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Mitochondrial Genome Characterization of Melipona bicolor: Insights from 1	

the Control Region and Gene Expression Data 2	

 3	

Abstract: The stingless bee Melipona bicolor is the only bee in which true polygyny 4	
occurs. Its mitochondrial genome was first sequenced in 2008, but it was incomplete 5	
and no information about its transcription was known. We combined short and long 6	
reads of M. bicolor DNA with RNASeq data to obtain insights about mitochondrial 7	
evolution and gene expression in bees. The complete genome has 15,001bp, including a 8	
control region of 255bp that contains all conserved structures described in honeybees 9	
with the highest AT content reported so far for bees (98.1%). Displaying a compact and 10	
functional region. Gene expression control is similar to other insects however unusual 11	
patterns of expression suggest the existence of different isoforms for the 12S rRNA. 12	
Results reveal unique and shared features of the mitochondrial genome in terms of 13	
sequence evolution and gene expression making M. bicolor an interesting model to 14	
study mitochondrial genomic evolution. 15	

Keywords: stingless bee, A+T rich region, Pacbio sequencing, NGS sequencing 16	

 17	

1. Introduction 18	

Bees are essential pollinators responsible directly or indirectly for about 75% of world’s food 19	

production in commercial crops and also for most pollination in native plants (Ollerton et al. 20	

2011; Potts et al. 2016). Specially in local ecosystems, native bee species, such as Melipona 21	

bicolor, play major roles in environmental maintenance (Garibaldi et al. 2014; Jaffé et al. 22	

2016). However, these species are constantly threaten by a number of factors derived from 23	

human actions including habitat lost, inappropriate nest transportation practices and 24	

competition with introduced species (Jaffé et al. 2016; Dicks et al. 2016; Potts et al. 2016). 25	

The stingless bee M. bicolor is endemic of the Brazilian Atlantic Rain Forest (Silveira et al. 26	

2002), and besides their ecological relevance in this endangered biome, this species is also 27	
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valuable for being the only bee species known to present true polygyny, a unique trait among 28	

eussocial bees (Velthuis et al. 2001; Cepeda 2006).  29	

The mitochondrial genome (mtDNA) sequence of M. bicolor was first published in 30	

2008 however missing the control region sequence (Silvestre et al. 2008). By that time only 31	

the honeybee mtDNA sequence was known, but since then many other bee species got their 32	

mitochondrial genome published, including another Meliponini, Melipona scutellaris 33	

(Silverio et al. 2014). While the gene sequences have been available for several species the 34	

control region and other mitochondrial genomic features are usually lacking or not discussed. 35	

The mtDNA control region of insects is also called A+T rich region due to its high content of 36	

adenine (A) and thymine (T). For instance, in honeybees this region has up to 96% of A and T 37	

(Gonçalves et al. 2015). The A+T rich region contains signals for the mtDNA transcription 38	

and replication control and is organized in a series of T(n)A(n) motifs comprising a highly 39	

polymorphic sequence, even within species (reviwed by Zhang and Hewitt 1997; Lessinger 40	

and Azeredo-Espin 2000; Gonçalves et al. 2015).  41	

Transcription data analyses of mitochondrial genes is also another frequently 42	

overlooked feature in mitochondrial studies that may reveal important traits of mitochondrial 43	

metabolism and evolution as discussed in (Smith 2016) and demonstrated in (Tian and Smith 44	

2016; Gao et al. 2016; Gao et al. 2018). In the present study, M. bicolor DNA sequencing 45	

from short and long reads where combined with RNASeq data to get insights about 46	

mitochondrial evolution in bees through the mitochondrial genomic characterization of this 47	

species control region and transcription pattern.  48	

2. Material and Methods 49	

2.1. Sampling and sequencing 50	

Two males, collected from one M. bicolor monogyne colony, were individually used for a 51	
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phenol-chloroform total DNA extraction (Chomczynski and Sacchi 1987). One sample was 52	

sequenced in the Illumina® Hiseq4000 platform (Truseq 350pb library, 100pb paired-end 53	

reads) and another in the Pacbio® Sequel for long reads. Total RNA was obtained from three 54	

females workers, while nursing (collection time between 10 am and 12 pm), using the 55	

RNeasy Mini Kit (Qiagen®). RNA quality was measure using Agilent 2100 Bioanalyzer® 56	

and all three RNA samples were pooled for sequencing. Library was prepared using the 57	

TruSeq RNA Sample Preparation Kit and sequencing was performed in the Illumina® 58	

Hiseq2000, with 100bp paired-end reads. All samples were obtained from the same M. 59	

bicolor colony kept at São Paulo, Brazil (23°33’S). Library preparation and sequencing were 60	

performed by Macrogen (South Korea). 61	

2.2. Genome assembly  62	

First, we extended the mitochondrial genome using the previous published assembly 63	

(Silvestre et al. 2008) as reference for the alignment of the short reads with MITObim 1.9 64	

(Hahn et al. 2013). To keep a maximum of 50 times coverage, as required by MITObim, 65	

cleaned reads were digitally normalized before assembly following the protocol from Brown 66	

et al. (2012) and paired reads were interleaved using khmer 2.0 (Crusoe et al. 2015). The 67	

resulting sequence was then used as reference to align the long reads using blasR 5.3.2 68	

(Chaisson and Tesler 2012). From this alignment, a consensus sequence was obtained using 69	

pbdagcon (Chin et al. 2013). To improve the assembly of the A+T rich region, we manually 70	

circularized the molecule and afterwards linearizing it at 1,000 nt before the A+T region, in 71	

the 3’ direction (end of the mitochondrially encoded 16S RNA). Then new assemblies of the 72	

short and long reads were performed, using this sequence as a reference. Resulting 73	

assemblies, independently obtained from short and long reads, were aligned and compared 74	

through their dotplot graph using Geneious 9.1.6 (https://www.geneious.com), which allowed 75	

genome circularization. The ultimate confirmation of assembly continuity was verified 76	



	 4	

through the alignment of short reads to the A+T rich region and adjacent areas using Bowtie2 77	

(Langmead and Salzberg 2012) end to end alignment mode. Potential secondary structures in 78	

the A+T rich region were detected using the MFOLD program (Zuker 2003) and MITOS was 79	

used for genome annotation (Bernt et al. 2013). Annotation of gene start and end positions 80	

were manually curated to match methionine (start), stop codons (end) and transcription data, 81	

when possible. 82	

2.3. Transcripts assembly 83	

Mitochondrial transcripts were obtained performing a reference assembly using the generated 84	

mitochondrial genome with HISAT 2.0.5 (Kim et al. 2015) for paired read alignment and 85	

StringTie 1.2.2 (Pertea et al. 2015) for transcript assembly. 86	

	87	

3. Results 88	

3.1. Completion of the mitochondrial genome sequence 89	

The final genome assembly of M. bicolor (Figure 1) is 15,001bp long with 13 coding genes, 2 90	

rRNAs, 22 tRNAs and a control region of 255bp [Gene bank accession number – to be 91	

included]. Gene order is identical to the previous published assembly (Silvestre et al. 2008). 92	

However, in this latter the A+T rich region, the final portion of the mitochondrially encoded 93	

12S RNA (MT-RNR1) and two tRNAs genes (MT-TS1 and MT-TQ) are missing. As 94	

previously stated in (Silverio et al. 2014), the MT-TS1 (tRNA Serine 1) was indeed already 95	

present in the previous assembly of M. bicolor mtDNA, but it had not been annotated. Its 96	

position is the same as found in M. scutellaris mtDNA (Silverio et al. 2014). The other 97	

previously missing tRNA gene, MT-TQ (Glutamine), is located after the MT-RNR1. This 98	

tRNA gene was also not annotated in M. scutellaris mtDNA sequenced portion (Silverio et al. 99	

2014). Nonetheless its location in M. bicolor is the same as found in Bombus ignitus 100	
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mitochondrial genome (Cha et al. 2007). 101	

[Insert Figure 1 around here] 102	

3.2. Control region 103	

The base composition of M. bicolor control region (255 bp long) is A – 42.0%; T – 56.1%; C 104	

– 1.6%; and G – 0.4%, i.e. 98,1% AT content. All conserved structures reported in the A+T 105	

rich region of the honeybee mtDNA (Gonçalves et al. 2015) could also be found in M. bicolor 106	

(Figure 2): [1] TATA box 1 and 2; [2] putative stop signal; [3] T(n), or poliT stretch; and [4] 107	

stem-loop. These structures are conserved among different species and putatively of 108	

functional relevance for the control region. Nevertheless, in M. bicolor and B. ignitus these 109	

structures can only be identified if the last tRNA (MT-TQ) is considered also as part integrant 110	

of the A+T rich region (Figure 2a). This suggests that this tRNA has a dual function in the 111	

mtDNA of these bees, being additionally a functional part of the A+T rich region. Differently 112	

from what is observed in the honeybee that likewise differs from these species by lacking a 113	

thymine in the putative stop signal (Figure 2b).  114	

[Insert Figure 2 around here] 115	

3.3. Transcripts assembly and analyses 116	

From all reads generated by RNASeq for M. bicolor nurses, 16.03% aligned to the mtDNA. 117	

RNASeq coverage and transcript assembly of the aligned reads (Figure 1) indicate that the 118	

expression control in this genome follows the tRNA punctuation model predictions (Ojala et 119	

al. 1981), with transcripts fragmentation and coverage reduction in tRNAs areas. Highest 120	

coverage regions, or regions with higher levels of gene expression, are the MT-CO1, MT-121	

CO2, MT-CYB and MT-RNR2 (coverage > 5,000 times). A marked drop in coverage can be 122	

observed in the 5’ region of the MT-RNR1 (Figure 3). Transcription data may also be useful 123	
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to correct start/ end position of genes (Stewart and Beckenbach 2009), in M. bicolor mtDNA 124	

we used this information to correct the annotation of methionine start sites for the genes MT-125	

ND5 and MT-ND2. These corrections reduced the non-coding space between MT-TM and 126	

MT-ND2 (from 173bp to 105bp), but increased the non-coding region size between MT-TH 127	

and MT-ND5 (from 0bp to 189bp).  128	

[Insert Figure 3 around here] 129	

4. Discussion  130	

Due to its repetitive and polymorphic nature, the A+T rich region in insects is challenging to 131	

sequence and study (Zhang and Hewitt 1997; Lessinger and Azeredo-Espin 2000; Gonçalves 132	

et al. 2015). Therefore the use of long read sequencing approaches may be very useful to 133	

provide insights about this genomic region (Gao et al. 2016; Gao et al. 2018). In bees, much 134	

of the information obtained about the A+T region comes from Apis mellifera, in which this 135	

region is known to be a mosaic, presenting conversed sequences embedded within 136	

polymorphic areas (Gonçalves et al. 2015). Herein, combining long and short reads, we were 137	

able to complete the genome sequencing of M. bicolor obtaining the control region sequence, 138	

which for the first time allowed comparisons of the A+T region among eussocial corbiculate 139	

bees. We verified that among the three eussocial lineages there is a great difference in A+T 140	

rich region size, in Apis mellifera it ranges from 897bp to 984bp (Gonçalves et al. 2015), in 141	

Bombus ignitus reference it is 859bp long (Cha et al. 2007) and in Melipona bicolor it has 142	

255bp, the shortest so far reported for bees. Previous estimations of mitochondrial genomic 143	

size in M. bicolor by RFLP suggested a much larger A+T rich region of around 3,300 bp 144	

(Weinlich et al. 2004; Silvestre et al. 2008). Observed size differences are most likely due to 145	

the use of distinct technical approaches.  146	

Despite of the size variation found among different bee lineages, conserved structures 147	
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previously observed in the honeybee mtDNA are also present in the other two eussocial 148	

corbiculate bees (Figure 2). Evidencing the closer phylogenetic relation between Bombini and 149	

Meliponini, in these two tribes the putative TATA box 1 and 2 and the stop signal commonly 150	

overlaps the MT-TQ sequence, indicating that this tRNA is a functional part of the control 151	

region in these bees. Conversely, in honeybee this transfer RNA is located in a tRNA cluster 152	

on the opposite side of the A+T rich region.  Similarly, the Bombini and Meliponini stop 153	

signals are identical and differ in two nucleotides from the Apini sequence (Figure 2b). 154	

Interestingly, the A+T content in the control region of M. bicolor is the highest among these 155	

bees (98% against ≅ 96% in Apis and Bombus). All together these results show that the 156	

control region in M. bicolor comprises all the standard functional elements but in a more 157	

compact arrangement in comparison to the other bee species, a trend already observed for the 158	

entire mitochondrial genome of this bee as discussed in (Silvestre et al. 2008). Moreover, the 159	

identification of these conserved structures in the control region of bees may be useful for 160	

population and phylogenetic studies (Zhang and Hewitt 1997). 161	

Transcriptome analyses also revealed some relevant aspects of mitochondrial 162	

biogenesis in this stingless bee. First, the tRNA punctuation model (Ojala et al. 1981) in RNA 163	

processing is corroborated by the observation of at least six polycistronic transcripts that 164	

received poly adenilation tails (known because library preparation of the transcripts relied on 165	

poly adenilation selection). Second, the high expression of MT-CO1, MT-CO2, MT-CYB and 166	

MT-RNR2 genes suggest that these regions are either expressed or processed differently from 167	

other genes in M. bicolor, at least during the nursing life stage. These findings have been 168	

observed in different organisms (Torres et al. 2009; Neira-Oviedo et al. 2011; Gao et al. 169	

2016), but the number of polycistronic transcripts generated and the regions with different 170	

levels of expression observed differ among species, highlighting the functional relevance of 171	
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mitochondrial expression control in distinct lineages (Taanman 1999; Stewart and 172	

Beckenbach 2009; Tian and Smith 2016; Gao et al. 2016; Gao et al. 2018). 173	

More unusual patterns of gene expression were observed in the A+T rich region (poliT 174	

stretch and stem loop regions) and in the MT-RNR1 (5’ portion). Low levels of gene 175	

expression in the mtDNA control region was associated in mammals to initiation of 176	

transcription or replication (Taanman 1999) and to the existence of long non coding RNAs in 177	

the mitochondria (Gao et al. 2018). In the present study some RNA-Seq reads similarly 178	

aligned to the control region of M. bicolor (Figure 1), indicating a functionally relevant 179	

expression pattern in this area. However, it is also possible that reads aligned inaccurately to 180	

these regions due to its repetitive profile. Regarding the mitochondrially encoded MT-RNR1, 181	

the sudden drop in expression observed in its 5’ portion (Figure 3) may suggest the presence 182	

of an alternative isoform for this gene. The existence of alternative forms for this rRNA was 183	

first proposed based on transcription data from long reads of Erthesina fullo (Gao et al. 2016), 184	

but differently from what was observed in this insect, in M. bicolor  MT-RNR1 change in 185	

transcription is observed in the 5’ and not in the 3’ region. 186	

Present findings, demonstrated unique and shared features of the mitochondrial 187	

genome in terms of sequence evolution and gene expression control. More specifically in M. 188	

bicolor the mtDNA as a whole, but specially the control region, is very compact when 189	

compared to other bee species but still maintain functional relevant structures. Which makes 190	

this bee an interesting model to study mitochondrial genomic evolution. Additionally, gene 191	

expression control in M. bicolor resembles patterns observed in other insect species and 192	

supports the existence of gene expression in the A+T rich region and of different isoforms for 193	

the mitochondrially encoded 12S RNA in bees. 194	
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Figure captions 290	

Figure 1. Schematic representation of Melipona bicolor complete mitochondrial genome 291	

sequence and features. From inner to outer circles: [1] Genomic positions representation; [2] 292	

GC content graph, outer peaks meaning guanine or cytosine nucleotide bases; [3] Genome 293	

annotation, blank spaces – intergenic regions, light grey – protein genes, dark grey – tRNA 294	

genes, black – rRNA genes and ciano – A+T control region; [4] Mitochondrial transcripts 295	

(orange bars); and [5] Expression coverage, in which blue areas represent coverage greater 296	

than 5,000 (y scale from 0 to 300 times coverage).  297	

	298	

Figure 2. Main features of the Melipona bicolor mitochondrial A+T rich region. a – The 299	

initial 213 bp of the A+T rich DNA sequence harboring the conserved regions as reported in 300	

Apis mellifera: [1] TATA box 1 and 2 – bases in red, [2] putative stop signal – shaded in red, 301	

[3] poliT stretch – bases in blue and [4] stem-loop – shaded in grey; and MT-TQ (tRNAGln) 302	

imbed (underlined sequence); b – Comparisons of the putative stop codon sequence in 303	

different organisms (divergences are highlighted) and its position in M. bicolor MT-TQ 304	

structure (shaded in red); c – stem loop structure of M. bicolor, this structure refers to the 94 305	

bp region shaded in grey in a.  306	

	307	

Figure 3. Drop in coverage in the 5’portion of the mitochondrially encoded 12S RNA (MT- 308	

RNR1) in nurses of M. bicolor. Highlighted region of the MT-RNR1 has no coverage in 309	

RNASeq data. The arrow indicates the 5’ to 3’ direction. Coverage is represented in log scale 310	

above the sequence annotation. Exact genomic position is numerically indicated above gene 311	

annotation.  312	
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