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Abstract

Microsatellites or simple sequence repeats (SSRs) are valuable markers for understanding genome
structure, function, and evolution. However, their distribution and characteristics remain largely
unexplored in cricket species. We conducted a genome-wide identification and analysis of SSRs (P-
SSRs, C-SSRs, and I-SSRs) across five cricket genomes. The total number of SSRs ranged from
2,350,765 to 3,299,527, representing 5.37%-7.27% of the genomes. Abundance followed the pattern I-
SSRs > P-SSRs > C-SSRs across genomic regions (genome, intergenic, intronic, and CDSs). The total
SSR number showed a strong but statistically non-significant positive correlation with genome size,
whereas SSR length, abundance, and density showed no correlation. Trinucleotide repeats were
consistently the most common P-SSR type. The (AAT)» motif predominated in genome, intergenic,
and intron regions, while (CCG)» was most frequent in CDSs. Consequently, AT-rich repeats
dominated non-coding regions, whereas GC-rich repeats were enriched in CDSs. Coefficient of
variation (CV) analysis of repeat copy numbers (RCN) revealed distinct trends in P-SSR distribution
across regions and species. Functional annotation of CDSs containing P-SSRs indicated involvement
in binding, signal transduction, and transcription. This study represents, to our knowledge, the first
comprehensive family-level comparative analysis of SSRs in crickets, providing new insights into
their genomic architecture.

Keywords: comparative analysis; crickets; genomics; molecular marker; simple sequence repeats

1. Introduction

Understanding the architecture of eukaryotic genomes requires examining not just protein-
coding sequences, but also the repetitive elements that constitute large portions of genomic DNA.
Among these repetitive sequences, simple sequence repeats (SSRs) also called microsatellites or short
tandem repeats (STRs) represent a particularly important class of genomic elements. SSRs are DNA
sequences composed of short nucleotide motifs (1-6 base pairs) repeated in tandem throughout the
genome [1], distributed ubiquitously in both protein-coding and noncoding regions across
prokaryotes and eukaryotes. What makes SSRs biologically significant is not merely their prevalence,
but their remarkable mutational dynamics. SSRs experience mutation rates substantially higher than
other genomic sequences (1072 to 107 per locus per generation), driven by replication slippage,
unequal crossing-over, gene conversion, and indel mutations [2]. This elevated mutation rate
generates extensive polymorphism and hypervariability at SSR loci, a property that has made them
invaluable as genetic markers in population genetics, genetic mapping, forensic analysis, paternity
testing, molecular breeding, and biodiversity conservation [3]. However, the significance of SSRs
extends far beyond their utility as neutral polymorphic markers. Emerging evidence reveals that SSRs
embedded within protein-coding sequences exert functional effects on gene regulation, transcription
dynamics, and protein biochemistry [4,5]. Moreover, microsatellite instability and expansion have
been linked to human diseases including neurodegenerative disorders and various cancers [6,7],
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indicating that understanding SSR biology has direct relevance to human health. Despite their
importance across multiple biological contexts, comprehensive genome-wide characterization of
SSRs remains lacking in many insect taxa, particularly those with significant ecological or economic
importance.

Crickets (Gryllidae), commonly known as true crickets, represent a diverse insect group within
the order Orthoptera, suborder Ensifera. They are found in a wide range of terrestrial habitats
worldwide [8]. As research models, crickets have contributed valuable insights to developmental
biology [9], neuroscience [10], evolutionary genetics [11], and the study of biological rhythms [12].
Beyond fundamental research, crickets are increasingly recognized for their remarkable potential to
address global protein security challenges. With rapidly expanding human populations projected to
demand sustainable protein sources by 2050, crickets present an attractive alternative to conventional
livestock: they demonstrate high growth efficiency, thrive in dense rearing systems, possess
omnivorous feeding habits, and efficiently bioconvert agricultural wastes into nutrient-dense
biomass [13,14]. Cricket farming already generates rich nutrient profiles valued as both direct human
food sources and animal feed [15,16]. However, optimizing cricket production for sustainable
agriculture requires a detailed understanding of their genomic architecture, knowledge that has been
inaccessible until recently due to the scarcity of high-quality reference genome assemblies for cricket
species [8].

The recent availability of whole-genome sequences for multiple cricket species has
fundamentally changed what genomic questions we can now address. Over the past decade,
advances in long-read sequencing technologies, improved assembly algorithms, and increased
research investment have made comprehensive genome-wide characterization feasible for previously
intractable organismal groups [17,18]. These technological advances have enabled more efficient and
cost-effective microsatellite isolation compared to traditional labour-intensive approaches [19],
permitting comprehensive surveys across diverse eukaryotic genomes that reveal important
evolutionary and functional insights [17,20]. Comparative genomic studies across insects,
vertebrates, and plants have begun revealing universal principles governing SSR organization:
positive correlations between genome size and microsatellite abundance emerge in beetles [21] and
other taxa, while family-level motif conservation patterns appear across diverse insect groups [22].
Remarkably, SSR characteristics show sufficient conservation across taxa to enable successful cross-
species marker development in reptiles and plants [23,24]. Yet these comparative studies
simultaneously reveal taxon-specific characteristics unique patterns reflecting distinct evolutionary
pressures and genomic constraints operating within different lineages. This striking combination of
conserved principles and lineage-specific variation underscores a critical knowledge gap, while
beetles [21], birds [25,26], reptiles [27], and mammals [28] have been systematically characterized for
their SSR landscapes, Orthoptera and particularly the family Gryllidae remains almost entirely
unexplored at the genomic level. For a group as biologically important and economically promising
as crickets, this knowledge gap represents a significant lost opportunity for both evolutionary
understanding and applied breeding applications.

To fill this critical gap, we conducted the first comprehensive genome-wide characterization of
simple sequence repeats across five cricket species representing major lineages within the family
Gryllidae. Our analysis was structured around five interconnected research questions that build
progressively in complexity: Do the numbers of microsatellites correlate with genome size? Are the
most prevalent microsatellite types and motifs conserved across species or lineage-specific? Are
microsatellites distributed differently across various genomic regions? Do repeat copy number and
GC content of microsatellites vary among genomic regions? Do certain functional gene categories
preferentially harbour microsatellites? Our results reveal both conserved patterns consistent with
broader insect evolution and cricket-specific characteristics including distinct distribution patterns
across genomic compartments and functional enrichment in genes involved in binding, signal
transduction, and transcription. By providing the first comprehensive family-level perspective on
microsatellite organization in Orthoptera, this work generates essential genomic resources applicable
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to evolutionary studies, population genetics, and the advancement of sustainable cricket-based
protein production systems for global food security.

2. Materials and Methods

2.1. Sources of Genomic Dataset

For this study, species were chosen based on the availability of public genome assemblies at the
time of the survey (as of 3 July 2024). Whole-genome sequences and corresponding annotation files
for five cricket species in the family Gryllidae, including Acheta domesticus, Gryllus bimaculatus, Gryllus
longicercus, Teleogryllus occipitalis, Teleogryllus oceanicus were compiled from multiple sources.
Genome sequences were obtained in FASTA format and annotation files in GFF/GTF format,
primarily from the National Center for Biotechnology Information (NCBI) and supplemented with
data from published studies and obtained directly from the author. Specific genomic regions,
including coding sequences (CDSs), introns, and intergenic regions, were defined and extracted using
the coordinate information provided in the annotation files. The details and sources of the cricket
genome data are listed in Supplementary Table S1.

2.2. Microsatellites Identification, Classification, and Localization

Microsatellites were identified and localized using Krait Version 1.5.1 [29] from genome
sequences of crickets and their genome annotation. They were identified and classified into perfect
SSRs (P-SSRs), compound SSRs (C-SSRs), and imperfect SSRs (I-SSRs). We identified P-SSRs with
motifs of 1-6 bp, requiring minimum repeat numbers of 12 (mono-), 7 (di-), 5 (tri-), and 4 (tetra-,
penta-, and hexa-nucleotide) [21]. Other parameters in Krait were set to default. Repeats with unit
patterns being circular permutations and/or reverse complements were categorized as one SSR type.
For example, an AGC pattern containing AGC, GCA, CAG, GCT, TGC, and CTG [30]. The total
possible permutations of SSR motifs 1-6 bp in length were divided into 501 stand motif types (2
monomeric, 4 dimeric, 10 trimeric, 33 tetrameric, 102 pentameric, and 350 hexameric) [31,32]. The
genome annotation files were used to map the relative positions of these SSRs within intergenic,
introns, and CDSs using Krait. However, in most annotation files of cricket genomes, exon and CDS
coordinates were entirely identical. We excluded exons and retained CDSs to avoid redundancy.

2.3. Microsatellite Attributes Calculation

We used two metrics for normalizing the SSR frequency to reduce bias from differences in
genome size among cricket species: relative abundance and relative density. Relative abundance was
defined as the number of microsatellite loci per megabase pair (loci/Mb) of genome sequence,
calculated by dividing the total number of microsatellites by the genome size. Relative density was
defined as the total microsatellite length in base pairs per megabase pair (bp/Mb) of genome
sequence, calculated by dividing the cumulative length of all microsatellites by genome size. P-SSR
sequences of cricket species were exported in FASTA format from Krait and analysed to calculate
overall GC composition across different genomic regions and P-SSR types using TBtools-II [33].
Additionally, repeat copy numbers (RCN) were converted to repeat lengths and classified into 10
categories: 12-20, 21-30, 31-40, 41-50, 51-60, 61-70, 71-80, 81-90, 91-100, and >100 bp [34]. To analyse
variation in repeat copy numbers (RCN) among SSR types and genomic regions, we adapted and
extended the method described by Qi et al. [35] given in Supplementary file 1.

2.4. Functional Analysis of CDSs Containing P-SSRs

CDS sequences containing P-SSRs were exported in FASTA format from Krait. These sequences
were imported into Galaxy Europe [36] and aligned against the NCBI non-redundant (nr) and SWISS-
PROT protein databases. Both databases were downloaded from the NCBI FTP site
(https://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/, last updated February 2024) into Galaxy and
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formatted using Diamond makedb (Galaxy Version 2.0.15+galaxy0). These custom databases were
subsequently used for sequence alignments with BLASTX mode in DIAMOND (Galaxy Version
2.0.15+galaxy0) [37], applying a maximum target sequence setting of 1 and an E-value cutoff of 1E-5
[28]. The outputs were generated in blast XML format. BLAST results in blast XML format were
imported into Blast2GO Version 6.0.3 [38] for GO term mapping and GO annotation. The sequences
with GO numbers were transferred to WEGO Version 2.0 for GO classification [39]. For KEGG
analysis, the BLAST results in blast XML format were converted to tabular format using the BLAST
XML to Tabular tool (Galaxy Version 2.14.1+galaxy2), and then converted to FASTA format using the
Tabular-to-FASTA tool (Galaxy Version 1.1.1). The protein sequences were submitted to
GhostKOALA Version 3.1 for KEGG annotation, identifying KEGG Orthology (KO) numbers to
enable KEGG pathway mapping [40]. In parallel, eggNOG Mapper Version 5.0.2 (Galaxy Version
2.1.8+galaxy4) was used to annotate Clusters of Orthologous Genes (COGs) and to classify proteins
into their functional COG categories [41].

2.5. Statistical Analysis

The data analyses were performed using custom Python scripts leveraging the scipy.stats
module of the SciPy library. Spearman’s rank correlation tests were conducted to determine the
relationships between genome size and SSR variables, including number, length, relative abundance,
and relative density.

3. Results

3.1. Global Characteristics of Microsatellites in Cricket Genomes

The total number of SSRs (including P-SSRs, C-SSRs, and I-SSRs), ranging from 2,350,765 to
3,299,527, were identified in cricket genomes. The overall relative abundance of SSRs ranged from
1365.93 loci/MB in A. domesticus to 1584.53 loci/MB in G. longicercus. The relative density of SSRs
ranged from 53658.60 bp/Mb in G. bimaculatus to 72707.59 bp/Mb in G. longicercus. Among all SSR
categories, imperfect SSRs (I-SSRs) were the predominant class across genome, intergenic, intron, and
CDS regions in all terms (Figure 1). At the genomic scale, I-SSRs constituted the largest proportion in
terms of length, ranging from 78.04% to 82.51%, followed by perfect SSRs (P-SSRs) at 13.95% to
17.18%, and compound SSRs (C-SSRs) at 3.54% to 6.51%. SSRs collectively occupied 5.37-7.27% of the
cricket genomes (Figure 2), with notably uneven distribution across genomic regions. The abundance
of microsatellites (P-SSRs, C-SSRs, and I-SSRs) was high in introns but lower in CDSs. The details of
number, length, abundance, density, and portion of three categories of SSRs across genomic regions
in cricket genomes are shown in Supplementary Table S2.

The total number of SSRs did not exhibit a statistically significant correlation with genome size
(Spearman’s rho = 0.90, P = 0.083). Similarly, no significant correlations were observed between
genome size and the number of SSRs in specific categories (P-SSRs, C-SSRs, and I-S5SRs). Furthermore,
we found no significant correlation between genome size and other SSR metrics, including total
length, relative abundance, and relative density (Figure 3). With initial overview on overall SSR
landscape in cricket genomes, we next examined the specific distribution patterns of perfect SSRs (P-
SSRs), which serve as the most informative markers for comparative and functional analyses.
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Figure 1. The relative abundance of SSR categories (P-SSR, C-SSR, and I-SSR) across genomic regions of five
cricket species.

A domesticus

G. bimaculatus

G. fongicercus

7. occipitalis

T. oceanicus

00 05 10 15 20 25 00M 05M LOM L5M 20M  25M  30M  35M 0 1 2 3 4 5 6 7

Genome Size (Gbp) Number of SSR SSR Content (%)

Figure 2. SSR content and genome size in five cricket species. (a) Genome size of each cricket species (Gbp); (b)
Total number of SSRs, including P-SSR, C-SSR, and I-SSR, in each species; (c) Proportion of SSRs (%) in the
genome of each species.
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Figure 3. The correlation between genomes sizes and SSR categories in terms of number (loci), length (bp),
abundance (loci/Mb), and density (bp/Mb).

3.2. Distribution Patterns of P-SSRs in Cricket Genomes

The results demonstrated that the most abundant P-SSR types were highly consistent.
Trinucleotide repeats were the most common P-SSRs in all cricket genomes (32.46%- 37.95%),
followed by di- (25.04%- 28.26%), tetra (12.69%-20.28%), mono- (9.05%- 16.57%), penta- (5.49%-
9.76%), and hexanucleotide repeats (2.1%- 3.72%) (Figure 4). Only A. domesticus that showed mono-
higher than tetranucleotide P-SSRs (see Supplementary Table S3). This pattern held across genome-
wide and intergenic regions, but shifted dramatically in coding sequences, where trinucleotide
repeats comprised 64.19%- 87.89% of all P-SSRs. The patterns of abundant P-SSR types in CDSs also
changed, following di- or hexa- > mono-, tetra-, pentanucleotide repeats, although the exact pattern
varied among species (Supplementary Table S3). The number, length, abundance, density, and GC
content of six types of P-SSRs in genomes are shown in Supplementary Table S4. This compositional
shift reflects the distinct selective pressures operating in protein-coding versus non-coding genomic
compartments.
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species.

Motif analysis revealed compositional differences between genomic regions. Among all motifs
across P-SSR types (mono- to hexanucleotides), the (AAT)~» motif was constantly predominant in the
genomes (15.75%-19.8%), intergenic (15.89%-19.84%), and introns (15.57%-20.29%). However, the
next predominant motifs were ambiguous between (AC)s, (A)n, (AG)n, (AT)n in cricket species.
Interestingly, the (CCG)n» was extremely predominant in all cricket genomes in CDSs (24.79%-
51.37%). More interestingly, the next predominant motifs were constantly trinucleotide repeats, such
as (AGC)n, (AAG)n, (ACC)n, (ATC)n, excepting A. domesticus which showed (AG)~ (Figure 5 and
Supplementary Table S5).
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Figure 5. The top of most abundant P-SSR motifs (%) across genomic regions in cricket species.

Upon examination of microsatellites by SSR types, (A)n mononucleotide motif was the most
abundant in genomes, intergenic regions, and introns, except in G. longicercus, where the (C)» motif
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existed in both the genome and intergenic regions. In CDSs of G. longicercus and A. domesticus, (C)n
was also predominant. For dinucleotide repeats, the (AC)n, (AG)n, and (AT)n motifs were most
prevalent in the genome and intergenic regions, with (AC)n being the dominant motif in introns. In
CDSs, the predominant dinucleotide motifs were (AC)n, (AG)n, and (CG)n. Among trinucleotide
repeats, the (AAT)n motif was most abundant in the genome, intergenic regions, and introns, while
the (CCG)~ motif dominated in CDSs. The (AAAT)~ motif was consistently abundant in the genome,
intergenic regions, and introns. In contrast, CDSs showed a variety of predominant motifs, including
(AAAG)n, (AGGO)n, (CCCG)n, and (AAAT)n. The (CCCG)n motif was consistently the most abundant
pentanucleotide repeat in the genome, intergenic regions, and introns, whereas CDSs predominantly
featured (AAGAG)n, (CCGCG)n, and (ATCTC)n. For hexanucleotide repeats, (ACCGCC)n and
(AGGGCG)n were the most common motifs in the genome, intergenic regions, and introns. However,
in CDSs, the profile changed to include (ACCGCC)s, (AAGTCG)s, (CCCCCG)n, (AGCAGG)x, and
(CCCGCGn (see Supplementary Table S6). The distinct motif preferences observed between
genomic regions suggested underlying differences in nucleotide composition. To quantify this
pattern, we analysed GC content across P-SSR types and genomic regions.

3.3. GC Content of P-SSRs in Different Genomic Regions of Cricket Genomes

To accurately assess P-SSR composition, we calculated GC content from repeat sequences alone
(excluding flanking regions). This analysis revealed dramatic compositional differences across
genomic regions. Across the examined cricket genomes, the total GC content of P-SSRs (29.61%—
35.03%) was relatively low compared to the whole-genome sequences (39.45%—40.32%). However,
the GC content in CDS regions (61.42%—79.55%) was considerably higher than in intron (25.64%—
34.24%) and intergenic regions (30.07%-35.06%) (Figure 6). When analysed by types of SSRs (mono-
to hexanucleotide repeats), genomic GC content varied widely, ranging from 14.83%-47.68% in
mononucleotides up to 65.82%-76.47% in pentanucleotides (see Supplementary Figure S1 and
Supplementary Table S7). The results indicated that penta- and hexanucleotide P-SSRs consistently
exhibited higher GC contents than other P-SSR types across all genomic regions. Specifically, most
pentanucleotide P-SSRs exhibited slightly higher GC contents than hexanucleotide P-SSRs across
most examined regions. In contrast, the lowest GC contents in non-coding sequences were found in
mono-, di-, or trinucleotide P-SSRs, depending on the species. For instance, mononucleotide P-SSRs
were lowest in A. domesticus, whereas trinucleotide P-SSRs were lowest in T. occipitalis. Interestingly,
a distinct compositional shift occurred in coding sequences. While mono- to trinucleotide repeats
maintained low GC levels in intergenic and intron regions, CDSs displayed a sharp increase in GC
content for these types. Most notably, CDS trinucleotide repeats reached GC levels of 61.46% to
79.05%, more than double the values observed in intergenic and introns.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. GC content (%) of P-SSRs across genomic regions in five cricket genomes.

3.4. Analysis of the Coefficient of Variability (CV) of P-SSRs

The distribution of P-SSRs based on repeat copy numbers (RCNs) across different P-SSR types
in the cricket genomes is illustrated in Figure 7. Overall, the scatter plots showed that the number of
SSR loci progressively decreased as the RCN increased. When comparing the number of RCNs in the
same type across genomic regions, P-SSRs loci located in CDS regions mostly exhibited lower count
than those found in intergenic and intron regions for SSRs of the same types. To better assess this
distribution, we categorized the repeat lengths into 10 groups (see supplementary Table S8). Our
analysis revealed that lower repeat length groups were predominantly represented across all
genomic regions. For example, mononucleotide P-SSRs with lengths ranging from 12 to 20 copies
accounted for approximately 55.15% to 91.27% of all mononucleotide SSRs in the examined genomes.
Interestingly, A. domesticus exhibited an exceptionally high maximum RCN, with a mononucleotide
P-SSR reaching 66,394 copies. In contrast, the highest RCNs observed in the other cricket species
ranged from 142 to 2,826 copies. Additionally, a similar trend was observed in trinucleotide P-SSRs
within the CDS regions, where A. domesticus had a maximum RCN of 1,957, while other species
ranged from 21 to 38 (see supplementary Table S9).
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To further assess the variation in repeat lengths, we calculated the coefficient of variation (CV)
of repeat copy numbers (RCNs) for each P-SSR type, revealing species-specific differences in
microsatellite length variability (see Supplementary Table S10 and Supplementary Figure S2). For
example, the CV of mononucleotide repeats ranged broadly from 42.83% in G. longicercus to 842.61%
in A. domesticus. The average and standard deviation of CVs for mono- to hexanucleotide P-SSRs
across different genomic regions are presented in Figure 8. The trend lines for the genome and
intergenic regions exhibited similar patterns, while distinct variation trends were observed in intron
and CDS regions. Specifically, the highest CVs were associated with mononucleotide repeats in the
genome and intergenic regions, tetranucleotide repeats in introns, and trinucleotide repeats in CDS
regions. To understand the potential biological significance of coding region microsatellites, we
performed comprehensive functional annotation of genes containing P-SSRs.
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Figure 8. Coefficient of variation (CV) analysis of RCNs of P-SSRs across genomic regions in five cricket

species.

3.5. Functional Analysis of CDSs with P-SSRs in Cricket Genomes

The functional categories of the CDSs containing P-SSRs are presented in Figure 9. In total, 107
(A. domesticus), 70 (G. bimaculatus), 98 (G. longicercus), 59 (T. occipitalis), 44 (T. oceanicus) of annotated
CDSs with SSRs were assigned to 264 (A. domesticus), 191 (G. bimaculatus), 255 (G. longicercus), 149 (T.
occipitalis), 108 (T. oceanicus) Gene Ontology (GO) terms of known function. In the biological process
group, there were 25 subgroups, among which “cellular process”, “biological regulation”, and
“regulation of biological process” were the dominant functional categories involving the most genes.
For the cellular component group, there were 19 subgroups, among which “cell”, “cell part”, and
“organelle” were the dominant functional categories involving the most genes. Fourteen subgroups
constituted the molecular function group, the “binding” was the dominant functional category
involving the most genes. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
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demonstrated 141 (A. domesticus), 129 (G. bimaculatus), 124 (G. longicercus), 80 (T. occipitalis), 56 (T.
oceanicus) of annotated CDSs with SSRs were observed KO number. These KEGG pathways were
predominantly annotated to “signal transduction” of environmental information processing
categories, “endocrine system” of organismal systems categories, and “Global and overview maps”
of metabolism categories. Additionally, Clusters of Orthologous Genes (COGs) function classification
showed “transcription” and “signal transduction mechanisms” were the dominant functional
categories involving the most genes.
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Figure 9. The functional analysis of CDSs with P-SSRs in the cricket genomes based on database: (a) Gene
Ontology (GO); (b) Kyoto Encyclopedia of Genes and Genomes (KEGG); (c) Clusters of Orthologous Genes
(COG).
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4. Discussion

The comprehensive characterization of microsatellites across five cricket genomes revealed
several key patterns that address fundamental questions about SSR evolution and function in insects.
Our findings provide the first family-level perspective on microsatellite organization in Orthoptera,
revealing both conserved patterns shared with other taxa and cricket-specific characteristics that
reflect unique evolutionary pressures.

4.1. The Number of Microsatellites

Our findings demonstrated similar patterns of predominant SSR classes (I-SSRs > P-SSRs > C-
SSRs) in the genomes of different lineages, including beetles [21], reptiles [27], and Euarchontoglires
[27], birds [25]. The high prevalence of I-SSRs contributes to the substantial overall SSR coverage in
cricket genomes (5.37%-7.27%). This proportion is comparable to values found in beetles (1.69%-
7.23%) [21], reptiles (2.55%-8.19%) [27], and Euarchontoglires (3.19%-9.87%) [27], but exceeds the
range reported for insect genomes (0.02%-3.1%, using different criteria) [22]. I-S5Rs were formed by
point mutations (insertions, deletions, and substitutions) within the perfect motifs, resulting in a
lower mutation rate compared to P-SSRs [42]. The prevalence of I-SSRs in cricket genomes likely
serves as a structural adaptation to moderate the rapid mutational pressure of P-SSRs, thereby
preventing frameshift mutations and maintaining stability within CDS [28]. Besides maintaining
genomic integrity, I-SSRs function as dynamic regulatory modules. As seen in the SLC11A1 promoter,
these imperfect motifs are capable of modulating chromatin structure, making protein-binding
anchors that allow for control transcription [43].

Our analysis revealed a strong positive correlation between total SSR number and genome size
(Spearman’s rho = 0.90), although this relationship did not reach statistical significance (P = 0.083),
likely due to the limited number of species examined. Similarly, no significant correlations were
observed between genome size and total SSR length, relative abundance, or relative density. These
findings position crickets within a complex landscape of genomic evolution. While we observed a
strong positive trend for SSR numbers, statistically significant positive correlations have been
confirmed in many other animal lineages [21,27,28,44—46]. This suggests that while SSR expansion
often associated with genome enlargement, the statistical strength of this relationship can vary
depending on the taxon and sample size. Regarding SSR length, our results in crickets show no
correlation with genome size and align with findings in reptiles [27], but differ from beetles and
Euarchontoglires [21,28], where positive correlations were observed. Furthermore, the relationship
between genome size and relative abundance or density remains highly taxon-specific. In crickets,
the lack of a significant correlation indicates that SSR density and abundance do not increase
proportionally as the genome expands. This pattern aligns with reports in several other lineages
[21,26,28,44]. In contrast, negative correlations reported elsewhere suggest that genome expansion in
some taxa dilutes SSR density rather than maintaining it [27,45,46].

Several limitations should be noted. Although previous studies employed similar criteria for
SSR detection, using variations in mining tools, parameter settings, and algorithms can significantly
influence the outcomes, potentially confounding the relationship between SSRs and genome size
variation. In addition, genome assembly quality can also influence misidentification or inaccurate
profiling of repetitive sequences, as it is affected by sequencing errors, misalignments, and
insufficient coverage, which may result in gaps, assembly errors, or incomplete haplotype
representation [47]. However, we believe that genome size in eukaryotes is generally more closely
associated with the amount of repetitive DNA rather than the number of coding genes [28,48].

4.2. The Characteristic of P-SSRs

Having established the quantitative relationships between SSRs and genome size, we next
examined whether the qualitative characteristics of microsatellites, their types, motifs, and
distributions show similar patterns of conservation or divergence across cricket species. The analysis
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of P-SSRs provides the most informative window into these evolutionary patterns, as their precise
repeat structure allows for detailed comparative analysis.

The consistent dominance of trinucleotide repeats across all cricket genomes (32.46%-37.95%)
contrasts markedly with the heterogeneity observed in beetle species, where the most abundant P-
SSR types varied from monomeric to tetrameric repeats [21]. This conservation suggests that cricket
genomes may have experienced similar evolutionary pressures that favor trinucleotide repeat
accumulation, representing a potential family-level characteristic within Gryllidae. In different
criteria, mono- to trinucleotide SSRs are dominant in mosquitoes [49], and di- and trinucleotide in
insects [22]. At this point, heterogeneity in the most abundant P-SSRs has been suggested as a
common characteristic among insects [21]. In contrast, our results demonstrate that distribution
patterns of cricket genomes are probably conserved within the family. Likewise, mononucleotide
SSRs are frequently reported as the most abundant type in mammals; including Euarchontoglires
and primates (except some rodents and lagomorphs) [28,50], yak [51], camelids [45], macaques [46],
forest musk deer [52], most bird species [25], reptiles (except squamates) [27]. However, we cannot
explicitly conclude that trinucleotide is the most abundant in all cricket species due to most cricket
genomes have not been sequenced, and limitation of sample size. In cricket CDS, identically,
trinucleotide SSRs were predominant SSR type corresponding to a widely observed characteristic
across diverse animal taxa [21,27,28,35,45,52]. These findings provide evidence that trinucleotide
SSRs are preferentially maintained in coding sequences (CDSs), likely due to selective pressure
against non-trimeric repeats that can induce frameshift mutations [53]. Moreover, the differing
proportion of trinucleotide repeats between CDSs and other genomic regions of crickets highlights
the role of selective pressure in preserving protein-coding integrity and potentially facilitating
adaptive evolution.

Beyond repeat type preferences, the distribution of specific motifs across different genomic
regions reveals the relation between mutational processes and selective constraints that shape
microsatellite landscapes. The striking contrast between (AAT)» dominance in non-coding regions
and (CCG)nprevalence in coding sequences reflects the fundamental dichotomy in selective pressures
operating across genomic compartments. This regional specialization extends beyond simple motif
preferences to encompass broader compositional and structural characteristics that distinguish
coding from non-coding microsatellites. Our findings correspond to previous suggestions that most
SSRs motif in insect genomes consist of AT-rich bases [22], and SSRs preferred (A/T)» to (G/C)n in the
Eukaryotic genomes [54]. Such common can be seen from the predominance of (A/T)» motifs in
mononucleotide SSRs across various species [25,44,45,49-51]. In CDSs, (CCG)x motif consistently
predominated in cricket species. Remarkably, (CCG)n was often frequent motif in many animal taxa
[21,27,28,52]. Our results support that the distribution of SSR motifs in different genomic regions is
non-random (especially in the CDS), including some bias towards specific nucleotide motifs in
different genomic regions [21,55]. The observed motif preference suggests that the expansion of these
SSRs is not merely a result of biased mutation pressure, but rather a product of positive selection for
their functional roles in protein architecture. The high abundance of trinucleotide repeats (especially,
CCG, CGC, CGG, GCC, GCG, GGC) in CDSs is likely driven by the proteomic requirement for
specific amino acid homopolymers. Codon mapping indicates that these motifs translate directly into
Poly-Proline (CCG), Poly-Alanine (GCC, GCG), Poly-Glycine (GGC), and Poly-Arginine (CGC,
CGQG). Biologically, these repeats serve distinct architectural functions: Poly-Proline tracts serve as
rigid docking sites for signalling complexes [56]; Poly-Alanine domains can modulate transcriptional
activity through specific protein-protein and protein-DNA interactions [57,58]; Poly-Glycine
provides flexible linkers for multi-domain protein function [59]; and Poly-Arginine tracts suggest a
role in facilitating stabilize RNA-protein interactions and liquid-liquid phase separation, mechanisms
essential for cellular organization and gene regulation [60]. To explore this functional connection, we
conducted additional codon-usage analysis on CDSs containing SSRs (excluding flanking regions).
This analysis revealed that alanine (Ala) and arginine (Arg) were consistently the more predominant
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than any other amino acids across all cricket species (see Supplementary Table S11 and
Supplementary Figure S4).

The contrasting SSR motif compositions of cricket genomes are reflected in GC content, which is
lower in intergenic or intron compared to CDSs, consistent with previous studies in most eukaryotic
genomes [21,25,27,35,45,52,61]. The low GC content of P-SSRs in non-coding regions has been
suggested to be due to Poly(A) repeats may occur from mRNA insertions and the activity of AT-rich
elements like retrotransposons and pseudogenes [25,62-64]. One key mechanism behind the
prevalence of AT-rich repeats might be the deamination of methylated cytosines (C-to-T mutations),
which converts GC base pairs into AT base pairs [49,65]. Furthermore, the relatively low melting
temperature of AT-rich regions facilitates strand separation during DNA replication, increasing the
likelihood of replication slippage and further amplifying AT content over time [50,61]. GC-rich SSRs
are often more abundant in coding regions (CDSs) than in non-coding regions, which caused by the
abundance of (CCG)n motifs. This is another piece of evidence indicating CDSs had strong selective
pressure from other regions. The motif preferences observed across genomic regions suggested
underlying compositional differences that warranted quantitative analysis. GC content analysis
provided a direct measure of these compositional shifts and their potential functional significance.

Our analysis of P-SSR composition revealed that penta- and hexanucleotide motifs consistently
possessed higher GC contents than other P-SSR types. This pattern aligns with observations in beetles
[21] and birds [25], where penta- and hexanucleotide repeats were also identified as having the
highest GC contents among all P-SSR types. Similarly, hexanucleotide P-SSRs have been reported to
hold the highest GC content in some Euarchontoglires [28] and reptiles [27]. However, this trend is
not universal across all taxa. The highest GC content is found in trinucleotide repeats in bovids [44],
and mosquitoes [49], whereas dinucleotide repeats exhibit the highest values in some
Euarchontoglires [28], macaques [46], and camelids [45]. In contrast to the consistency observed for
the highest GC values, there was no consensus for the lowest GC content in crickets, which varied
among mono-, di-, and trinucleotides. This differs from many other animal lineages, where
mononucleotide P-SSRs typically show the lowest GC content [21,25,28,44—46]. However, exceptions
occur in reptiles [27] and certain birds [25], which exhibit the lowest GC content in tetranucleotide
and dinucleotide repeats, respectively. While we found a clear consensus for the highest GC values
in P-SSR types (penta- and hexa-) across all cricket species, the patterns for the lowest GC values
remained variable. This lack of a uniform minimum P-SSR types suggests that while the expansion
of long GC-rich P-SSR types is a conserved feature, the selective constraints on shorter P-SSR types
(mono- through trinucleotides) are likely evolving independently across different cricket species. The
compositional differences revealed by GC content analysis reflect deeper structural variability in
microsatellite organization. To quantify this variability and its potential evolutionary implications,
we examined repeat copy number distributions and their coefficient of variation across genomic
regions and cricket species.

As expected, our results revealed that the frequency of P-SSRs decreased with increasing RCNs,
consistent with previous studies in various animal genomes [21,25,28,30,35,45,46,52]. This trend
reflects a general preference for shorter repeat length in base pairs as observed in mosquitoes [49].
Additionally, P-SSRs located in coding regions generally exhibited lower RCNs compared to those
in introns and the overall genome, suggesting greater microsatellite variability in noncoding regions.
Interestingly, A. domesticus exhibited exceptionally high RCNs compared to the other cricket species.
The genome harboured a mononucleotide P-SSR with up to 66,394 copies and a trinucleotide P-SSR
with 1,957 copies in CDS regions, both values being significantly higher than those observed in the
other crickets. Such anomalies are rare and may result from imperfections in genome assembly or
annotation quality, rather than representing true biological features.

As a result, we conducted a CV analysis for each cricket species and additionally excluded the
A. domesticus genome from the calculation of average CV values (see Supplementary Figure S3). This
exclusion had a notable impact on the overall statistics, particularly evident in the marked reduction
in both the mean and standard deviation of mononucleotide P-SSRs in the whole genome and
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trinucleotide P-SSRs in CDS regions. Although similar patterns in CVs have been previously reported
in bovids [35], our analysis revealed the large interspecific variation of RCN patterns, consistent with
observations in beetles [21], birds [25], and Euarchontoglires [28]. One possible explanation is that
the CVs of RCNs for P-SSRs may be taxon-specific [21]. However, other factors such as sampling
strategies, sample sizes, and especially the quality and level of genome assembly could also
considerably influence these patterns. Interspecific differences in the CVs of P-SSRs may generate
functional variability and could reflect fundamental genomic and regulatory differences among
organisms [28]. Previous study has shown that SSR expansions can influence complex traits, such as
height and intelligence in humans, through modulation of proximal gene expression [66].
Furthermore, a recent study in Pacific white shrimp demonstrated that the variation in SSR copy
numbers within the cytokinesis protein 7-like gene can modulate its expression, contributing to
differences in body weight [67]. The distinct structural and compositional characteristics of
microsatellites in coding regions suggest potential functional roles that extend beyond their utility as
neutral markers. To explore this functional dimension, we conducted comprehensive annotation of
genes harbouring coding region P-SSRs.

4.3. Potential Function of CDSs Containing P-SSRs

The functional annotation of SSR-containing genes revealed a preferential distribution across
biological processes, suggesting that microsatellites within coding regions may contribute to specific
cellular functions rather than representing neutral evolutionary debris. GO analysis demonstrated
that CDS harbouring P-SSRs were predominantly associated with genes involved in cell, organelle,
cellular process, biological regulation, regulation of biological process, and binding. These findings
are consistent with previous studies [21,23,30,68], suggesting that they play a role in cellular activities,
cellular structures, regulatory mechanisms, and interactions with molecules like DNA, RNA, or
various proteins [69]. Additionally, KEGG pathway annotation revealed that CDS containing P-SSRs
are involved in signal transduction, endocrine system, and global metabolic processes, corresponding
to previous finding [23]. These functions suggest roles in broad metabolic regulation, hormone
production and secretion, as well as signal transmission involved in biological responses such as
growth, development, and immunity [70]. The result from COGs analysis supports such GO and
KEGG analysis, particularly highlighting categories in transcription and signal transduction
mechanisms. These involve the process of transcribing DNA into RNA and cellular signalling
pathways that enable cells to detect and respond to stimuli [71].

Overall, genes harbouring coding SSRs in our study are predominantly involved in regulatory
and signalling functions. This pattern is consistent with the broad consensus that microsatellites
within coding regions can mediate protein-protein interactions by encoding unstructured,
hydrophilic loops that protrude from the protein surface and function as interaction domains [72].
Previous research has shown that CAG repeats encoding polyglutamine can contribute to
transcriptional control, phosphatidylinositol signalling, protein degradation, and chromatin
remodelling [73]. In addition, SSR-encoded threonine-glycine (Thr-Gly) repeats within the period
clock gene of Drosophila melanogaster help maintain circadian periodicity across different
temperatures [74,75]. However, the molecular mechanisms by which many other SSR-encoded
repeats influence protein function remain unclear in many species. While the current evidence is
predictive and has not been experimentally validated, computational surveys across diverse taxa hint
that coding SSRs in cricket might similarly influence environmental adaptation in beetles and snow
leopard [21,30], and selective synthesis of specific proteins in reptiles and Euarchontoglires [27,28].
In Gryllidae, the over-representation of SSR-containing genes in signalling and endocrine pathways
is particularly noteworthy given ongoing efforts to domesticate and improve crickets as both model
organisms and edible insects. These genes represent promising candidates for future work linking
microsatellite variation to traits such as growth efficiency, feed conversion, and stress resilience, traits
that are central to the sustainable use of crickets in food and feed production.
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The patterns observed in cricket microsatellites reflect a complex interplay between universal
evolutionary forces and taxon-specific constraints. The consistent trinucleotide dominance and
specific motif preferences suggest cricket-specific evolutionary trajectories. Several important
limitations shape the interpretation of our findings, while representing the best available genomic
resources for Gryllidae, limits our ability to generalize patterns across the entire cricket family.
Additionally, variation in genome assembly quality, particularly the exceptional repeat copy
numbers observed in A. domesticus, limits the ongoing challenges in accurately characterizing
repetitive elements through current sequencing technologies. These findings highlight the
importance of family-level studies in understanding how microsatellite evolution varies across
taxonomic scales, particularly in economically and ecologically important insect groups.

5. Conclusions

This comprehensive genome-wide survey represents the first family-level characterization of
microsatellites in crickets, providing both immediate insights into Gryllidae genome organization
and a foundation for future comparative studies in Orthoptera. While total SSR numbers showed a
strong positive trend with genome size (Spearman's rtho = 0.90, P = 0.083), this relationship did not
reach statistical significance, likely due to the limited sample size. The most abundant SSR types and
motifs were largely conserved at the family level, consistent with patterns observed in other insects.
Microsatellites were predominantly distributed in non-coding regions, with distinct patterns
compared to coding regions. Functional enrichment of SSR-containing genes in binding, signal
transduction, and transcription pathways supports the hypothesis that coding microsatellites are not
merely neutral markers but functional elements contributing to regulatory flexibility and adaptive
evolution. Future research should prioritize linking specific SSR variants to quantitative traits,
validating their regulatory impacts through functional genomics, and leveraging marker-assisted
selection to accelerate the domestication and optimization of cricket strains for both research and
sustainable agriculture.
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