


INTEGRATING MOLECULAR APPROACHES IN TAXONOMY OF FAMILY RHYPAROCHROMIDAE (HEMIPTERA: HETEROPTERA): A REVIEW

ABSTRACT
[bookmark: _GoBack]The family Rhyparochromidae (Hemiptera: Heteroptera) commonly known as Dirt-colored seed bugs, holds over 2000 species globally and is one of the largest families in seed bugs. For a long time, the taxonomy has traditionally relied on morphological similarities and external genitalia such as body size, wing structure or their color differences. But due to the problems encountered with using morphological features, cryptic species, convergence, and intraspecies variation, diversity and phylogenetic resolution were frequently inaccurate. For instance, the incorporation of molecular tools like DNA barcoding, phylogenetics analysis and CO1 gene as a mitochondrial gene, and ribosomal RNA genes like 16S and 28S genes has revolutionized taxonomy and also provide tools for identification and classification of species. This article summarizes the recent studies on molecular strategies for the taxonomy of Rhyparochromidae, which includes the applications of mitochondrial molecular markers for phylogenetic studies. It presents a more integrative view for analysis by molecular tools to facilitate species delimitation, clarify phylogenetic obscurities and provide information on the previously unnoticed biodiversity. Furthermore, the study highlights the advantages, challenges and future prospective of taxonomy based on molecular techniques in classification and identification of Rhyparochromidae.	Comment by Romantic: the identification	Comment by Romantic: prospects	Comment by Romantic: the classification
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1. INTRODUCTION
The family Rhyparochromidae, commonly referred to as dirt-colored seed bugs, constitutes a diverse group within the suborder Heteroptera of order Hemiptera, with more than 2000 described species distributed worldwide. The name Rhyparochromidae is derived from Greek words, rhyparos means "dirt" and chromus means "color"(Mohamed et al., 2013). Mostly rhyparochromids are phytophagus and ground dwelling insects that they are found near ground. They find seeds under leaf litter beneath pants and sometimes in ant nests (Schuh & Slater, 1995). Rhyparochromidae exhibits remarkable morphological and ecological diversity. They are characterized by the segmented body which is divided into three regions -Head, thorax, and the abdomen, along with the jointed appendages and also an exoskeleton which is made up of chitin. The family Rhyparochromidae- commonly known as seed bugs. Biodiversity and distribution of lethaeine seed bugs from Argentina is are given by   (Dellapé et al., 2015) . Rhyparochromids were first established as a sapragenic group, and were considered by many workers to be a subfamily within Lygaeoidea. (Henry, 1997)  reclassified the Lygaeoidea and established the family Rhyparochromidae. Interestingly, some species of Cleradin, known for their blood-feeding habits, have been reported to occasionally bite humans (Harrington, B.J., 1980; Malipatil, 1981). Bugs of family rhyparochromidae usually have flattened body shape with distinct color patterns. For example, Rhyparochromus vulgaris is distinguished by its black and orange coloration whereas Raglius alboacuminatus is characterized by elongated body (Henry, 2004). Adults of Rhyparochromus saturnius bugs often ranges from 5 to 10mm. The presence of specific genital organs is crucial for accurate species identification (Henry & Adamski, 1998a). The family Rhyparochromidae includes numerous species that share similar physical traits which makes the traditional methods of taxonomy difficult to identify species. It was based on the morphological features like body shape, colour, genitalia, wing pattern for identification. However, presence of cryptic species and there's a lot of hidden diversity within species often leads to misidentification.	Comment by Romantic: Rhyparochromidae	Comment by Romantic: the ground	Comment by Romantic: the biodiversity	Comment by Romantic: the family	Comment by Romantic: Rhyparochromidae	Comment by Romantic: an elongated	Comment by Romantic: morphological	Comment by Romantic: the presence
Due to the similar morphology and high genetic diversity between species poses a problem in phylogenetic studies of bugs. To solve the problem various molecular techniques, such as DNA barcoding, mitochondrial gene sequencing, and phylogenetics, have emerged as powerful tools that helps in accurate identification. Various mitochondrial markers have been used to identify species and also provide insights in evolutionary studies within species. Molecular markers such as 16S rRNA, 12S rRNA, ND, ATPase are used, among which the protein coding gene mitochondrial genes (CO1) have proven invaluable in recent years, offering insights into phylogenetic relationships (Ratnasingham & Hebert, 2007). Molecular markers are the DNA sequences that help scientists identify species, assess genetic diversity, and infer the evolutionary relationships between species.  As these molecular markers provide a stable and consistent means of identification, also distinguish cryptic species. DNA based techniques makes it easier to identify insects at any stage of life (eggs, larva, pupae, adult) without any need for morphological analysis (Mani et al., 2022).
Mitochondrial DNA (mtDNA) are the DNA sequences that can be used in species identification due to the unique features as it contains multiple copies of their genome and easy to extract form degraded specimens. Also, mtDNA is inherited maternally it does not undergo recombination (Avise et al., 1987).  mtDNA have both conserved (12S and 16S rRNA genes) and variable regions (CO1, CO11, ND genes) which makes it suitable for various genetic studies. The CO1 gene is widely recognized as a standard DNA barcode used to identify insect species. Mitochondrial DNA is widely used as a molecular marker which helps in study of phylogeny in animals, due to its simple genomic structure (Kaur & Singh, 2020). Through sequence profiling, CO1is a common target gene used in DNA barcoding that allows for rapid and accurate identification of species. CO1 has the ability to assess genetic distance among species which shows the effectiveness of this gene is species identification (Naeem et al., 2020). This mitochondrial DNA molecule comprises 37 genes including 13 protein coding genes, 22 tRNA genes and 2 rRNA genes, also a control region or AT- rich region is present which is non-coding region(Wolstenholme, 1992); (Simon et al., 1994a). 	Comment by Romantic: its unique	Comment by Romantic: is easy	Comment by Romantic: the study	Comment by Romantic: in	Comment by Romantic: the non-coding
In this context, molecular markers have emerged as a powerful tool to supplement morphological data. Molecular techniques used in taxonomy, such as DNA barcoding, mitochondrial genes such as Cytochrome oxidase 1 (CO1) and ribosomal RNA genes (e.g., 16S, 28S) sequencing and phylogenetic studies, have proven effective tools for resolving problems in taxonomy, distinguish cryptic species, and constructing phylogenetic trees to better understand the evolutionary history of species. The first mitochondrial genome for Rhyparochromidae was described as: a complete mitochondrial genome of Panaorus albomaculatus (Scott, 1874). This mitochondrial genome is made up of 16,345 base pairs, also it contains the 37 genes along with control regions. Most of the control regions is made up of a large tandem repeat region, and these control regions form a completely different and new patterns that hasn’t been observed in other insects (T. Li et al., 2016a). In p. albomaculatus, Tandem repeat regions consist of 53 repeating sequences, this represents the highest number of tandem repeats that have been found in any other insect mitochondrial genomes. Rhyparochromus vulgaris and Rhyparochromus saturnius are distinguished by specific features that facilitate their identification. Rhyparochromus vulgaris is known as ground bug, has a large and elongated body with long legs and a dark wing membrane. Rhyparochromus saturnius, named as Palearctic seed bug, was first identified in North America on the basis of collections from 17 counties in California (Scudder, 2016) (Henry & Adamski, 1998b)
Thomas J. Henry provides in depth analysis of biodiversity within the suborder Herteroptera, which is commonly known as true bugs. Their work offers an overview of seven infraorders and 91 families, includes their morphological characters, ecological roles, and also discuss their role as plant feeders, predators, and indicators of environment health (Henry, 2017). Rhyparochromidae bugs can be identified by using the keys provided by Slater and Baranowski (1990). The paper reports Pseudopachybrachius vinctus as a new record for Arkansas and Oklahoma, representing the need for accurate identification methods in these states. Molecular methods provide an in-depth understanding to the similarities and variations among species and even provide the evolutionary   relationships (Chordas et al., 2017).	Comment by Romantic: discusses	Comment by Romantic: environmental
1.1 Traditional methods in Taxonomy of Rhyparochromidae
Traditionally, the classification of Rhyparochromidae has relied on external features like body shape, coloration, pattern found on their wings and legs. Tribal classification within subfamily Rhyparochromidae proposes a more refined system to classify species based on morphological analysis. Rhyparochromidae, previously considered as under Lygaeidae but now recognizes as a separate family (Sweet, 1967). (Kondorosy, 2013), re-examine the taxonomic status and the nomenclature of the east Asian bug Metochus abbreviates, they confirm the synonymy of dieuches kreyenbergi Breddin 1906 with M. abbreviarrus through detailed morphological analysis of type specimen.
Rhyparoclava purrhocoroides, a newly identified genus and species of family Rhyparochromidae discovered in the Montagne de Francais Reserve in northern Madagascar. due to unique morphological characters, including brachyptery (reduced wing development), absence of ocelli, clavate antenna, mostly observed in Rhyparochromidae , (Kment et al., 2016). Lanchnophorus webbi kondprosy, sp. Nov., from Tamilnadu, India enhances the taxonomic clarity of Lancgnophorus and also provides valuable insights into diversity and distribution of bugs of family Rhyparochromidae.
Various morphological characters are used in identification of species of family rhyparochromidae which includes; Segmented Antennal structure and distribution of setae on the body of bugs. The shape and structure of pronotum and scutellum on the dorsal side of body. Structure of wings and legs are also helpful in identification of species. Male and female genitalic structures were also consider in taxonomy of bugs within family Rhyparochromidae.  The genus Paracholula, consisted of two species, Paracholula picta and Paracholula thoracica, both recorded form Mexico. By Examining the morphological characteristics, particularly male genitalia, the evolutionary relationship between species were clarified (Peredo & Santacruz, 2014). (Cagatay, 1985) studies on male genitalia of bugs of family Rhyparochromidae from Turkey, including Plinthisus hungaricus, Camptocera glaberrima, Lethaeus cribratisimus, Tropistethus holosericus, Gastrodes grossipes, and Scolopostethus thomsoni. In this study, detailed description of pygophore and paramere and phallus are provided.
1.2 Challenges faced in Morphological Taxonomy
Due to high intraspecific variation, it makes difficult to identify the species. Because various species within family share similar characters. (Gao et al., 2013) reviews the taxonomic history of Rhyparochromidae family, focusing on the Drymini tribe. This work highlights the challenges faced in taxonomy of species based on morphology that makes it difficult to identify species. Various specimens were degraded during the collection and preservation, that makes difficulty to study their morphology.
2. Molecular methods used in species identification;
2.1 DNA-Barcoding for True bugs;
Taxonomic uncertainties revealed  in study titled “Building-up of a DNA Barcode Library for true bugs”, aimed to evaluate the effectiveness of DNA barcoding for the species identification in true bugs in Germany (Raupach et al., 2014). In this study, researchers examined DNA barcodes from 1742 specimens, representing 457 species across 39 families of Heteroptera. Among these, 21 pairs of species (39 species) showed low nucleotide differences exhibits minimum pairwise kimura 2- parameter (K2P) distance of less than 2.2%. 10 0f these showed zero genetic distance which indicating high genetic similarity among species. Intraspecific divergence was also observed within species that are traditionally recognized as single taxonomic units. 91.5% of true bugs species identified successfully with the help of DNA barcoding. By using shirt and standardized gene regions as internal species tags, DNA barcoding provides rapid and accurate identification of species (Hebert & Gregory, 2005). The  (CO1) gene has been integrated into DNA barcoding projects which aim to create a comprehensive library of species-specific sequences for rapid identification of species (Kurata et al., 2024).
 In the study titled “Barcoding bugs: DNA-based identification of the True Bugs”, evaluated the effectiveness of DNA barcoding for the species identification in true bugs (Park et al., 2011). The researchers used specimens sourced from the Canadian National collection of insects for their studies from which they analyzed the 5’ region of CO1 gene from 344 species across 178 genera. Less than 2% genetic divergence within species was evaluated. In 77% of species pairs belonging to the same genus the minimum genetic distance between them was greater than 3%. Some species show low interspecific divergence, indicating closely related species with less genetic differences.
DNA barcoding also differentiate several morphologically similar aphid species, also revealing cryptic species diversity that makes the CO1 based DNA barcoding is more reliable and essential tools for species identification (Rebijith et al., 2013).
DNA barcoding has proven to be an effective tool for identifying true bugs within the infraorder Pentatomorpha from Western Ghats of India includes mitochondrial cytochrome c oxidase 1 (mtCO1) gene sequencing, which serves as highly reliable molecular marker for species identification.
2.2 Protein-Coding Genes in Mitochondrial DNA as Molecular Markers
Various protein-coding genes of Mitochondria are used in evolutionary studies of insects. Insect mitochondria contain 13 protein-Coding genes. Based on studies by Zardoya and Meyer., (2000) mitochondral protein-Coding genes can be classified into three groups: includes ND4, ND5, ND2, CO1 considered as “good”. Genes classified as “Medium” such as COB, ND1, ND6, these provide moderate phylogenetic results. While ATPase 6, ND3, ATPase 8 are considered as “Poor”, as these are less effective.  Protein-coding genes have faster evolutionary rates as compared to rRNA genes, due to which these are known as powerful markers for understanding genetic diversity at families, genera and species levels (Mindell & Honeycutt, 1990).

2.2.1 CO1 gene; a mitochondrial DNA marker
The (CO1) gene, a mitochondrial DNA marker, widely used in Taxonomy and phylogenetic studies used to identify species and understand relationships between species. CO1 gene, a protein-coding gene, is regarded as one of the most commonly used as mitochondrial DNA marker in the taxonomy and phylogenetics. It is found in the mitochondrial genome where it plays vital role in electron transport chain (ETC). CO1 is the standard DNA barcode used in identifying and differentiating species due to its high conservation and species-specific variations.(Sureshan et al., 2021) , the complete mitochondrial genome of dusky cotton bug, Oxycarenus laetus sequenced and analyzed which was collected from two distinct regions in India; Bhatinda (north India) and Coimbatore (south India).  CO1 gene is most commonly used due to its small size, ease of amplification, and high variability, making it suitable to distinguish between closely related species (Bergmann et al., 2013); (Mandal et al., 2014).

Importance, advantages and limitations 
  Importance;
CO1 helps to identify cryptic species that are similar in their morphology but genetically distinct. (Tang et al., 2022) sequenced the complete mitochondrial genome of two closely related venerid species, Ruditapes phillippinarum and R. variegatus. This gene is maternally inherited as it provides insights into maternal lineage and helpful in study of evolutionary history (Harrison, 1989). Gene has a high mutation rate, that makes it suitable for studying recent evolutionary divergence among species. CO1 is commonly used as a genetic marker in insects at species level and also other higher levels (Simon et al., 1994b). CO1 is also used for DNA barcoding across various species of insects. It allows for identification of species, even among the species with similar morphological characters. 
  Advantages;
Due to higher amplification rates of CO1 across diverse taxa makes it useful in species identification. Also, CO1 with a distinctive character of maternal inheritance provides insights into maternal lineages. Mutation rates of CO1 gene is high which is sufficient to detect the recent divergence between species. By integrating CO1 gene with mitochondrial or nuclear markers enhances the reliability of species delimitation and phylogenetic analyses (Jin et al., 2018).
   Limitations;
Although CO1 is considered as best molecular marker for species-level identification, it may not always be effective in resolving deeper evolutionary relationships among species (e.g., family, order). In some cases, intraspecific variation can be higher than expected, which makes it difficult to identify species. For example, few species under genus Apolygus, shared identical CO1 sequences (Jung et al., 2011). To obtain the accurate phylogenetics status, CO1 gene should be combined with the other nuclear markers (e.g., 18S rDNA) also with other mitochondrial genes (e.g., 16S rDNA). Sampling methods can affect the accuracy of CO1 based phylogenetic analysis. Inadequate methods used in sampling of species can lead to incomplete and misleading outsomes(Funk, 1999).
Cytochrome Oxidase (CO1) is found to be best molecular marker for evolutionary studies among all protein-coding genes. (T. Li et al., 2016b), reported the first complete mitochondrial genome sequence for the Rhyparochromidae family, specifically for species Panaorus albomaculatus. The genome is 16,345 base pairs in length and contains the standard set of 37 genes found in animal mitochondria, along with a control region. The control region contains unique large tandem- repeat. Researchers performed a comparative analysis using mitochondrial genomes form closely related species. Variations were observed in control regions, particularly in length and tandem repeats. CO1 sequences were also used to build a phylogenetic tree, which helped to determine the evolutionary relationship within Lygaeoidea superfamily. In these studies, the CO1 gene in Panaorus albomaculatus was highly conserved and a mitochondrial gene structure is observed. It showed AT bias, region which has higher proportion of adenine and thymine. Phylogenetic analysis of CO1 genes supported the monophyletic status of Rhyparochromidae, which determine the distinct evolutionary lineage within superfamily Lygaeoidea. It also revealed high similarity in sequences of DNA among closely related species. These findings further confirmed the effectiveness of CO1 as a molecular barcode for species identification in true bugs.



3. Mitochondrial Ribosomal DNA as Genetic Markers
Molecular methods in identification of bugs particularly involving 16S rDNA and 18S rDNA have become essential tools in identification, classification, and understanding the phylogeny within the species.  In insect mitochondria, there are two ribosomal DNA genes: 18S rDNA and 16SrDNA. The large subunit 16S rDNA, is commonly used for studies at lower and intermediate levels.  (Xie et al., 2005), investigates phylogenetic relationships within the Lygaeoidea superfamily, includes Rhyparochromidae. These studies use mitochondrial (16S rDNA) and nuclear (18S rDNA) ribosomal DNA sequences to examine the phylogeny and evolutionary relationships among species. True water bugs (Heteroptera) are phylogenetically analyzed by using 16S rDNA and 18S rDNA sequences that makes it an effective data source for resolving intraordinal phylogenetic problems at superfamily level within Heteroptera (Hua et al., 2009)., have become essential tools for understanding the phylogeny, taxonomy, and species identification within this family.
3.1 16S rDNA as Molecular marker;
16S rDNA is a mitochondrial ribosomal RNA gene which is highly conserved in bugs used for species identification. (Hsieh et al., 2020) developed a rapid and more efficient system for identification of insects by designing a universal DNA mini-barcode primer that targeting 120 bp of mt 16S rDNA gene. For middle categorical levels such as families and genera, 16S rDNA is mostly used. It is found in the mitochondrial DNA as it evolves faster than other nuclear genes that makes it suitable to explore the evolutionary relationships among species, because it is composed of highly conserved as well as variable domains (Amit Roy, 2014). This 16S rDNA gene is known for its high variability, which make it suitable for distinguishing between closely related species(Liu et al., 2007).
3.2 18S rDNA as a molecular marker;
This 18S rDNA is a nuclear ribosomal RNA gene which is highly conserved but evolves much slower than the other mitochondrial genes. It is used in evolutionary studies as it is a part of small subunit of ribosome. It provides broad phylogenetic results across the higher taxonomic ranks family and superfamilies (Campbell et al., 1995). The 18S rDNA  gene has also been used to understand the relationships between superfamilies, such as Lygaeoidea and Coreoidea, (M. Li et al., 2012). It is also used in combination with mitochondrial markers such as CO1 and 16S for integrative taxonomy.
4. PCR-RFLP Markers: 
Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) has been used to distinguish closely related species within family Rhyparochromidae. This method involves amplifying the 16S rDNA region and digesting it with restriction enzymes to produce species-specific fragments(Yang et al., 2016). This method offers a quick and precise way to differentiate between two species, which is essential for effective pest management strategies.
5. Phylogenetic Analysis;
In Phylogenetic studies, molecular data plays a crucial role in understanding the evolutionary relationships between species. Phylogenetic studies use methods such as Maximum likelihood (ML) and Bayesian Inference (BI) to build phylogenetic trees, offering valuable insights into relationship between species. These molecular methods of taxonomy help refine the classifications and also reveal the evolutionary lineages within the family. These methods make species identification and classification more accurate as compared to the traditional taxonomy. All the families within Lygaeoidea, except for Rhyparochromidae, are monophyletic. This means that these families have a common ancestor and as compared to family rhyparochromidae, family under Lygaeoidea are more closely related(Carapelli et al., 2021). Phylogenetic analysis of family Lygaeidae within order Hemiptera is done by utilizing the molecular data to understand the valuable insights into evolutionary history of the family.
Henryaria, a newly identified genus within tribe Myodochini of the family Rhyparochromidae, along with description of two new species from Bolivia and Peru (Dellapé et al., 2016) . Morphological similarities were described, particularly male genitalia focused, and also compare the newly identified genus Henryaria with closely related genera within tribe. By integrating molecular data with traditional taxonomy, it improves identification and classification of species and also aids in deeper understanding of evolutionary history. Their findings highlight the need for further molecular studies to make taxonomy of Rhyparochromidae easier.
6. Conclusion
Due to variation within species, traditional methods of taxonomy are challenging. To reduce the complications in species identification, molecular techniques are used in the taxonomy of Rhyparochromidae family. It has significantly improved the identification and classification of species, also helpful in phylogenetic studies. To identify the species various molecular tools used such as, mitochondrial gene (CO1) and nuclear gene sequencing (16S rDNA, 18S rDNA), DNA barcoding and phylogenetic analysis provide deeper understanding of species diversity, which makes easy to differentiate between closely related species and cryptic species. Molecular approaches in taxonomy not only enhance traditional methods but also, they resolve challenges such as morphologically similar species and variations within species. By describing genetic databases, refining standardized markers, and integrating computational tools with traditional taxonomy will be crucial in understanding the species taxonomy and phylogenetics. If both morphological and molecular techniques would be integrated, researchers can achieve a deeper understanding in the diversity of Rhyparochromid bugs, ultimately contributing in insect classification and evolutionary studies would be more accurate.
7. Future perspective;
In Future research, molecular techniques used in identification and classification of family Rhyparochromidae should focus on; using sequencing to sequence a wider range of specimens, expands the genetic databases from diverse geographical regions. Molecular data is combined with ecological and behavioral studies that makes it easy to understand the classification of species. Next-generation sequencing methods utilized to explore the evolutionary relationships within species.
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