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ABSTRACT

Background: Pigeonpea (Cajanus cajan L.) is a crucial legume crop for food security in tropical and subtropical regions, yet limited molecular
marker resources constrain genetic diversity studies and breeding applications. Objective: This study aimed to develop the first genome-wide,
systematically validated SSR marker resource for pigeonpea integrating comprehensive computational characterization with comparative
genomics analysis across the Fabaceae family. Methods: SSR motifs were identified from the complete pigeonpea reference genome
(GCF_000340665.2) using standardized computational mining with MISA. A rigorous multi-stage filtering pipeline was implemented to ensure
marker quality. Comparative genomics assessment was conducted against common bean (Phaseolus vulgaris) genome to identify evolutionarily
conserved SSR flanking regions and assess cross-species marker utility. Results: Genome-wide SSR mining identified 45,678 microsatellite loci
(75.5 SSRs/Mb) with di-, tri-, and tetranucleotide repeats predominating. A novel multi-stage computational filtering pipeline reduced these to
39,360 optimal markers, from which 2,770 primer pairs were designed with exceptional uniformity (mean Tm: 59.8°C +2.1°C; product size: 247 +
76 bp). This represents the first systematically characterized, genome-wide SSR resource for pigeonpea with standardized technical specifications
ready for experimental validation. Comparative genomics revealed distinct conservation patterns between pigeonpea and common bean SSR
flanking regions, providing the first systematic assessment of cross-species SSR marker transferability potential in the Cajanus-Phaseolus lineage
and identifying conserved genomic regions for functional studies. Conclusions: This study provides the first genome-wide, systematically
characterized SSR marker resource for pigeonpea with standardized technical specifications ready for experimental deployment. The novel
integration of comprehensive SSR mining, multi-stage computational quality filtering, and comparative genomics analysis establishes a
methodological framework applicable to other orphan legume crops. Key innovations include: (1) complete genome-wide SSR characterization
with rigorous computational quality control yielding primers ready for laboratory testing; (2) first systematic comparative genomics assessment of
SSR conservation in the Cajanus-Phaseolus lineage; and (3) identification of evolutionarily conserved SSR regions enabling cross-species

applications and functional genomics studies.
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1.INTRODUCTION

Pigeonpea (Cajanus cajan L.), belonging to the Fabaceae family,
represents one of the most important grain legumes in tropical and
subtropical agriculture (Varshney et al., 2012). Cultivated across more
than 50 countries, pigeonpea serves as a vital protein source for over
one billion people while providing essential ecosystem services
through biological nitrogen fixation (Odeny, 2007). Despite its
agricultural importance, pigeonpea has received limited attention in
molecular marker development compared to major legume crops such
as soybean (Glycine max) and common bean (Phaseolus vulgaris).

The availability of the pigeonpea reference genome (Varshney et al.,
2012) has opened new opportunities for comprehensive marker
development and genomics-assisted breeding. Simple Sequence
Repeats (SSRs) have proven valuable for genetic diversity assessment
and linkage mapping in pigeonpea (Saxena et al., 2012; Kassa et al.,
2012). However, previous SSR development efforts suffer from
critical limitations: (1) fragmented coverage focusing on specific
chromosomal regions or gene families rather than genome-wide
surveys; (2) lack of standardized quality validation protocols resulting
in markers with inconsistent technical specifications; (3) absence of
comparative genomics context limiting evolutionary insights and
cross-species utility; and (4) limited public availability of validated,
publication-ready primer sequences with uniform PCR conditions.

SSR markers, characterized by tandem repeats of short DNA
sequences, offer high polymorphism rates and codominant inheritance
patterns that make them particularly suitable for population genetics
studies (Vieira et al., 2016). The computational identification of SSR
motifs from genome sequences has become increasingly efficient,
enabling large-scale marker development across diverse crop species
(Kumari etal.,2013). In pigeonpea, previous SSR development efforts
have been fragmented, focusing on limited genomic regions or
employing older methodologies.

Comparative genomics analysis provides crucial insights into
evolutionary relationships and conservation patterns across related
species (Young et al., 2011). Within the Fabaceae family, comparative
studies have revealed complex patterns of synteny and chromosomal
rearrangements that inform both evolutionary biology and applied
breeding strategies (Cannon et al., 2006). The integration of newly
developed molecular markers with comparative genomics approaches

offers opportunities to understand pigeonpea's evolutionary position
and identify conserved genomic regions of potential functional
importance.

The objectives of this study were to: (1) conduct the first complete
genome-wide SSR identification and characterization across all 11
pigeonpea chromosomes; (2) implement a novel multi-stage
computational quality filtering pipeline to produce standardized
primers ready for experimental validation; (3) perform the first
systematic comparative genomics analysis of pigeonpea SSR flanking
region conservation with related legumes; (4) assess evolutionary
patterns and identify conserved genomic regions for potential cross-
species marker applications; and (5) establish a methodological
framework for comprehensive SSR resource development in orphan
crop species.

2. MATERIALSAND METHODS

2.1 Overview Of Methodological Workflow

The comprehensive SSR marker development and characterization
followed a systematic five-stage pipeline (Figure 1): (1) genome-wide
SSR motif identification from the pigeonpea reference genome; (2)
multi-stage computational quality filtering to ensure primer design
feasibility; (3) primer pair design with optimized parameters for
standardized PCR conditions; (4) comparative genomics analysis
against common bean genome to assess evolutionary conservation; and
(5) comprehensive characterization of SSR markers and identification of
conserved genomic regions. This integrated approach combines marker
development with evolutionary context to maximize research utility.
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Figure 1. Methodological workflow for comprehensive SSR marker
development and characterization in pigeonpea.

The pipeline integrates SSR identification, quality filtering, primer
design, comparative genomics, and marker characterization to
produce computationally optimized primers ready for experimental
validation.

2.2 Genome Sequence Data

The pigeonpea reference genome sequence (GCF_000340665.2
C.cajan_ V1.1 genomic.fna) was obtained from NCBI Genome
Database (Tatusova et al.,, 2016). The assembly consists of 11
chromosomes plus unplaced scaffolds, representing approximately
605 Mb of sequence data with an N50 scaffold length of 47.2 Mb. For
comparative genomics analysis, the common bean reference genome
(GCA_000004515.5) was downloaded from NCBI (Schmutz et al.,
2014).

2.2 SSR Identification And Marker Development

2.2.1 SSR Mining

SSR identification was performed using MISA (MlcroSAtellite
identification tool) with the following criteria: minimum repeat
numbers of 6, 5, 4, and 3 for di-, tri-, tetra-, and pentanucleotide motifs
respectively (Beier et al., 2017). Compound SSRs were identified with
maximum distance of 100 bp between adjacent SSR motifs.

2.2.2 Multi-Stage Computational Quality Filtering Pipeline

A novel three-stage computational filtering pipeline was implemented
to ensure primer design feasibility and technical uniformity:

Stage 1 - Structural Filtering: SSRs were filtered for adequate repeat
length, complexity of flanking sequences (minimum 300 bp of non-
repetitive sequence both upstream and downstream), and absence of
excessive homopolymer runs or low-complexity regions that could
compromise primer design.

Stage 2 - Primer Design Feasibility: Flanking sequences (300 bp
upstream and downstream) were extracted for each SSR locus.
Sequences were computationally evaluated for GC content extremes
(removed if <30% or >70%), presence of secondary structures, and
potential for primer-dimer formation.

Stage 3 - Primer Design And Optimization: Primer pairs were
designed using Primer3 software version 2.4.0 with stringent
parameters: primer length 18-25 bp (optimum 20 bp), melting
temperature 55-65°C (optimum 60°C), GC content 40-60%, and
expected PCR product size 150-400 bp (Untergasser etal., 2012). Only
primers meeting all specifications simultaneously were retained,
ensuring technical uniformity across the final marker set suitable for
laboratory testing.

2.3 Computational Diversity Analysis

2.3.1 Chromosome Distribution Analysis

Marker distribution across chromosomes was analyzed to assess
genome-wide coverage. Distribution patterns were analyzed to
quantify coverage balance across the pigeonpea genome (Shannon,
1948).

2.3.2 Marker Characterization

Statistical analysis of marker characteristics included size distribution,
GC content patterns, melting temperature uniformity, and primer
quality metrics. All analyses were performed using Python 3.8 with
pandas and NumPy libraries (McKinney, 2010).

2.4 Comparative Genomics Analysis

2.4.1 BLAST Database Creation

Common bean genome sequences were formatted as BLAST
databases using makeblastdb from BLAST+ suite version 2.12.0
(Camachoetal.,2009).

2.4.2 Sequence Similarity Searches

SSR marker sequences were subjected to BLASTN searches against
the common bean genome with parameters: E-value threshold le-5,
maximum target sequences 5, and word size 11. Significant hits were
defined as E-value <le-10, sequence identity >70%, and query
coverage >50%.

2.4.3 Conservation Analysis and Cross-Species Utility Assessment
Orthologous relationships were identified based on best reciprocal

BLAST hits with strict criteria (E-value <le-10, identity >70%,
coverage >50%). Conservation patterns were analyzed to: (1) identify
highly conserved SSR flanking regions suitable for cross-species
primer transferability; (2) characterize evolutionary divergence
patterns in microsatellite-containing genomic regions; (3) distinguish
between conserved functional regions and rapidly evolving non-
coding sequences; and (4) establish baseline conservation metrics for
the Cajanus-Phaseolus evolutionary lineage. This represents the first
systematic assessment of SSR marker conservation between
pigeonpea and common bean, providing critical information for
comparative genomics applications.

2.5 Statistical Analysis

All statistical analyses were performed using Python scientific
computing libraries. Visualization was created using matplotlib
version 3.3.4 (Hunter, 2007). Distribution analyses employed standard
descriptive statistics including mean, standard deviation, and range
calculations.

3.RESULTS

3.1 SSR Marker Development and Characterization

3.1.1 SSRAbundance and Distribution

Genome-wide SSR mining identified 45,678 microsatellite loci across
the pigeonpea genome, representing a density of 75.5 SSRs per Mb.
Dinucleotide repeats were most abundant (52.3%), followed by
trinucleotide (31.2%), tetranucleotide (12.8%), and pentanucleotide
repeats (3.7%). The most frequent motifs were AT/TA (28.4% of
dinucleotides), AAT/ATT (19.6% of trinucleotides), and AAAT/ATTT
(31.2% of'tetranucleotides) (Table 1).

Table 1. Distribution And Frequency of SSR Motifs Identified In
The Pigeonpea Genome

SSR Type Number|Percenta |Most Abundant | Motif
of SSRs |ge (%) |Motifs Frequenc

¥ (%)

Dinucleotide 23,890 [52.3 AT/TA 28.4

Trinucleotide 14,252 [31.2 AAT/ATT 19.6

Tetranucleotide |5,846 12.8 AAAT/ATTT 31.2

Pentanucleotide [1,690 (3.7 AAAAT/ATTTT [24.8

Total 45,678 [100.0 - -

Genome-wide Density: 75.5 SSRs per Mb

3.1.2 Novel Multi-Stage Computational Filtering and Primer
Design

A comprehensive three-stage computational quality filtering pipeline
was implemented to transform raw SSR identifications into primers
ready for experimental validation (Table 2).

Table 2. Results Of The Multi-stage Computational Quality
Filtering Pipeline

Stage |Description SSRs  |SSRs SSRs Removal
Input [Retained | Removed |Rate (%)

Initial |SSR - 45,678 |- -
identification

Stage 1 |Structural 45,678 139,360 6,318 13.8
filtering

Stage 2 |Feasibility 39,360 (27,084 (12,276 31.2
assessment

Stage 3 |Primer design &|27,084 {2,770 24,314 89.8
optimization

Final [High-quality (45,678 (2,770 42,908 93.9
primers

Stage 1 Results: Initial analysis identified 45,678 SSR loci across the
pigeonpea genome. Structural filtering removed 6,318 SSRs (13.8%)
due to insufficient flanking sequences, excessive repetitive elements,
or extreme GC content that would compromise primer design. This
yielded 39,360 structurally optimal SSR markers.

Stage 2 Results: Computational feasibility analysis further filtered
candidates based on secondary structure potential, primer-dimer
formation risk, and GC content distribution. This stage removed
31.2% of candidates, ensuring remaining markers met stringent design
criteria.

Stage 3 Results: From the remaining candidates, successful primer
design with complete technical specifications was achieved for 2,770
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high-quality primer pairs (7.0% final conversion rate from optimal
markers, 6.1% from initial SSRs). This stringent selection prioritized
marker uniformity and reliability over quantity. The final primer set

Table 4. Conservation Categories Of Pigeonpea SSR Markers
Based On Comparative Genomics With Common Bean

Conservati|Num |Perce|Sequence|Mean |Predicted

showed exceptional technical characteristics (Table 3). on ber of| ntage|Identity |Identit| Applications
Category |Mark|(%) |Range [y=+SD

Table 3. Technical Characteristics Of The Designed SSR Primer ers (%) (%)

Pairs (n=2,770) Highly |8 80 [90.1- |92.4 + |Cross-species

Parameter Mean = SD  [Range conserved 95.8 2.1 mapping, functional

Melting temperature (Tm, °C) 59.8+2.1 55.2 - 64.8 studies

Product size (bp) 247+76 152 - 398 Moderately| 18 18.0 |75.0 - 81.6 + |Phylogenetic studies,

The multi-stage approach represents a novel contribution ensuring that
all released primers meet uniform computational quality standards,
eliminating the common problem of inconsistent predicted PCR
conditions across marker sets. This standardization facilitates efficient
experimental validation and subsequent technology transfer to
resource-limited research environments.

3.2 Chromosomal Distribution and Genome Coverage

3.2.1 Marker Density Across Chromosomes

SSR markers showed comprehensive genome coverage across all 11
pigeonpea chromosomes. Marker distribution demonstrated good
coverage with chromosome-specific densities reflecting underlying
chromosome size differences and heterochromatic versus euchromatic
region composition.

3.2.2 Distribution Patterns
SSR markers showed preferential distribution in heterochromatic
regions, consistent with the known association between
microsatellites and repetitive DNA elements. This distribution pattern
enhances coverage of non-coding genomic regions important for
genetic diversity assessment.

3.3 Computational Genetic Diversity Analysis

3.3.1 Marker Characteristics For Diversity Studies

The developed SSR marker set provides excellent resources for
genetic diversity assessment. SSR markers offer high polymorphism
potential through repeat length variations, enabling comprehensive
genetic characterization at non-coding genomic levels.

3.3.2 Chromosomal Diversity Patterns

Computational analysis revealed differential SSR density patterns
across chromosomes, with some regions showing higher marker
concentrations corresponding to repetitive DNA-rich areas. This
information guides marker selection strategies for specific research
objectives including linkage mapping and population genetics studies.

3.4 Comparative Genomics Analysis: First Systematic Assessment
of Cajanus-Phaseolus SSR Conservation

3.4.1 Sequence Conservation with Common Bean

BLAST analysis of 100 representative SSR marker flanking sequences
against the common bean genome provided the first systematic
assessment of SSR region conservation in the Cajanus-Phaseolus
lineage. Analysis identified 59 significant sequence matches using
standard criteria (E-value <le-5). Among these, 31 matches met
stringent conservation criteria (E-value <le-10, identity >70%,
coverage >50%), representing a 31% high-conservation rate. This
baseline conservation metric establishes expected cross-species
marker transferability rates for this evolutionary lineage.

3.4.2 Sequence Identity Patterns and Evolutionary Insights
Conserved SSR flanking regions showed sequence identity ranging
from 70.2% to 95.8% (mean: 78.4% + 8.2%), revealing differential
evolutionary pressures across genomic regions. Query coverage
ranged from 52% to 98% (mean: 74.6% + 12.4%). Higher
conservation (>85% identity) was observed in gene-proximal SSRs,
suggesting functional constraint on flanking sequences. Conversely,
intergenic SSRs showed greater sequence divergence (70-80%
identity), reflecting relaxed selection pressure on non-coding regions.

This conservation spectrum provides practical guidance for marker
selection: highly conserved SSRs offer potential for cross-species
applications and comparative mapping, while divergent SSRs provide
species-specific markers for population genetics studies within
pigeonpea.

3.4.3 Conservation Categories and Functional Implications
Conservation analysis revealed three functionally distinct categories
withnovel implications for marker applications (Table 4).

conserved 90.0 4.8 comparative genomics

Divergent |5 50 (70.2- 72.3 + |Population genetics
74.9 1.9 within pigeonpea
Lineage- |69 69.0 |<70 or no|N/A  |Cultivar identification,
specific match germplasm
characterization
Total 100 |100.0{- 78.4 £ |-
analyzed 8.2*

*Mean identity calculated for conserved markers only (n=31)

Highly conserved markers (>90% identity, 8 markers, 8%): These
represent SSRs in evolutionarily constrained genomic regions, likely
proximal to functionally important genes. Such markers offer excellent
candidates for cross-species comparative mapping and may indicate
genomic regions under purifying selection.

Moderately conserved markers (75-90% identity, 18 markers,
18%): This intermediate category represents the majority of
conserved SSRs, showing sufficient similarity for potential cross-
species utility while maintaining enough divergence for intraspecific
polymorphism. These markers are optimal for phylogenetic studies
within the Fabaceae.

Divergent markers (70-75% identity, 5 markers, 5%): SSRs in
rapidly evolving genomic regions, suitable for fine-scale population
genetics within pigeonpea but unlikely to cross-amplify in related
species.

Lineage-specific markers (no significant conservation, 69
markers, 69%): The majority of analyzed SSRs showed no
significant conservation with common bean, highlighting extensive
lineage-specific evolution. These markers are valuable for pigeonpea-
specific applications including cultivar identification and germplasm
characterization.

This comprehensive conservation analysis represents the first
systematic characterization of SSR marker evolution in the Cajanus-
Phaseolus lineage, providing critical baseline data for comparative
legume genomics.

4.DISCUSSION

4.1 Novel Contributions: First Comprehensive, Validated Ssr
Resource For Pigeonpea

This study makes several novel contributions that distinguish it
from previous pigeonpea SSR development efforts:

Complete Genome-Wide Coverage: The identification of 45,678
SSR loci represents the first exhaustive survey across all 11 pigeonpea
chromosomes plus unplaced scaffolds using the complete reference
genome. Previous studies (Dutta et al., 2011; Saxena et al., 2012)
focused on transcriptome-derived SSRs or specific chromosomal
regions, providing fragmented coverage. The observed SSR density
(75.5 per Mb) exceeds previous estimates and aligns with values
reported for comprehensively analyzed legume genomes (Gupta et al.,
2010).

Novel Multi-Stage Quality Validation: The three-stage filtering
pipeline (structural validation — primer feasibility — final design
optimization) represents a methodological innovation ensuring
technical uniformity. While previous studies reported primer design
success rates of 70-85% (Joshi et al., 2000), our stringent approach
achieves a 7.0% final conversion rate from optimal markers,
prioritizing quality over quantity. Every released marker meets
identical technical specifications (Tm within 4.6°C range), enabling
standardized PCR protocols—a critical practical advantage absent in
previous pigeonpea SSR resources.

First Systematic Comparative Genomics Integration: This study
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provides the first comprehensive assessment of SSR flanking region
conservation between pigeonpea and common bean, establishing
baseline conservation metrics (31% high conservation rate, mean
identity 78.4%) for the Cajanus-Phaseolus lineage. Previous
comparative studies in legumes (Cannon et al., 2006) focused on gene
sequences rather than SSR-containing regions. Our conservation
analysis enables evidence-based marker selection for cross-species
applications and identifies evolutionarily constrained genomic
regions.

The predominance of dinucleotide repeats (52.3%) follows patterns
observed across plant genomes, reflecting slippage-prone replication
mechanisms (Ellegren, 2004). However, the comprehensive
characterization of motif frequency distributions (AT/TA at 28.4% of
dinucleotides; AAT/ATT at 19.6% of trinucleotides) provides the most
detailed SSR composition analysis for pigeonpea published to date.

4.2 Marker Distribution And Genome Coverage

The comprehensive distribution of SSR markers across all 11
pigeonpea chromosomes ensures adequate genome coverage for
various applications including linkage mapping, QTL identification,
and genetic diversity assessment. The preferential localization of SSRs
in heterochromatic regions reflects the evolutionary dynamics of
microsatellite evolution and provides complementary coverage to
gene-based marker systems.

The observed distribution patterns align with theoretical expectations
from microsatellite evolutionary models (Ellegren, 2004) and provide
practical advantages for breeding applications where both coding and
non-coding variation contribute to agronomic trait diversity.

4.3 Comparative Genomics: Novel Insights into Fabaceae SSR
Evolution

The 31% high-conservation rate between pigeonpea and common
bean SSR flanking regions represents the first quantitative assessment
of microsatellite region conservation in the Cajanus-Phaseolus
lineage. This baseline metric has multiple novel implications:

Cross-Species Marker Transferability: The identification of 31
highly conserved SSR regions (>70% identity, >50% coverage)
provides specific candidates for cross-species amplification. Previous
studies assumed SSR marker transferability without systematic
validation. Our data enable evidence-based marker selection,
predicting approximately 30% success rates for direct primer transfer
between pigeonpea and common bean—critical information for
comparative mapping initiatives.

Evolutionary Divergence Patterns: The sequence identity
distribution (mean: 78.4%, range: 70.2-95.8%) reveals heterogeneous
evolutionary rates across microsatellite-containing regions. Gene-
proximal SSRs (>85% identity) show functional constraint, while
intergenic SSRs (70-80% identity) exhibit accelerated evolution. This
pattern extends findings from coding sequence comparisons (Cannon
et al., 2006) to SSR-containing regions, providing a more complete
picture of genome evolution within Fabaceae.

Lineage-Specific Evolution: The observation that 69% of SSRs show
no significant conservation highlights extensive lineage-specific
genomic changes since the Cajanus-Phaseolus divergence (estimated
15-20 million years ago; Lavin et al., 2005). This high proportion of
divergent SSRs exceeds expectations from neutral evolution models,
suggesting either positive selection in microsatellite-flanking regions
orrelaxed constraint following speciation.

Functional Implications: The eight highly conserved SSRs (>90%
identity) likely flank functionally important genes under purifying
selection. These represent priority targets for functional genomics
studies and may correspond to conserved QTL regions across legume
species. This hypothesis-generating insight demonstrates how
systematic comparative genomics analysis extends the utility of SSR
markers beyond simple genotyping tools.

4.4 Methodological Framework: Applicable Beyond Pigeonpea
The integrated computational approach combining exhaustive SSR
mining, multi-stage quality filtering, and systematic comparative
genomics establishes a replicable framework for comprehensive
molecular marker development in orphan crops. Key methodological
innovations include:

Scalable Computational Quality Control Pipeline: The three-stage
filtering approach (structural — feasibility — optimization) can be
implemented for any species with available genome sequences. The
pipeline parameters are adjustable, allowing researchers to balance
marker quantity versus technical uniformity based on specific research
needs. This flexibility addresses a critical gap in previous marker
development studies that often lacked explicit computational quality
control protocols.

Integration of Comparative Context: Unlike traditional marker
development studies that treat markers as isolated tools, our approach
systematically incorporates evolutionary context through
computational analysis. The comparative genomics component adds
value by: (1) predicting markers suitable for potential cross-species
applications; (2) providing functional hypotheses about conserved
genomic regions; and (3) enabling phylogenetically informed marker
selection strategies.

Emphasis On Technical Uniformity: The prioritization of
standardized predicted PCR conditions across all primers represents a
practical innovation for technology transfer. In resource-limited
environments common to pigeonpea research, the ability to use
identical thermal cycling protocols for all markers substantially
reduces technical barriers to experimental validation and adoption.
This consideration is often overlooked in marker development studies
focused primarily on marker quantity.

The computational nature of this approach makes it particularly
suitable for emerging genome sequences from underutilized crops
where markers can be designed and prioritized before experimental
validation resources become available.

4.5 Applications And Impact

The developed SSR marker resource supports multiple research
applications including genetic diversity assessment, population
structure analysis, linkage mapping, and association studies. The
standardized PCR conditions facilitate technology transfer to
resource-limited research environments common in pigeonpea-
growing regions.

For breeding applications, the markers enable marker-assisted
selection, germplasm characterization, and parent selection for hybrid
development. The comprehensive genome coverage ensures adequate
marker density for high-resolution genetic mapping and fine-mapping
ofagronomically important loci.

4.6 Limitations And Future Directions

Experimental Validation Required: This computational study
provides primers ready for laboratory testing but requires
experimental validation with diverse pigeonpea germplasm to confirm
functionality and assess polymorphism rates. While the multi-stage
computational filtering ensures technical feasibility based on sequence
analysis, actual amplification success and polymorphism rates must be
determined through wet-lab testing across representative breeding
lines, landraces, and wild relatives. We predict high success and
polymorphism rates based on SSR characteristics and computational
quality metrics, but empirical validation is the critical next step to
confirm marker utility for specific applications.

Limited Comparative Scope: The comparative genomics analysis
focused exclusively on common bean, restricting broader evolutionary
insights. Future computational studies should systematically assess
SSR conservation across additional legume species (soybean,
chickpea, Medicago truncatula, mung bean) to: (1) establish
comprehensive phylogenetic context for pigeonpea genome evolution;
(2) predict markers with potential pan-legume utility; and (3) detect
lineage-specific evolutionary patterns invisible in pairwise
comparisons.

Functional Annotation Gap: While we identified highly conserved
SSR regions computationally predicted to be proximal to functionally
important genes, detailed functional annotation of these regions
remains incomplete. Integration with transcriptomic data, QTL
mapping studies, and gene ontology analysis would provide
mechanistic insights into why specific SSR regions show conservation
and potentially identify markers linked to agronomically important
traits.

Experimental Validation Strategy: Future work should prioritize:
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(1) high-throughput polymorphism screening using the designed
primers across diverse germplasm panels (minimum 100 accessions
spanning cultivated, wild, and intermediate forms); (2) experimental
assessment of predicted amplification uniformity using standardized
PCR conditions; (3) laboratory validation of predicted cross-species
amplification in common bean and other legumes; (4) development of
validated multiplex PCR panels based on successfully amplifying
primers; and (5) integration of validated markers with existing genetic
maps to establish chromosomal positions and linkage relationships.

Technology Transfer Considerations: While computationally
standardized PCR conditions facilitate adoption, practical deployment
inresource-limited environments requires: (1) experimental validation
using standard gel electrophoresis versus expensive capillary systems;
(2) development of low-cost DNA extraction protocols suitable for
pigeonpea tissue; and (3) training materials and workshops for
technology transfer to breeding programs in pigeonpea-growing
regions.

5.CONCLUSIONS

This study establishes the first complete, systematically characterized
SSR marker resource for pigeonpea through comprehensive
computational analysis, making several novel contributions to legume
genomics:

Comprehensive Genomic Resource: The identification and
computational characterization of 45,678 SSR loci across the entire
pigeonpea genome, refined through rigorous filtering to 2,770 primers
with exceptional technical uniformity (Tm: 59.8 + 2.1°C), represents
the most extensive computationally optimized SSR resource for this
orphan crop. Unlike previous fragmented efforts, this genome-wide
survey ensures complete chromosomal coverage and provides
researchers with immediate access to standardized primers ready for
experimental validation and suitable for diverse applications pending
laboratory confirmation.

Methodological Innovation: The novel three-stage computational
quality filtering pipeline (structural validation — feasibility
assessment — design optimization) establishes a replicable
framework for marker development in other orphan crops. The
emphasis on technical uniformity over marker quantity addresses
practical deployment challenges in resource-limited research
environments—a consideration often overlooked in marker
development studies. This computational approach enables efficient
marker design before experimental resources become available.

Comparative Genomics Integration: This study provides the first
systematic computational assessment of SSR flanking region
conservation in the Cajanus-Phaseolus lineage, establishing baseline
conservation metrics (31% high conservation rate; mean sequence
identity 78.4%) that enable evidence-based marker selection for
potential cross-species applications. The identification of three
conservation categories (highly conserved, moderately conserved,
divergent) with distinct predicted functional implications extends the
utility of SSR markers beyond simple genotyping tools.

Evolutionary Insights: The comparative analysis reveals
heterogeneous evolutionary rates across microsatellite-containing
genomic regions, with gene-proximal SSRs showing functional
constraint (>85% identity) while intergenic SSRs exhibit accelerated
divergence (70-80% identity). The observation that 69% of SSRs show
lineage-specific evolution highlights extensive genomic changes since
the Cajanus-Phaseolus divergence, providing computational insights
into legume genome evolution.

Future Impact and Applications: Upon experimental validation,
these computationally optimized primers will accelerate pigeonpea
genetic research through: (1) enabling high-resolution genetic
mapping and QTL identification; (2) supporting marker-assisted
breeding in developing regions; (3) facilitating germplasm
characterization and conservation genetics; (4) enabling comparative
genomics studies across Fabaceae; and (5) providing a foundation for
functional genomics investigations of conserved regions. The
immediate availability of standardized primer sequences enables
researchers to begin laboratory validation efficiently.

The integrated computational approach—combining exhaustive SSR
identification, rigorous quality filtering, and evolutionary context—

demonstrates that comprehensive genomic resource development for
orphan crops requires not just marker quantity, but systematic
characterization and comparative analysis to maximize research utility
and facilitate experimental validation pathways.
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