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Abstract:

Introduction — Stunting remains a major public health challenge,
particularly in low- and middle-income countries, where growth
impairment is influenced by complex interactions between
environmental and biological factors. While nutritional and
socioeconomic determinants have been extensively studied, the
potential role of genetic susceptibility related to growth regulation
remains underexplored from a bio-digital and forensic informatics
perspective. This study investigates whether sequence-level similarity
patterns among growth-related genes can be represented as digital
genetic evidence using artificial intelligence—based computational
analysis.

Methods — This pilot exploratory study analyzed protein and coding
DNA sequences of six candidate growth-related genes (IGF1, IGF1R,
GH1, GHR, LEP, SLC39A8) obtained from curated RefSeq Homo sapiens
databases. An alignment-free analytical framework was implemented
using k-mer term frequency—inverse document frequency (TF-IDF)
feature extraction combined with principal component analysis for
dimensionality reduction. Pairwise similarity assessment and
embedding-based visualization were employed to explore latent
sequence relationships.

Results — The analysis revealed distinct similarity patterns among
growth-related genes, with hormonally associated genes and receptor
proteins forming coherent clusters, while nutrient transporter—related
genes exhibited clear separation in the embedding space. These
patterns were biologically plausible and consistent with known
functional characteristics, despite the absence of explicit functional
annotation during feature extraction.

Conclusion — The findings demonstrate that Al-based alignment-free
sequence analysis can generate reproducible similarity representations
that function as digital genetic evidence. As a pilot exploratory study,
this work highlights the feasibility of sequence-level similarity profiling
for investigating growth-related genetic susceptibility, while providing a
methodological foundation for future large-scale and population-
specific studies.
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1. Introduction

Stunting remains a persistent global public health problem, particularly affecting low- and middle-
income countries, where impaired linear growth during early childhood is associated with long-term
consequences on physical development, cognitive capacity, and socioeconomic outcomes [1], [2], [3],
[4]. Indonesia continues to report a high prevalence of stunting despite substantial improvements in
nutritional programs and public health interventions [5], [6], [7]. This condition reflects a complex
interplay of environmental, nutritional, infectious, and biological factors, indicating that growth
impairment cannot be fully explained by external determinants alone [8], [9]. Within this context,
genetic susceptibility related to growth regulation has emerged as a complementary dimension that
warrants systematic investigation using computational and data-driven approaches.

From a bio-digital and forensic informatics perspective, biological sequences can be treated as digital
entities that encode measurable patterns and structures [10]. Advances in artificial intelligence and
bioinformatics have enabled large-scale sequence analysis through alignment-based and alignment-
free methods, allowing researchers to explore similarity patterns without explicit phenotypic labeling
[11], [12], [13]. Such approaches are increasingly relevant for forensic-style analysis, where the
objective is not clinical diagnosis but the extraction of reproducible, auditable digital evidence from
biological data [10], [14]. In the context of growth-related conditions, sequence-level analysis provides
an opportunity to examine latent molecular patterns that may contribute to susceptibility at the
population level, similar with today’s era of precision medicine [15], [16].

Recent international studies have demonstrated the utility of artificial intelligence—based feature
representation for protein and genomic sequence analysis, particularly using alignment-free
techniques such as k-mer composition, vector embedding, and dimensionality reduction [17], [18],
[19], [20], [21]. These methods have been applied to functional protein classification, evolutionary
analysis, and disease-associated gene exploration. However, most existing studies focus on large-scale
datasets or specific monogenic disorders, while exploratory analyses of growth-related genes relevant
to stunting remain limited. Moreover, the majority of published work emphasizes biomedical
interpretation, with less attention given to the role of sequence similarity as digital genetic evidence
within a forensic or bio-digital informatics framework.

A key research gap therefore lies in the absence of exploratory, alignment-free studies that analyze
sequence similarity patterns among candidate growth-related genes while explicitly framing the
results as digital genetic evidence. This gap is particularly evident in population-relevant contexts such
as Indonesia, where stunting prevalence motivates the need for complementary analytical
perspectives beyond conventional epidemiological and nutritional studies. Existing research rarely
addresses how artificial intelligence—based sequence representation can be used to construct
reproducible similarity profiles without making diagnostic or causal claims [18], [19], [20], [21].

The objective of this study is to address this gap by conducting a pilot exploratory analysis of sequence
similarity among selected growth-related genes using an Al-based, alignment-free computational
framework. Specifically, this study aims to (i) analyze protein and coding sequence similarity patterns
of candidate growth-related genes using feature extraction and embedding techniques, (ii) evaluate
whether biologically plausible clustering emerges from purely sequence-level representations, and (iii)
demonstrate the feasibility of treating sequence similarity outputs as digital genetic evidence within
bio-digital and forensic informatics. The contributions of this study are methodological rather than
clinical, providing a reproducible analytical pipeline that can serve as a foundation for future large-
scale, population-specific investigations.
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2. Method

This study employed a computational and exploratory research design to analyze sequence-level
similarity patterns among selected growth-related genes using artificial intelligence—based
bioinformatics techniques. The overall workflow consisted of data collection from curated biological
databases, sequence preprocessing, alignment-free feature extraction, similarity analysis, and low-
dimensional embedding for visualization. The methodological focus of this study was on reproducibility
and interpretability rather than predictive modeling or clinical inference. Besides, the following Fig. 1
shows the research flowchart.

Sequence Data Collection

o Growth-related gene CDS & proteins
* RefSeq database access
/

L

K-mer Feature Extraction

e 3-mer TF-IDF Vectorization
e Feature Matrix Creation

\‘ 3

Alignment-Free Analysis
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¢ Dimensionality Reduction (PCA)

&

e 2D Embedding Plot
e Label Optimization

Al Disclosure & Ethical Clearance

e Transparency Assurance
o Ethical Approval

Fig. 1. Research flowchart.

2.1 Data Collection

Protein and coding DNA sequences were obtained from the National Center for Biotechnology
Information (NCBI) RefSeq database, which provides curated and non-redundant reference sequences
for Homo sapiens [22], [23]. Six candidate growth-related genes were selected based on prior
biological relevance to growth regulation and nutritional pathways, namely IGF1, IGF1R, GH1, GHR,
LEP, and SLC39A8. These genes represent hormonal factors, receptor-mediated signaling, and
micronutrient transport mechanisms that have been frequently discussed in growth and stunting-
related literature [24], [25], [26], [27], [28], [29].

For each gene, the corresponding RefSeq messenger RNA (mRNA), coding DNA sequence (CDS), and
protein sequence were retrieved using verified accession numbers (NM_ and NP_ identifiers). Only
canonical or primary isoforms were included to ensure consistency across analyses. Sequence integrity
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was verified by confirming the alignment between CDS translation products and their corresponding
RefSeq protein records. All sequences were stored in FASTA format and treated as digital biological
data without any associated individual-level or clinical metadata.

2.2 Sequence Preprocessing

Prior to analysis, all protein sequences were preprocessed to ensure compatibility with alignment-free
feature extraction methods. Sequence headers were standardized to gene symbols for clarity in
downstream analysis and visualization. Non-standard characters and terminal stop codons were
removed where applicable. Protein sequences were prioritized for primary analysis due to their
relative evolutionary stability and functional relevance, while CDS data were retained as supporting
molecular evidence.

No sequence trimming, masking, or manual curation beyond format standardization was applied. This
decision was made to preserve the original biological signal encoded in the sequences and to avoid
introducing subjective bias during preprocessing.

2.3 Alignment-Free Feature Extraction

An alignment-free analytical framework was implemented to represent biological sequences as
numerical feature vectors suitable for artificial intelligence—based analysis. Protein sequences were
decomposed into overlapping k-mers (k = 3), and term frequency—inverse document frequency (TF-
IDF) weighting was applied to construct high-dimensional feature representations. This approach
captures local sequence patterns while reducing the influence of highly frequent but less informative
motifs.

The resulting TF-IDF feature matrix was then subjected to principal component analysis (PCA) to
reduce dimensionality and facilitate visualization of latent similarity structures. PCA was selected due
to its interpretability and suitability for exploratory analysis with small sample sizes. No supervised
learning or class labels were used at any stage of feature extraction or dimensionality reduction.

2.4 Sequence Similarity Analysis and Visualization

Sequence similarity was evaluated using two complementary strategies. First, pairwise global
sequence similarity was estimated to provide baseline comparisons among protein sequences. Second,
similarity relationships were explored within the reduced embedding space derived from PCA, where
spatial proximity reflects similarity in sequence-level feature representations.

The embedding results were visualized in two-dimensional space, with each point representing a gene-
specific protein sequence. To ensure clarity and interpretability, label placement was optimized to
avoid overlap and misrepresentation of proximity relationships. The visualization was used solely for
exploratory interpretation and not as a basis for quantitative classification or prediction.

2.5 Computational Environment

All analyses were conducted using the Python programming language. Key libraries included
Biopython for sequence handling, NumPy and Pandas for data manipulation, and scikit-
learn for feature extraction and dimensionality reduction [30], [31], [32], [33]. Visualization was
performed using Matplotlib [34]. The complete analytical workflow was designed to be
reproducible and platform-independent, allowing replication using standard scientific computing
environments.

2.6 Al Disclosure

ChatGPT (OpenAl) was used solely to assist with language refinement, structural organization, and
formatting of the manuscript text [35]. The Al tool did not contribute to study design, data collection,
data analysis, algorithm implementation, or interpretation of results [36], [37]. All analytical decisions,
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computational procedures, and scientific interpretations were performed and verified by the authors,
who take full responsibility for the accuracy, integrity, and originality of the work [38], [39].

2.7 Ethical Clearance Statement

Ethical Approval — This study did not involve human participants, animal subjects, or identifiable
personal data. All biological sequences analyzed in this research were obtained from publicly
accessible databases and used in accordance with open-data and data-sharing policies. As a result,
formal ethical approval was not required for this study.

3. Results

This section reports the computational outputs generated from the sequence similarity analysis
conducted in a controlled Google Colab environment [40]. All results are presented as traceable digital
artifacts derived directly from alignment-free feature extraction, similarity computation, and low-
dimensional embedding, consistent with principles of digital forensic evidence reporting.

3.1 Sequence Dataset Verification as Digital Evidence

Prior to analysis, all protein sequences corresponding to the selected growth-related genes (IGF1,
IGF1R, GH1, GHR, LEP, and SLC39A8) were verified for integrity and consistency. Each sequence was
obtained from curated RefSeq records and cross-validated against its corresponding coding DNA
sequence to ensure correct translation.

The verification process confirmed that all analyzed protein sequences were complete, non-
redundant, and correctly mapped to their respective gene identifiers. No sequence truncation, frame-
shift inconsistency, or ambiguous residues were detected. These validated sequences constitute the
primary digital biological evidence used in subsequent analyses.

3.2 Alignment-Free Feature Extraction Output

Protein sequences were transformed into numerical representations using a k-mer (k = 3) TF-IDF
feature extraction scheme. This process generated a high-dimensional sparse feature matrix, where
each row represented a gene-specific protein sequence and each column corresponded to a weighted
k-mer feature.

The resulting feature matrix served as a reproducible digital artifact that encoded local sequence
composition without requiring sequence alignment. Inspection of the TF-IDF matrix revealed
heterogeneous feature distributions across genes, indicating that the method effectively captured
sequence-specific characteristics rather than uniform background noise. This feature matrix
represents the foundational computational evidence upon which similarity analysis and embedding
were performed.

3.3 Pairwise Sequence Similarity Matrix

Using the extracted features, pairwise similarity scores were computed to quantify sequence-level
relationships among the analyzed genes. The resulting similarity matrix provided explicit numerical
evidence of relative proximity and divergence between protein sequences.

Higher similarity values were observed among hormonally related proteins, particularly between IGF1
and GH1, as well as between receptor proteins IGF1R and GHR. In contrast, lower similarity scores
were consistently recorded for comparisons involving SLC39A8, reflecting its distinct sequence
composition as a metal ion transporter. The similarity matrix constitutes a tabulated form of digital
genetic evidence, enabling direct inspection, comparison, and independent verification of similarity
relationships.
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3.4 Low-Dimensional Embedding as Visual Evidence

To further examine similarity structures, the TF-IDF feature matrix was reduced using principal
component analysis. The first two principal components were used to construct a two-dimensional
embedding, providing a visual representation of sequence similarity relationships.

In the resulting embedding plot, gene-specific protein sequences formed non-random spatial patterns.
Hormone-related genes clustered in close proximity, receptor genes occupied a neighboring but
distinct region, and the nutrient transporter gene SLC39A8 was positioned separately. These spatial
arrangements were consistent with the numerical similarity matrix and emerged solely from sequence-
derived features.

The embedding plot functions as a visual forensic artifact, offering intuitive yet data-driven evidence
of similarity patterns while preserving traceability to the original feature matrix. To enhance
interpretability and forensic traceability, the low-dimensional embedding results were visualized as a
two-dimensional scatter plot generated directly from the Google Colab computational environment
(Fig. 2). Special attention was given to label placement to avoid overlap artifacts that could
misrepresent spatial proximity among sequences. The final visualization was produced using an
optimized annotation strategy, ensuring that each gene label remained readable and correctly
associated with its corresponding data point.

Protein Sequence Embedding (k-mer TF-IDF + PCA)
0.6 -
]
0.4 o\P_001128618.1
0.2 -
o~
Y 0.0
NP_000154.1
NP_000866.1
®
021
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Fig. 2. Alignment-free protein sequence embedding of growth-related genes generated using k-mer
TF-IDF feature representation and principal component analysis. Each point represents a gene-
specific protein sequence, and spatial proximity reflects similarity in sequence-derived features.

Label placement was optimized to prevent overlap and preserve visual clarity.

3.5 Reproducibility and Auditability of Computational Evidence
All analytical steps—from sequence loading and preprocessing to feature extraction, similarity
computation, and visualization—were executed in a documented Google Colab environment using
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deterministic parameters. This ensures that all reported results can be independently reproduced
using the same input sequences and computational configuration.

No stochastic training processes or adaptive model optimization were applied. As a result, the outputs
presented in this section represent stable and auditable digital evidence rather than probabilistic
predictions. This characteristic aligns with forensic informatics principles, where reproducibility and
transparency are essential requirements. To support transparency and auditability, a summary of the
digital genetic evidence generated in this study is presented in Table 1. The table consolidates key
sequence attributes and computational outputs, providing a concise overview of the analyzed genes
and their representation within the alignment-free analytical framework.

Table 1. Summary of digital genetic evidence derived from sequence analysis

Gene RefSeq Protein Protein CDS Length Feature Evidence
ID Length (aa)* (nt)* Representation Type

IGF1 NP_000609.1 154 462 3-mer TF-IDF vector | Numerical &
visual

IGF1R NP_000866.1 1368 4104 3-mer TF-IDF vector | Numerical &
visual

GH1 NP_000506.2 217 654 3-mer TF-IDF vector | Numerical &
visual

GHR NP_000154.1 638 1917 3-mer TF-IDF vector | Numerical &
visual

LEP NP_001003679.1 | 896 2691 3-mer TF-IDF vector | Numerical &
visual

SLC39A8 | NP_001128618.1 | 460 1383 3-mer TF-IDF vector | Numerical &
visual

*Note: Protein and CDS lengths are derived from curated RefSeq records. Feature representations correspond to
alignment-free k-mer TF-IDF vectors used for similarity computation and embedding. Evidence types indicate
whether outputs were used as numerical matrices, visual embeddings, or both.

4. Discussion

This pilot study demonstrates that alignment-free, Al-based sequence similarity analysis can generate
structured and reproducible digital genetic evidence from growth-related genes using protein
sequence data alone. By grounding all observations in traceable computational outputs, including
numerical feature matrices, similarity relationships, and visual embeddings, this study aligns with the
core principles of bio-digital and forensic informatics.

As shown in Figure 1, the low-dimensional embedding derived from k-mer TF-IDF feature
representation reveals non-random similarity structures among the analyzed genes. Hormone-related
genes such as IGF1 and GH1 occupy proximal positions in the embedding space, while receptor
proteins IGF1R and GHR form a neighboring but distinct cluster [25], [26], [27]. These spatial patterns
are consistent with their shared signaling architecture and sequence-level constraints. In contrast,
SLC39A8 appears clearly separated, reflecting divergent sequence composition associated with metal
ion transport functions [41]. The numerical and structural characteristics supporting these
observations are summarized in Table 1, which documents sequence lengths and feature
representations used as digital evidence.

Recent studies have reported that alighment-free sequence representations, particularly k-mer—based
and embedding-driven approaches, are capable of capturing biologically meaningful patterns without
explicit alignment or functional annotation [18], [21]. Compared to traditional alignment-based
similarity metrics, alignment-free methods offer improved scalability and reduced sensitivity to
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sequence length variation, making them suitable for exploratory and forensic-style analyses. The
consistency between the similarity matrix outputs and the embedding patterns observed in this study
supports the reliability of such approaches for sequence-level evidence construction.

In comparison with contemporary deep learning—based protein language models reported in recent
literature, the present study adopts a deliberately transparent and interpretable analytical strategy
[21]. While large pretrained models have demonstrated strong performance in protein representation
tasks, they often require extensive training data and complex architectures that may limit auditability.
The deterministic and lightweight framework employed in this study enables reproducible analysis
with minimal computational overhead, which is advantageous in forensic informatics contexts where
traceability and methodological clarity are prioritized.

The proximity observed between certain genes with different biological roles, such as LEP and
receptor-related proteins in Figure 1, further illustrates the importance of cautious interpretation.
Similar findings have been reported in recent alignment-free protein embedding studies, where
sequence-level compositional similarity does not necessarily imply functional equivalence [42], [43].
In this study, such proximity is interpreted strictly as a feature-space relationship derived from
sequence composition, reinforcing the exploratory nature of the analysis and avoiding unsupported
biological claims.

From a broader perspective, this work contributes a population-relevant methodological framework
that can complement existing stunting-related research, particularly in regions such as Indonesia
where growth impairment remains prevalent. Unlike association studies that focus on genotype—
phenotype correlations [44], [45], [46], this study emphasizes the construction of digital genetic
evidence from sequence data, offering a complementary analytical layer that can be integrated with
nutritional, epidemiological, or population-genetic datasets in future work.

The small gene set restricts generalizability, and the use of linear dimensionality reduction may not
capture non-linear relationships present in complex biological sequences. Furthermore, the absence
of population-level genetic variation data limits biological interpretation. These constraints are
consistent with the pilot exploratory design and provide clear directions for future expansion, including
the incorporation of larger gene panels, alternative embedding techniques, and multi-modal data
sources.

Overall, the revised results presented in Figure 1 and Table 1 support the feasibility of using Al-based
alignment-free sequence analysis as a source of digital genetic evidence. This study establishes a
reproducible and auditable foundation for future bio-digital and forensic informatics research
involving growth-related genetic susceptibility.

Conclusion

This pilot exploratory study addressed the first objective by demonstrating that alignment-free, Al-
based sequence analysis can be applied to candidate growth-related genes to extract measurable and
reproducible similarity patterns using protein and coding sequence data alone. Through systematic
feature extraction and embedding, the study confirmed that biologically plausible relationships among
growth-regulating genes can be identified at the sequence level without relying on phenotypic labels,
clinical diagnosis, or population-specific metadata. This finding establishes the feasibility of sequence-
based similarity analysis as a foundational computational approach in growth-related bioinformatics
research.

The second objective was achieved by evaluating whether similarity patterns derived purely from
sequence-level representations could produce structured and interpretable digital outputs. The
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numerical similarity matrices and low-dimensional embeddings presented in this study revealed
coherent clustering among hormonally related genes and receptor proteins, alongside clear separation
of nutrient transporter genes. These results indicate that alighment-free feature representations can
encode latent biological signals while remaining transparent, deterministic, and reproducible.
Importantly, the outputs function as traceable digital artifacts rather than heuristic visualizations,
supporting their use as auditable analytical evidence.

Finally, this study fulfilled its third objective by framing the generated similarity outputs as digital
genetic evidence within a bio-digital and forensic informatics context. By emphasizing reproducibility,
auditability, and methodological clarity, the proposed framework aligns with forensic principles and
avoids unsupported biological or clinical claims. Although limited by its small gene set and exploratory
scope, this work provides a methodological foundation for future large-scale and population-specific
studies. The approach can be extended through the inclusion of additional genes, alternative
embedding techniques, and integration with complementary epidemiological or genomic datasets,
thereby contributing to the evolving intersection of bioinformatics, artificial intelligence, and digital
forensic science.
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