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Abstract

The transcription of the mitogenome shows a unique

pattern that is both similar to and different from the

nuclear and bacterial patterns. Mitochondrial transcription

generates five polycistronic units from three promoters in

Drosophila melanogaster, and different expression levels of

genes were observed in both different and, interestingly,

the same polycistronic units in D. melanogaster. This study

was conducted to test this phenomenon in the mitogenome

of Syrista parreyssi (Hymenoptera: Cephidae). RNA isolation

and DNase digestion were performed using only one whole

individual, and real‐time polymerase chain reaction analy-

ses were performed with complementary DNAs of 11 gene

regions using gene‐specific primers. It was found that the

expression level of each gene exhibited differences from

each other, and some genes (e.g., cox genes, and rrnS) were

interestingly expressed at significant levels in the corre-

sponding antisense chain. Additionally, the mitogenome of

S. parreyssi was found to have the capacity to encode 169

additional peptides from 13 known protein‐coding genes,

most of which were encoded in antisense transcript units.

One of the unique findings was a potential open reading
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frame sequence that was potentially encoded in the

antisense rrnL gene and included a conserved cox3 domain.

K E YWORD S

antisense transcript, differential gene expression, Hymenoptera,
lncRNAs, mitochondrial gene expression, Syrista parreyssi

Research Highlights

• Mitochondrial expression profiles of Syrista parreyssi are

different between genes and gene clusters which

composed related protein complexes.

• Mitochondrial antisense transcripts seem to mediate to

produce regulatory or translated RNA molecules.

• The mitogenome of S. parreyssi has the capacity of

encoding 169 additional peptides from 13 known

protein‐coding genes, most of which encoded in anti-

sense transcript units.

1 | INTRODUCTION

The mitochondrial genome (mitogenome) is mostly highly conserved in animals. This genome has been derived from

the alpha‐proteobacteria symbiont, the source of mitochondria in all eukaryotes, and it exhibits bacterial properties.

Symbiont ancestor of mitochondria has transferred too much genes to the nucleus and/or there has been too much

gene loss from the endosymbiont genome during the evolutionary process. Therefore, the mitogenome is highly

differentiated from its bacterial origin (Gray, 1989). Bilateral animal mitogenomes usually consist of 37 “known”

genes: 13 protein‐coding genes (PCGs) that are parts of the electron transport chain, two ribosomal RNA genes

(rRNAs) and 22 transfer RNA genes (tRNAs) which are collectively responsible for the transcription of the PCGs

(Osigus et al., 2013). In addition to the relatively conserved gene content, the mitogenome also includes one or

more noncoding regions. These regions are primarily functional the binding sites for proteins involved in genomic

replication or transcription (Aydemir et al., 2023). Despite the limited content of gene (mRNA, tRNA, and rRNA

genes) and regulatory sequences (intergenic and noncoding regions) of the mitogenome and its economization

pattern, noncoding sequences are transcribed in mitochondrial transcription.

In most animal species, the mitochondrial DNA (mtDNA) is transcribed from both chains: if a chain more often

encodes genes, it is called a “heavy chain,” while if it encodes less, it is then called “light chain.” The mitogenome is

also transcribed using a specialized system. In mammals, there are two alternative promoters (HSP1 and HSP2) in

the heavy chain, and one promoter (LSP) in the D‐loop of the light chain (Asin‐Cayuela & Gustafsson, 2007;

Scarpulla, 2008). In Drosophila, RNA synthesis begins from the second promoter of the heavy chain and third

promoter of the two light chain (Stewart & Beckenbach, 2009). The respective gene blocks located in the heavy and

light chains are mostly paired (Berthier et al., 1986; Torres et al., 2009). The production of the major transcripts of

the initial polycistronic units causes the formation of nontranslated transcripts to a large extent. Based on detailed

DNA sequencing studies (Brzezniak et al., 2011; Lopez Sanchez et al., 2011), excessive mRNAs are largely

controlled by post‐transcriptional processes (Mercer et al., 2011; Torres et al., 2009) and arises as products of

nonstandard processes. This approach is particularly linked to the secondary structure of tRNAs because the
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regions handled by nonstandard processes are associated with RNA secondary structure clusters in mRNAs (Mercer

et al., 2011).

“In addition to the known genes, various types of coding and noncoding RNAs are also commonly found in

mitochondria (Lung et al., 2006). Two types of short RNAs are generated from the regions downstream of the 5′−3′

processing sites of tRNA genes (Mercer et al., 2011). A small control region called 7S RNA, which is a

polyadenylated RNA with an unknown function, is transcribed from the initial L‐chain transcript. Three large

noncoding RNAs (lncRNA) have been found in mouse and human mitochondria, and they are known to play a role in

regulating mitochondrial gene expression (Mercer et al., 2011; Rackham et al., 2011). In addition to regulated

antisense transcripts, it has been reported that normal human cells can be transformed into tumor cells through the

reverse complementarity of the rrnL‐binding region (Burzio et al., 2009). Interestingly, mitochondria also encode

additional peptides, called mitochondria‐derived peptides (MDPs), which are not involved in oxidative

phosphorylation (OXPHOS) (Lee et al., 2013, 2016). A short open reading frame (ORF) sequence containing 24

amino acids, called Humanin, which is thought to exhibit neuroprotective properties, has been detected in the rrnL

gene, while MOTS‐c is encoded in the rrnS gene. However, the expression and function of these peptides are still

unknown (Alexeyev, 2017; Clayton et al., 2000).

Although the gene sequences and transcription patterns have been rearranged in most insect species, they

generally maintain a circular arrangement, as shown in Figure 1 (Cameron, 2014). Therefore, it can be concluded

that mammalian and invertebrate mitogenomes differ significantly in their transcription patterns. Although

mitochondrial transcription and post‐transcriptional RNA maturation have been extensively studied in Drosophila

and sea urchins, further research is necessary to understand the variation in transcription profiles among different

invertebrates (for more detailed information, see Cantatore et al., 1990; Polosa et al., 2007; Torres et al., 2009).”

Excessive differences in both functional and structural levels between expected and observed mitochondrial

mature transcripts may result from variations in the stability of transcriptional and post‐transcriptional processes.

According to the tRNA punctuation model, the transcript maturation process may also influence the steady‐state

levels of mRNAs. As a result, gene expression levels may vary in the same mitochondrial complex (Torres

et al., 2009).

This study employed real‐time polymerase chain reaction (PCR) with gene‐specific primers (GSPs) to

quantitatively analyze complementary DNA (cDNA) samples from isolated total RNAs of Syrista parreyssi

(Hymenoptera: Symphyta). The aim was to examine the gene regions expressed in the light and heavy chain of the

mtDNA of this insect species and analyze the polycistronic transcript units. The expression levels of the gene

regions were interpreted using the expression of the gapdh gene as the reporter gene. In addition, potential ORFs

that could be encoded in the mitogenome were determined through bioinformatics analysis with ORF Finder

(https://www.ncbi.nlm.nih.gov/orffinder/).

2 | MATERIALS AND METHODS

2.1 | Sample collection

Adult individuals of S. parreyssi were collected from Sivas (N: 3872090 E: 3727634) on May 26, 2015 and put

directly into the RNAlater solution. They were stored at −20°C in this solution before use.

F IGURE 1 A representation of the insect mitogenomes with minor changes (genes encoded in minority chains
are underlined, modified from Cameron 2014).
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2.2 | RNA isolation

RNA isolation was carried out using the Qiagen RNeasy Mini Kit following the manufacturer's recommended

protocol. First, the washed and dried tissue was treated with lysis buffer containing 2‐mercaptoethanol. The sample

was homogenized using a rotor‐stator for 2min at maximum speed, and then centrifuged at 2600g for 5 min at

room temperature. The resulting supernatant was transferred to a clean RNase‐free 1.5 mL tube and mixed with an

equal volume of 70% ethanol, and the mixture was transferred to spin columns and centrifuged. Subsequently, the

column was washed with 700 μL washing buffer and centrifuged at 12,000g for 15 s at room temperature. The

column was further washed with absolute ethanol after DNase treatment. The RNA‐attached column membrane

was centrifuged at 12,000g for 1 min at room temperature, and the dry RNA was finally dissolved in 100 μL RNase‐

free water.

2.3 | First‐strand cDNA synthesis

1 μL of 2 pmol GSP, designed for 11 different gene regions (Supporting Information: Table S1), was combined with

1 μL of 1 ng to 5 μg total RNA and 1 μL of 10mM dNTP mix solution. The final volume of the mixture was adjusted

to 12 μL. The mixture was then incubated at 65°C for 5min, and 4 μL of 5 × first‐strand buffer and 2 μL of 0.1M

DTT were added on ice. After incubation for 2 min at 42°C, 1 μL (200 units) of Superscript II Reverse Transcriptase

was added to a final volume of 20 μL. The mixture was incubated at 42°C for 50min and then inactivated at 70°C

for 15min.

2.4 | Real‐Time PCR

Real‐time PCR was conducted using a reaction mixture containing 5 μL of 2 × Supermix (Sso Advanced

Universal SYBR Green Supermix), 300 nM of each GSP, and 1 μg of cDNA in a total volume of 10 μL. The PCR

thermal cycle involved a denaturation step for cDNA at 98°C for 30 s, followed by an amplification

denaturation at 98°C for 15 s and annealing at 50°C for 30 s for 40 cycles. Each sample was analyzed in

triplicate for both sense and antisense transcripts, and the Biorad CFX Connect Real‐Time PCR detection

system was used for amplification, detection, and data analysis. The quantification cycle (Cq) values were

interpreted as follows: a Cq value between 15 and 25 indicated a successful reaction and a high expression

level of the target nucleotide sequence, while a Cq value between 25 and 35 indicated intermediate expression

levels and a successful reaction. A Cq value below 15 or above 45 indicated an unsuccessful reaction, which

could be due to environmental contamination or the presence of only a small number of target nucleotide

sequences (Schmittgen & Livak, 2008).

2.5 | Detection of putative mitochondrial ORFs

To make sure that expressed antisense transcripts are translated to any protein or they are ncRNAs, we analysed

three datasets of S. pareyyssi (NCBI accession number: KX907847) by NCBI ORF Finder. The datasets contain (i)

total mitogenome, (ii) monocistronic PCGs and rRNA genes, (iii) polycistronic transcript units. The novel ncRNA

candidates were screened by NCBI ORF Finder to detect possible ORFs using invertebrate mitochondrial code and

“ATG” and/or alternative initiation codons priors. The ORFs less than 75 nt in length were ignored and all

degenerate nucleotides (Y, W, R, K, D, M) were converted to N base. Then, the ORFs were searched for homologs

using blastp against the nonredundant protein sequence database (nr) at NCBI.
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Five possible transcription units are recognized to identify the correct transcriptional restriction for ORF Finder

analysis. The transcription unit 1 comprises nd2‐cox1‐cox2‐atp6‐atp8‐cox3 and nd3 genes, and is located between

the bases of 1−6442. The transcription unit 2 contains nd5, nd4 and nd4L genes, and is located between the bases

of 6443−9929, while transcription unit 3 comprising nd6 and cytB genes is located between bases 9930−11,904.

The transcription unit 4 comprising nd1‐16S rRNA and 12S rRNA genes is located between 11,959 and 15,446

bases; and finally, transcription unit 5 which contains only rRNA genes is found between bases 12,916−15,446.

3 | RESULTS

3.1 | The results of real‐time PCR

Real‐time PCR experiments were conducted to detect sense and antisense transcripts of several mitochondrial

genes, including rrnS, cox1, cox2, cox3, and nd5. Results showed that only sense transcripts were significantly

detected for rrnL, cytB, nd1, nd3, and bicistronic units nd4/nd4L and atp6/atp8, while the levels of antisense

transcripts for these genes were low or undetectable (Cq > 35) (Supporting Information: Table S2). This could be due

to the lack of antisense transcripts or technical issues with the real‐time PCR reactions. Real‐time PCR reactions

were not performed for nd2 and nd6 genes due to the partial sequence information in the NCBI database

(KX907847) and the unavailability of primers for these regions (Supporting Information: Table S1).

The average Cq value for the gapdh reporter gene was 19.11. Cq values varied across mitochondrial transcripts,

both within and between sense and antisense transcripts (Figure 2). The lowest Cq value was observed for the

sense transcript of rrnS gene (Cq = 14.11), while the highest was observed for the antisense transcript of nd5 gene

(Cq = 30.33). The Cq values of sense transcripts ranged from 21.21 (rrnL gene) to 29.46 (nd5 gene). The Cq values of

sense transcripts of cox genes were mostly similar: 23.46 for cox1, 24.75 for cox2 and 24.20 for cox3. For the sense

transcripts of nd genes, except for nd5 gene, the Cq values ranged from 25.61 (nd4/nd4L gene) to 28.71 (nd3 gene).

The Cq values of the sense transcripts of cytB and atp6/atp8 were 27.71 and 29.13 on average, respectively. The

Cq value of the antisense transcript of rrnS gene was higher than that of the sense transcript (23.46). For the

antisense transcripts of cox genes, the mean Cq values were 26.60, 19.73, and 27.48 for cox1, cox2, and cox3 gene,

respectively.

In terms of sense expressions of the mitochondrial genes in S. parreyssi, the most highly expressed gene was

rrnS, while the lowest expression profile was observed for nd5 gene. The order of gene expression for the

mitochondrial genes was rrnS > rrnL > cox1 > cox3 > cox2 > nd4/nd4L > cytB > nd1 > nd3 > atp6/atp8 > nd5. In

(a)

(b)

(c)

F IGURE 2 (a) The mitogenome scheme of Syrista parreyssi. (b) mRNA and rRNA expression profiles of the
mitochondrial genes and sense and antisense expression profiles of monocistronic transcription units of S. parreyssi.
(c) Sense and antisense ORFs were predicted in ORF Finder in genes of S. parreyssi. mRNA, messenger RNA; rRNA,
ribosomal RNA.
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contrast, for antisense expressions of the mitochondrial genes, the order was cox2 > rrnS > cox1 > cox3 > nd5.

Interestingly, the antisense expression level of cox2 gene (19.73) was higher than the sense expression level (24.75).

3.2 | The results of ORF Finder

As a result of the ORF Finder analyses, a total of 182 putative ORFs longer than 75 nucleotides were identified in

the mitogenome, of which 13 were functional PCGs encoded by the mitochondrial genome (Supporting

Information: Table S3). ORF 120 was the largest putative protein sequence, measuring 173 amino acids in length,

while ORF 10, 36, 56, 59, 85, 125, and 142 were the smallest, measuring only 24 amino acids in length. Of these

putative ORFs, 18 were located in the nd5 gene, and 17 were potentially encoded within the cox1 and cytB genes.

Additionally, the rrnL gene was capable of coding 16, while cox3 and nd4 genes were capable of coding 15 possible

ORFs. Eight putative ORFs were identified in nd6 and cox2 genes, seven in the atp6, nd2, and rrnS genes, six in the

nd1 and nd3 genes, three in atp8 and nd4L genes, two in trnQ and one in trnK and trnY genes. Among these ORFs,

12 were found to contain intergenic regions (IG) with a part of gene sequences, while 6 of them contained

consecutive gene regions without IG (Supporting Information: Table S3). Notably, 78 ORFs seemed to have sense

expression potential, depending on the orientation of the gene from which it is encoded, while 100 of them were

antisense. However, ORF107, ORF80, ORF29, and ORF 152 sequences located in the chain‐replacement region

could not be evaluated for the presence of sense or antisense expression (Supporting Information: Table S3). Except

for the PCG ORFs, most of the ORFs were potentially coded from the antisense chain of related gene sequences

(Figure 2).

In blastp results, the amino acid sequences of 29 potential ORFs, except the formal 13 PCGs, were aligned with

any sequences. Fourteen of which were aligned with the alternative reading frame ORFs of the gene where they are

located, and as expected, these ORFs did not have significant similarities with the related gene of S. pareyyssi.

Thirteen of the 29 ORFs were aligned with “hypothetical” or “uncharacterized” proteins of organisms with high

diversities from bacteria to insects (Table 1).

One of the unique findings was the observation of ORF27 in the antisense chain of rrnL. ORF27 was aligned

with a domain of cox3 that consisted of the conserved “MSNHFSRNHHGFGFASLXHXHFVDIVXLFL” amino acid

sequence, measuring 30 aa in length. This residue or “spare” fragment exhibited 86% identity to 93% of the

mitochondrial cox3 gene of Janus megamaculatus (Hymenoptera: Cephidae), which is closely related to S. parreyssi.

ORF27 also contained a portion of rrnL domain 5, which is a highly conserved and peptidyl transferase region of

rRNA (Mears et al., 2006), and domain 6 in the large mature major gene chain. Another remarkable finding was

obtained from ORF95, which potentially encoded the sense chain of rrnL. The amino acid sequence of ORF95 was

aligned with uncharacterized AAEL017413‐PA protein of Aedes aegypti (Diptera), which was the most highly

expressed gene in larval and adult mitochondria.

4 | DISCUSSION

To test the hypothesis that mitochondria transcribe a full chain despite their tendency towards economization, we

quantitatively confirmed the transcription of antisense and noncoding RNAs in S. parreyssi using Real‐time PCR

analysis. In addition to the 13 formally recognized protein coding genes, we discovered that the mitochondrial

genome can encode 169 more peptides by performing ORF Finder analyses. Recently, novel protein coding genes,

named MDPs, have been identified in other species (Lee et al., 2013; Lee et al., 2015; Lee et al., 2016), providing

further support for this finding. Alternatively, these potential sequences could act as a template for lncRNAs.

The highest level of sense expression was observed in the rRNA genes (Figure 2), which may be due to

the constant need for high levels of expression since these genes are involved in ribosome structure

6 of 12 | AYDEMIR ET AL.
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(Mears et al., 2006). Additionally, the fact that rRNA genes in mitogenomes encode MDPs may contribute to their

high expression profiles (Lee et al., 2013; Lee et al., 2016). The Cq value of the most distant nd5 gene region from

the gapdh reporter gene was measured to be 30, and this high expression level may be related to the fact that very

few genes of the nd protein complex are encoded by the mitochondrial genome. Thus, the high expression of the

nuclear genome‐encoded congeners may compensate for the low expression level of the nd genes. This may be due

to deviations in the nd gene products being relaxed by nuclear coevolution models (Castellana et al., 2011;

Meiklejohn et al., 2007).

The antisense transcription of the cox1 gene was remarkable (Figure 2), and it has been discovered that 3′ UTR

sequences are present in the antisense transcripts in humans (Temperley et al., 2010). UTR sequences have

important functions in post‐transcriptional gene expression and in the termination of translation (Lucy et al., 2013),

which suggests that antisense conjugates of genes involved in the control of gene expression can be utilized.

Another possible explanation for the expression of the antisense partner could be that certain genes have snoRNA

and/or miRNA functions that control mitochondrial gene expression levels (Mercer et al., 2011). The regulation of

mitochondrial gene expression may be controlled by these genes, which are the most conserved in terms of

mitochondrial nucleotide data and typically exhibit species‐specific barcode characteristics (Lynn & Strüder‐

Kypke, 2006; Meiklejohn et al., 2007; Santamaria et al., 2009). Alternatively, the expression levels of the cox1 gene

may be controlled by the highly differentiated fragmented cox1 gene located in the broad antisense chain of the

organism from its own cox1 gene. This may be due to important functional limitations of the self‐replicating

replacement gene fragment, which is controlled by both sequential (Meiklejohn et al., 2007; Pesole et al., 1999) and

functional (Decoster et al., 1990) constraints. These limitations may be specific to the organism or may require the

cox1 transcript. Thus, the mitochondria may protect the cox1 gene to avoid disrupting cellular processes, which may

be the easiest way to keep copies in antisense conjugate.

An additional explanation for the high abundance of nd5 and cox1 antisense transcripts may be the existence of

group 1 introns in these genes, particularly in certain Cnidarians (Beagley et al., 1996; Fukami et al., 2007). These

genes and transcripts may be shielded by the mitogenome due to the function of this intron group in the splicing

mechanism. Alternatively, these potential sequences could serve as a template for lncRNAs that regulate the

expression of conjugate or other mitochondrial genes. For example, lncRNA has been found to be expressed for

the light chain gene nd6 in human mitogenomes. In insect mitogenomes, nearly half of the genes are encoded by the

light chain (Figure 1), and in S. parreyssi, 14 out of 37 genes were encoded by the light chain, suggesting a high

likelihood for the production of lncRNAs (Figure 2).

The majority of data obtained from the ORF Finder program was derived from transcriptomic studies, which

may suggest that the relevant ORFs are indeed expressed or have copies in the nuclear genome. Although it is

challenging to detect antisense transcripts by real‐time PCR, if these ORFs are expressed, we would expect that

they are expressed at least to some degree in each region of the genome. The fact that 54.94% of the ORFs

detected may be encoded from the antisense chain could also explain the production of antisense polycistronic

messages (Supporting Information: Table S3). Further research, including pure mitochondrial transcriptomics

studies, should be conducted for products that cannot be obtained in sufficient numbers by real‐time PCR analysis.

The existence of nuclear equivalents of these ORFs is a second possibility. Current knowledge suggests that this

possibility is more likely due to the ongoing gene transfers between the mitochondrial and nuclear genomes

(De Gray, 2005; Müller & Martin, 1999).

Localization of the highly conserved duplicated fragment of the cox3 gene to a conserved region, such as rrnL

domain 5‐domain 6, may increase the accuracy of the cox3 gene by DNA repair mechanisms at the replication level.

If the antisense pair of the rrnL gene also has high expression levels, we could suggest that it is also controlled at the

transcription and/or translation level, but we could not detect antisense expression. Since mitochondrial duplication

commonly results in the random loss of one of the duplicated genes (TDRL) (Bernt et al., 2013), the mitochondria

may have copied this duplex control gene into the rrnL gene. Such a mechanism is rare, but it involves

intramolecular duplexing, usually with short but highly similar sequences (Yu et al., 2007). This duplication is located
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not only in the stem‐loop structure but also in the region that does not form the secondary structure, so as not to

disrupt the rrnL topology of the related species.
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