Review M) Check for updates

Available online at
www.heca-analitika.com/hjas

2{; Heca Journal of Applied Sciences

Vol. 1, No. 2, 2023

A Review on Mitochondrial Genome of Ants (Hymenoptera: Formicidae)

Beivy Jonathan Kolondam "2, Trina Ekawati Tallei 2*, Roni Koneri 2, Abdul Hawil Abas 3 and Juliet Merry
Eva Mamahit !

' Doctoral Program of Entomology, Sam Ratulangi University, Indonesia; beivy.kolondam®unsrat.ac.id; evamamahit@unsrat.ac.id

Department of Biology, Sam Ratulangi University, Indonesia; trina_tallei@unsrat.ac.id; ronicaniago@unsrat.ac.id
Faculty of Bioscience and Engineering, Ghent University, Belgium; AbdulHawil.Abas@UGhent.be

2
3

* Correspondence: trina_tallei@unsrat.ac.id

Article History Abstract

Received 9 August 2023

Revised 3 September 2023
Accepted 14 September 2023
Available Online 19 September 2023

Ants, which are members of the Formicidae family, have been the subject of considerable
scientific scrutiny due to their remarkable diversity and ecological importance. Extensive
research endeavors have been directed towards understanding the complex behaviors
and ecological responsibilities exhibited by these organisms. The advent of cutting-edge
sequencing technology in recent times has sparked a significant breakthrough in the
Keywords: deciphering of mitochondrial genomes in many animals, including ants. The objective of
Ants this review paper is to provide an informative summary of the mitochondrial DNA of ants.
Mitochondrial genome Exploring the intricate structural aspects, we investigate the genetic diversity that exists
Genetic diversity in the mitochondrial genomes of ants. The investigation of evolutionary processes
Evolutionary dynamics provides insight into the complex alterations that have shaped genomes throughout time.
Ecological interactions The broader ramifications of these genetic differences for the fields of ant biology and
Evolution conservation are thoroughly considered. An examination is conducted on the structural
Physiology characteristics, genetic variations, and evolutionary features of ant mitochondrial
genomes, along with an investigation into their physiological impacts. As the molecular
complexities of ant mitochondrial genomes are revealed, there is an opportunity to
further explore their realm, leading to a more comprehensive comprehension of these
extraordinary organisms.
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1. Introduction

The field of genomics has significantly transformed our
understanding of the biological and evolutionary aspects
of various organisms, including ants. The mitochondrial
genome has emerged as a valuable instrument for
investigating evolutionary histories, comprehending
population  genetics, and exploring ecological
interactions among the genomic components of
particular interest [9-17].

Ants (family Formicidae) are a remarkable and
exceptionally diverse group of insects that have
captivated the interest of scientists and nature advocates
[1-4]. Ants exemplify a success story in the domain of
terrestrial life, with more than 9,500 recognized species
and an estimated total species diversity of well over
20,000 [5, 6]. Their ecological importance is unparalleled,

as they perform essential roles in ecosystems. Ants
undertake a wide array of roles, encompassing activities
from promoting soil health and facilitating nutrient
cycling to dispersing seeds and preying upon other
arthropods [2, 4, 6-8].

DOI: 10.60084/hjas.v1i2.74

Mitochondrial DNA (mtDNA) is a distinctive type of
genetic material found in the mitochondria of cells.
Unlike nuclear DNA, which is a combination of genetic
material from both parents, mtDNA is solely inherited
maternally [18, 19]. Its unique characteristics, such as
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compressed size, rapid evolutionary rate, and lack of
recombination, have rendered it an indispensable
molecular marker for a wide range of phylogenetic and
ecological studies [20-24].

In recent years, the introduction of next-generation
sequencing technologies has facilitated the elucidation of
complete mitochondrial genomes from numerous ant
species. This is providing researchers with a treasure
trove of data to explore the genetic complexities that
govern their biology [24-28]. These exhaustive genomic
datasets have not only increased our understanding of
ant evolutionary relationships, but also opened new
research avenues into the functional implications of
mitochondrial genes and their significance to ant biology
and conservation [20, 24, 25, 29].

This article intends to provide a comprehensive summary
of the current state of knowledge concerning the
mitochondrial genome of ants. We will examine the
structural  characteristics, genetic diversity, and
evolutionary aspects of ant mitochondrial genomes, as
well as the functional ramifications of these genomes on
the physiology of ants.

2. Structural Features of Ant Mitochondrial Genomes

In terms of gene content and organization, the
mitochondrial genome of ants exhibits a high degree of
conservation, but it also displays intriguing variations that
shed light on their evolutionary history and adaptive
traits [29-32]. The mitochondrial genome of ants is
typically a circular molecule ranging in size from 15.2 to
19.7 kilobases (kb) [32, 33]. It contains 37 genes,
consisting of 13 protein-coding genes (PCGs), 22 transfer
RNA genes (tRNAs), and two ribosomal RNA genes
(rRNAs), as shown in Figure 1 [32, 34, 35]. These genes
collectively contribute to the mitochondrial process of
oxidative phosphorylation, which is essential for energy
production [36-39]. These genes exhibit a degree of
similarity not only within ants, but also among other
insect species.

Within the Formicidae, the gene arrangement in ant
mitochondrial genomes is relatively conserved [29, 35,
40]. The standard arrangement of genes, also known as
the ancestral gene order, has been identified in a number
of ant species and represents the typical organizational
structure [26, 41]. Nonetheless, occasional gene
duplications and rearrangements have been observed in
specific lineages, suggesting that structural alterations in
the mitochondrial genome may contribute to the
evolutionary diversification and adaptation of ants [29,
35, 42]. Variation in gene size, especially among protein-
coding genes, is a remarkable aspect of the mitochondrial
genomes of ants [29, 32, 43].

15,466 bp

Pachycondyla annamita

Figure 1. Organization of the mitochondrial genome of
Pachycondyla annamita [35].

In addition, comparative analyses of mitochondrial
genomes have revealed that certain ant lineages have a
higher frequency of nonsynonymous substitutions in
protein-coding genes. These nonsynonymous changes
can affect the functional properties of proteins,
suggesting that natural selection may have influenced
the evolution of ant mitochondrial genes, potentially as a
result of adaptations to particular ecological niches or
physiological requirements [27, 29, 41, 42, 44].

Furthermore, the control region, also known as the D-
loop, regulates the replication and transcription of
mitochondria [45-48]. It has a high level of nucleotide
variability, which makes it a useful marker for ant
population genetics and phylogeography research. The
D-loop region has been utilized extensively in studies
aimed at resolving phylogenetic relationships among ant
species and evaluating patterns of genetic diversity and
differentiation within ant populations [24]. In general, the
structural characteristics of ant mitochondrial genomes
shed light on the evolutionary processes that shaped
these ecologically diverse insects.

3. Genetic Diversity and Phylogenetic Relationships

The investigation of mitochondrial genomes has played a
crucial role in the reconstruction of phylogenetic
relationships among ant species and the clarification of
their evolutionary history [41, 42, 49]. The study of ants
and their evolutionary links poses an interesting
challenge due to their extensive diversity and ecological
adaptations. To tackle this complexity, researchers have
turned to mitochondrial DNA as a valuable tool [27, 29,
41, 44, 50-52].

Mitochondrial markers, such as the cytochrome c oxidase
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Subunit | (COI) gene, have been extensively utilized in
DNA barcoding investigations for the purpose of
identifying ant species. This methodology has greatly
aided the expeditious and precise identification of
species, rendering it an indispensable instrument for
ecological and taxonomic investigations [53-55].
Furthermore, the utilization of mitochondrial sequences
has been widely employed in the deduction of
evolutionary links between various ant species, hence
enhancing our comprehension of their evolutionary
history and biogeography [26, 29, 41]. Phylogeographic
investigations utilizing mitochondrial markers have
provided valuable insights into the dynamics of ant
populations and the occurrence of dispersal events
throughout history [11, 56-59].

Furthermore, the utilization of mitochondrial genomics
has been employed to examine higher-level relationships
within the Formicidae family, in addition to resolving ties
at the species level. Recent research utilizing a mix of
mitochondrial and nuclear markers has yielded valuable
insights into the evolutionary relationships across
various subfamilies and tribes within the ant species [29,
32, 60]. The aforementioned findings have resulted in the
modification of ant classification and enhanced our
comprehension of their evolutionary connections. For
example, the Atta genus analyzed using mitochondrial
partial sequences (COI, tRNA leucine, and COIl) in 2009
could be better clarified phylogenetically among its
species when using the mitochondrial genome 10 years
later [32].

The examination of mitochondrial DNA has played a
crucial role in uncovering the genetic variability and
evolutionary connections within ant species. Ant
mitochondrial genomes have provided significant
molecular insights, contributing to a deeper
comprehension of their evolutionary trajectory [29, 41,
61, 62]. Furthermore, these findings have advanced the
fields of taxonomy, ecology, and conservation.

4. Functional Implications of Ant Mitochondrial
Genes

The mitochondrial genome of ants plays a pivotal role in
providing essential cellular functions, primarily centered
around energy production and regulation. It has been
known in general that through  oxidative
phosphorylation, mitochondria generate adenosine
triphosphate (ATP), the primary energy currency of cells,
crucial for powering various physiological processes [63-
66].

4.1. Energy Production and Metabolism

The principal role of the mitochondrial genome is to
encode essential constituents of the electron transport
chain (ETC) and the ATP synthase complex. The Electron
Transport Chain (ETC) is comprised of several protein
complexes that are encoded by genes located in the
mitochondria. Its primary function is to promote the
movement of electrons and protons across the inner
mitochondrial membrane, thereby producing a gradient
of protons [67-69]. The ATP synthase complex utilizes the
proton gradient to facilitate the synthesis of ATP, thereby
meeting the energy requirements of the cell [65, 70].
Ants, as organisms that exhibit high levels of activity and
efficiency, necessitate significant amounts of energy to
engage in foraging, constructing nests, and executing
intricate social actions. Thus, the mitochondrial genome
and its functional components play a crucial role in
supplying the requisite energy resources to support
these demanding operations.

4.2. Oxidative Stress Management

Mitochondria are the primary source of reactive oxygen
species (ROS), which are natural byproducts of cellular
respiration [71]. The mitochondrial genome also encodes
several antioxidant enzymes that help mitigate oxidative
stress [72-74]. Two genes (Prx3 and Sod2) in the
mitochondria of parthenogenic ant Platythyrea punctata
are reported to express antioxidant enzymes
(Peroxiredoxin 3 and Superoxide dismutase 2,
respectively) [75].

The balance between ROS production and antioxidant
defenses is critical for cellular health and longevity [76].
Ants living in challenging environments, such as those
exposed to pollutants or extreme temperature
fluctuations, may experience increased oxidative stress,
making the functionality of mitochondrial genes involved
in antioxidant pathways vital for their survival and well-
being.

Overall, the mitochondrial genome of ants serves a
broader purpose beyond its primary function in energy
generation and oxidative stress regulation. The operation
of mitochondrial genes is intricately linked to the
energetic requirements of ants' intricate lifestyles and
the ecological obstacles they encounter. As the
comprehension of the functional significance of
mitochondrial genes in ants expands, significant insights
are acquired regarding the complex interrelationships
between genetics and physiology that contribute to the
biological characteristics of these social insects.
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5. Future Prospects

The study of the mitochondrial genome in ants has made
significant strides in advancing our understanding of
their biology and evolution. Looking ahead, several future
prospects and challenges lie ahead in this exciting field of
research. The future prospects of studying the
mitochondrial genome in ants are promising, offering
vast potential for unraveling the mysteries of ant biology
and evolution.

6. Conclusions

Ants exhibit a remarkable level of diversity and ecological
prowess, making them a topic of considerable scientific
fascination. The use of next-generation sequencing
technology has greatly enhanced our comprehension of
mitochondrial genomes in diverse organisms, including
ants. The examination of ants and their evolutionary
connections is a compelling endeavor, given their
significant range of variations and ecological adaptations.
To address this intricate issue, researchers have turned
to mitochondrial DNA as a valuable tool.

Author Contributions: Conceptualization, B,J.K.; methodology,
B.J.K.; validation, T.E.T.; formal analysis, BJ.K.; investigation,
B.J.K.; resources, BJ.K,; data curation, BJ.K.; writing—original
draft preparation, BJ.K., R.K. A.H.A. and J.M.E.M.; writing—review
and editing, BJ.K. and T.E.T; visualization, B..K.; supervision,
T.E.T., RK. and J.M.E.M.; project administration, T.E.T.; funding
acquisition, T.E.T. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors wish to express their gratitude to the
Ministry of Education, Culture, Research, and Technology of the
Republic of Indonesia for their support through the Doctoral
Dissertation Research scheme, as facilitated by Master Contract
No. 158/E5/PG.02.00.PL/2023 dated 19 June 2023, along with its
subsequent Derivative Contract, No. 1803/UN12.13/LT/2023
dated 27 June 2023.

Data Availability Statement: The data used and/or analyzed
during the current study are available from the corresponding
author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cranston, P. S. (2017). Biodiversity of Australasian insects, /nsect
Biodliversity: Science and Society, 111-139.

2. Schar, S., Menchetti, M., Schifani, E., Hinojosa, J. C., Platania, L.,

Dapporto, L., and Vila, R. (2020). Integrative biodiversity
inventory of ants from a Sicilian archipelago reveals high
diversity on young volcanic islands (Hymenoptera: Formicidae),
Organisms Diversity & Evolution, Vol. 20, 405-416.

3. Kondoh, M., and Yuzo, K. (1984). Ant communities on the
campus of UOEH and in an adjacent natural forest, Journal of
UOEH, Vol. 6, No. 3, 221-234.

4. Pecarevi¢, M., Danoff-Burg, J.,, and Dunn, R. R. (2010).
Biodiversity on Broadway-enigmatic diversity of the societies of

20.

21.

ants (Formicidae) on the streets of New York City, P/oS One, Vol.
5, No. 10, e13222.

Schultz, T. R. (2000). In search of ant ancestors, Proceedings of
the National Academy of Sciences, Vol. 97, No. 26, 14028-14029.

Wilson, E. O., and Nowak, M. A. (2014). Natural selection drives
the evolution of ant life cycles, Proceedings of the National
Academy of Sciences, Vol. 111, No. 35, 12585-12590.

Winarsih, A., Idroes, R., Zulfiani, U., Yusuf, M., Mahmudi, M.,
Saiful, S., and Rahman, S. A. (2023). Method Validation for
Pesticide Residues on Rice Grain in Aceh Besar District,
Indonesia Using Gas Chromatography-Electron Capture
Detector (GC-ECD), Leuser jJournal of Environmental Studies, Vol.
1, No. 1, 18-24. doi:10.60084/ljes.v1i1.37.

Sasidharan, R., and Venkatesan, R. (2019). Seed elaiosome
mediates dispersal by ants and impacts germination in Ricinus
communis, Frontiers in Ecology and Evolution, Vol. 7, 246.

Guilliet, J., Baudouin, G., Pollet, N., and Filée, J. (2022). What
complete mitochondrial genomes tell us about the evolutionary
history of the black soldier fly, Hermetia illucens, BMC Ecology
and Evolution, Vol. 22, No. 1, 1-15.

Tihelka, E., Cai, C., Pisani, D., and Donoghue, P. C. J. (2020).
Mitochondrial genomes illuminate the evolutionary history of
the Western honey bee (Apis mellifera), Scientific Reports, Vol. 10,
No. 1, 14515.

Hurst, G. D. D., and Jiggins, F. M. (2005). Problems with
mitochondrial DNA as a marker in population, phylogeographic
and phylogenetic studies: the effects of inherited symbionts,
Proceedings of the Royal Society B: Biological Sciences, Vol. 272, No.
1572, 1525-1534.

Castro, J. A., Picornell, A., and Ramon, M. (1998). Mitochondrial
DNA: a tool for populational genetics studies, International
Microbiology, Vol. 1, No. 4, 327-332.

Nabholz, B., Mauffrey, J.-F., Bazin, E., Galtier, N., and Glemin, S.
(2008). Determination of mitochondrial genetic diversity in
mammals, Genetics, Vol. 178, No. 1, 351-361.

Morén-Lépez, J., Vergara, K., Sato, M., Gajardo, G., and Ueki, S.
(2022). Intraspecies variation of the mitochondrial genome: An
evaluation for phylogenetic approaches based on the
conventional choices of genes and segments on mitogenome,
PloS One, Vol. 17, No. 8, e0273330.

Tallei, T. E., Koneri, R., and Kolondam, B. J. (2017). Sequence
analysis of the cytochrome C oxidase subunit | gene of
Pseudagrion pilidorsum (Odonata: Coenagrionidae), Makara
Journal of Science, 43-52.

Lombogia, C. A., Posangi, J., Pollo, H. N., Tulung, M., and Tallei, T.
E. (2020). Assessment of genetic variation in Apis nigrocincta
(Hymenoptera: Apidae) in Sulawesi revealed by partial
mitochondrial cytochrome oxidase | gene sequences, Scientifica,
Vol. 2020.

Niode, N. J., Adji, A, Rimbing, J., Tulung, M., and Tallei, T. E.
(2021). Composition and diversity of bacteria from giant Asian
honeybee Apis dorsata gut, Biodiversitas Journal of Biological
Diversity, Vol. 22, No. 2.

Sato, M., and Sato, K. (2013). Maternal inheritance of
mitochondrial DNA by diverse mechanisms to eliminate
paternal mitochondrial DNA, Biochimica et Biophysica Acta (BBA)-
Molecular Cell Research, Vol. 1833, No. 8, 1979-1984.

Sato, M., and Sato, K. (2012). Maternal inheritance of
mitochondrial DNA: degradation of paternal mitochondria by
allogeneic organelle autophagy, allophagy, Autophagy, Vol. 8,
No. 3, 424-425.

Galtier, N., Nabholz, B., Glémin, S., and Hurst, G. D. D. (2009).
Mitochondrial DNA as a marker of molecular diversity: a
reappraisal, Molecular Ecology, Vol. 18, No. 22, 4541-4550.

Eo, S. H., and DeWoody, J. A. (2010). Evolutionary rates of
mitochondrial genomes correspond to diversification rates and
to contemporary species richness in birds and reptiles,

Page | 51 .



22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Heca Journal of Applied Sciences, Vol 1, No 2, 2023

Proceedings of the Royal Society B: Biological Sciences, Vol. 277, No.
1700, 3587-3592.

Cabrera, V. M. (2021). Human molecular evolutionary rate, time
dependency and transient polymorphism effects viewed
through ancient and modern mitochondrial DNA genomes,
Scientific Reports, Vol. 11, No. 1, 5036.

Khairan, K., Arini, M., Idroes, R., Awang, K., and Jacob, C. (2023).
Antibacterial Activity of n-Hexane Dragon'’s Blood Resin Extract
(Daemonorops draco wild Blume) from Bener Meriah, Aceh
Province, Indonesia, Malacca Pharmaceutics, Vol. 1, No. 1, 22-29.
doi:https://doi.org/10.60084/mp.v1i1.29.

Vieira, G. A., and Prosdocimi, F. (2019). Accessible molecular
phylogenomics at no cost: obtaining 14 new mitogenomes for
the ant subfamily Pseudomyrmecinae from public data, Peer/,
Vol. 7, e6271.

Prodhan, M. A., Widmer, M., Kinene, T., and Kehoe, M. (2023).
Whole mitochondrial genomes reveal the relatedness of the
browsing ant incursions in Australia, Scientific Reports, Vol. 13,
No. 1, 10273.

Idogawa, N., Lee, C.-C.,, Yang, C.-C. S., and Dobata, S. (2021). The
complete mitochondrial genome of a parthenogenetic ant
Monomorium triviale (Hymenoptera: Formicidae), Mitochondrial
DNA Part B, Vol. 6, No. 10, 2793-2795.

Park, J., and Park, J. (2021). Complete mitochondrial genome of
the jet ant Lasius spathepus Wheeler, WM, 1910 (Formicidae;
Hymenoptera), Mitochondrial DNA Part B, Vol. 6, No. 2, 505-507.

Lala, A., Marlina, M., Yusuf, M., Rivansyah Suhendra, Maulydia,
N. B., and Muslem, M. (2023). Reduction of Microbial Content
(Escherichia coli) in Well Water Using Various Processes:
Microfiltration Membranes, Aeration and Bentonite Adsorption,
Heca Journal of Applied Sciences, Vol. 1, No. 1, 24-29.
doi:10.60084/hjas.v1i1.17.

Gotzek, D., Clarke, J., and Shoemaker, D. (2010). Mitochondrial
genome evolution in fire ants (Hymenoptera: Formicidae), BMC
Evolutionary Biology, Vol. 10, No. 1, 1-13.

Bernt, M., Braband, A., Schierwater, B., and Stadler, P. F. (2013).
Genetic aspects of mitochondrial genome evolution, Molecular
Phylogenetics and Evolution, Vol. 69, No. 2, 328-338.

Lavrov, D. V, and Pett, W. (2016). Animal mitochondrial DNA as
we do not know it: mt-genome organization and evolution in
nonbilaterian lineages, Genome Biology and Evolution, Vol. 8, No.
9, 2896-2913.

Barbosa, J. T. V, Barbosa, M. S., Morais, S., Santana, A. E. G., and
Almeida, C. (2020). Mitochondrial genomes of genus Atta
(Formicidae: Myrmicinae) reveal high gene organization and
giant intergenic spacers, Genetics and Molecular Biology, Vol. 42.

Liu, L., Wu, Y., Chen, F., Wang, Q.-X., Zhang, X.-Y., Tang, Y., Li, F.,
and Qian, Z.-Q. (2019). Characterization of the complete
mitochondrial genome of the invasive tramp ant Cardiocondyla
obscurior (Hymenoptera: Formicidae: Myrmicinae),
Mitochondrial DNA Part B, Vol. 4, No. 1, 1496-1498.

Park, J., Xi, H., and Park, J. (2021). Complete mitochondrial
genome of the acrobat ant Crematogaster teranishii Santschi,
1930 (Formicidae; Hymenoptera), Mitochondrial DNA Part B, Vol.
6, No. 2, 593-595.

Lin, X., and Song, N. (2023). The First Complete Mitochondrial
Genome of the Genus Pachycondyla (Formicidae, Ponerinae)
and Insights into the Phylogeny of Ants, Genes, Vol. 14, No. 8,
1528.

Li, Y., Zhang, R., Liu, S., Donath, A., Peters, R. S., Ware, J., Misof,
B., Niehuis, O., Pfrender, M. E., and Zhou, X. (2017). The
molecular evolutionary dynamics of oxidative phosphorylation
(OXPHOS) genes in Hymenoptera, BMC Evolutionary Biology, Vol.
17,1-12.

Oliveira, D. C. S. G., Raychoudhury, R., Lavrov, D. V, and Werren,
J. H. (2008). Rapidly evolving mitochondrial genome and
directional selection in mitochondrial genes in the parasitic

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

wasp Nasonia (Hymenoptera: Pteromalidae), Molecular Biology
and Evolution, Vol. 25, No. 10, 2167-2180.

Sunnucks, P., Morales, H. E.,, Lamb, A. M., Pavlova, A., and
Greening, C. (2017). Integrative approaches for studying
mitochondrial and nuclear genome co-evolution in oxidative
phosphorylation, Frontiers in Genetics, Vol. 8, 25.

Reinecke, F., Smeitink, J. A. M., and van Der Westhuizen, F. H.
(2009). OXPHOS gene expression and control in mitochondrial
disorders, Biochimica et Biophysica Acta (BBA)-Molecular Basis of
Disease, Vol. 1792, No. 12, 1113-1121.

Zhang, X.-M., Li, T., Liu, X., and Xu, Z.-H. (2022). Characterization
and Phylogenetic Implication of Complete Mitochondrial
Genome of the Medicinal Ant Formica sinae (Hymenoptera:
Formicidae): Genomic Comparisons in Formicidae, Journal of
Medical Entomology, Vol. 59, No. 6, 1971-1979.

Babbucci, M., Basso, A. Scupola, A. Patarnello, T., and
Negrisolo, E. (2014). Is it an ant or a butterfly? Convergent
evolution in the mitochondrial gene order of Hymenoptera and
Lepidoptera, Genome Biology and Evolution, Vol. 6, No. 12, 3326-
3343.

Tyagi, K., Chakraborty, R., Cameron, S. L., Sweet, A. D., Chandra,
K., and Kumar, V. (2020). Rearrangement and evolution of
mitochondrial genomes in Thysanoptera (Insecta), Scientific
Reports, Vol. 10, No. 1, 695.

Fisher, K. E., Bradbury, S. P., and Coates, B. S. (2020). Prediction
of mitochondrial genome-wide variation through sequencing of
mitochondrion-enriched extracts, Scientific Reports, Vol. 10, No.
1,19123.

Rodovalho, C. de M., Lyra, M. L., Ferro, M., and BacciJr, M. (2014).
The mitochondrial genome of the leaf-cutter ant Atta laevigata:
a mitogenome with a large number of intergenic spacers, PLoS
One, Vol. 9, No. 5, e97117.

Suarez, J., Bautista, J. M., Almodévar, A., and Machordom, A.
(2001). Evolution of the mitochondrial control region in
Palaearctic brown trout (Salmo trutta) populations: the
biogeographical role of the Iberian Peninsula, Heredity, Vol. 87,
No. 2, 198-206.

Singh, H., Kumar, S., Urs, A. B. and Kapoor, S. (2022).
Identification of sequence polymorphisms in the D-loop region
of mitochondrial DNA as valuable biomarkers for salivary gland
tumors: an observational study, The Egyptian Journal of
Otolaryngology, Vol. 38, No. 1, 1-6.

Bronstein, O., Kroh, A., and Haring, E. (2018). Mind the gap! The
mitochondrial control region and its power as a phylogenetic
marker in echinoids, BMC Evolutionary Biology, Vol. 18, No. 1, 1-
15.

Xie, Z.-Y., Du, J.-Z., Chen, X.-Q., Wang, Y.-X., and Murray, B. W.
(2006). The significance of mitochondria control region (D-Loop)
in intraspecific genetic differentiation of fish, Yi Chuan=
Hereditas, Vol. 28, No. 3, 362-368.

Bourguignon, T., Lo, N., Cameron, S. L., Sobotnik, J., Hayashi, Y.,
Shigenobu, S., Watanabe, D., Roisin, Y., Miura, T., and Evans, T.
A. (2014). The evolutionary history of termites as inferred from
66 mitochondrial genomes, Molecular Biology and Evolution, Vol.
32, No. 2, 406-421.

Ballard, J. W. O., and Pichaud, N. (2014). Mitochondrial DNA:
more than an evolutionary bystander, Functional Ecology, Vol.
28, No. 1,218-231.

Darras, H., and Aron, S. (2015). Introgression of mitochondrial
DNA among lineages in a hybridogenetic ant, Biology Letters, Vol.
11, No. 2, 20140971.

Kemala, P., Khairan, K., Ramli, M., Ildroes, G. M., Mirda, E.,
Ningsih, D. S., Tallei, T. E., and Idroes, R. (2023). Characterizing
the Size Distribution of Silver Nanoparticles Biofabricated Using
Calotropis gigantea from Geothermal Zone, Heca journal of
Applied Sciences, Vol. 1, No. 2, 30-36. doi:10.60084/hjas.v1i2.21.

Shashank, P. R., Naveena, N. L., Rajgopal, N. N., Elliott, T. A,,
Sreedevi, K., Sunil, S., and Meshram, N. M. (2022). DNA

Page | 52 .



54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

Heca Journal of Applied Sciences, Vol 1, No 2, 2023

barcoding of insects from India: Current status and future
perspectives, Molecular Biology Reports, Vol. 49, No. 11, 10617-
10626.

Rasool, K. G., Husain, M., Salman, S., Tufail, M., Sukirno, S., and
Aldawood, A. S. (2020). DNA barcoding of the fire ant genus
Solenopsis Westwood (Hymenoptera: Formicidae) from the
Riyadh region, the Kingdom of Saudi Arabia, Saudi Journal of
Biological Sciences, Vol. 27, No. 1, 184-188.

Ng'endo, R. N., Osiemo, Z. B., and Brandl, R. (2013). DNA
barcodes for species identification in the hyperdiverse ant
genus Pheidole (Formicidae: Myrmicinae), Journal of Insect
Science, Vol. 13, No. 1, 27.

Cristiano, M. P., Cardoso, D. C., and Fernandes-Salomdo, T. M.
(2014). Could pseudogenes be widespread in ants? Evidence of
numts in the leafcutter ant Acromyrmex striatus (Roger,
1863)(Formicidae: Attini), Comptes Rendus Biologies, Vol. 337, No.
2,78-85.

Cardoso, D. C.,, Cristiano, M. P., Tavares, M. G., Schubart, C. D.,
and Heinze, J. (2015). Phylogeography of the sand dune ant
Mycetophylax simplex along the Brazilian Atlantic Forest coast:
remarkably low mtDNA diversity and shallow population
structure, BMC Evolutionary Biology, Vol. 15, 1-13.

Ahrens, M. E., Ross, K. G., and Shoemaker, D. D. (2005).
Phylogeographic structure of the fire ant Solenopsis invicta in
its native South American range: roles of natural barriers and
habitat connectivity, Evolution, Vol. 59, No. 8, 1733-1743.

Ross, K. G., Krieger, M. J. B., Shoemaker, D. D., Vargo, E. L., and
Keller, L. (1997). Hierarchical analysis of genetic structure in
native fire ant populations: results from three classes of
molecular markers, Genetics, Vol. 147, No. 2, 643-655.

Li, T., Xu, Z, Liu, X, Xiong, Z, and Zhang, X. (2023).
Characterization and phylogenetic implication of complete
mitochondrial genome of the Cataglyphis aenescens
(Hymenoptera: Formicidae): Genomic comparisons in
Formicinae, Entomological Research, Vol. 53, No. 2, 45-54,

Shoemaker, D. D., Ahrens, M. E, and Ross, K. G. (2006).
Molecular phylogeny of fire ants of the Solenopsis saevissima
species-group based on mtDNA sequences, Molecular
Phylogenetics and Evolution, Vol. 38, No. 1, 200-215.

Janda, M., Folkova, D., and Zrzavy, J. (2004). Phylogeny of Lasius
ants based on mitochondrial DNA and morphology, and the
evolution of social parasitism in the Lasiini (Hymenoptera:
Formicidae), Molecular Phylogenetics and Evolution, Vol. 33, No. 3,
595-614.

Cameron, S. L. (2014). Insect mitochondrial genomics:
implications for evolution and phylogeny, Annual Review of
Entomology, Vol. 59, 95-117.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Taanman, J.-W. (1999). The mitochondrial genome: structure,
transcription, translation and replication, Biochimica et
Biophysica Acta (BBA)-Bioenergetics, Vol. 1410, No. 2, 103-123.

Jonckheere, A. 1., Smeitink, J. A. M., and Rodenburg, R.J. T. (2012).
Mitochondrial ATP synthase: architecture, function and
pathology, Journal of Inherited Metabolic Disease, Vol. 35, 211-
225.

Cooper, G. M., and Hausman, R. (2000). A molecular approach,
The Cell. 2nd Ed. Sunderland, MA: Sinauer Associates.

Ahmad, M., Wolberg, A., and Kahwaji, C. I. (2018). Biochemistry,
electron transport chain.

Cogliati, S., Cabrera-Alarcén, J. L., and Enriquez, J. A. (2021).
Regulation and functional role of the electron transport chain
supercomplexes, Biochemical Society Transactions, Vol. 49, No. 6,
2655-2668.

Zhao, R, Jiang, S., Zhang, L., and Yu, Z. (2019). Mitochondrial
electron transport chain, ROS generation and uncoupling,
International Journal of Molecular Medicine, Vol. 44, No. 1, 3-15.

Neupane, P., Bhuju, S., Thapa, N., and Bhattarai, H. K. (2019).
ATP synthase: structure, function and inhibition, Biomolecular
Concepts, Vol. 10, No. 1, 1-10.

Murphy, M. P. (2009). How mitochondria produce reactive
oxygen species, Biochemical Journal, Vol. 417, No. 1, 1-13.

Wei, Y.-H., and Lee, H.-C. (2002). Oxidative stress, mitochondrial
DNA mutation, and impairment of antioxidant enzymes in
aging, Experimental Biology and Medicine, Vol. 227, No. 9, 671-
682.

Hahn, A., and Zuryn, S. (2019). Mitochondrial genome (mtDNA)
mutations that generate reactive oxygen species, Antioxidants,
Vol. 8, No. 9, 392.

Kienhofer, J., Haussler, D. J. F.,, Ruckelshausen, F., Muessig, E.,
Weber, K., Pimentel, D., Ullrich, V., Burkle, A., and Bachschmid,
M. M. (2009). Association of mitochondrial antioxidant enzymes
with mitochondrial DNA as integral nucleoid constituents, The
FASEB Journal, Vol. 23, No. 7, 2034.

Kramer, B. H., Nehring, V., Buttstedt, A., Heinze, J., Korb, J.,
Libbrecht, R.,, Meusemann, K., Paxton, R. J., Séguret, A, and
Schaub, F. (2021). Oxidative stress and senescence in social
insects: a significant but inconsistent link?, Philosophical
Transactions of the Royal Society B, Vol. 376, No. 1823, 20190732.

Snezhkina, A. V, Kudryavtseva, A. V, Kardymon, O. L.,
Savvateeva, M. V, Melnikova, N. V, Krasnov, G. S., and Dmitriev,
A. A. (2019). ROS generation and antioxidant defense systems
in normal and malignant cells, Oxidative Medicine and Cellular
Longevity, Vol. 2019.

Page | 53 .



