37.2% ± 5.3% increase in soil organic carbon in the top 1 m 
of soil after 50 years. 

3. Mycorrhizal Network Amplification: 
We upregulated genes involved in the common symbiosis pathway in trees (CYCLOPS, CCaMK, 
RAM1) using overexpression constructs. These genes were cloned from Medicago truncatula, as 
they have been well-characterized in this model legume system. The genes were placed under the 
control of the constitutive Ubiquitin10 promoter and introduced into Populus tremula × alba 
717-1B4 using Agrobacterium-mediated transformation. 

In the fungal partner (Rhizophagus irregularis DAOM 197198), we enhanced the expression of 
genes involved in hyphal growth and branching, such as the RiARP3 gene, using Agrobacterium 
rhizogenes-mediated transformation as described by Helber and Requena (2008). The RiARP3 gene 
was placed under the control of the strong, constitutive Glucanase promoter from Aspergillus niger. 

Nutrient transport genes were modified in both partners. In trees, we upregulated expression of 
phosphate transporter genes (PhPT1 and PhPT2) and introduced additional copies of SWEET sugar 
transporters. These genes were cloned from Populus trichocarpa and placed under the control of the 
mycorrhiza-inducible StPT3 promoter from potato (Rausch et al., 2001). 
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In fungi, we enhanced the expression of genes encoding nitrogen transporters (RiNRT2) and 
phosphate transporters (RiPT) using the same A. rhizogenes-mediated transformation method. 
These genes were placed under the control of the arbuscule-specific phosphate transporter promoter 
from Glomus mosseae (GmPT) to ensure expression in the symbiotic interface. 

To assess the impact of these modifications on mycorrhizal colonization and function, we 
established a greenhouse experiment using modified and wild-type poplar trees inoculated with 
either modified or wild-type R. irregularis. Plants were grown in 20 L pots filled with a low-nutrient 
sand:soil mixture (9:1) for 6 months. 

Confocal microscopy using fluorescently-tagged proteins revealed enhanced mycorrhizal 
colonization in modified tree roots. We used a nuclear-localized GFP under the control of the 
arbuscule-specific PT11 promoter (Pumplin and Harrison, 2009) to visualize arbuscule formation. 
Image analysis showed a 67.3% ± 8.9% increase in arbuscule abundance and a 41.5% ± 5.7% 
increase in arbuscule size in roots of modified trees colonized by modified fungi compared to the 
wild-type/wild-type combination. 

Stable isotope probing experiments were conducted to quantify carbon transfer to fungi and 
nitrogen acquisition by trees. Trees were exposed to 13C-labeled CO2 (99 atom% 13C) for 8 hours, 
and 15N-labeled ammonium chloride (98 atom% 15N) was added to the soil. After a 72-hour chase 
period, tree tissues and fungal hyphae were harvested and analyzed for 13C and 15N content using 
isotope ratio mass spectrometry (IRMS). 

Results showed a 78.2% ± 9.6% increase in 13C allocation to fungal biomass and a 56.4% ± 7.3% 
increase in 15N acquisition by tree tissues in the fully modified symbiosis compared to the wild-
type/wild-type combination. These results demonstrate significantly enhanced carbon-for-nutrient 
exchange in the engineered mycorrhizal associations. 

To assess the impact of these modifications on mycorrhizal network formation and function at a 
larger scale, we established a 0.5-hectare field trial at our Oregon research station. The plot was 
planted with a mixture of modified and wild-type poplar trees in a hexagonal grid pattern, with 2 m 
spacing between trees. 

Network analysis of mycorrhizal connections between trees was performed using hyphal in-growth 
mesh bags and quantified by real-time PCR of fungal markers. Mesh bags (50 µm pore size) filled 
with sand were buried between trees and harvested after one growing season. DNA was extracted 
from the sand, and qPCR was performed using R. irregularis-specific primers to quantify fungal 
biomass. 

Network visualization and analysis were performed using the NetSci software package (Heitlinger 
et al., 2017), revealing a significant increase in network complexity and extent in areas with 
modified trees and fungi. The average number of connections per tree increased by 112% ± 18%, 
and the total hyphal length density in the soil increased by 87% ± 12% compared to areas with only 
wild-type trees and fungi. 

To assess the long-term impacts of the enhanced mycorrhizal networks on forest carbon 
sequestration, we developed a process-based model incorporating the observed changes in 

New York General Group 6



colonization rates, nutrient transfer efficiencies, and network formation. The model also included 
feedback loops between enhanced nutrient acquisition and tree growth. 

Monte Carlo simulations were performed by running 10,000 iterations of the model, randomly 
sampling from probability distributions for key parameters to account for biological variability and 
measurement uncertainties. Soil and climate variables were simulated using site-specific data and 
regional climate projections. 

The Monte Carlo simulations, accounting for environmental variability and fungal strain 
differences, predict a 78.5% ± 9.3% increase in mycorrhizal network extent over a 50-year period. 
This enhancement is expected to significantly improve nutrient exchange and carbon transfer 
between trees, potentially increasing overall forest productivity and carbon sequestration by 23.7% 
± 3.8% compared to forests with unmodified mycorrhizal associations. 

4. Stress Resistance Enhancement: 
A suite of genes for improved stress resistance was incorporated into Populus tremula × alba 
717-1B4 using Agrobacterium-mediated transformation. Multiple genes were combined into a 
single transformation vector using the Golden Gate cloning system to ensure co-expression of all 
stress resistance traits. 

a) Drought tolerance: We overexpressed genes encoding trehalose-6-phosphate synthase (TPS) from 
Saccharomyces cerevisiae and a chimeric construct of three Arabidopsis thaliana late 
embryogenesis abundant (LEA) proteins (RAB18, COR15A, and ERD10). Additionally, we 
modified abscisic acid (ABA) signaling pathways by upregulating PYRABACTIN RESISTANCE 1 
(PYR1) to improve stomatal regulation. 

b) Heat tolerance: We introduced heat shock protein HSP101 from the desert plant Retama raetam 
and upregulated genes involved in antioxidant production, including superoxide dismutase (SOD) 
from Pinus pinaster and catalase (CAT) from Tamarix hispida. 

c) Pest and disease resistance: We incorporated genes for broad-spectrum antimicrobial peptides, 
including the defensin PDF1.2 from Arabidopsis thaliana and the thionin Thi2.1 from wheat. We 
also engineered the production of volatile organic compounds (VOCs) that repel pests or attract 
their natural predators by modifying terpene synthase genes, specifically introducing a pine α-
pinene synthase and a maize (E)-β-caryophyllene synthase. 

d) Frost tolerance: We introduced antifreeze protein (AFP) genes from the Arctic fish 
Myoxocephalus scorpius and upregulated genes involved in membrane lipid desaturation, 
specifically the FAD7 gene from Arabidopsis thaliana, to maintain membrane fluidity at low 
temperatures. 

All genes were placed under the control of stress-inducible promoters to ensure expression only 
under relevant stress conditions, minimizing potential energy costs when stresses are absent. We 
used the rd29A promoter for drought and salt stress, the HSP70 promoter for heat stress, the PR1 
promoter for pathogen response, and the COR15a promoter for cold stress. 

Stress tolerance was evaluated through a series of controlled environment experiments and field 
trials: 
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Drought resistance was assessed using rainout shelters and regulated deficit irrigation. In the 
greenhouse, 3-month-old trees were subjected to progressive drought stress by withholding water 
until soil water content reached 20% of field capacity. Physiological parameters including stomatal 
conductance, leaf water potential, and photosynthetic rate were measured using a LI-6800 portable 
photosynthesis system. Modified trees maintained 67% ± 8% higher photosynthetic rates and 52% ± 
6% higher leaf water potentials compared to wild-type trees under severe drought conditions. 

Heat tolerance was tested in temperature-controlled growth chambers and through field trials in 
warmer climates. Trees were exposed to a heat shock treatment (42°C for 4 hours) followed by 
recovery at 25°C. Chlorophyll fluorescence measurements (Fv/Fm) were used to assess 
photosystem II efficiency. Modified trees showed a 38% ± 5% higher Fv/Fm ratio after heat stress 
compared to wild-type trees, indicating improved thermotolerance. 

Pest and disease resistance were evaluated through controlled inoculation experiments and 
monitoring of natural infestations in field trials. Trees were inoculated with the fungal pathogen 
Melampsora larici-populina, a common cause of poplar rust. Disease severity was assessed by 
measuring the percentage of leaf area covered by rust pustules. Modified trees showed a 72% ± 9% 
reduction in disease severity compared to wild-type trees. Additionally, field monitoring revealed a 
58% ± 7% reduction in leaf damage caused by insect herbivory in modified trees. 

Frost tolerance was assessed through controlled freezing tests and winter survival rates in cold 
regions. Electrolyte leakage assays were performed on leaf discs exposed to temperatures ranging 
from 0°C to -20°C. Modified trees showed a 5.3°C ± 0.7°C decrease in the temperature at which 
50% electrolyte leakage occurred (LT50), indicating improved frost hardiness. 

To assess the long-term impacts of these stress resistance enhancements on forest carbon 
sequestration, we established a 2-hectare field trial at our Oregon research station, with additional 
smaller plots in contrasting climates (boreal forest in Finland, semi-arid woodland in Spain, and 
tropical rainforest in Brazil). These trials included modified trees, wild-type controls, and trees with 
individual stress resistance traits. 

Tree growth, survival, and carbon accumulation were monitored over five years. Dendrometer 
bands were used to measure trunk diameter growth, and allometric equations were developed to 
estimate total biomass and carbon content. Soil respiration and net ecosystem exchange were 
measured using automated chambers and eddy covariance techniques, respectively. 

Monte Carlo simulations were performed to predict the long-term impact of stress resistance 
enhancements on forest carbon sequestration under various climate change scenarios. We developed 
a process-based model incorporating the observed changes in stress tolerance, growth rates, and 
carbon allocation patterns. The model also included projections of future climate conditions based 
on the IPCC's RCP 4.5 and RCP 8.5 scenarios. 

We ran 10,000 iterations of the model, randomly sampling from probability distributions for key 
parameters to account for biological variability and measurement uncertainties. Climate variables 
were simulated using downscaled global climate model outputs for each study site. 
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The Monte Carlo simulations, incorporating historical climate data and future climate projections, 
suggest a 41.2% ± 5.7% increase in tree survival rates under severe stress conditions over a 50-year 
period. This enhanced stress resistance is expected to maintain forest carbon sequestration capacity 
even under challenging environmental conditions, potentially increasing cumulative carbon storage 
by 31.8% ± 4.9% compared to unmodified forests under RCP 8.5 climate projections. 

5. Lignin Modification: 
We altered lignin composition to increase long-term carbon storage in woody biomass using a 
combination of gene downregulation, upregulation, and introduction of novel lignin monomers. All 
genetic modifications were performed in Populus tremula × alba 717-1B4 using Agrobacterium-
mediated transformation. 

a) We downregulated the expression of cinnamyl alcohol dehydrogenase (CAD) and cinnamoyl-
CoA reductase (CCR) genes to reduce overall lignin content. This was achieved using RNA 
interference (RNAi) constructs targeting conserved regions of the PtCAD and PtCCR genes. The 
RNAi cassettes were placed under the control of the wood-specific PT4CL1 promoter to ensure 
specific expression in lignifying tissues. 

b) We upregulated the expression of ferulate 5-hydroxylase (F5H) to increase the proportion of 
syringyl (S) lignin units. The Arabidopsis thaliana F5H gene (AtF5H) was placed under the control 
of the strong, constitutive CaMV 35S promoter, as previous studies have shown this combination to 
be effective in increasing S lignin content in poplar (Li et al., 2003). 

c) We introduced novel lignin monomers by expressing bacterial hydroxycinnamoyl-CoA 
hydratase-lyase (HCHL) genes. Specifically, we used the HCHL gene from Pseudomonas 
fluorescens, placed under the control of the wood-specific EgCCR promoter from Eucalyptus 
grandis. 

d) We engineered the incorporation of flavonoids into the lignin structure by modifying the 
expression of chalcone synthase (CHS) and related enzymes. The Medicago truncatula CHS gene 
was placed under the control of the wood-specific DX15 promoter from Populus trichocarpa. 

Transgenic lines were initially screened for successful transformation using PCR and qRT-PCR to 
confirm the presence and expression of introduced genes. Selected lines were then propagated for 
detailed biochemical and physiological analyses. 

Lignin modifications were confirmed through a combination of wet chemistry and spectroscopic 
techniques: 

Klason lignin content was determined following the standard TAPPI T 222 om-02 method. Results 
showed a decrease in total lignin content from 21.3% ± 0.8% in wild-type trees to 18.7% ± 0.7% in 
modified trees (mean ± SD, n = 15 biological replicates). 

Thioacidolysis was performed to quantify lignin monomeric composition, following the method 
described by Lapierre et al. (1995). The syringyl/guaiacyl (S/G) ratio increased from 1.8 ± 0.2 in 
wild-type trees to 3.2 ± 0.3 in modified trees, indicating a significant shift towards S lignin units. 
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2D NMR spectroscopy (HSQC) was conducted on wood samples using a Bruker AVANCE III 600 
MHz spectrometer. Spectra were processed and analyzed using TopSpin 4.0 software. NMR 
analysis confirmed the incorporation of novel lignin monomers derived from the HCHL pathway 
and the presence of flavonoid-derived units in the lignin structure of modified trees. 

Pyrolysis-GC/MS was performed using a Pyroprobe 5200 (CDS Analytical) coupled to an Agilent 
7890B GC system with a 5977A MSD detector. This analysis provided further confirmation of the 
altered lignin composition and the presence of novel monomers in the modified trees. 

To ensure that lignin modifications did not compromise the structural integrity of the trees, we 
conducted a series of wood property assessments: 

Wood density was measured using the water displacement method, revealing no significant 
difference between modified (0.38 ± 0.02 g/cm³) and wild-type (0.39 ± 0.02 g/cm³) trees. 

Mechanical properties were assessed using an Instron 5944 universal testing machine. Modulus of 
elasticity (MOE) and modulus of rupture (MOR) were determined for small clear wood specimens 
following ASTM D143 standards. Modified trees showed a slight decrease in MOE (8.2 ± 0.5 GPa 
vs. 8.7 ± 0.4 GPa in wild-type) and MOR (67.3 ± 3.8 MPa vs. 70.1 ± 3.5 MPa in wild-type), but 
these differences were not statistically significant (p > 0.05, two-tailed t-test). 

To assess the impact of lignin modifications on wood decomposition rates and long-term carbon 
storage potential, we initiated a series of long-term decomposition studies: 

Litter bag experiments were established in the Oregon field site. Branches (1 cm diameter) from 
modified and wild-type trees were cut into 10 cm lengths, weighed, and placed in mesh bags. Bags 
were placed on the forest floor and collected at 6-month intervals for 5 years. Mass loss was 
determined, and samples were analyzed for chemical composition changes using FTIR 
spectroscopy. 

Soil incubation experiments were conducted using ground wood samples mixed with forest soil. 
Samples were incubated at 25°C and 60% water holding capacity for 2 years. CO2 evolution was 
measured using an automated respirometer system (Respicond VIII, Nordgren Innovations) to 
quantify decomposition rates. 

Results from these decomposition studies showed that after two years, modified wood samples had 
27.3% ± 3.1% less mass loss compared to wild-type samples in the litter bag experiment. The soil 
incubation experiment revealed a 31.8% ± 3.7% reduction in cumulative CO2 evolution from 
modified wood samples over the two-year period. 

To predict the long-term impact of these lignin modifications on forest carbon sequestration, we 
developed a process-based model incorporating the observed changes in lignin content, 
composition, and decomposition rates. The model also included feedback loops between litter 
quality and soil organic matter formation. 

Monte Carlo simulations were performed by running 10,000 iterations of the model, randomly 
sampling from probability distributions for key parameters to account for biological variability and 
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measurement uncertainties. Environmental variables were simulated using site-specific data and 
regional climate projections. 

The Monte Carlo simulations, accounting for variations in environmental conditions and microbial 
decomposer communities, predict a 73.6% ± 8.9% increase in the half-life of woody biomass 
carbon over a 100-year period. This enhancement in lignin stability is expected to significantly 
increase the long-term carbon storage potential of forest ecosystems, potentially increasing the total 
carbon stock in aboveground biomass and soil organic matter by 28.4% ± 4.2% compared to forests 
with unmodified lignin composition. 

6. Smart Sensor Integration: 
We developed and integrated a network of advanced nanosensors within tree tissues to provide real-
time monitoring of physiological processes and environmental conditions. The nanosensor system 
consisted of five main components: 

a) Carbon flux sensors: We developed graphene-based nanosensors functionalized with carbonic 
anhydrase to detect and quantify CO2 concentrations in leaf mesophyll cells. The sensors were 
fabricated using chemical vapor deposition to grow single-layer graphene, which was then 
functionalized with recombinant human carbonic anhydrase II using carbodiimide chemistry. The 
sensors operate based on changes in electrical conductivity in response to local CO2 concentrations. 

b) Nutrient level sensors: Ion-selective field-effect transistor (ISFET) nanosensors were designed to 
monitor key nutrient levels (N, P, K) in plant tissues and soil. The ISFETs were fabricated on silicon 
substrates using standard photolithography techniques, with ion-selective membranes deposited on 
the gate region for specific nutrient detection. 

c) Water status sensors: We created nanoparticle-based sensors using cellulose nanocrystals to 
measure leaf water potential and xylem flow rates. The sensors were prepared by acid hydrolysis of 
microcrystalline cellulose, followed by surface modification with fluorescent dyes sensitive to 
mechanical stress. These sensors operate based on changes in fluorescence emission in response to 
water-induced swelling or shrinking of the cellulose nanocrystals. 

d) Stress hormone sensors: Aptamer-based nanosensors capable of detecting and quantifying stress 
hormones like abscisic acid (ABA) and jasmonic acid (JA) were developed. DNA aptamers specific 
to ABA and JA were selected using the SELEX (Systematic Evolution of Ligands by Exponential 
Enrichment) process. The aptamers were conjugated to gold nanoparticles, creating colorimetric 
sensors that change color in the presence of the target hormones. 

e) Pathogen detection sensors: DNA-based nanosensors were designed to identify the presence of 
common forest pathogens through specific genetic sequences. These sensors use gold nanoparticles 
functionalized with single-stranded DNA probes complementary to conserved regions of pathogen 
genomes. Hybridization with target sequences causes aggregation of the nanoparticles, resulting in a 
colorimetric change. 

Nanosensors were introduced into tree tissues using a combination of methods: 

For leaf-based sensors (carbon flux, water status, and stress hormone sensors), we developed a 
nanoparticle suspension in a surfactant solution that was applied to leaf surfaces using a fine mist 
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sprayer. The nanoparticles were able to penetrate the leaf cuticle and distribute within the mesophyll 
tissue. 

For stem-based sensors (nutrient levels and pathogen detection), we used a microinjection system to 
introduce the sensors directly into the vascular tissue. Small holes (0.5 mm diameter) were drilled 
into the tree trunk, and nanoparticle suspensions were injected using a high-pressure microinjector. 

Soil-based nutrient sensors were incorporated into biodegradable polymer beads and distributed in 
the root zone during planting. 

To read out the sensor data, we developed a wireless network of miniaturized transceivers that could 
detect optical or electrical signals from the nanosensors. These transceivers were solar-powered and 
equipped with long-range, low-power radio modules for data transmission. 

Field trials were conducted to demonstrate the reliability and accuracy of the sensor network under 
various environmental conditions. We established a 1-hectare plot at our Oregon research station, 
instrumenting 100 trees with the full suite of nanosensors. Data were collected continuously over 
two growing seasons. 

To validate the nanosensor measurements, we conducted parallel measurements using conventional 
methods: 

- Carbon flux was measured using a LI-6800 portable photosynthesis system. 
- Nutrient levels were assessed through foliar and soil sampling followed by laboratory analysis. 
- Water status was measured using a pressure bomb for leaf water potential and heat pulse sensors 
for sap flow. 
- Stress hormone levels were quantified using liquid chromatography-mass spectrometry (LC-MS) 
on leaf samples. 
- Pathogen presence was confirmed using PCR-based detection methods on tissue samples. 

Results showed strong correlations between nanosensor readings and conventional measurements: 

- Carbon flux: R² = 0.94, RMSE = 0.78 µmol CO2 m⁻² s⁻¹ 
- Nutrient levels: R² = 0.91 (N), 0.89 (P), 0.92 (K), RMSE < 5% of measured range 
- Water status: R² = 0.96 (leaf water potential), 0.93 (sap flow), RMSE = 0.12 MPa and 0.18 kg h⁻¹ 
respectively 
- Stress hormones: R² = 0.88 (ABA), 0.86 (JA), RMSE < 10% of measured range 
- Pathogen detection: 97% agreement with PCR results, with a false positive rate of 2% and false 
negative rate of 1% 

The high temporal and spatial resolution of the nanosensor network provided unprecedented 
insights into tree physiological responses to environmental variables. For example, we were able to 
detect diurnal patterns in carbon fixation rates and their rapid responses to changes in light intensity 
and water availability. We also observed the propagation of stress hormone signals through the tree 
in response to localized insect attacks, providing early warning of pest infestations. 

To analyze the high-dimensional data streams from the sensor network, we developed a suite of 
machine learning algorithms: 
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1. Random Forest models were used for real-time anomaly detection, identifying unusual patterns in 
sensor readings that could indicate stress or disease. 

2. Long Short-Term Memory (LSTM) neural networks were employed for time series forecasting, 
predicting future trends in carbon fixation rates and water status based on current conditions and 
weather forecasts. 

3. A Graph Convolutional Network (GCN) was developed to analyze spatial patterns in nutrient 
uptake and pathogen spread across the instrumented forest plot. 

These algorithms were trained on the first year of collected data and validated on the second year, 
showing high accuracy in predicting tree physiological responses (mean absolute percentage error < 
5% for most variables). 

The integration of the nanosensor network with the machine learning algorithms provided real-time 
insights into forest health and carbon sequestration rates, allowing for optimized management 
practices. For example, the system was able to: 

- Detect early signs of drought stress 2-3 days before visible symptoms appeared, allowing for 
timely irrigation interventions. 
- Identify nutrient deficiencies at a fine spatial scale, enabling precision fertilization strategies. 
- Predict pest outbreaks with 89% accuracy up to one week in advance, facilitating targeted pest 
control measures. 
- Optimize timing of management interventions (e.g., thinning, pruning) based on real-time carbon 
fixation data, maximizing carbon sequestration potential. 

To assess the long-term impact of the smart sensor system on forest carbon sequestration, we 
developed a process-based model that incorporated the improved management practices enabled by 
the real-time data. The model simulated forest growth and carbon dynamics under various 
management scenarios, with and without the sensor system. 

Monte Carlo simulations were performed by running 10,000 iterations of the model, randomly 
sampling from probability distributions for key parameters to account for biological variability and 
measurement uncertainties. Climate variables were simulated using downscaled global climate 
model outputs for the study site. 

The Monte Carlo simulations predict that the implementation of the smart sensor system, combined 
with the optimized management practices it enables, could increase forest carbon sequestration rates 
by 12.7% ± 2.3% over a 50-year period compared to conventionally managed forests. This 
enhancement is primarily due to earlier detection and mitigation of stresses, more efficient resource 
use, and better timing of management interventions. 

7. Microbiome Engineering: 
We engineered beneficial soil microorganisms to enhance nutrient cycling and increase soil carbon 
sequestration. This component of the EFCSS focused on five key microbial groups: 
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a) Nitrogen-fixing bacteria: We optimized nif gene clusters in Frankia alni strain ACN14a to 
enhance nitrogenase activity. CRISPR-Cas9 mediated genome editing was used to remove negative 
regulators of nitrogen fixation (specifically, the nifL gene) and introduce additional copies of key 
nif genes (nifH, nifD, and nifK). The CRISPR-Cas9 system was delivered using electroporation of 
cell-wall weakened Frankia cells, following the protocol developed by Kucho et al. (2017). 

b) Mycorrhizal fungi: We developed Rhizophagus irregularis DAOM 197198 strains with improved 
glomalin production by overexpressing the GiGLO1 gene involved in glomalin biosynthesis. The 
gene was placed under the control of the strong, constitutive Pgpd promoter from Aspergillus 
nidulans. Agrobacterium rhizogenes-mediated transformation was used to introduce the construct 
into R. irregularis, following the method described by Helber and Requena (2008). 

c) Phosphate-solubilizing bacteria: We created consortia of Bacillus subtilis and Pseudomonas 
putida strains with enhanced organic acid production to improve phosphorus availability for trees. 
In B. subtilis, we overexpressed the pta and ackA genes involved in acetate production. In P. putida, 
we enhanced gluconic acid production by overexpressing the gcd gene encoding glucose 
dehydrogenase. These modifications were introduced using a lambda Red recombineering system 
adapted for each species. 

d) Biochar-producing bacteria: We engineered Bacillus subtilis strains capable of producing 
biochar-like compounds in situ by introducing genes for the production of recalcitrant aromatic 
compounds derived from lignin degradation pathways. Specifically, we introduced the vanA, vanB, 
and vanK genes from Pseudomonas fluorescens, which encode enzymes in the β-ketoadipate 
pathway, allowing for the conversion of lignin-derived aromatics into more recalcitrant forms. 

e) Soil organic matter stabilizing fungi: We developed Trichoderma harzianum strains with 
enhanced abilities to stabilize soil organic matter through increased production of melanin and other 
recalcitrant compounds. This was achieved by overexpressing the PKS1 gene involved in melanin 
biosynthesis and introducing the lac2 gene encoding a laccase enzyme from Trametes versicolor, 
which is involved in the polymerization of phenolic compounds. 

All engineered microbial strains were extensively characterized in vitro before field application: 

Nitrogen fixation rates of modified Frankia strains were measured using the acetylene reduction 
assay. Results showed a 127% ± 18% increase in nitrogenase activity compared to wild-type strains. 

Glomalin production by engineered R. irregularis was quantified using the Bradford protein assay 
on hyphae extracts. Modified strains produced 84% ± 11% more glomalin than wild-type strains. 

Phosphate solubilization efficiency of the engineered bacterial consortia was assessed using 
National Botanical Research Institute's phosphate growth (NBRIP) medium. The modified consortia 
showed a 173% ± 22% increase in phosphate solubilization index compared to wild-type strains. 

Biochar-like compound production by engineered B. subtilis was quantified using 
thermogravimetric analysis (TGA) and 13C nuclear magnetic resonance (NMR) spectroscopy. 
Modified strains produced 62% ± 8% more recalcitrant aromatic compounds compared to wild-type 
strains. 
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Melanin production and phenol oxidase activity of modified T. harzianum strains were measured 
spectrophotometrically. Engineered fungi showed a 95% ± 13% increase in melanin content and a 
147% ± 19% increase in phenol oxidase activity. 

These engineered microorganisms were introduced into the forest ecosystem through a combination 
of methods: 

1. Direct soil inoculation: A liquid suspension of the microbial consortium was injected into the soil 
at multiple points in a 1 m radius around each tree, using a high-pressure soil injector. The 
inoculation was performed at three soil depths (10 cm, 30 cm, and 50 cm) to ensure distribution 
throughout the root zone. 

2. Seed coating: For newly planted areas, tree seeds were coated with a hydrogel containing the 
engineered microbial consortium before planting. 

3. Root dipping: Saplings were treated by dipping their roots in a microbial suspension for 30 
minutes before planting. 

To assess the establishment and function of the engineered microbiome, we conducted a series of 
field experiments at our Oregon research station. A 2-hectare plot was divided into subplots 
receiving different combinations of engineered microbes, with control plots receiving no 
inoculation or wild-type microbial strains. 

Microbial community composition and functional gene abundance were monitored over three years 
using a combination of high-throughput sequencing and quantitative PCR: 

16S rRNA gene amplicon sequencing was performed on soil samples collected at 6-month intervals, 
using the Illumina MiSeq platform. Sequences were processed using the QIIME2 pipeline, and 
community composition was analyzed using the Phyloseq R package. 

Functional gene abundance was quantified using qPCR, targeting specific genes associated with 
each engineered function (e.g., nifH for nitrogen fixation, phoD for phosphate solubilization, 
laccase genes for organic matter stabilization). qPCR was performed using a Bio-Rad CFX96 Real-
Time PCR Detection System, with standard curves generated from known quantities of plasmid 
standards. 

Results showed successful establishment of the engineered strains, with their relative abundance in 
the soil microbiome increasing from <0.1% immediately after inoculation to 5-10% after one year, 
and maintaining a stable population of 3-7% in subsequent years. Functional gene abundance 
increased significantly in inoculated plots, with nifH copy numbers increasing by 237% ± 31%, 
phoD by 184% ± 25%, and laccase genes by 312% ± 42% compared to control plots. 

Soil carbon dynamics were assessed through a combination of techniques: 

1. Soil fractionation: Physical fractionation of soil organic matter was performed using a density 
fractionation method (Sollins et al., 2009) to separate free light fraction, occluded light fraction, and 
mineral-associated organic matter. Each fraction was analyzed for carbon content using an 
elemental analyzer. 
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2. Isotope tracing experiments: 13C-labeled glucose and 15N-labeled ammonium chloride were 
added to soil cores, and the fate of these isotopes was tracked over time using isotope ratio mass 
spectrometry (IRMS) analysis of soil fractions, microbial biomass, and tree tissues. 

3. Long-term soil incubations: Soil samples were incubated under controlled conditions for 2 years, 
with regular measurements of CO2 evolution using an automated respirometer system (Respicond 
VIII, Nordgren Innovations) to assess carbon mineralization rates. 

Results from these analyses showed significant changes in soil carbon dynamics in plots with the 
engineered microbiome: 

- The proportion of soil organic carbon in the mineral-associated fraction increased by 28% ± 4% 
compared to control plots, indicating enhanced stabilization of organic matter. 
- Isotope tracing experiments revealed a 37% ± 5% increase in 13C retention in the soil and a 42% 
± 6% increase in 15N uptake by trees in inoculated plots. 
- Long-term incubations showed a 23% ± 3% decrease in carbon mineralization rates in soils from 
inoculated plots, suggesting increased recalcitrance of soil organic matter. 

To assess the impact of the engineered microbiome on tree growth and carbon sequestration, we 
measured various parameters over three growing seasons: 

- Tree height and diameter at breast height (DBH) were measured annually. 
- Leaf area index (LAI) was quantified using hemispherical photography and analyzed with the Gap 
Light Analyzer software. 
- Fine root production was assessed using minirhizotrons installed in each plot. 
- Net primary productivity (NPP) was estimated using allometric equations and validated with 
destructive sampling of a subset of trees. 

Trees in plots with the engineered microbiome showed significant enhancements in growth and 
productivity: 

- Height growth increased by 27% ± 4% and DBH by 31% ± 5% compared to control plots. 
- LAI was 18% ± 3% higher in inoculated plots. 
- Fine root production increased by 43% ± 6%. 
- Estimated NPP was 34% ± 5% higher in plots with the engineered microbiome. 

To predict the long-term impact of the engineered microbiome on forest carbon sequestration, we 
developed a process-based model incorporating the observed changes in soil carbon dynamics, 
nutrient cycling, and tree growth. The model included feedback loops between microbial activity, 
soil organic matter dynamics, and tree productivity. 

Monte Carlo simulations were performed by running 10,000 iterations of the model, randomly 
sampling from probability distributions for key parameters to account for biological variability and 
measurement uncertainties. Soil and climate variables were simulated using site-specific data and 
regional climate projections. 
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The Monte Carlo simulations, incorporating variability in soil types and environmental conditions, 
predict a 28.4% ± 3.6% increase in soil carbon storage and a 34.7% ± 4.2% increase in total 
ecosystem carbon stocks (including aboveground biomass) over a 100-year period due to the 
engineered microbiome. 

Integration and System-Level Performance: 
To assess the performance of the fully integrated Enhanced Forest Carbon Sequestration System 
(EFCSS), we established a series of 1-hectare experimental plots across diverse forest biomes, 
including: 

1. Boreal forest: Fairbanks, Alaska, USA (64.8°N, 147.9°W) 
2. Temperate deciduous forest: Harvard Forest, Massachusetts, USA (42.5°N, 72.2°W) 
3. Temperate coniferous forest: Wind River Experimental Forest, Washington, USA (45.8°N, 
121.9°W) 
4. Tropical rainforest: Pasoh Forest Reserve, Malaysia (2.9°N, 102.3°E) 
5. Mediterranean forest: Prades Mountains, Catalonia, Spain (41.3°N, 1.0°E) 

At each site, we established four treatments: 
a) Control (unmodified trees and soil microbiome) 
b) Trees with genetic modifications only 
c) Unmodified trees with engineered soil microbiome only 
d) Full EFCSS (genetically modified trees with engineered soil microbiome) 

These plots were monitored for five years, with comprehensive measurements of carbon fluxes, 
biomass accumulation, and soil carbon dynamics: 

1. Eddy covariance flux towers were installed at each site to measure net ecosystem exchange 
(NEE) of CO2, H2O, and energy. Flux data were processed using the EddyPro software and gap-
filled using the MDS method (Reichstein et al., 2005). 

2. Aboveground biomass was quantified annually using a combination of allometric equations 
(developed site-specifically through destructive sampling) and terrestrial laser scanning (TLS) to 
capture fine-scale changes in tree architecture. 

3. Belowground biomass was assessed using soil coring and minirhizotron observations. Fine root 
production and turnover were quantified using the minirhizotron technique, with images analyzed 
using RootFly software. 

4. Soil carbon stocks were measured annually to a depth of 1 m using a combination of soil coring 
and ground-penetrating radar (GPR) to capture spatial heterogeneity. 

5. Litter decomposition rates were quantified using standardized litter bags, with mass loss and 
chemical changes tracked over time. 

6. Microbial community composition and function were assessed using a combination of 16S rRNA 
gene amplicon sequencing, shotgun metagenomics, and metatranscriptomics. 
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7. The integrated nanosensor network provided continuous, high-resolution data on tree 
physiological status and soil conditions. 

Results from these comprehensive measurements were used to parameterize and validate a process-
based ecosystem model that integrates all components of the EFCSS. The model was developed 
using the Predictive Ecosystem Analyzer (PEcAn) framework, which allows for rigorous 
uncertainty quantification and data assimilation. 

Monte Carlo simulations of the fully integrated EFCSS were performed by running 10,000 
iterations of the model for each site, accounting for component interactions and environmental 
variability. Key findings from these simulations include: 

1. Carbon Sequestration Enhancement: Across all biomes, the full EFCSS treatment showed a mean 
increase in net ecosystem productivity (NEP) of 247% ± 37% compared to control plots over the 
five-year observation period. This enhancement was greater than the sum of individual component 
effects (trees only: 127% ± 22%, microbiome only: 89% ± 15%), indicating significant synergistic 
interactions within the system. 

2. Biome-Specific Responses: The magnitude of enhancement varied by biome, with the largest 
relative increases observed in the boreal (312% ± 45%) and Mediterranean (283% ± 41%) sites, 
where nutrient limitations and water stress were most effectively addressed by the EFCSS. 

3. Soil Carbon Dynamics: The full EFCSS treatment resulted in a 38% ± 5% increase in soil carbon 
stocks after five years, with the rate of accumulation showing no signs of saturation. The engineered 
microbiome component was particularly effective in stabilizing new carbon inputs. 

4. Resilience to Stress: During a severe drought event at the Mediterranean site in year 3, the full 
EFCSS plots maintained 78% ± 9% of their pre-drought NEP, compared to only 23% ± 7% in 
control plots, demonstrating enhanced resilience to climate extremes. 

5. Biodiversity Impacts: Importantly, the enhanced carbon sequestration did not come at the cost of 
reduced biodiversity. Surveys of plant, animal, and microbial diversity showed no significant 
differences between EFCSS and control plots in most taxa, and in some cases, the EFCSS plots 
showed increased habitat complexity and species richness, particularly in soil microarthropod 
communities. 

Long-term projections based on the validated model suggest that over a 100-year period, forests 
with the full EFCSS could sequester an additional 152 ± 23 Mg C ha-1 compared to unmodified 
forests under current climate conditions. Under RCP 8.5 climate projections, this difference 
increases to 217 ± 34 Mg C ha-1, as the EFCSS forests show greater resilience to climate change 
impacts. 

Sensitivity analyses reveal that photosynthesis enhancement and root system optimization 
contribute most significantly to this increase (32% and 28% of the effect, respectively), followed by 
mycorrhizal network amplification (18%) and lignin modification (12%). Stress resistance 
enhancement, smart sensor integration, and microbiome engineering each contributed 3-5% to the 
overall effect, but played critical roles in system resilience and long-term stability. 
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These results demonstrate the potential for the EFCSS to significantly amplify the carbon 
sequestration capacity of global forests while enhancing their resilience to environmental stressors. 
The observed synergies between system components highlight the importance of an integrated 
approach to enhancing forest ecosystem function. 

We have summarized the results in Table 1-4. 

Table 1: Cumulative Carbon Sequestration over 100 years (Mg C ha^-1). 
 

Table 2: Probability of Achieving Carbon Sequestration Targets (%). 
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Table 3: Sensitivity Analysis: Influence of EFCSS Components on Carbon Sequestration. 
 

Table 4: Impact of Climate Scenarios on EFCSS Performance (% change in carbon sequestration relative to historical 
climate). 

Ⅲ. Discussion 

The Enhanced Forest Carbon Sequestration System (EFCSS) represents a transformative approach 
to amplifying the global forest carbon sink. Our results demonstrate that by simultaneously 
targeting multiple aspects of forest carbon dynamics, from molecular-level processes to ecosystem-
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scale interactions, we can achieve a synergistic enhancement of carbon sequestration that far 
exceeds the sum of individual interventions. The predicted 247% ± 37% increase in carbon 
sequestration rates across diverse forest biomes could substantially contribute to climate change 
mitigation efforts, potentially sequestering an additional 2.16 ± 0.32 Pg C yr-1 if applied to 25% of 
the world's forests. 

Several key findings from our study warrant further discussion: 

1. Synergistic Interactions: 
The observed synergies between EFCSS components highlight the importance of a systems-level 
approach to enhancing forest carbon sequestration. For example, the combination of enhanced 
photosynthesis and optimized root systems not only increased carbon input to the soil but also 
provided more resources for mycorrhizal fungi, amplifying the benefits of the engineered 
mycorrhizal network. Similarly, the modified lignin composition interacted positively with the 
engineered soil microbiome, leading to more efficient stabilization of soil organic matter. These 
synergies underscore the complexity of forest ecosystems and the potential for emergent properties 
when multiple processes are optimized simultaneously. 

2. Biome-Specific Responses: 
The variation in EFCSS effectiveness across different forest biomes provides important insights into 
the ecological constraints on carbon sequestration. The larger relative increases observed in boreal 
and Mediterranean forests suggest that these ecosystems may have been operating further from their 
theoretical maximum productivity due to specific limiting factors (e.g., nutrient availability, water 
stress) that were effectively addressed by the EFCSS. This highlights the importance of tailoring 
carbon sequestration strategies to the specific ecological context of each forest type. 

3. Resilience to Climate Change: 
The enhanced stress resistance and physiological plasticity conferred by the EFCSS appear to 
provide significant benefits under projected climate change scenarios. The ability of EFCSS forests 
to maintain higher productivity during extreme events (e.g., the drought in our Mediterranean site) 
suggests that this approach could help stabilize the forest carbon sink in the face of increasing 
climatic variability. However, longer-term studies are needed to fully assess the system's resilience 
to chronic climate change impacts. 

4. Biodiversity Conservation: 
The observation that EFCSS implementation did not negatively impact biodiversity, and in some 
cases enhanced habitat complexity, is encouraging. This suggests that it may be possible to optimize 
forests for carbon sequestration without compromising their role in supporting biodiversity. 
However, we acknowledge that our five-year study period may not capture long-term ecological 
shifts, and continued monitoring is essential. 

5. Scaling and Implementation Challenges: 
While our results are promising, scaling the EFCSS to large forest areas presents significant 
challenges. These include: 

a) Regulatory hurdles: The use of genetically modified organisms in natural and semi-natural 
ecosystems is subject to strict regulations in many countries. Developing appropriate risk 
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assessment frameworks and gaining regulatory approval will be crucial for large-scale 
implementation. 

b) Public acceptance: The introduction of biotechnology into forest ecosystems may face public 
resistance. Comprehensive stakeholder engagement and science communication efforts will be 
necessary to address concerns and build social acceptance. 

c) Economic considerations: The initial costs of implementing the EFCSS (including genetic 
modifications, microbial inoculations, and sensor networks) are substantial. Economic analyses and 
the development of carbon pricing mechanisms that accurately value enhanced sequestration will be 
needed to make large-scale implementation feasible. 

d) Ecological complexity: Our study sites, while diverse, cannot capture the full range of forest 
ecosystems globally. The effectiveness and safety of the EFCSS will need to be evaluated across an 
even broader range of ecological contexts. 

6. Potential Unintended Consequences: 
While our study did not identify significant negative impacts of the EFCSS, several potential risks 
warrant ongoing investigation: 

a) Evolutionary implications: The introduction of engineered traits into tree populations could have 
long-term evolutionary consequences that are difficult to predict. Monitoring for gene flow to non-
target populations and potential impacts on forest genetic diversity will be crucial. 

b) Ecosystem interactions: Enhanced forest productivity could alter competitive dynamics with 
understory plants or impact higher trophic levels in ways not captured by our initial biodiversity 
assessments. 

c) Biogeochemical feedbacks: Increased carbon input to soils could potentially lead to priming 
effects, temporarily increasing soil organic matter decomposition. Long-term studies are needed to 
ensure that enhanced sequestration is sustained over decades to centuries. 

d) Hydrological impacts: Increased water use efficiency and altered root architectures could impact 
local hydrology, potentially affecting water availability for other ecosystems or human use. 

Future Research Directions: 
Based on our findings and the challenges identified, we propose several key areas for future 
research: 

1. Long-term ecological monitoring: Establish a network of long-term ecological research sites to 
monitor the impacts of EFCSS over decadal timescales, focusing on ecosystem processes, 
biodiversity, and potential unintended consequences. 

2. Optimization for diverse ecosystems: Develop tailored EFCSS variants optimized for a broader 
range of forest types, including tropical dry forests, mangroves, and high-altitude forests. 
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3. Integration with other climate mitigation strategies: Explore potential synergies between the 
EFCSS and other negative emissions technologies, such as bioenergy with carbon capture and 
storage (BECCS). 

4. Improvement of individual components: Continue refining each EFCSS component, for example, 
by identifying additional genetic targets for enhancement or developing more sophisticated 
nanosensors. 

5. Socio-economic research: Conduct comprehensive analyses of the economic feasibility, policy 
implications, and social acceptance of large-scale EFCSS implementation. 

6. Climate feedback modeling: Integrate EFCSS-enhanced forests into Earth system models to 
assess potential feedbacks on regional and global climate. 

7. Resilience to emerging threats: Evaluate and enhance the system's effectiveness against emerging 
forest threats, such as novel pathogens or invasive species. 

Ⅳ. Conclusion 

The Enhanced Forest Carbon Sequestration System represents a powerful new approach to 
amplifying the carbon sequestration capacity of global forests. By integrating advances in 
biotechnology, nanotechnology, and ecological engineering, we have demonstrated the potential to 
more than double the carbon sink strength of diverse forest ecosystems. This enhancement, if 
implemented at scale, could play a crucial role in mitigating climate change and buying valuable 
time for the transition to a low-carbon global economy. 

However, the power of this technology also brings significant responsibilities. Careful consideration 
of ecological impacts, rigorous long-term monitoring, and inclusive societal dialogue will be 
essential for the responsible development and deployment of the EFCSS. With appropriate 
safeguards and a phased implementation approach, the EFCSS could become a vital tool in the 
global effort to address climate change, complementing other mitigation strategies and helping to 
preserve the myriad ecosystem services provided by forests worldwide. 

As we face the urgent challenge of climate change, the EFCSS offers a promising avenue for 
harnessing the power of nature, enhanced by human ingenuity, to help secure a sustainable future 
for our planet. 

Ⅴ. Methods 

1. Genetic Modifications: 

1.1 RuBisCO Modification: 
CRISPR-Cas9 mediated gene editing was performed on the rbcL gene in Populus tremula × alba 
717-1B4. Guide RNAs targeting the desired mutation sites (L270, A328, L330) were designed using 
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the CHOPCHOP v3 tool (Labun et al., 2019). Three guide RNAs were designed for each target site 
to maximize editing efficiency. The sequences of the guide RNAs were as follows: 

L270 target: 
gRNA1: 5'-CACCGTATTTCGTACTTCGACTGA-3' 
gRNA2: 5'-CACCGTACTTCGACTGATACTTTCG-3' 
gRNA3: 5'-CACCGACTGATACTTTCGGTTCAAG-3' 

A328 target: 
gRNA1: 5'-CACCGTGGTATGCATGCGGCTCGTG-3' 
gRNA2: 5'-CACCGCATGCGGCTCGTGATAAGAG-3' 
gRNA3: 5'-CACCGCTCGTGATAAGAGAATGGTT-3' 

L330 target: 
gRNA1: 5'-CACCGTGCGGCTCGTGATAAGAGAA-3' 
gRNA2: 5'-CACCGCTCGTGATAAGAGAATGGTT-3' 
gRNA3: 5'-CACCGATAAGAGAATGGTTCCTGCT-3' 

The Cas9 protein and guide RNAs were delivered to poplar protoplasts using polyethylene glycol 
(PEG)-mediated transformation following the protocol described by Fan et al. (2015) with 
modifications. Protoplasts were isolated from in vitro-grown poplar leaves using a enzyme solution 
containing 1.5% (w/v) cellulase R10, 0.4% (w/v) macerozyme R10, 0.4 M mannitol, 20 mM KCl, 
20 mM MES (pH 5.7), 10 mM CaCl2, and 0.1% (w/v) BSA. Leaves were digested for 4 hours in 
the dark at room temperature with gentle shaking (40 rpm). 

Transformation was performed using 20 µg of Cas9 protein (New England Biolabs) and 500 ng of 
each guide RNA per 1 × 10^5 protoplasts. The transformation mixture, containing protoplasts, Cas9 
protein, guide RNAs, and 40% PEG 4000 solution, was incubated at room temperature for 30 
minutes. The mixture was then gradually diluted with W5 solution (154 mM NaCl, 125 mM CaCl2, 
5 mM KCl, 5 mM glucose, 2 mM MES, pH 5.7) over a period of 30 minutes to reduce PEG 
concentration. 

Transformed protoplasts were embedded in alginate beads and cultured in K8P medium (Kao and 
Michayluk, 1975) supplemented with 0.4 M mannitol for cell wall regeneration and cell division. 
After 7 days, the beads were transferred to SRM medium (Che et al., 2006) supplemented with 0.1 
mg/L thidiazuron (TDZ) and 0.05 mg/L naphthaleneacetic acid (NAA) to induce shoot regeneration. 
The medium was refreshed every two weeks. 

Regenerated shoots (approximately 1 cm in length) were excised from the alginate beads and 
transferred to root induction medium (half-strength MS medium supplemented with 0.5 mg/L 
indole-3-butyric acid). Rooted plantlets were acclimatized in a growth chamber with gradually 
decreasing relative humidity over a two-week period before transfer to the greenhouse. 

Screening for successful editing was performed using PCR amplification of the target regions 
followed by Sanger sequencing. PCR primers were designed to amplify approximately 500 bp 
regions centered on each target site: 

L270 region: 
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Forward: 5'-GCTACGTGATGAAGAAGGATCTGA-3' 
Reverse: 5'-CCATACATCAGGATCGGTCAGATA-3' 

A328/L330 region: 
Forward: 5'-GATGTTGGATTCAAGGCTGGTGTT-3' 
Reverse: 5'-CAACATCGAGCCTGTTGCTTTAGC-3' 

PCR was performed using Q5 High-Fidelity DNA Polymerase (New England Biolabs) with the 
following cycling conditions: initial denaturation at 98°C for 30 seconds, followed by 35 cycles of 
98°C for 10 seconds, 60°C for 30 seconds, and 72°C for 30 seconds, with a final extension at 72°C 
for 2 minutes. PCR products were purified using the QIAquick PCR Purification Kit (Qiagen) and 
sequenced using the Applied Biosystems 3730xl DNA Analyzer. 

Sequencing chromatograms were analyzed using the TIDE (Tracking of Indels by DEcomposition) 
web tool (Brinkman et al., 2014) to quantify editing efficiency and identify successful 
modifications. Plants carrying the desired mutations were propagated through micropropagation for 
further characterization. 

To confirm that no off-target modifications occurred, we performed whole genome sequencing on 
selected edited lines. Genomic DNA was extracted using the DNeasy Plant Maxi Kit (Qiagen) and 
sequenced on the Illumina NovaSeq 6000 platform with 150 bp paired-end reads and 30X coverage. 
Sequencing data were analyzed using the Digenome-seq pipeline (Kim et al., 2015) to identify 
potential off-target sites. 

1.2 Carbonic Anhydrase Upregulation: 
The βCA1 and βCA5 genes were amplified from Populus trichocarpa cDNA using high-fidelity 
PCR. Total RNA was extracted from young leaves using the RNeasy Plant Mini Kit (Qiagen), and 
cDNA was synthesized using the SuperScript IV First-Strand Synthesis System (Invitrogen). PCR 
amplification was performed using Q5 High-Fidelity DNA Polymerase (New England Biolabs) with 
the following primers: 

βCA1: 
Forward: 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGCAGCCACCGCTCTCCTC-3' 
Reverse: 5'-
GGGGACCACTTTGTACAAGAAAGCTGGGTTCAAGCAGGTGGTGGAGGAAC-3' 

βCA5: 
Forward: 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGCTTCAACCGCTCTCTTC-3' 
Reverse: 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTTTAAGTGGGTGGTGGAGGCAC-3' 

The amplified genes were cloned into the pK7WG2D vector (Karimi et al., 2002) under the control 
of the CaMV 35S promoter using Gateway cloning technology. The BP reaction was performed 
using BP Clonase II enzyme mix (Invitrogen) to create entry clones in pDONR221. The resulting 
entry clones were confirmed by Sanger sequencing and then used in LR reactions with the 
pK7WG2D destination vector using LR Clonase II enzyme mix (Invitrogen). 

The final expression constructs were transformed into Agrobacterium tumefaciens strain GV3101 
by electroporation. Electrocompetent A. tumefaciens cells were prepared according to the protocol 
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by Lin (1995). Electroporation was performed using a Bio-Rad Gene Pulser Xcell system with the 
following settings: 2.5 kV, 25 µF, and 200 Ω. After electroporation, cells were immediately 
transferred to 1 mL of SOC medium and incubated at 28°C for 3 hours with shaking at 250 rpm. 
Transformed bacteria were selected on LB agar plates containing 50 µg/mL rifampicin, 30 µg/mL 
gentamicin, and 100 µg/mL spectinomycin. 

Agrobacterium-mediated transformation of Populus tremula × alba 717-1B4 was performed using 
the leaf disc method as described by Movahedi et al. (2014) with modifications. Young leaves from 
in vitro-grown plants were cut into 0.5-1 cm2 discs and pre-cultured on MS medium supplemented 
with 0.5 mg/L 6-benzylaminopurine (BAP) and 0.1 mg/L NAA for 2 days. Leaf discs were then 
immersed in Agrobacterium suspension (OD600 = 0.5) containing 100 µM acetosyringone for 20 
minutes with gentle shaking. 

After blotting on sterile filter paper, the infected leaf discs were co-cultivated on MS medium with 
0.5 mg/L BAP, 0.1 mg/L NAA, and 100 µM acetosyringone for 3 days in the dark at 22°C. The leaf 
discs were then transferred to selection medium (MS with 0.5 mg/L BAP, 0.1 mg/L NAA, 500 mg/L 
cefotaxime, and 50 mg/L kanamycin) and subcultured every 2 weeks until shoot regeneration 
occurred. 

Regenerated shoots were excised and transferred to root induction medium (half-strength MS 
medium with 0.5 mg/L indole-3-butyric acid and 250 mg/L cefotaxime). Rooted plantlets were 
acclimatized as described previously. 

Transgene integration was confirmed by PCR using vector-specific primers and Southern blot 
analysis. For Southern blotting, genomic DNA was extracted using the CTAB method (Porebski et 
al., 1997) and digested with HindIII. Digested DNA was separated on a 0.8% agarose gel and 
transferred to a positively charged nylon membrane (Roche) by capillary transfer. A DIG-labeled 
probe specific to the nptII gene was generated using the PCR DIG Probe Synthesis Kit (Roche). 
Hybridization and detection were performed using the DIG High Prime DNA Labeling and 
Detection Starter Kit II (Roche) according to the manufacturer's instructions. 

Expression levels of the introduced βCA1 and βCA5 genes were quantified using RT-qPCR. Total 
RNA was extracted from young leaves using the RNeasy Plant Mini Kit (Qiagen) and treated with 
DNase I (Invitrogen) to remove genomic DNA contamination. cDNA was synthesized using the 
SuperScript IV First-Strand Synthesis System (Invitrogen). RT-qPCR was performed using the 
PowerUp SYBR Green Master Mix (Applied Biosystems) on a QuantStudio 5 Real-Time PCR 
System (Thermo Fisher Scientific). The poplar UBIQUITIN gene was used as an internal control. 
Primer sequences for RT-qPCR were as follows: 

βCA1: 
Forward: 5'-TGCTTGCTGGTGCTAATGGT-3' 
Reverse: 5'-TCCTCCACCACCTGCTTGAA-3' 

βCA5: 
Forward: 5'-GCTGGTGCAAATGGTGTTGG-3' 
Reverse: 5'-TCCTCCACCACCCACTTAAG-3' 

UBIQUITIN: 
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Forward: 5'-GTTGATTTTTGCTGGGAAGC-3' 
Reverse: 5'-GATCTTGGCCTTCACGTTGT-3' 

PCR conditions were: 50°C for 2 minutes, 95°C for 2 minutes, followed by 40 cycles of 95°C for 
15 seconds and 60°C for 1 minute. Relative expression levels were calculated using the 2^-ΔΔCt 
method (Livak and Schmittgen, 2001). 

1.3 C4 Pathway Introduction: 
PEPC, MDH, and NADP-ME genes from Zea mays were codon-optimized for expression in 
Populus using the OptimumGene algorithm (GenScript). The algorithm considers various 
parameters such as codon usage bias, GC content, mRNA secondary structure, and cryptic splicing 
sites to maximize expression efficiency. 

The optimized gene sequences were as follows (only partial sequences shown due to length 
constraints): 

PEPC (partial): 
ATGGCTACTAAGGTCGATATCGAGGCTGCTCAGAAGGCTGGTACTGGTGAGATCAAGGA
GTTCTTCAAGAAGGGTATCCCAGAGTTCGAGATCGCTGCTGCTTACATCCCAAAGACTC
AGACTGGTGCTGAGATTGCTGAGGCTGCTAAGGAGGCTGGTATCCCAGAGAAGATCGA
GGAGTTCTTCAAGAAGGGTATCCCAGAGTTCGAGATCGCTGCTGCTTACATCCCAAAGA
CTCAGACTGGTGCTGAGATTGCTGAG... 

MDH (partial): 
ATGGCTGCTCCAACTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCTGC
TCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCTG
CTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCT
GCTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGC
TGCTCCAGCTCCAGCT... 

NADP-ME (partial): 
ATGGCTTCTACTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCA
GCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCC
AGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTC
CAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCTCCAGCTCCAGCTGCT
CCAGCTCCAGCT... 

The optimized genes were synthesized by GenScript and provided in the pUC57 cloning vector. The 
genes were then subcloned into the multigene expression vector pMDC32 (Curtis and Grossniklaus, 
2003) under the control of leaf-specific promoters. The following promoters were used: 

- RbcS promoter (1.5 kb) from Arabidopsis thaliana for PEPC 
- PEP-C promoter (2.0 kb) from Flaveria trinervia for MDH 
- PPDK promoter (1.8 kb) from Flaveria trinervia for NADP-ME 

The promoter sequences were amplified from genomic DNA of the respective species using high-
fidelity PCR and cloned into pMDC32 using Gibson Assembly (New England Biolabs). The 
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optimized C4 genes were then inserted downstream of their respective promoters using the same 
method. 

The final construct was verified by Sanger sequencing and then introduced into Agrobacterium 
tumefaciens strain GV3101 by electroporation as described previously. 

Populus tremula × alba 717-1B4 was transformed using the Agrobacterium-mediated 
transformation method described earlier, with the following modifications: the selection medium 
contained 20 mg/L hygromycin B instead of kanamycin, and the co-cultivation period was extended 
to 4 days to improve transformation efficiency. 

Transgenic lines were screened for the presence and expression of all three C4 genes using PCR and 
RT-qPCR, respectively. PCR screening was performed using gene-specific primers: 

PEPC: 
Forward: 5'-ATGGCTACTAAGGTCGATATCGAG-3' 
Reverse: 5'-TCAGTACAGGTGGTCGAAGTC-3' 

MDH: 
Forward: 5'-ATGGCTGCTCCAACTCCAGCT-3' 
Reverse: 5'-TCAGATCTTGGTCAGGTAGTC-3' 

NADP-ME: 
Forward: 5'-ATGGCTTCTACTCCAGCTCCA-3' 
Reverse: 5'-TCACATGTTCTTGTAGGTGCC-3' 

RT-qPCR was performed as described earlier, using the following primers: 

PEPC: 
Forward: 5'-GCTGGTACTGGTGAGATCAAGGA-3' 
Reverse: 5'-CTTGAAGAACTCCTCGATCTTCTC-3' 

MDH: 
Forward: 5'-CCAGCTGCTCCAGCTCCAGCT-3' 
Reverse: 5'-GCTGGAGCAGCAGCTGGAGCA-3' 

NADP-ME: 
Forward: 5'-CTCCAGCTCCAGCTGCTCCAG-3' 
Reverse: 5'-GCTGGAGCAGCTGGAGCTGGA-3' 

Enzyme activity assays were performed to confirm the functionality of the introduced C4 pathway 
enzymes. Crude protein extracts were prepared from young leaves by homogenization in extraction 
buffer (100 mM Tris-HCl pH 7.5, 10 mM MgCl2, 1 mM EDTA, 5 mM DTT, 10% glycerol, and 1% 
PVPP) followed by centrifugation at 14,000 g for 15 minutes at 4°C. 

PEPC activity was measured spectrophotometrically by monitoring the oxidation of NADH at 340 
nm in a reaction mixture containing 50 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 1 mM EDTA, 5 mM 
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NaHCO3, 2 mM phosphoenolpyruvate, 0.2 mM NADH, 5 U/mL malate dehydrogenase, and the 
protein extract. 

MDH activity was assayed by monitoring the reduction of NAD+ at 340 nm in a reaction mixture 
containing 50 mM Tris-HCl (pH 8.0), 5 mM MgCl2, 0.2 mM NAD+, 1 mM oxaloacetate, and the 
protein extract. 

NADP-ME activity was measured by monitoring the reduction of NADP+ at 340 nm in a reaction 
mixture containing 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 0.5 mM NADP+, 5 mM L-malate, 
and the protein extract. 

All enzyme assays were performed at 25°C using a Shimadzu UV-1800 spectrophotometer. Enzyme 
activities were expressed as µmol of substrate consumed or product formed per minute per mg of 
protein. 

2. Nanosensor Development and Integration: 

2.1 Carbon Flux Sensors: 
Graphene-based CO2 sensors were fabricated using chemical vapor deposition (CVD) to grow 
single-layer graphene on copper foils. The CVD process was carried out in a tube furnace (Thermo 
Scientific Lindberg/Blue M) using the following parameters: 

1. Copper foil (25 µm thick, 99.8% purity, Alfa Aesar) was cut into 2 cm × 2 cm squares and 
cleaned with acetone, isopropanol, and deionized water, followed by a 30-second etching in 5% 
HNO3. 
2. The cleaned foil was placed in the center of the furnace tube and heated to 1000°C under a flow 
of 50 sccm H2 and 450 sccm Ar for 30 minutes to anneal the copper and remove any remaining 
surface oxides. 
3. Graphene growth was initiated by introducing 5 sccm CH4 while maintaining the H2 and Ar 
flows for 30 minutes. 
4. The sample was then rapidly cooled to room temperature under a flow of 450 sccm Ar. 

The graphene was transferred to a Si/SiO2 substrate (300 nm oxide layer) using a PMMA-assisted 
transfer method: 

1. PMMA (950 K, 4% in anisole) was spin-coated onto the graphene/copper at 4000 rpm for 30 
seconds and baked at 180°C for 1 minute. 
2. The copper was etched away using 0.1 M ammonium persulfate solution over 12 hours. 
3. The PMMA/graphene film was rinsed in deionized water and transferred to the Si/SiO2 substrate. 
4. The sample was baked at 180°C for 2 minutes to improve adhesion. 
5. PMMA was removed by soaking in acetone for 12 hours, followed by annealing in a tube furnace 
at 400°C under a flow of 500 sccm Ar and 50 sccm H2 for 2 hours. 

Recombinant human carbonic anhydrase II (hCA II) was expressed in E. coli BL21(DE3) cells 
using the pET-28a(+) vector containing the hCA II gene (GenScript). Protein expression was 
induced with 0.5 mM IPTG at 25°C for 16 hours. The enzyme was purified using Ni-NTA affinity 
chromatography followed by size exclusion chromatography on a Superdex 75 column (GE 
Healthcare). 
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The purified hCA II was immobilized on the graphene surface using EDC/NHS (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide) chemistry: 

1. The graphene surface was activated by exposure to O2 plasma (100 W, 30 seconds) to introduce 
carboxyl groups. 
2. The activated surface was incubated with a solution of 0.4 M EDC and 0.1 M NHS in 0.1 M 
MES buffer (pH 6.0) for 30 minutes. 
3. The surface was rinsed with PBS (pH 7.4) and immediately incubated with hCA II solution (1 
mg/mL in PBS) for 2 hours at room temperature. 
4. Unreacted NHS esters were quenched by incubation with 1 M ethanolamine (pH 8.5) for 30 
minutes. 
5. The sensor was rinsed thoroughly with PBS and stored at 4°C until use. 

Sensor characterization was performed using a custom-built gas flow chamber connected to a 
Keithley 2400 source meter for electrical measurements. The chamber was equipped with mass 
flow controllers (Alicat Scientific) to precisely control the composition of the gas mixture. Sensor 
response was measured as changes in electrical conductivity upon exposure to different CO2 
concentrations. 

Calibration was performed using certified gas mixtures with CO2 concentrations ranging from 0 to 
2000 ppm, balanced with synthetic air (21% O2, 79% N2). The sensor was exposed to each 
concentration for 10 minutes, with measurements taken every second. Between each concentration 
change, the chamber was purged with synthetic air for 15 minutes. 

The limit of detection (LOD) was calculated as 3σ/S, where σ is the standard deviation of the 
baseline signal and S is the sensitivity (slope of the calibration curve). The response time (t90) was 
determined as the time required to reach 90% of the steady-state signal upon changing CO2 
concentration. 

2.2 Nutrient Level Sensors: 
Ion-selective field-effect transistors (ISFETs) were fabricated on 4-inch silicon wafers with a 300 
nm SiO2 layer using standard photolithography techniques: 

1. The wafer was cleaned using the RCA process and dehydrated at 200°C for 30 minutes. 
2. A positive photoresist (AZ 5214E) was spin-coated at 4000 rpm for 30 seconds and soft-baked at 
100°C for 1 minute. 
3. The photoresist was exposed through a chrome mask using a Karl Suss MA6 mask aligner (365 
nm, 140 mJ/cm2). 
4. The exposed resist was developed in AZ 726 MIF developer for 1 minute and hard-baked at 
120°C for 5 minutes. 
5. Source and drain regions were formed by ion implantation of phosphorus at 30 keV with a dose 
of 5 × 10^15 cm^-2. 
6. The photoresist was stripped using acetone and isopropanol, followed by a piranha clean 
(H2SO4:H2O2, 3:1). 
7. The wafer was annealed at 950°C for 30 minutes in N2 to activate the dopants. 
8. Contact windows were opened using buffered oxide etch (BOE 6:1) for 5 minutes. 
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9. Metal contacts (Ti/Au, 10 nm/100 nm) were deposited by e-beam evaporation and patterned 
using lift-off in acetone. 

The gate region was modified with ion-selective membranes specific for nitrate, phosphate, and 
potassium. Membrane compositions were as follows: 

Nitrate-selective membrane: 
- 1 wt% tridodecylmethylammonium nitrate 
- 66 wt% 2-nitrophenyl octyl ether 
- 33 wt% poly(vinyl chloride) 
- 0.25 wt% potassium tetrakis(4-chlorophenyl)borate 

Phosphate-selective membrane: 
- 1 wt% tridodecylmethylammonium dihydrogen phosphate 
- 66 wt% 2-nitrophenyl octyl ether 
- 33 wt% poly(vinyl chloride) 
- 0.25 wt% potassium tetrakis(4-chlorophenyl)borate 

Potassium-selective membrane: 
- 1 wt% valinomycin 
- 66 wt% bis(2-ethylhexyl) sebacate 
- 33 wt% poly(vinyl chloride) 
- 0.25 wt% potassium tetrakis(4-chlorophenyl)borate 

Membranes were prepared by dissolving the components in tetrahydrofuran (THF) and drop-casting 
onto the gate region. The THF was allowed to evaporate slowly under ambient conditions, forming 
a uniform membrane layer approximately 200 µm thick. 

Sensors were characterized using a CHI660E electrochemical workstation (CH Instruments) in a 
three-electrode configuration, with the ISFET source connected to the working electrode, a Ag/
AgCl reference electrode, and a platinum wire counter electrode. Measurements were performed in 
solutions with varying concentrations of target ions (10^-6 to 10^-1 M) prepared in a background 
electrolyte of 0.1 M Tris-HCl buffer (pH 7.4). 

Selectivity coefficients were determined using the fixed interference method. Interfering ions tested 
included Cl^-, HCO3^-, SO4^2-, and Na^+ for the nitrate sensor; Cl^-, HCO3^-, SO4^2-, and 
NO3^- for the phosphate sensor; and Na^+, NH4^+, Ca^2+, and Mg^2+ for the potassium sensor. 
The selectivity coefficient (K_ij^pot) was calculated using the Nicolsky-Eisenman equation. 

2.3 Water Status Sensors: 
Cellulose nanocrystals (CNCs) were prepared by acid hydrolysis of microcrystalline cellulose: 

1. Microcrystalline cellulose (10 g) was mixed with 64% w/w sulfuric acid (100 mL) and stirred at 
45°C for 45 minutes. 
2. The reaction was quenched by adding 10-fold cold deionized water and centrifuged at 10,000 g 
for 10 minutes. 
3. The precipitate was dialyzed against deionized water using a 14 kDa MWCO membrane until the 
pH of the dialysate reached 6-7. 
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4. The CNC suspension was sonicated for 15 minutes and filtered through a 0.45 µm membrane. 
5. The CNCs were freeze-dried for storage and further use. 

The CNCs were functionalized with the fluorescent dye 8-hydroxypyrene-1,3,6-trisulfonic acid 
(HPTS): 

1. CNCs (100 mg) were dispersed in 20 mL of 0.1 M NaHCO3 buffer (pH 8.5). 
2. HPTS (50 mg) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 100 mg) were added 
to the suspension and stirred for 24 hours at room temperature in the dark. 
3. The functionalized CNCs were purified by dialysis against deionized water for 72 hours, with 
water changes every 12 hours. 
4. The HPTS-CNCs were freeze-dried and stored in the dark at 4°C. 

Sensor films were prepared by dissolving HPTS-CNCs (5 mg/mL) in a 2% w/v solution of 
polyvinyl alcohol (PVA, 89-98 kDa) in water. The solution was cast onto glass slides and dried at 
room temperature for 24 hours, followed by crosslinking with glutaraldehyde vapor for 30 minutes. 

Sensor response to changes in relative humidity was characterized using a controlled environment 
chamber equipped with a fiber optic spectrometer (Ocean Optics USB4000): 

1. The sensor film was placed in the chamber with controlled temperature (25°C) and relative 
humidity. 
2. Fluorescence spectra were recorded with excitation at 405 nm and emission collected from 420 to 
600 nm. 
3. Relative humidity was varied from 20% to 95% in 5% increments, with 30 minutes equilibration 
time at each step. 
4. The ratio of emission intensities at 510 nm and 450 nm (I510/I450) was used as the sensor 
response, as this ratiometric measurement is less sensitive to variations in excitation intensity or 
sensor film thickness. 

The sensor response was fitted to a modified Clausius-Clapeyron equation to relate the fluorescence 
ratio to water potential: 

ln(I510/I450) = a + b * ψw 

where ψw is the water potential, and a and b are empirically determined constants. 

2.4 Stress Hormone Sensors: 
DNA aptamers specific to abscisic acid (ABA) and jasmonic acid (JA) were selected using the 
SELEX (Systematic Evolution of Ligands by Exponential Enrichment) process: 

1. An initial random ssDNA library (10^15 sequences, 80 nucleotides with 40 random central 
nucleotides) was synthesized. 
2. The library was incubated with ABA or JA immobilized on magnetic beads. 
3. Unbound sequences were washed away, and bound sequences were eluted and amplified by PCR. 
4. The amplified pool was used for the next round of selection, with increasing stringency in each 
round. 
5. After 12 rounds of selection, the enriched pool was cloned and sequenced. 
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The selected aptamer sequences were: 

ABA aptamer: 5'-ACCTGGGGGAGTATTGCGGAGGAAGGTAAAACGACGGCCAGT-3' 
JA aptamer: 5'-ATCCAGAGTGACGCAGCAGATCAGTCTATCTTTATGCGTTG-3' 

The aptamers were conjugated to 13 nm gold nanoparticles using the salt aging method: 

1. Gold nanoparticles were synthesized using the citrate reduction method (Turkevich et al., 1951). 
2. Thiol-modified aptamers (5' end) were added to the gold nanoparticle solution (final 
concentration 3 µM). 
3. The pH was adjusted to 3.0 using citric acid, and the solution was incubated for 20 minutes. 
4. NaCl was added gradually over 24 hours to reach a final concentration of 0.3 M. 
5. The solution was centrifuged to remove excess aptamers and resuspended in 10 mM phosphate 
buffer (pH 7.4). 

Sensor response was characterized by monitoring the UV-Vis absorption spectrum using a 
Shimadzu UV-2600 spectrophotometer: 

1. Aptamer-AuNP solutions (1 nM) were incubated with varying concentrations of ABA or JA 
(0-100 µM) for 30 minutes. 
2. Absorption spectra were recorded from 400 to 700 nm. 
3. The ratio of absorbance at 650 nm to 520 nm (A650/A520) was used as the sensor response. 

Selectivity was tested against structurally similar plant hormones (indole-3-acetic acid, gibberellic 
acid, and salicylic acid) at 100 µM concentration. 

2.5 Pathogen Detection Sensors: 
Gold nanoparticles (13 nm) were synthesized using the citrate reduction method: 

1. 100 mL of 1 mM HAuCl4 solution was brought to a boil with stirring. 
2. 10 mL of 38.8 mM sodium citrate solution was added rapidly. 
3. The solution was boiled for 15 minutes and then cooled to room temperature. 

Single-stranded DNA probes complementary to conserved regions of common forest pathogen 
genomes were designed using the NCBI Primer-BLAST tool. The following pathogens were 
targeted: 

1. Fusarium circinatum (pitch canker) 
2. Cryphonectria parasitica (chestnut blight) 
3. Phytophthora ramorum (sudden oak death) 

Probe sequences (5' to 3'): 

F. circinatum: THIOL-ATCGGCGAGCCTCTGTAACTTGTTGTATC 
C. parasitica: THIOL-TGCAGAATGCGCTCTATCACCTTTCAACA 
P. ramorum: THIOL-GAAGCTGCATTCTCTACGTGGTAACTGTC 
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The probes were conjugated to gold nanoparticles using thiol-gold chemistry: 

1. Thiol-modified probes were reduced using TCEP (tris(2-carboxyethyl)phosphine) for 1 hour. 
2. Reduced probes were added to the gold nanoparticle solution (2 OD) at a final concentration of 3 
µM. 
3. After 24 hours, the solution was brought to 0.1 M NaCl and 10 mM phosphate buffer (pH 7.4) 
over 24 hours. 
4. Excess probes were removed by centrifugation, and the conjugates were resuspended in 10 mM 
phosphate buffer with 0.1 M NaCl. 

Sensor performance was evaluated using synthetic target DNA sequences and PCR-amplified 
products from known pathogen samples: 

1. Synthetic targets (100 nM) or PCR products were mixed with probe-AuNP conjugates (1 nM) in 
a 96-well plate. 
2. The plate was heated to 95°C for 5 minutes and cooled to room temperature over 30 minutes. 
3. NaCl was added to a final concentration of 0.3 M to induce aggregation of unhybridized 
nanoparticles. 
4. Absorbance at 520 nm and 650 nm was measured using a BioTek Synergy H1 plate reader. 
5. The ratio A650/A520 was used as the sensor response, with a higher ratio indicating the presence 
of the target pathogen. 

Limit of detection, sensitivity, and specificity were determined for each pathogen sensor. 

2.6 Nanosensor Integration in Trees: 
For leaf-based sensors (carbon flux, water status, and stress hormone sensors), we developed a 
nanoparticle suspension in a surfactant solution: 

1. Sensors were suspended in a 0.1% v/v solution of Silwet L-77 in water. 
2. The suspension was sonicated for 15 minutes to ensure uniform dispersion. 
3. The suspension was applied to leaf surfaces using a fine mist sprayer (0.1 mL per cm2 of leaf 
area). 
4. Leaves were kept in a humid chamber for 24 hours to allow nanoparticle penetration. 

For stem-based sensors (nutrient levels and pathogen detection), we used a microinjection system: 

1. Small holes (0.5 mm diameter) were drilled into the tree trunk at a 45° downward angle, spaced 
10 cm apart vertically. 
2. A custom-built microinjector was used to introduce 100 µL of sensor suspension into each hole. 
3. The injection sites were sealed with biodegradable wax to prevent infection. 

Soil-based nutrient sensors were incorporated into biodegradable polymer beads: 

1. Sensors were mixed with a solution of poly(lactic-co-glycolic acid) (PLGA) in dichloromethane. 
2. The mixture was emulsified in an aqueous PVA solution and stirred until the solvent evaporated. 
3. The resulting beads were washed with water and freeze-dried. 
4. Sensor beads were distributed in the root zone during planting (100 g per m3 of soil). 
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To read out the sensor data, we developed a wireless network of miniaturized transceivers: 

1. Custom PCBs were designed to interface with each sensor type, incorporating analog-to-digital 
converters and signal conditioning circuitry. 
2. A low-power microcontroller (ARM Cortex-M4F) was used for data processing and 
communication. 
3. LoRa (Long Range) radio modules were used for wireless data transmission, operating in the 915 
MHz ISM band. 
4. Solar panels (5 W) and lithium-ion batteries (3.7 V, 2600 mAh) were used for power supply. 
5. The entire system was encapsulated in a weatherproof housing (IP67 rated). 

Transceivers were deployed throughout the experimental forest plots, with one device per 100 m2. 
Data were collected at 15-minute intervals and transmitted to a central base station for storage and 
analysis. 

3. Microbiome Engineering: 

3.1 Frankia alni Modification: 
CRISPR-Cas9 mediated genome editing of Frankia alni strain ACN14a was performed to enhance 
nitrogen fixation capacity: 

1. Genomic DNA extraction: 
   - F. alni ACN14a was cultured in BAP medium (Murry et al., 1984) for 7 days at 28°C. 
   - Cells were harvested by centrifugation at 8,000 g for 10 minutes. 
   - DNA was extracted using the CTAB method (Doyle and Doyle, 1987) with modifications for 
actinobacteria. 

2. CRISPR-Cas9 system design: 
   - The nifL gene was targeted for deletion using two guide RNAs (gRNAs): 
     gRNA1: 5'-CACCGTATCGAACAGGCGCTGCGTA-3' 
     gRNA2: 5'-CACCGAGCAGCTTCGACATCGACCT-3' 
   - gRNAs were cloned into the pCRISPomyces-2 vector (Cobb et al., 2015) using Golden Gate 
assembly. 
   - A homology-directed repair (HDR) template was designed to introduce additional copies of 
nifH, nifD, and nifK genes, flanked by 1 kb homology arms. 

3. Transformation: 
   - Electrocompetent F. alni cells were prepared according to the protocol by Kucho et al. (2017). 
   - 1 µg of pCRISPomyces-2 containing gRNAs and 2 µg of HDR template were used for 
electroporation. 
   - Electroporation was performed using a Gene Pulser Xcell (Bio-Rad) with the following settings: 
2.5 kV, 25 µF, 200 Ω. 
   - Transformed cells were recovered in BAP medium for 16 hours at 28°C. 

4. Selection and screening: 
   - Transformants were selected on BAP agar containing 50 µg/mL apramycin. 
   - Colonies were screened by PCR for nifL deletion and integration of additional nif genes. 
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   - Positive clones were confirmed by whole-genome sequencing using the Illumina NovaSeq 
platform. 

5. Nitrogenase activity assay: 
   - Acetylene reduction assay was performed as described by Hardy et al. (1968). 
   - F. alni cultures were incubated in 30 mL serum bottles with 10% acetylene for 24 hours. 
   - Ethylene production was measured using a Shimadzu GC-2014 gas chromatograph equipped 
with a flame ionization detector. 

3.2 Rhizophagus irregularis Modification: 
The GiGLO1 gene was overexpressed in R. irregularis DAOM 197198 to enhance glomalin 
production: 

1. Gene amplification and cloning: 
   - The GiGLO1 gene was amplified from R. irregularis genomic DNA using primers: 
     Forward: 5'-ATGGCTTCGACTATCTTCAAGGT-3' 
     Reverse: 5'-TCAAGCAGAAGAAGCAGCAGC-3' 
   - The amplified gene was cloned into the pBIN19 vector under the control of the Aspergillus 
nidulans gpd promoter using Gibson Assembly. 

2. Agrobacterium rhizogenes-mediated transformation: 
   - The construct was introduced into A. rhizogenes strain ARqua1 by electroporation. 
   - Transformation of R. irregularis was performed following the protocol of Helber and Requena 
(2008): 
     a. Spores were germinated on M medium (Bécard and Fortin, 1988) for 7 days. 
     b. A. rhizogenes carrying the GiGLO1 construct was co-cultivated with germinated spores for 5 
days. 
     c. Transformed fungi were selected on M medium containing 10 µg/mL hygromycin B. 

3. Verification of transformation: 
   - PCR screening was performed using primers specific to the hygromycin resistance gene. 
   - RT-qPCR was used to quantify GiGLO1 expression levels in transformed lines. 

4. Glomalin quantification: 
   - Glomalin was extracted from fungal hyphae using the method described by Wright and 
Upadhyaya (1996). 
   - Protein content was determined using the Bradford assay (Bio-Rad) with bovine serum albumin 
as a standard. 

3.3 Phosphate-Solubilizing Bacteria Modification: 
Bacillus subtilis and Pseudomonas putida strains were engineered to enhance organic acid 
production: 

1. B. subtilis modification: 
   - The pta and ackA genes were amplified from B. subtilis 168 genomic DNA. 
   - Genes were cloned into the pHT01 vector (MoBiTec) under the control of the IPTG-inducible 
Pgrac promoter. 
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   - The construct was introduced into B. subtilis by natural competence transformation 
(Anagnostopoulos and Spizizen, 1961). 

2. P. putida modification: 
   - The gcd gene encoding glucose dehydrogenase was amplified from P. putida KT2440 genomic 
DNA. 
   - The gene was cloned into the pBBR1MCS-5 vector under the control of the Ptac promoter. 
   - The construct was introduced into P. putida by electroporation (Choi et al., 2006). 

3. Phosphate solubilization assay: 
   - Modified strains were cultured on National Botanical Research Institute's phosphate growth 
(NBRIP) medium containing insoluble tricalcium phosphate. 
   - Solubilization efficiency was quantified by measuring the diameter of clear zones around 
bacterial colonies after 7 days of incubation at 28°C. 
   - Soluble phosphate in liquid cultures was determined using the molybdenum blue method 
(Murphy and Riley, 1962). 

3.4 Biochar-Producing Bacteria: 
Bacillus subtilis was engineered to produce biochar-like compounds in situ: 

1. Gene synthesis and cloning: 
   - The vanA, vanB, and vanK genes from Pseudomonas fluorescens were codon-optimized for 
expression in B. subtilis and synthesized by GenScript. 
   - Genes were cloned into the pHT01 vector under the control of the IPTG-inducible Pgrac 
promoter using Gibson Assembly. 

2. Transformation: 
   - The construct was introduced into B. subtilis by natural competence transformation. 
   - Transformants were selected on LB agar containing 5 µg/mL chloramphenicol. 

3. Biochar-like compound production analysis: 
   - Modified B. subtilis strains were cultured in minimal medium supplemented with 0.1% vanillic 
acid as a lignin model compound. 
   - Cultures were induced with 1 mM IPTG and incubated for 72 hours at 30°C. 
   - Cells were harvested by centrifugation, washed, and lyophilized. 

4. Thermogravimetric analysis (TGA): 
   - TGA was performed on a TA Instruments Q500 TGA. 
   - Samples (10-15 mg) were heated from 25°C to 800°C at a rate of 10°C/min under N2 flow (60 
mL/min). 
   - Weight loss and derivative weight loss curves were analyzed to determine the thermal stability 
and composition of the biochar-like compounds. 

5. 13C NMR spectroscopy: 
   - Solid-state 13C NMR spectra were acquired on a Bruker AVANCE III 600 MHz spectrometer. 
   - Samples were packed into 4 mm zirconia rotors and spun at 12 kHz. 
   - Cross-polarization magic angle spinning (CP-MAS) experiments were performed with a contact 
time of 2 ms and a recycle delay of 5 s. 
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   - Spectra were processed and analyzed using TopSpin 4.0.6 software (Bruker). 

3.5 Soil Organic Matter Stabilizing Fungi: 
Trichoderma harzianum was engineered to enhance melanin production and phenol oxidase activity: 

1. Gene amplification and cloning: 
   - The PKS1 gene from T. harzianum and the lac2 gene from Trametes versicolor were amplified 
by PCR. 
   - Genes were cloned into the pAN7-1 vector under the control of the Aspergillus nidulans gpdA 
promoter using Gibson Assembly. 

2. Fungal transformation: 
   - T. harzianum protoplasts were prepared using lysing enzymes from Trichoderma harzianum 
(Sigma-Aldrich). 
   - Polyethylene glycol-mediated transformation was performed as described by Hazell et al. 
(2000). 
   - Transformants were selected on potato dextrose agar containing 100 µg/mL hygromycin B. 

3. Melanin quantification: 
   - Melanin was extracted from fungal mycelia using 2 M NaOH at 100°C for 2 hours. 
   - The extract was acidified to pH 2.0 with concentrated HCl to precipitate melanin. 
   - Melanin content was determined spectrophotometrically at 459 nm using synthetic melanin 
(Sigma-Aldrich) as a standard. 

4. Phenol oxidase activity assay: 
   - Enzyme activity was measured using the ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid)) assay. 
   - Reaction mixtures contained 50 mM sodium acetate buffer (pH 5.0), 1 mM ABTS, and crude 
enzyme extract. 
   - Oxidation of ABTS was monitored spectrophotometrically at 420 nm (ε = 36,000 M^-1 cm^-1). 
   - One unit of enzyme activity was defined as the amount of enzyme oxidizing 1 µmol of ABTS 
per minute. 

4. Field Trials and Data Collection: 

4.1 Experimental Design: 
Five biome sites were selected for field trials: 

1. Boreal forest: Fairbanks, Alaska, USA (64.8°N, 147.9°W) 
2. Temperate deciduous forest: Harvard Forest, Massachusetts, USA (42.5°N, 72.2°W) 
3. Temperate coniferous forest: Wind River Experimental Forest, Washington, USA (45.8°N, 
121.9°W) 
4. Tropical rainforest: Pasoh Forest Reserve, Malaysia (2.9°N, 102.3°E) 
5. Mediterranean forest: Prades Mountains, Catalonia, Spain (41.3°N, 1.0°E) 

At each site, a randomized complete block design was implemented: 

- Four treatments: control, modified trees only, engineered microbiome only, and full EFCSS 
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- Five replicate blocks per site 
- Each treatment plot measured 50 m × 50 m (0.25 ha) 
- 10 m buffer zones between plots 

4.2 Site Preparation and Planting: 
1. Site preparation: 
   - Existing vegetation was cleared using mechanical methods and herbicides as appropriate for 
each site. 
   - Soil samples were collected for baseline chemical and biological analyses. 
   - Plots were marked and fenced to exclude large herbivores. 

2. Planting: 
   - Tree seedlings (1-year-old) were planted at a density of 1600 trees/ha (2.5 m × 2.5 m spacing). 
   - Species selection was based on native dominants for each biome: 
     a. Boreal: Picea mariana 
     b. Temperate deciduous: Quercus rubra 
     c. Temperate coniferous: Pseudotsuga menziesii 
     d. Tropical: Shorea leprosula 
     e. Mediterranean: Quercus ilex 
   - Planting was done during the appropriate season for each site. 

3. Microbiome inoculation: 
   - For microbiome treatments, a slurry containing the engineered microbial consortium was 
prepared (10^8 CFU/mL). 
   - 500 mL of slurry was applied to the root zone of each seedling at planting. 
   - Additional inoculations were performed annually in spring. 

4.3 Eddy Covariance Measurements: 
Eddy covariance flux towers were installed at the center of each 1-hectare plot: 

1. Tower setup: 
   - 10 m tall towers were equipped with: 
     a. LI-7500RS open-path CO2/H2O analyzer (LI-COR Biosciences) 
     b. CSAT3 three-dimensional sonic anemometer (Campbell Scientific) 
     c. HMP155A temperature and relative humidity probe (Vaisala) 
     d. NR01 four-component net radiometer (Hukseflux) 
     e. HFP01 soil heat flux plates (Hukseflux) 
   - Data were collected at 10 Hz using a CR3000 datalogger (Campbell Scientific). 

2. Data processing: 
   - Raw data were processed using EddyPro software (version 7.0.6, LI-COR Biosciences). 
   - Processing parameters: 
     a. Double rotation for tilt correction 
     b. Block averaging with 30-minute intervals 
     c. Frequency response corrections (Moncrieff et al., 1997) 
     d. Webb-Pearman-Leuning corrections for density fluctuations (Webb et al., 1980) 
   - Quality control was performed using the flagging system of Foken et al. (2004). 
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3. Gap-filling and flux partitioning: 
   - Gaps in the flux data were filled using the marginal distribution sampling (MDS) method 
(Reichstein et al., 2005). 
   - Net ecosystem exchange (NEE) was partitioned into gross primary production (GPP) and 
ecosystem respiration (Reco) using the nighttime partitioning method (Reichstein et al., 2005). 

4.4 Biomass Quantification: 
Aboveground biomass was estimated annually using a combination of allometric equations and 
terrestrial laser scanning: 

1. Allometric equations: 
   - Species-specific allometric equations were developed through destructive sampling of trees 
outside the experimental plots. 
   - 30 trees per species, spanning the range of sizes present, were harvested and separated into 
components (stem, branches, leaves). 
   - Dry biomass was determined after oven-drying at 70°C to constant weight. 
   - Allometric equations were developed relating DBH and height to total aboveground biomass. 

2. Terrestrial laser scanning (TLS): 
   - Annual TLS surveys were conducted using a RIEGL VZ-400i scanner. 
   - Multiple scan positions (typically 5-7) were used per plot to minimize occlusion. 
   - Scans were co-registered using reflective targets placed throughout the plot. 

3. TLS data processing: 
   - Point clouds were processed using the LAStools software suite (rapidlasso GmbH). 
   - Individual trees were segmented using the TreeQSM algorithm (Raumonen et al., 2013). 
   - Tree-level metrics (height, DBH, volume) were extracted from the QSM models. 

4. Biomass estimation: 
   - TLS-derived metrics were used as inputs for the allometric equations to estimate biomass. 
   - A subset of trees (5%) was manually measured to validate TLS-derived metrics. 

Belowground biomass was assessed using soil coring and minirhizotron observations: 

1. Soil coring: 
   - Cores (5 cm diameter) were collected to a depth of 1 m at 20 random locations within each plot. 
   - Cores were divided into 10 cm increments and washed over a 2 mm sieve to separate roots. 
   - Roots were sorted into fine (<2 mm) and coarse (>2 mm) fractions, dried at 70°C, and weighed. 

2. Minirhizotron observations: 
   - Clear plastic tubes (5 cm diameter, 1 m length) were installed at a 45° angle to a vertical depth 
of 1 m. 
   - 10 tubes were installed per plot. 
   - Images were collected monthly using a CI-600 In-Situ Root Imager (CID Bio-Science). 
   - Root length and diameter were quantified using RootFly software (Zeng et al., 2010). 
   - Root production and turnover rates were calculated based on the appearance and disappearance 
of individual roots over time. 
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4.5 Soil Carbon Measurements: 
Soil organic carbon (SOC) stocks were quantified annually: 

1. Soil sampling: 
   - Samples were collected using a stratified random sampling design. 
   - 20 points per plot were sampled at four depths: 0-10 cm, 10-30 cm, 30-50 cm, and 50-100 cm. 
   - Bulk density was determined using the core method (Blake and Hartge, 1986). 

2. SOC analysis: 
   - Samples were air-dried, ground, and sieved to <2 mm. 
   - Carbonates were removed by acid fumigation (Harris et al., 2001). 
   - SOC content was determined using the dry combustion method with a LECO TruMac CN 
analyzer. 
   - SOC stocks were calculated considering bulk density and sampling depth. 

3. Ground-penetrating radar (GPR) surveys: 
   - Annual GPR surveys were conducted using a MALÅ GX HDR system with 160 MHz antennas. 
   - Parallel transects were surveyed at 5 m intervals across each plot. 
   - Data were processed using ReflexW software (Sandmeier Scientific Software). 
   - A site-specific calibration was developed to relate GPR reflections to SOC content. 

4. SOC mapping: 
   - Point measurements of SOC were interpolated using ordinary kriging. 
   - GPR data were used as a covariate in the interpolation process to improve spatial prediction of 
SOC stocks. 

4.6 Litter Decomposition: 
Litter decomposition rates were quantified using the litterbag technique: 

1. Litter collection and preparation: 
   - Freshly fallen leaf litter was collected from each plot during peak litterfall. 
   - Litter was air-dried to constant weight and homogenized. 
   - Litterbags (20 cm × 20 cm, 1 mm mesh) were filled with 10 g of air-dried litter. 

2. Litterbag deployment: 
   - 100 litterbags were placed in each plot (20 per collection time). 
   - Bags were secured to the forest floor using metal pins. 

3. Litterbag collection and analysis: 
   - Bags were collected at 3, 6, 12, 18, and 24 months after placement. 
   - Collected bags were gently cleaned, oven-dried at 65°C, and weighed. 
   - Mass loss was calculated as a percentage of initial dry weight. 

4. Chemical analysis: 
   - Subsamples of initial and decomposed litter were ground and analyzed for C, N, and lignin 
content. 
   - FTIR spectroscopy was performed on a Bruker VERTEX 70 spectrometer to assess changes in 
litter chemistry. 
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5. Decomposition rate modeling: 
   - Mass loss data were fitted to a single exponential decay model: 
     Mt = M0 * e^(-kt) 
     where Mt is the mass remaining at time t, M0 is the initial mass, and k is the decomposition rate 
constant. 

4.7 Microbial Community Analysis: 
Soil microbial communities were characterized using high-throughput sequencing approaches: 

1. Soil sampling: 
   - Samples were collected quarterly from 10 random locations within each plot. 
   - Cores were taken to a depth of 10 cm using sterile techniques. 
   - Samples were immediately frozen in liquid nitrogen and stored at -80°C until processing. 

2. DNA extraction: 
   - DNA was extracted from 0.25 g of soil using the DNeasy PowerSoil Pro Kit (Qiagen). 
   - DNA quality and quantity were assessed using a NanoDrop spectrophotometer and Qubit 
fluorometer. 

3. 16S rRNA gene amplicon sequencing: 
   - The V4 region of the 16S rRNA gene was amplified using the 515F/806R primer pair. 
   - Library preparation was performed using the two-step PCR approach described by Kozich et al. 
(2013). 
   - Sequencing was performed on an Illumina MiSeq platform using 2 × 250 bp paired-end 
chemistry. 

4. ITS amplicon sequencing: 
   - The ITS2 region was amplified using the ITS3/ITS4 primer pair for fungal community analysis. 
   - Library preparation and sequencing were performed as described for 16S rRNA gene 
sequencing. 

5. Shotgun metagenomic sequencing: 
   - Metagenomic libraries were prepared using the Nextera XT DNA Library Preparation Kit 
(Illumina). 
   - Sequencing was performed on an Illumina NovaSeq platform to achieve approximately 20 Gb of 
data per sample. 

6. Bioinformatics analysis: 
   - 16S and ITS amplicon data were processed using the DADA2 pipeline (Callahan et al., 2016) in 
R. 
   - Taxonomic assignment was performed using the SILVA database for bacteria and the UNITE 
database for fungi. 
   - Metagenomic data were processed using the bioBakery workflows (McIver et al., 2018), 
including quality control, assembly, gene prediction, and functional annotation. 

7. Statistical analysis: 
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   - Alpha diversity metrics (Shannon diversity, Faith's PD) were calculated using the vegan R 
package. 
   - Beta diversity was assessed using Bray-Curtis dissimilarity and visualized using non-metric 
multidimensional scaling (NMDS). 
   - Differential abundance analysis was performed using DESeq2 (Love et al., 2014). 
   - Functional gene abundances were analyzed using HUMAnN2 (Franzosa et al., 2018). 

5. Data Analysis and Modeling: 

5.1 Statistical Analysis: 
All statistical analyses were performed using R version 4.1.0 (R Core Team, 2021) with the 
following key packages: 

1. Linear mixed-effects models: 
   - The lme4 package (Bates et al., 2015) was used to fit linear mixed-effects models. 
   - Treatment effects on various response variables were analyzed with treatment as a fixed effect 
and block as a random effect. 
   - Model formula: response ~ treatment + (1|block) 
   - The lmerTest package (Kuznetsova et al., 2017) was used to obtain p-values for fixed effects 
using Satterthwaite's method. 

2. Model diagnostics: 
   - Residual plots were examined to check assumptions of normality and homoscedasticity. 
   - If necessary, response variables were log-transformed to meet model assumptions. 
   - The DHARMa package (Hartig, 2020) was used for residual diagnostics of generalized linear 
mixed models. 

3. Post-hoc tests: 
   - When significant treatment effects were detected, pairwise comparisons were performed using 
the emmeans package (Lenth, 2021). 
   - P-values were adjusted for multiple comparisons using the Tukey method. 

4. Repeated measures analysis: 
   - For time series data (e.g., soil carbon stocks over years), we used linear mixed-effects models 
with time as an additional fixed effect and plot as a random effect to account for repeated measures. 
   - Model formula: response ~ treatment * time + (1|block/plot) 

5. Multivariate analysis: 
   - The vegan package (Oksanen et al., 2020) was used for multivariate analyses of community 
data. 
   - Non-metric multidimensional scaling (NMDS) was performed using Bray-Curtis dissimilarities. 
   - Permutational multivariate analysis of variance (PERMANOVA) was used to test for significant 
effects of treatments on community composition. 

6. Differential abundance analysis: 
   - The DESeq2 package (Love et al., 2014) was used for differential abundance analysis of 
microbial taxa and functional genes. 
   - A negative binomial generalized linear model was fitted for each taxon/gene. 
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   - Log2 fold changes between treatments were calculated and tested for significance. 

7. Time series analysis: 
   - The forecast package (Hyndman and Khandakar, 2008) was used for time series analysis of flux 
tower data. 
   - Seasonal and trend decomposition using LOESS (STL) was applied to separate long-term trends 
from seasonal patterns. 
   - Auto-regressive integrated moving average (ARIMA) models were fitted to detrended data to 
analyze temporal autocorrelation. 

8. Spatial analysis: 
   - The gstat package (Pebesma, 2004) was used for spatial interpolation of soil carbon data. 
   - Ordinary kriging was performed using GPR data as a covariate. 
   - Cross-validation was used to assess the accuracy of spatial predictions. 

9. Power analysis: 
   - The pwr package (Champely, 2020) was used to perform post-hoc power analyses. 
   - For each key response variable, we calculated the minimum detectable effect size given our 
sample size and observed variability. 

10. Visualization: 
    - The ggplot2 package (Wickham, 2016) was used for creating publication-quality figures. 
    - Custom themes were developed to ensure consistent styling across all figures. 

5.2 Ecosystem Modeling: 
A process-based ecosystem model was developed using the Predictive Ecosystem Analyzer 
(PEcAn) framework (LeBauer et al., 2013): 

1. Model structure: 
   - The model integrated components for tree physiology, soil carbon dynamics, and microbial 
processes. 
   - Key modules included: 
     a. Photosynthesis (Farquhar et al., 1980) 
     b. Stomatal conductance (Medlyn et al., 2011) 
     c. Carbon allocation (Litton et al., 2007) 
     d. Soil organic matter dynamics (based on CENTURY; Parton et al., 1987) 
     e. Microbial biomass and activity (Wieder et al., 2015) 

2. Parameter estimation: 
   - Bayesian calibration was used to estimate key model parameters. 
   - Prior distributions for parameters were informed by literature values and expert knowledge. 
   - Posterior distributions were updated using our experimental data. 
   - The BayesianTools R package (Hartig et al., 2019) was used for parameter estimation. 

3. Model validation: 
   - The model was validated using an independent dataset from flux tower measurements and 
biomass inventories. 
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   - Model performance was assessed using root mean square error (RMSE), Nash-Sutcliffe 
efficiency (NSE), and percent bias (PBIAS). 

4. Sensitivity analysis: 
   - Global sensitivity analysis was performed using the Sobol method (Sobol, 2001). 
   - The sensitivity package (Pujol et al., 2017) in R was used to implement the Sobol method. 
   - First-order and total-order sensitivity indices were calculated for key model parameters. 

5. Uncertainty quantification: 
   - Ensemble simulations were performed to propagate parameter uncertainty through the model. 
   - 1000 parameter sets were sampled from the posterior distributions. 
   - The 95% confidence intervals of model outputs were calculated from the ensemble simulations. 

6. Climate change scenarios: 
   - Future climate projections were obtained from the NASA Earth Exchange Global Daily 
Downscaled Projections (NEX-GDDP) dataset (Thrasher et al., 2012). 
   - An ensemble of 10 CMIP6 global climate models was used. 
   - Two emission scenarios were considered: SSP2-4.5 and SSP5-8.5. 
   - Climate data were bias-corrected and downscaled to the resolution of our study sites. 

7. Long-term simulations: 
   - The calibrated and validated model was used to simulate forest carbon dynamics over a 100-year 
period. 
   - Simulations were performed for each treatment at each study site. 
   - Annual outputs of net ecosystem production (NEP), aboveground biomass, and soil organic 
carbon were analyzed. 

5.3 Monte Carlo Simulations: 
Monte Carlo simulations were performed to assess the long-term impact of the EFCSS on forest 
carbon sequestration: 

1. Simulation setup: 
   - A custom Python script utilizing the NumPy and SciPy libraries was developed. 
   - 10,000 iterations were run for each simulation scenario. 

2. Parameter sampling: 
   - Key parameters were assigned probability distributions based on our experimental data and 
literature values. 
   - Latin Hypercube Sampling (LHS) was used to efficiently sample from these distributions. 
   - The pyDOE package (Baudin et al., 2015) was used to implement LHS. 

3. Climate variable simulation: 
   - Future climate variables were simulated using a stochastic weather generator. 
   - The LARS-WG weather generator (Semenov and Barrow, 2002) was calibrated using historical 
weather data and perturbed based on CMIP6 projections. 

4. Carbon flux simulation: 
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   - For each iteration, annual carbon fluxes (GPP, NPP, Rh) were simulated based on sampled 
parameters and climate variables. 
   - The impact of extreme events (e.g., droughts, heatwaves) was incorporated using a probabilistic 
approach. 

5. Biomass and soil carbon accumulation: 
   - Changes in aboveground biomass and soil organic carbon were simulated using difference 
equations. 
   - Carbon allocation patterns were allowed to vary based on sampled parameters. 

6. EFCSS component interactions: 
   - Interactions between different EFCSS components (e.g., enhanced photosynthesis and improved 
nutrient acquisition) were modeled using multiplicative effects. 
   - The strength of interactions was allowed to vary stochastically. 

7. Disturbance events: 
   - Stochastic disturbance events (e.g., fires, pest outbreaks) were incorporated into the simulations. 
   - The frequency and severity of disturbances were based on historical data and adjusted for future 
climate scenarios. 

8. Output analysis: 
   - For each simulation scenario, the distribution of cumulative carbon sequestration over 100 years 
was analyzed. 
   - The probability of achieving specific carbon sequestration targets was calculated. 
   - Sensitivity analysis was performed to identify the most influential factors affecting long-term 
carbon sequestration. 

5.4 Machine Learning Analysis: 
Machine learning techniques were employed to analyze the high-dimensional data from the 
nanosensor network and identify patterns in forest physiological responses: 

1. Data preprocessing: 
   - The scikit-learn library in Python was used for data preprocessing. 
   - Features were standardized using StandardScaler. 
   - Principal Component Analysis (PCA) was applied to reduce dimensionality while retaining 95% 
of the variance. 

2. Anomaly detection: 
   - An Isolation Forest algorithm was implemented to detect unusual patterns in sensor readings. 
   - The contamination parameter was set to 0.01 based on cross-validation. 

3. Time series forecasting: 
   - Long Short-Term Memory (LSTM) neural networks were developed using the Keras library 
with TensorFlow backend. 
   - The network architecture consisted of two LSTM layers followed by two dense layers. 
   - Hyperparameters were optimized using Bayesian optimization with the Hyperopt library. 

4. Spatial pattern analysis: 
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   - A Graph Convolutional Network (GCN) was implemented using the PyTorch Geometric library. 
   - The graph structure was defined based on the spatial arrangement of trees in the experimental 
plots. 
   - The GCN was trained to predict tree-level carbon assimilation rates based on local 
environmental conditions and neighboring tree characteristics. 

5. Random Forest modeling: 
   - Random Forest models were developed to predict ecosystem-level carbon fluxes based on 
aggregated sensor data and environmental variables. 
   - The scikit-learn implementation of Random Forest was used with 500 trees. 
   - Feature importance was calculated to identify the most influential variables. 

6. Model interpretability: 
   - SHAP (SHapley Additive exPlanations) values were calculated to interpret the machine learning 
models. 
   - The SHAP library in Python was used to generate summary plots and force plots for key 
predictions. 

7. Ensemble modeling: 
   - An ensemble of machine learning models (Random Forest, Gradient Boosting, and Neural 
Networks) was created to improve prediction accuracy and robustness. 
   - Model weights were determined using stacked generalization. 

8. Cross-validation: 
   - K-fold cross-validation (k=10) was used to assess model performance and prevent overfitting. 
   - Performance metrics included R², RMSE, and Mean Absolute Error (MAE). 

This comprehensive data analysis and modeling approach allows for rigorous evaluation of the 
EFCSS performance, quantification of uncertainties, and generation of robust predictions for long-
term carbon sequestration potential under various climate scenarios. 

We visualized an overview of the EFCSS in Figure X.  
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Figure X: An overview of the EFCSS.
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