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Abstract.

Arachis hypogaea root nodules are specialized structures that entail complex plant-microbe interactions in
processes such as stress responses and transcriptional regulation. The root nodules of Arachis hypogaea
entail complex cellular proliferation and differentiation, and in certain stress conditions, the growth pat-
terns may be similar to those of tumors. The molecular processes that mediate these changes are of equal
importance in improving legume productivity as they are in the conceptual framework of abnormal cell
proliferation in higher organisms.Despite some progress in the area of transcriptomics, the present bioin-
formatics tools for the analysis of differentially expressed genes (DEGs) and non-coding RNAs (ncRNAs) are
still heavily reliant on static RNA-Seq data and do not take into account morphological data. This study
aims to introduce a two-step approach to combine transcriptomic and morphological data effectively for
improved prediction of abnormal growth patterns in peanut root nodules. Phase I of this study will include
the analysis of RNA-Seq data obtained from root nodules under environmental stress and nodulation pro-
cesses using standardized pipelines such as HISAT2 for alignment, StringTie for transcript assembly, and
DESeq? for differential expression analysis. Simultaneously, plant morphological characteristics will be as-
sessed through imaging and sensor analysis to record growth. Phase II will concentrate on the establishment
of a predictive computational model that integrates gene expression profiles with quantitative morphologi-
cal parameters. Supervised machine learning algorithms will be trained on labeled data sets generated from
transcriptomic profiles and quantitative morphological parameters to establish patterns linked with tumor-
like growth patterns. Preliminary results obtained from Phase I suggest the existence of stress-mediated
transcriptional processes involving genes linked with cell cycle regulation and signaling pathways. By inte-
grating molecular and imaging data sets in a single analytical platform, this research aims to improve the
detection of complex growth anomalies. The current research study contributes greatly to the comprehen-
sion of plant developmental regulation under stress conditions and provides a computational model that
may provide additional insights into the mechanisms of abnormal cellular proliferation.
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1 Introduction tural changes but can miss early molecular markers
f[4). To overcome these limitations, we suggest a hy-
brid framework that combines DEG analysis with con-
tinuous image-based observation. This multi-modal
framework takes advantage of the early detection capa-
bility of transcriptomics and structural information of
image data to facilitate accurate, timely identification
of tumor-like growths in peanut root nodules [5]. From
sensor-recorded plant time-series data, measured at 1
day post-infection (1 DPI), 4 DPI, 8 DPI, and so on,

Arachis hypogaea (groundnut or peanut) is a legume
that is of great nutritional value to humans and also in-
creases soil fertility by fixing nitrogen in the root nod-
ules through a symbiotic relationship with Rhizobium
bacteria [1]. However, under certain biotic or abiotic
stress conditions, these nodules can become tumor-
like in nature. Conventional diagnostic methods, such
as histological analysis and visual image analysis, are

time-consuming, intrinsically subjective, and unsuit-
able for comprehensive monitoring [2]. Transcriptomic
methods, like RNA sequencing, are able to identify
differentially expressed genes (DEGs) associated with
the onset of diseases but lack spatial or morphologi-
cal information [3]. Conversely, image-based pheno-
typing is very efficient in detecting perceivable struc-
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we learn visual features of abnormal growth. Concur-
rently, RNA-Seq data are examined for DEGs exhibiting
molecular changes. Temporal alignment of transcrip-
tomic and phenotypic datasets enables more accurate
characterization of abnormal cellular growth patterns
and improves the biological interpretability of the pre-
dictive framework. Through the integration of molec-
ular expression profiles and time-resolved morpholog-
ical analyses, the model is able to incorporate the dy-
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namics of tumor-like development. The approach pro-
vides a structured framework for computational anal-
ysis that could be used in future applications related
to crop health monitoring. The overall workflow of the
proposed methodology is illustrated in Figure[l]

2 Methodology

The present study employs a combination of transcrip-
tome analysis and continuous image monitoring to
predict the growth of tumor cells in Arachis hypogaea
root nodules. The procedure started with the growth of
peanut plants in a controlled environment and was cat-
egorized into two groups: a healthy control group and
a treatment group exposed to infection. Both groups
were continuously monitored by high-resolution image
sensors, which took microscopic images of the plants at
a predetermined time interval. The images were taken
at critical times: 1, 4, 8, 12, and 28 days post-infection.

The image data were preprocessed using noise re-
moval and normalization to enhance clarity. Advanced
image processing techniques were then used to outline
the nodules and to extract useful features. The features
extracted were shape, texture, and structural abnormal-
ities, which were measured using descriptors like the
Gray-Level Co-occurrence Matrix (GLCM), Local Binary
Patterns (LBP), and Histogram of Oriented Gradients
(HOG) [6]. The features extracted provided a close ap-
proximation of the cellular changes with time.

Simultaneously, RNA was extracted from the same
nodule samples at the same time points and later pro-
cessed by RNA-Seq. Raw reads were quality-checked
and trimmed using FastQC and Trimmomatic [12].
Later, the reads were then mapped to the reference
genome using HISAT2 [13], and transcript assembly
was done using StringTie [7]. These transcripts are fed
to the modified pipelines (refer Figure [I). Differen-
tial gene expression analysis was conducted to iden-
tify the genes that were seen to be significantly upregu-
lated or downregulated in infected samples compared
to healthy controls. Genes with Log2 Fold Change = 1
and p-value < 0.05 were considered as differentially ex-
pressed and were later annotated to identify their func-
tional roles in cell proliferation, defense, and tumor-
like activities.

One of the major contributions of this study is the
integration of molecular and image data. For every
time point indicated, gene expression profiles were in-
tegrated with image features to form a dense, multi-
modal dataset. Integration allowed correlation of spe-
cific patterns of gene activity with morphological alter-
ations seen in nodules. With this augmented dataset,
machine learning models such as Support Vector Ma-
chines (SVM)[9], Random Forest [10], and Neural Net-
works[14] were used to classify samples as tumor or
non-tumor. Expert annotations were utilized to sup-
ply the gold standard truth labels, and model perfor-
mance was evaluated using cross-validation and stan-
dard metrics such as accuracy, precision, recall, F1-
score, and ROC-AUC.

3 Result and Discussion

In the current phase of this study, transcriptomic anal-
ysis has been successfully performed using RNA-Seq
data collected from infected and control root nodules at
different time points. Data are collected from the NCBI
database with project accession number GSE98997 (18
libraries) [8]. DE analysis identified a set of genes that
were significantly upregulated or downregulated in re-
sponse to infection. A total of 7179 ncRNAs were de-
tected using the proposed pipeline. The DEG anal-
ysis of Arachis hypogaea across various developmen-
tal stages of infection and nodulation reveals dynamic
transcriptional changes is shown in figure In the
initial comparison between the controlled (UI) stage
and 1DPI, 209 genes were upregulated while 410 were
downregulated, indicating an early suppression of gene
activity in response to infection. Between 1DPI and
4DPI, 175 genes were upregulated and 215 downregu-
lated, suggesting a continued yet moderate adjustment
in gene expression. A sharp increase in gene activation
was observed between 4DPI and 8DPI, with 576 upreg-
ulated genes and only 82 downregulated, highlighting
a strong transcriptional response likely related to nod-
ule initiation or development. From 8DPI to 12DPI, 194
genes were upregulated and 40 downregulated, show-
ing a reduced but ongoing shift in gene activity.

The transition between 12 days post-infection (12
DPI) and the mature nodule (NOD) stage showed
the largest shift in gene expression, with 1,346 tran-
scripts significantly upregulated and 2,232 downreg-
ulated. These expression changes reflect a signifi-
cant transcriptional reprogramming process during the
course of progression towards functional nodule matu-
ration and symbiosis stabilization. The expression pat-
terns revealed in this study suggest a coordinated reg-
ulation of gene expression pathways involved in cellu-
lar differentiation, metabolic reprogramming, and de-
velopmental regulation. Some of the genes that have
been identified in this study are known to be involved
in cell cycle regulation, hormonal signaling, and nodule
development, which affect localized cell proliferation.
For instance, CYCD3;1 and CDKA;1 are key regulators
of cell cycle progression and are involved in regulated
cell division during organ development. On the other
hand, Kip-related proteins (KRPs) function as negative
regulators of cyclin-dependent kinases and play a role
in regulating balanced cell proliferation.

Genes involved in auxin biosynthesis and transport,
such as YUCCA, TIR1, and PIN1, also demonstrated dif-
ferential expression patterns. Auxin gradients are es-
sential for the initiation of nodules and tissue differ-
entiation, and any disruption in their regulation could
affect localized growth responses. Cytokinin signaling
pathway genes, such as type-A and type-B response
regulators (ARRs), are also crucial for regulating infec-
tion responses and nodule organogenesis. ENODA40,
an early nodulin gene that has been well characterized,
was also identified among the transcripts that are as-
sociated with developmental transitions. ENOD40 has



BIO Web of Conferences 228, 01004 (2026)
Biospectrum 2025

https://doi.org/10.1051/biocont/202622801004

Annotation

—> | Transcription reconstruction stringtie -p--rf -G -o .gtf .bam —Pi gtf files H

stringtie

hisat2-build

stringtig
Merge transcripts
stringtie --merge -0 -G

Genome |
—» | genome :
fna index Ry —>| Sam ¥
Peanut hisat2 - + Ef)f(tragt transcripts
Database FEIOEE ———
gpertea; gffread

Sort and | — =

FASTQ II Adapt(.er & _I —| Bam | Merged gt |

A Qua||ty — Clean compress
Trimming STQ *
Set of high - 1. Remove transcripts < 40 bp and overlapping

B

Healthy Plant Sensors

g
=

Treated Plant Sensors

o
N

. with known mRNAs FEELnc_filter.pl -i -a
confidence | €—— monoex=-1-s 40 520
ncRNAs . CPAT-plant cpat -x -d -g -0
. LncFinder-plant
. Internal BLASTX diamond blastx -d -q -0

B wN

Hybrid Computational Pipeline Tumor Cell Prediction

'

Figure 1: Proposed Methodology for predicting Tumor Cell in Arachis hypogaea Root Nodules.
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Figure 2: Differentially expressed genes analysis of
Arachis hypogaea across various developmental stages
of infection and nodulation.

been shown to play a role in the initiation of cortical cell
divisions during nodule development. Taken together,
these genes are important regulatory genes that are in-
volved in cell proliferation and developmental signal-
ing in peanut root nodules.

Concurrently with the transcriptomic analysis, an
image acquisition system has also been set up to track

the progress of root nodule formation. High-resolution
microscopic images are being systematically acquired
at specific time points to track morphological devel-
opment related to infection and nodule development.
These images serve as temporal data points that re-
late to the stages analyzed in the RNA-Seq analysis.
Currently, data from the transcriptomic and imaging
analyses are being generated and analyzed separately.
The next step of the analysis will be to integrate the
data. This will involve the extraction of quantitative
features from microscopic images and the alignment
of morphological features with gene expression profiles
at specific stages. Computational tools will be used to
investigate correlations between molecular and mor-
phological features. The aim of this integrated anal-
ysis is to develop a framework of classification that
can distinguish between normal transitions of develop-
ment and abnormal or excessive proliferation. By inte-
grating molecular and morphological data into a single
framework of analysis, it is hoped that a better under-
standing of growth regulation in peanut root nodules
can be achieved. This integration could help in better
surveillance of nodule health and stress-induced devel-
opmental transitions.
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4 Conclusion

The current research offers a hybrid analytical model
that seeks to combine transcriptome profiling with
quantitative image analysis to investigate the abnormal
growth patterns of Arachis hypogaea root nodules. By
integrating the profiles of differentially expressed genes
with time-course imaging data from sensors, the hybrid
model is able to identify both molecular and morpho-
logical patterns of nodule development in infection and
stress responses. The results of the analysis show that
a number of differentially expressed genes associated
with cell cycle regulation, defense response, and hor-
monal regulation have stage-specific expression pat-
terns that match the observable structural differences
in the infected nodules.

The machine learning models trained on the
merged dataset showed robust classification accuracy
in identifying typical developmental patterns and ab-
normal growth patterns. These findings validate the
effectiveness of merging multi-modal datasets for en-
hancing pattern recognition in complex biological sys-
tems. Instead of focusing on transcriptomic patterns
or visual interpretation, the merged model offers a
more holistic view of growth patterns. The proposed
approach helps to enhance computational analysis of
plant developmental responses and offers a systematic
framework for relating gene expression to phenotypic
data. This method could be of great use in developing
systematic tools for monitoring the health of nodules
and stress-related modifications. Future work will fo-
cus on improving the framework for analysis by using
advanced feature extraction techniques and develop-
ing deep learning models for image analysis. The pro-
posed approach will be extended to other plant species
and conditions to test its generalizability to other plant
systems.
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