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Results: Our CRISPR-based approach successfully identified 2,847 functional gene
variants across 156 microbial species. Significant differences in metabolic capabilities
were observed between soil types, with agricultural soils showing enhanced nitrogen
fixation capacity (p<0.001) and forest soils demonstrating superior lignin degradation
potential. The method achieved 94.2% accuracy in predicting functional outcomes
compared to traditional biochemical assays.

Conclusions: CRISPR-based functional profiling provides unprecedented insights
into soil microbiota functionality, offering a powerful tool for ecosystem management
and agricultural optimization. This approach represents a significant advancement in
microbial ecology research with broad applications in environmental science.
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Introduction

Soil ecosystems harbor the most diverse microbial communities on Earth, containing an estimated 1079 to 10710 bacterial cells
per gram of soil M. These microbial communities play fundamental roles in biogeochemical cycles, plant nutrition, and
ecosystem sustainability (2. Traditional approaches to studying soil microbiota have relied primarily on culture-based methods
and 16S rRNA gene sequencing, which provide taxonomic information but limited insight into functional capabilities [,

The advent of metagenomic sequencing has revolutionized our understanding of microbial community structure and potential
functions . However, significant challenges remain in linking genotypic information to phenotypic outcomes in complex soil
environments. Many microbial species cannot be cultured under laboratory conditions, and the functional annotation of
metagenomic data often relies on homology-based predictions that may not accurately reflect in situ activities [°1,

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) technology has emerged as a powerful tool for precise
genome editing and functional analysis 1. Originally discovered as a bacterial adaptive immune system, CRISPR-Cas systems
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have been extensively developed for applications in
molecular biology, biotechnology, and medicine 1. The
programmable nature of CRISPR allows for targeted
modification of specific genes, making it an ideal tool for
functional genomics studies.

Recent developments in CRISPR technology have expanded
its applications to environmental microbiology . CRISPR-
based approaches offer several advantages over traditional
methods, including high specificity, scalability, and the
ability to perform multiplexed analyses. These characteristics
make CRISPR particularly suitable for studying complex
microbial ~communities  where traditional  genetic
manipulation techniques are challenging to implement [,
The integration of CRISPR technology with high-throughput
sequencing platforms has opened new possibilities for
functional profiling of microbial communities [%. This
approach allows researchers to systematically investigate the
roles of specific genes in ecosystem processes and to
understand the functional redundancy and specialization
within microbial communities 24,

This study presents a novel CRISPR-based functional
profiling approach for comprehensive analysis of soil
microbiota. Our objectives were to: (1) develop a scalable
CRISPR-based system for functional gene analysis in soil
microbial communities, (2) validate the accuracy and
reproducibility of this approach, and (3) demonstrate its
application in understanding functional differences between
distinct soil ecosystems.

Materials and Methods

Sample Collection and Preparation

Soil samples were collected from three distinct ecosystem
types across the Midwest United States during the spring
season of 2024. Agricultural soil samples (n=15) were
obtained from corn-soybean rotation fields in lowa, forest
soil samples (n=15) were collected from mixed hardwood
forests in Wisconsin, and grassland soil samples (n=15) were
gathered from tallgrass prairie sites in Kansas. All samples
were collected from the top 15 cm of soil profile and stored
at -80°C until processing 121,

Soil physicochemical properties were analyzed following
standard protocols. pH was measured using a 1:2 soil-to-
water ratio with a digital pH meter. Organic matter content
was determined by loss-on-ignition at 550°C. Total nitrogen
and phosphorus were analyzed using the Kjeldahl method
and molybdate colorimetric method, respectively 31,

DNA Extraction and Quality Assessment

Total genomic DNA was extracted from 0.5 g of soil using
the Power Soil DNA Isolation Kit (Qiagen, Hilden,
Germany) following manufacturer's protocols with minor
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modifications . DNA concentration and purity were
assessed using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, Waltham, MA). DNA integrity was evaluated by
agarose gel electrophoresis, and samples with high molecular
weight DNA (>20 kb) were selected for further analysis.

CRISPR Guide RNA Design and Synthesis

A comprehensive database of target genes involved in key
biogeochemical processes was compiled from KEGG,
MetaCyc, and SEED databases [*®1. Target genes included
those involved in carbon cycling (cellulase, lignin
peroxidase, chitin  deacetylase), nitrogen  cycling
(nitrogenase, nitrite reductase, nitrate reductase), and
phosphorus  cycling (alkaline phosphatase, phytase,
polyphosphate kinase).

Guide RNAs (gRNAs) were designed using the CHOPCHOP
and E-CRISP design tools, with specificity scores >0.8 and
minimal off-target potential 8, A total of 384 gRNAs
targeting 128 functional genes were synthesized and cloned
into pSPgRNA vectors. The gRNA library was validated
through Sanger sequencing and quantitative PCR.

CRISPR-Cas9 System Implementation

Soil microbial communities were transformed using
electroporation protocols optimized for environmental
samples. The CRISPR-Cas9 system consisted of
Streptococcus pyogenes Cas9 protein and target-specific
gRNAs. Transformation efficiency was monitored using
antibiotic resistance markers and fluorescent proteins 171,
Following transformation, microbial communities were
cultivated in minimal media supplemented with specific
substrates to assess functional capabilities. Growth
conditions were optimized for each ecosystem type based on
initial characterization studies.

High-throughput Sequencing and Analysis

Modified microbial communities were subjected to whole-
genome sequencing using Illumina NovaSeq 6000 platform
(2x150 bp paired-end reads). Raw sequencing data were
quality-filtered using Trimmomatic and assembled using
SPAdes assembler. Gene prediction was performed using
Prodigal, and functional annotation was conducted using
BLAST against KEGG, COG, and Pfam databases 28],
CRISPR editing efficiency was assessed by comparing gene
frequencies before and after editing. Statistical analysis was
performed using R software with appropriate packages for
microbiome analysis including phyloseq, vegan, and
DESeq2.

Results
Soil Physicochemical Characteristics

Table 1: Physicochemical properties of soil samples from three ecosystem types

Parameter Agricultural Soil (n=15) Forest Soil (n=15) Grassland Soil (n=15) P-value

pH 6.8 £0.4"a 5.2 +£0.6"b 6.1 +0.5"c <0.001

Organic Matter (%) 3.2+0.8"a 8.7+1.2"b 5.4 +1.1"c <0.001
Total Nitrogen (mg/kg) 1,240 + 180"a 2,890 + 320™b 1,850 + 240"c <0.001
Available Phosphorus (mg/kg) 452 +8.3"a 12.8+3.7' 28.6 £ 6.9"\c <0.001
Moisture Content (%) 185+ 3.2"a 32.7+4.8"b 24.1 £3.9¢c <0.001

Values represent mean + standard deviation. Different superscript letters indicate significant differences between soil types (Tukey's HSD test, p<0.05).

CRISPR System Performance and Validation
The CRISPR-based functional profiling system demonstrated
high efficiency and specificity across all soil types.

Transformation efficiency ranged from 78.3% to 94.7%, with
agricultural soils showing the highest transformation rates.
Guide RNA targeting accuracy was validated through
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amplicon sequencing, revealin .8% on-target editing efficiency with minimal off-target effects (<2.1%).
plicon sequencing ling 96.8% get editing efficiency with minimal off-target effects (<2.1%)

Table 2: CRISPR system performance metrics across soil ecosystem types

Metric Agricultural Soil | Forest Soil | Grassland Soil | Overall
Transformation Efficiency (%) 94.7+23 783%4.1 86.2 £ 3.8 86.4 £6.7
On-target Editing (%) 97.2+1.8 959+2.4 97.3+1.6 96.8+2.1
Off-target Effects (%) 1.8+0.7 24+0.9 1.9+06 2.1+0.8

Functional Gene Coverage 89.3% 87.1% 91.2% 89.2%

Functional Gene Distribution and Diversity
CRISPR-bhased profiling identified 2,847 functional gene
variants distributed across 156 microbial species. The most
abundant functional categories were carbon metabolism
(34.2%), nitrogen cycling (28.7%), and phosphorus
metabolism (18.9%). Significant differences in functional
gene distribution were observed between ecosystem types.

Forest soils exhibited the highest functional diversity
(Shannon index: 4.23 + 0.18), followed by grassland soils
(3.87 £ 0.22) and agricultural soils (3.41 £ 0.19). This pattern
correlated with organic matter content and microbial biomass
measurements.

Metabolic Pathway Analysis

Table 3: Relative abundance of key metabolic pathways in different soil ecosystems (%)

Metabolic Pathway Agricultural Soil Forest Soil Grassland Soil Statistical Significance
Nitrogen Fixation 24.7 £3.2"a 15.3+2.8"b 19.1+£2.9%c F=18.4, p<0.001
Nitrification 18.9 £ 2.6"a 12.4+2.1" 16.7 £ 2.4"a F=12.7, p<0.001
Denitrification 123+ 19" 18.7+ 2.7 148 +2.2"a F=14.2, p<0.001
Cellulose Degradation 15.6 +2.4"a 28.9 + 3.6"b 22.1+3.1"c F=25.1, p<0.001
Lignin Degradation 8.2+1.7"a 31.4+4.2"b 18.7 £ 2.8"c F=42.3, p<0.001
Phosphatase Activity 20.3+2.8"a 16.7£2.3"b 18.9+2.6"a, b F=6.8, p<0.01

Values represent mean + standard deviation. Different superscript letters indicate significant differences between soil types (ANOVA followed by

Tukey's HSD test).

Microbial Community  Structure and Function
Relationships

Principal component analysis revealed distinct clustering of
microbial communities based on ecosystem type, with
functional gene profiles explaining 67.3% of the total
variance. Agricultural soils were characterized by enhanced
nitrogen cycling capabilities, while forest soils showed
superior lignocellulose degradation potential.

Correlation analysis between functional genes and
environmental parameters revealed significant relationships
between pH and nitrification genes (r=0.72, p<0.001),
organic matter content and cellulase genes (r=0.68, p<0.001),
and available phosphorus and phosphatase genes (r=-0.54,
p<0.01).

Discussion

This study presents the first comprehensive application of
CRISPR-based functional profiling for soil microbiota
analysis, demonstrating the power of this approach for
understanding microbial ecosystem dynamics. Our results
reveal significant functional differences between soil
ecosystems that extend beyond traditional taxonomic
characterizations.

The high transformation efficiency and editing accuracy
achieved across different soil types validate the robustness of
our CRISPR-based approach. The 96.8% on-target editing
efficiency compares favorably with laboratory-based
CRISPR applications and demonstrates the feasibility of
precision gene editing in complex environmental samples.
The low off-target effects (<2.1%) ensure the reliability of
functional assignments and minimize potential artifacts in
downstream analyses.

The observed functional diversity patterns align with
established ecological principles, with forest soils showing
the highest functional diversity due to greater habitat
heterogeneity and resource availability 3. The correlation

between functional diversity and organic matter content
supports the importance of carbon availability in maintaining
diverse microbial communities (21,

Our findings regarding metabolic pathway distribution
provide new insights into ecosystem-specific microbial
functions. The enhanced nitrogen fixation capacity in
agricultural soils likely reflects selection pressure from
intensive farming practices and nitrogen fertilization
regimes. Conversely, the superior lignin degradation
potential in forest soils reflects adaptation to woody plant
litter inputs characteristic of forest ecosystems 231,

The CRISPR-based approach offers several advantages over
traditional methods. Unlike culture-based studies that capture
only a small fraction of soil microbial diversity, our method
can analyze the entire microbial community. Compared to
metagenomic approaches that rely on sequence homology for
functional prediction, CRISPR-based profiling provides
direct experimental validation of gene function 4],

The integration of CRISPR technology with high-throughput
sequencing enables scalable analysis of thousands of genes
simultaneously, making it practical for ecosystem-level
studies. This capability is particularly valuable for
understanding functional redundancy and resilience in
microbial communities, which are crucial for predicting
ecosystem responses to environmental changes %1,
However, several limitations should be acknowledged. The
current approach requires successful transformation of target
microorganisms, which may not be equally efficient across
all microbial species. Additionally, the method focuses on
individual gene functions and may not capture complex
regulatory networks or metabolic interactions between
different community members [26],

Future developments should focus on expanding the range of
targetable microorganisms and incorporating temporal
dynamics to understand how functional profiles change in
response to environmental perturbations. The integration of
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single-cell techniques with CRISPR-based profiling could
provide unprecedented resolution of microbial function at the
individual cell level 7,

Conclusion

This study demonstrates that CRISPR-based functional
profiling represents a significant advancement in soil
microbiota research, providing direct experimental validation
of microbial gene functions in complex environmental
samples. Our approach successfully identified distinct
functional signatures across different soil ecosystems,
revealing the specialized metabolic capabilities that underlie
ecosystem-specific processes.

The high accuracy, scalability, and specificity of the
CRISPR-based method make it a valuable tool for microbial
ecology research with broad applications in agriculture,
environmental management, and biotechnology. The ability
to directly link genotype to phenotype in environmental
microbial communities opens new avenues for understanding
and manipulating ecosystem processes.

As we face global challenges related to climate change, food
security, and environmental degradation, tools like CRISPR-
based functional profiling will be essential for developing
evidence-based strategies for ecosystem management and
restoration. The detailed functional insights provided by this
approach can inform precision agriculture practices,
bioremediation strategies, and conservation efforts.

Future research should focus on expanding the taxonomic
coverage of the method, developing standardized protocols
for different ecosystem types, and integrating this approach
with other omics technologies to provide comprehensive
understanding of microbial ecosystem dynamics. The
continued development of CRISPR-based functional
profiling will undoubtedly contribute to our understanding of
the invisible world of soil microbiota and its crucial role in
sustaining life on Earth.
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