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Environmental DNA (eDNA) metabarcoding provides a non-invasive and efficient 

approach for biodiversity monitoring. However, traditional alignment-based methods 

depend heavily on reference databases, leading to many unassigned sequences and limited 

detection of novel taxa. 

This study proposes a framework for taxonomic identification and biodiversity assessment 

using alignment-free genomic feature analysis. DNA sequences are converted into 

numerical features using k-mer frequencies and GC content. Supervised classification 

models are used for taxonomic assignment, while unsupervised clustering techniques are 

applied for potential novel taxa detection. The system also computes biodiversity indices 

such as Shannon and Simpson indices for ecological interpretation. 

The results indicate that the proposed framework achieves high classification accuracy and 

efficient performance while reducing reliance on reference databases. This study 

demonstrates the potential of alignment-free genomic signature analysis as a reliable and 

scalable tool for biodiversity monitoring and environmental management. 

 

1. INTRODUCTION 

The rapid decline of global biodiversity due to climate 

change, habitat destruction, pollution, and 

anthropogenic activities has become a major 

environmental concern worldwide. Accurate 

biodiversity monitoring is essential for ecological 

conservation, environmental management, and policy 

decision-making. Traditional biodiversity assessment 

methods, including physical sampling, morphological 

identification, and field surveys, are time-consuming, 
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labor-intensive, and often invasive. Environmental DNA 

(eDNA) metabarcoding has emerged as a non-invasive 

and efficient approach for detecting species from 

environmental samples such as water, soil, and 

sediment. Organisms continuously shed genetic material 

into their surroundings, allowing species identification 

without direct observation. 

However, conventional eDNA analysis relies primarily 

on alignment-based sequence comparison with reference 

databases. Due to incomplete and biased reference 

databases, a large proportion of sequences remain 

unassigned, limiting the effectiveness of biodiversity 

assessment. Alignment-free genomic feature analysis 

provides a scalable and efficient alternative for 

taxonomic classification and biodiversity analysis. By 

transforming DNA sequences into numerical genomic 

features, patterns can be identified without direct 

dependence on database alignment. Therefore, this 

research aims to develop a framework for precision 

taxonomy and global biodiversity assessment using 

eDNA metabarcoding. 

1. Objectives 

 To develop a taxonomic classification system using 

genomic feature analysis. 

 To implement alignment-free genomic feature 

extraction methods such as k-mer frequency and GC 

content analysis. 

 To detect potential novel taxa using unsupervised 

clustering techniques. 

 To compute biodiversity indices including Shannon 

diversity, Simpson index, and species richness for 

ecological interpretation. 

 To evaluate system performance in terms of accuracy, 

efficiency, and scalability. 

 

2. Principles of the Framework 

 Alignment-Free Analysis: DNA sequences are 

converted into numerical feature vectors using k-mer 

frequencies and structural properties. 

 Supervised Classification: Classification models are 

trained to assign taxonomic labels based on genomic 

signatures. 

 Unsupervised Clustering: K-Means clustering and 

Principal Component Analysis (PCA) are applied to 

identify statistically distinct genomic patterns 

representing potential novel taxa. 

 Feature Normalization: Statistical scaling techniques 

are applied to standardize feature distributions for 

improved model performance. 

 Automated Biodiversity Metrics: Ecological indices 

are computed directly from classified sequences to 

provide quantitative biodiversity assessment. 

 

3. Processes Involved 

 Data Collection: Environmental samples are processed 

to obtain eDNA sequences in FASTA or FASTQ format. 

 Quality Control: Low-quality sequences are filtered 

based on length and ambiguity thresholds. 

 Feature Extraction: DNA sequence → k-mer frequency 

profile + GC content + structural features 

"GC%"=(G+C)/"Sequence Length" ×100 

 Model Training: Classification models are trained 

using labeled reference datasets. 

 Taxonomic Classification: Extracted feature vectors 

are input into trained models to predict taxonomic 

labels. 

 Novelty Detection: Sequences with high deviation 

from cluster centroids are flagged as potential novel 

taxa. 

 Biodiversity Assessment: Shannon and Simpson 

indices are calculated based on species distribution. 

 

4. Operating Conditions 

 Sequence Length Threshold: ≥ 50 base pairs 

 K-mer Size: k=3(64 possible combinations) 

 Feature Scaling: Standard normalization (Z-score 

scaling) 

 Classification Confidence Threshold: ≥ 50% 

 Clustering Method: K-Means with predefined cluster 

count 

 
(Fig. 1 – Block Diagram of the Framework) 
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5. Materials & Methods  

a) Materials 

 eDNA Sequence Data: Environmental DNA sequences 

obtained in FASTA or FASTQ format from water, soil, or 

sediment samples. 

 Reference Training Dataset: Labeled DNA sequence 

datasets used for model training (family/genus level). 

 Computational Platform: Python-based environment 

with BioPython, Pandas, NumPy, and Scikit-Learn. 

 Classification Models: Supervised classifiers for 

taxonomic assignment. 

 Data Visualization Tools: Plotly and Seaborn. 

b) Methods 

 Data Preprocessing: Parsing and quality filtering 

(minimum length and ambiguous nucleotide 

percentage). 

 Feature Extraction: k-mer frequency distribution (k=3), 

GC content, and structural properties. 

 Model Training: Classification models trained on 

labeled datasets with Z-score normalization. 

 Taxonomic Classification: Prediction of labels with 

confidence scores. 

 Novelty Detection: K-Means clustering and PCA. 

 Biodiversity Assessment: Computation of Shannon 

and Simpson indices. 

c) Analytical Methods 

 Performance Evaluation: Accuracy, precision, recall, 

F1-score. 

 Clustering Validation: Distance metrics and 

dimensionality reduction. 

 Ecological Analysis: Interpretation of biodiversity 

metrics. 

 
 

 

 

 

2. EXPERIMENTAL METHODOLOGY 

1. Working Principle of the Framework  

The system transforms raw DNA sequences into 

numerical feature vectors (k-mer frequencies, GC 

content, sequence length). These vectors are fed into 

classification models for taxonomic assignment and 

unsupervised models for novelty detection. The 

framework operates without heavy reliance on reference 

database alignment. 

 

 

2. Model Training and Validation Procedure  

a) Dataset Preparation DNA sequences in FASTA 

format, labeled at family/genus level, split 80% training / 

20% testing. 

b) Feature Extraction Each sequence is converted into a 

69-dimensional feature vector: 

 64 k-mer frequencies (k=3) f(K_i)=("Count" 

(K_i))/(∑"Count" (K)) 
 GC content "GC%"=(G+C)/"Total Bases" ×100 

 Sequence length and single nucleotide counts (A, T, G, 

C). 

c) Model Training Classification models were trained 

with feature scaling using Z-score normalization. 

d) Performance Evaluation Accuracy, Precision, Recall, 

F1-Score.  

 
(Fig. 3 – Confusion Matrix) 

 

3. Mechanism of Hybrid Classification Process 

Sequences with confidence ≥ 50% are classified using 
supervised models. Low-confidence sequences are 

passed to the unsupervised module for novelty detection 

using K-Means clustering and PCA. Distance from 

cluster centroid: D=√(∑(x_i-μ_i )^2 ) 
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Fig. 4    

  

Fig. 5 

4. Data Preparation and Experimental Setup 

 Quality control: ≥ 50 bp, ≤ 5% ambiguous bases. 
 Python 3.10 environment with Scikit-Learn on 

standard hardware. 

 Batch processing mode. 

 

3. RESULTS & DISCUSSION 

1. Classification Performance and Accuracy The 

classification models achieved accuracy above 90% on 

structured datasets. After feature normalization and 

parameter tuning, classification stability improved 

significantly. Inference time for 1000 sequences was less 

than one second.  

 
Fig. 6 

 

2. Confidence Score and Model Reliability Most 

sequences were classified with confidence greater than 

85%. Low-confidence predictions were mainly linked to 

short or ambiguous sequences. The framework showed 

greater tolerance to minor sequence variations than 

traditional alignment-based methods. (Fig. 10) 

3. Novelty Detection Analysis (Unsupervised 

Clustering) K-Means clustering combined with PCA 

produced clear separation of genomic groups in 2D 

space. Sequences with large Euclidean distances from 

cluster centroids were flagged as potential novel taxa. 

Approximately 95% of simulated novel sequences were 

successfully isolated. Silhouette score analysis confirmed 

well-separated clusters.  

 
Fig. 7 

 

4. Biodiversity Index Evaluation Shannon Diversity 

Index (H^') and Simpson Index (D) were automatically 

computed from classified sequences. Higher Shannon 

values indicated greater species richness and evenness. 

The automated computation provided rapid ecological 

insights. (Fig. 13) 

Computational Performance 

 Complete pipeline for 1000 sequences: < 2 seconds. 

 Memory usage: < 500 MB for medium-sized datasets. 
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 Scalable up to 10,000 sequences on standard hardware. 

Discussion The genomic signature-based classification 

proved to be a robust alternative to 

alignment-dependent methods. The hybrid 

supervised–unsupervised framework successfully 

balanced high classification accuracy, effective novelty 

detection, and automated biodiversity assessment. The 

system is particularly valuable in reference-poor 

ecosystems. 

 

4. RESULTS 

 Classification Performance Analysis: Taxonomic 

Classification Accuracy: Quantitative evaluation of the 

proposed framework showed high classification 

performance. The classification models achieved an 

accuracy above 90%. Precision, recall, and F1-score 

values confirmed stable and reliable predictions across 

taxonomic groups. 

 
Model Reliability: Confidence score distribution 

indicated that most sequences were classified with 

confidence greater than 80%. Low-confidence 

predictions were primarily associated with short or 

ambiguous sequences. 

 
 Novelty Detection and Cluster Analysis: Cluster 

Separation: K-Means clustering combined with PCA 

successfully separated genomic groups in reduced 

dimensional space. Distinct clusters were observed for 

major taxonomic groups. 

Novelty Score Assessment: Sequences exhibiting higher 

Euclidean distance from cluster centroids were assigned 

higher novelty scores, indicating potential 

undocumented taxa. 

Cluster Validation: Silhouette score analysis indicated 

well-separated clusters with minimal overlap, 

confirming the robustness of the unsupervised module. 

 
 Biodiversity Assessment: Species Richness: The 

system accurately calculated the number of unique 

taxonomic groups identified in each dataset. 

Shannon Diversity Index: Higher Shannon index values 

were observed in datasets with balanced species 

distribution, indicating greater ecological diversity. 

Simpson Index: Simpson index values confirmed 

dominance patterns in samples with uneven species 

distribution. 

 
The automated biodiversity metrics provided rapid 

ecological insights without manual computation. 

 Computational Performance: Processing Efficiency: 

Feature extraction was identified as the most 

computationally intensive step. However, the complete 

pipeline processed 1000 sequences within approximately 

1–2 seconds on standard hardware. 

Scalability: The system demonstrated stable performance 

for medium-scale datasets (up to 10,000 sequences) 

without significant memory overhead. 
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 System Validation: Cross-validation results confirmed 

consistent model performance across different dataset 

partitions. Comparative analysis with alignment-based 

approaches indicated reduced computational cost while 

maintaining competitive classification accuracy. 

 

5. SUMMARY AND CONCLUSIONS  

This study developed and evaluated a framework for 

alignment-free eDNA taxonomic classification and 

biodiversity assessment. The system demonstrated: 

 High taxonomic classification accuracy (>90%): 

 Effective novelty detection using clustering techniques 

 Rapid and automated biodiversity index computation 

 Reduced dependency on incomplete reference 

databases 

 Efficient processing suitable for real-time analysis 

The integration of supervised classification and 

unsupervised clustering provides a scalable and reliable 

tool for biodiversity monitoring and ecological research 

with applications in environmental assessment and 

conservation biology. 

6. Future Work 

 Integration with real-time global reference databases 

for hybrid validation 

 Implementation of advanced sequence representation 

models 

 GPU acceleration for large-scale processing 

 Deployment as a cloud-based collaborative 

biodiversity platform 

 Expansion to species-level resolution and 

metagenomic shotgun sequencing compatibility 

Further validation using real-world field datasets across 

diverse ecosystems 
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