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Abstract 

Mitochondrial genetic markers have been extensively used to study the phylogenetics and 

phylogeography of many birds, including seabirds of the order Procellariiformes. Evidence 

suggests that part of the mitochondrial genome of Procellariiformes, especially albatrosses, 

is duplicated, but no DNA fragment covering the entire duplication has been sequenced. 

We sequenced the complete mitochondrial genome of a non-albatross species of 

Procellariiformes, Puffinus lherminieri (Audubon’s shearwater) using the long-read 

MinION (ONT) technology. Two mito-genomes were assembled from the same individual, 

differing by 52 SNPs and in length. The shorter was 19kb-long while the longer was 21 kb, 

due to the presence of two identical copies of nad6, three tRNA, and two dissimilar copies 

of the control region. Contrary to albatrosses, cob was not duplicated. We further detected a 

complex repeated region of undetermined length between the control region and 12S. Long-

read sequencing suggests heteroplasmy and a novel arrangement within the duplicated 

region, indicating a complex evolution of the mitogenome in Procellariiformes.  

 

Keywords: Heteroplasmy; Control Region; Long-Range PCR; Tandem repeats; 

Cytochrome-b; cytb 
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Introduction 

Many studies have been conducted on the evolutionary biology and phylogeography of 

Procellariiformes, a group of seabirds (albatrosses and petrels) that, like other seabirds, have high 

dispersal abilities and tend to be distributed over vast areas (Harrison 2000). Most such studies 

were based on mitochondrial markers, principally cox1, cob and the Control Region (CR). 

MtDNA has been used for phylogenetic (e.g., Austin et al. 2004; Jesus et al. 2009; Welch et al. 

2014), phylogeographic (e.g., Cagnon et al. 2004; Smith et al. 2007; Kerr & Dove 2013) and 

population genetics studies (e.g., Burg & Croxall 2001; Alderman et al. 2005; Ramírez et al. 

2013) but use of mtDNA for such purposes relies on the assumption that the markers are present 

in a single copy (e.g. Brown 1985; Avise et al. 1987; Moritz et al. 1987; Boore 1999). However, 

it is known that heteroplasmy (e.g. Berg et al. 1995, Mundy et al. 1996, Moum & Bakke 2001, 

Gandolfi et al. 2017), mitochondrial pseudogenes or NUMTS (Sorenson & Quinn 1998), and 

recombination (e.g. Tsaousis et al. 2005, Sammler et al. 2011) occur in birds. For instance, 

Abbott et al. (2005) found evidence of a duplicated region in the mitochondrial genome of 

albatrosses, resulting in two copies of nad6, CR, and two fragments of cob. Two divergent copies 

of the mitochondrial control region have since been indirectly suggested in eight additional 

species of Procellariiformes (Smith et al. 2007; Lawrence et al. 2008, 2014; Burg et al. 2014; 

Rains et al. 2011; Burg et al. 2014), covering three of the four Procellariiformes families 

(Gangloff et al. 2013; Welch et al. 2014; Prum et al. 2015). The partial duplication of the 

mitochondrial genome is therefore apparently widespread within the Procellariiformes. However, 

apart from the study of Abbott et al. (2005), only three studies, all of albatrosses, have sequenced 

the complete duplicated region. Gibb et al. (2007) revised a previously-published genome  of 

Thalassarche melanophris  (AY158677, Slack et al. 2006), Eda et al. (2010) used primer-walking 

to sequence the duplicated region of three species from the genus Phoebastria, and Lounsberry et 
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al. (2015) sequenced the complete mitochondrial genome of these same three Phoebastria 

species using Illumina and Sanger sequencing. Nearly-complete mitochondrial genomes of 

Diomedea chrysostoma, Procellaria cinerea, and Pterodroma brevirostris, which apparently lack 

the duplication, were also sequenced (Slack et al. 2006, Watanabe et al. 2006) (Tab. 1). Here we 

sequenced the complete mitochondrial genome of Puffinus lherminieri, providing the first 

complete mitogenome of a non-albatross species of Procellariiformes. We used the MinION 

sequencing platform (Oxford Nanopore Technologies, UK, Jain et al. 2016) to obtain reads long 

enough to encompass the entire duplicated region, providing direct evidence of its existence. 

 

Material and Methods 

We focused on a single individual of Puffinus lherminieri from Martinique, caught and 

bled within the framework of a long-term demographic program on South Martinique, 

14°25'02.8"N 60°49'53.7"W (see Precheur et al. 2016 for details on the study site and study 

species). Genomic DNA was extracted from the blood sample using the NucleoSpin® Tissue XS 

Kit (Macherey & Nagel, Düren, Germany). The sample was incubated overnight in 4 mg of 

Proteinase K. Purified genomic DNA was eluted twice in 50 µL of TE buffer pre-heated at 70°C. 

To ensure optimal PCR amplification, DNA quality and quantity were measured using 1% 

Agarose gel electrophoresis and Nanodrop 1000 spectrophotometry.  

1. PCR amplification and Sanger sequencing of cox1 

The mitochondrial genome was amplified using long-range PCR. First, we amplified 576 

bp of cox1. We chose cox1 because it was expected to be located opposite the genes previously 

shown to be duplicated in other Procellariformes (namely cob, nad6, CR and several tRNAs), and 

we wanted the duplication to occur in the middle of the long-range PCR product, so as to be sure 

to sequence it. Bird blood is poorly concentrated in mitochondria and is likely to contain NUMTS 
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(Sorenson & Quinn 1998), i.e., nuclear copies of mitochondrial genes. Since the mitochondrial 

and nuclear genetic codes are not the same, these nuclear copies may be non-functional and may 

thus diverge from the mitogenome by genetic drift (Lopez et al. 1994). Co-sequencing of the 

nuclear and mitochondrial copies will thus lead to ambiguities in the sequences. To avoid such 

copies, we digested linear, nuclear genomic DNA prior to sequencing cox1 (Sorenson & Quinn 

1998), using ExonucleaseV (NEB-M0345S), according to the following protocol, modified from 

the manufacturer’s instructions and from the protocol described in Jayaprakash et al. (2015): One 

nanogram (ng) of DNA sample was heated to 70°C to inactivate putative Proteinase K residual of 

the extraction protocol. Digestion was then carried out, adding the following to the sample in a 15 

µL volume: 1X NEB4 Buffer, 1 mM ATP, 0.3 U of ExoV, 0.24 mg/mL of BSA. The mix was 

then heated to 37°C for 48h then to 70°C for 30 min to inactivate the exonuclease. This protocol 

allowed us to remove SNPs in numerous individuals of the same species in an upcoming 

population genetics paper (Torres et al. in prep). 

Shearwater-specific primers for cox1 were designed using Primer3 (Untergasser et al. 

2012). PCRs were carried out in a total volume of 30 µL, using 1X Ex Taq Buffer (Mg2+ plus), 

200 µM of dNTP, 0.8 µM of each primer, 0.025 U of TaKaRa Ex Taq® DNA Polymerase Hot-

Start Version, and 60 ng of DNA extract. After an initial denaturation step of two min at 95°C, 

we ran 40 PCR cycles consisting of 1 min at 95°C, 1 min at 56°C and 1 min at 72°C. These 

cycles were followed by a 7-min final extension step at 72°C. PCR products were purified and 

sequenced on both DNA strands by Eurofins Genomics Munich, using the same PCR primers. 

Chromatograms were first visually inspected and edited using Sequencher v.5.4.1 (Gene Codes 

Corporation), and then sequences were assembled. 
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2. Long-Range amplification of the mitogenome 

Based on cox1 sequences from this individual, as well as others sampled from the same 

population (Torres et al. in prep), we designed three long-range primers conserved within this 

population, using Primer3 (Untergasser et al. 2012): Co1_test_L_221_1_LT 

(GCTCCTGCTTCTACTGTAGATGAGGCTAGTAGGAG) on the light strand, and 

Co1_test_H_344_1_EP (CGACCTAGCTATCTTCTCTCTTCACCTAGC) and  

Co1_test_H_296_1_EP (TTAGCCCATGCTGGAGCCTCAGTCGACCTAG) on the heavy 

strand.  

Long-range PCR was carried out using TaKaRa LA Taq® DNA Polymerase Hot-Start 

Version, in a total volume of 25 µL, using 0.25 U of taq, 1x LA PCR Buffer II (Mg2+ plus), 0.21 

mM of each dNTP, 0.125µM of each primer and 900 ng of purified (.e., free of nuclear DNA) 

mitochondrial DNA. After an initial denaturation step of one min at 94°C, we ran 35 PCR cycles 

consisting of 10s at 98°C, 30s at the primer-specific annealing temperature (with a temperature 

gradient from 60 to 72°C), and 17 to 17.5 min at 72°C. These cycles were followed by a 10-min 

final extension step at 72°C. PCR products were purified on agarose gel using the Monarch® 

DNA Gel Extraction Kit (New England Biolab) when multiple bands were visible. We followed 

the manufacturer’s instruction, except that we added 1.5 times the volume of water and that we 

used 50 µL of elution buffer heated to 50°C. 

3. Library preparation and sequencing 

Given the small size differences expected between the two sets of amplified products (48 

bp) all PCR products were pooled, and a final purification was performed using Beckman beads 

(Agencourt Bioscience). Quality control was performed using Qubit, Nanodrop and Fragment 

Analyzer. The Fragment Analyzer run revealed a peak of DNA concentration at around 12 kb, 
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although we were expecting 18kb amplicons. The smaller size of focus band of Fragment 

Analyzer could be explained by folding of the PCR products. 

Samples were prepared for sequencing following the 1D DNA protocol selecting for long 

reads (SQK-LSK108, ONT). DNA repair, end repair, and A-tailing (M6630 and E7546, NEB) 

were performed on PCR products (3.8µg input) and each step was followed by a purification 

using Beckman beads. Adapters were ligated using the Blunt/TA ligase master mix (M0367, 

NEB). A 0.6X Beckman beads purification followed the ligation step, and 620 ng of library was 

loaded into the flowcell. DNA was not sheared so as to maximize sequencing read length. 

MinION sequencing was performed as per manufacturer’s guidelines using R9.5 flowcells (FLO-

MIN107, ONT), by MinKnow v1.7.10 (ONT), and runs extended for up to 48 h. The MUX scan 

reported 982 active pores. 

4. Bioinformatics 

Base calling was performed with the ONT Albacore command line tool (v1.2.4) and reads 

were outputted in the fastq format. We trimmed adapter sequences using Porechop (v0.2.1, Wick 

R. Porechop, available at: https://github.com/rrwick/Porechop). We used Nanofilt (v 1.1.3, De 

Coster et al. 2018, available at https://github.com/wdecoster/nanofilt) to filter reads for which the 

average quality score was less than 11. 

Read assembly was performed using Canu (Koren et al. 2016) with the ng6 platform 

(Mariette et al. 2012). Because we were expecting a genome 16 kb long (18 kb long if the 

duplication was present) we choose to exclude from the analysis all the reads longer than 25 kb. 

By default, Canu also removes reads shorter than 1 kb. We expected that the duplicated region to 

be complex and thus difficult to assemble, so assembly was run with a target coverage setting of 

100X. Similarly, as the obtained reads seemed to be of relatively low quality, we increased the 

https://github.com/rrwick/Porechop
https://github.com/wdecoster/nanofilt
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correction quality setting to “corMinCoverage=8.” Resulting contigs and unitigs were annotated 

using MITOS (Bernt et al. 2013). We then compared them to the nearly-complete mitogenome of 

Thalassarche melanophris (Gibb et al. 2007) (AY158677.2) using Blast (MegaBLAST, nr 

database, E-value threshold: 10, identity threshold 85%) (Altschul et al. 1990). 

Due to the presence of several stop-codons in the resulting contigs, we polished our Canu 

assembly using 100bp Illumina HiSeq 2500 reads previously obtained as a by-product of a 

separate, targeted enrichment project (Welch et al. in prep) on a separate individual from the 

same population (National Museum of Natural History, Smithsonian Institution, voucher: USNM 

620721). The reads were aligned with the contigs using BWA (Li 2013), and then polished with 

Pilon (Walker et al. 2014). Illumina reads were mapped again on the resulting assembly sequence 

and drops in coverage were observed at some positions. These were resolved manually by 

correcting the assembly with the corresponding Illumina reads with the greatest depth. The 

resulting sequence was again annotated using MITOS.  

 

Results & Discussion 

We obtained 148 644 raw MinION reads (SRA accession SRS3196799). After length and 

quality filtering, we ran Canu with 12 764 reads. To optimize running time the assembly is  

constructed so that 100x of the 18 expected kb is covered. This is why only 88 reads were 

retained for the final assembly; these had a total cumulative length of 1 748 405 bp. The median 

length of the retained reads was 21 203 bp. Of these 88 reads, 74 (84%) were used to assemble a 

contig 21 344 bp long (hereafter named Ct1; average coverage 57X, min 9X, max 74X) and 12 

reads (14%) were used to assemble a contig of 18 884 bp (hereafter named Ct2; average coverage 

10X, min 5X, max 12X). The two remaining orphan reads were removed from further analyses, 
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as they corresponded to short mitochondrial sequences, slightly divergent from Ct1 and Ct2. We 

mapped the quality-filtered 12 764 MinION reads onto these two contigs: 88% mapped to Ct1 

and 92% to Ct2. The average coverage was high, with more than 3 000 X for the two contigs 

(Tab. 2). We observed, however, that coverage of the first 8.4 kb of the two genomes was almost 

ten times lower than that of the rest of the genome (Fig. 1a, Fig. 2a, Tab. 2). This difference in 

coverage was not visible when mapping only the 88 reads used for the assembly, or when 

mapping the Illumina reads (see below). These two regions presented a similar GC content on the 

two assemblies (Tab. 2), suggesting that the first half was not more complex than the second one. 

We therefore suggest that this difference of coverage was due to a difficulty in sequencing 

encountered by the MinION device (e.g., due to secondary structures formed by mitochondrial 

DNA).  

We mapped 277 693 Illumina reads on the two contigs (SRA acc. SRP141134), obtaining 

an average coverage of more than 1 300 X for both (Fig. 1b, Fig. 2b, Tab. 3). Using these data, 

we corrected 150 (on Ct1) and 177 (on Ct2) local SNPs on the assemblies. The two resulting 

genomes (GenBank acc. MH206162 and MH206163) were 21 144 bp long and 19 004 bp long, 

respectively, and consisted of 14 and 13 protein coding genes, respectively, 25 tRNA genes and 2 

rRNA genes (Fig. 1c, Fig. 2c, Supplementary Tab. 1, Supplementary Tab. 2). The nucleotide 

composition of the complete genome was 32.0% A, 29.9% C, 11.8% G and 26.3% T for Ct1 and 

31.1% A, 29.8% C, 12.8% G and 26.3% T for Ct2, as expected in AT-rich mitochondrial 

genomes (see Saccone et al. 1999). Most of the genes are encoded on the light strand, with only 

nad6 and eight tRNA genes (Gln, Ala, Asn, Cys, Try, Glu, Pro and Ser) encoded on the heavy 

strand. 

All protein-coding genes started with typical ATN codons, except for cox2 and nad5, 

which began with the GTG codon. All protein coding genes finished with the TAA stop-codon, 
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except for nad4, nad5 and nad1, which ended with AGA, nad2 and nad6, which ended with 

TAG, and cox1, which ended with AGG (Supplementary Tab. 1 and Supplementary Tab. 2). We 

observed a supplementary base in the gene nad3 that implies a translational frameshift (Mindell 

et al. 1998). This had already been observed in mitogenomes of several bird species, including 

Procellariiformes (e.g. Watanabe et al. 2006; Gibb et al. 2013).   

Ct1 and Ct2 were different in length and in composition. Although we cannot exclude that 

the DNA sample was contaminated by another one, we have strong evidence to contradict this 

hypothesis (see Supplementary Material 1). We observed that a duplicated region was present on 

Ct1, whereas Ct2 did not include a duplication. We used the contigs obtained with the MinION 

reads to study local divergences between the two mitogenomes. We corrected the contigs for 

indels but not for substitutions, with Illumina reads, using Pilon (Walker et al. 2014). We found 

52 SNPs between the two contigs, only five of which were transversions. The distribution of the 

SNPs was not homogenous along the genome because nad-4, nad-6, the control region and rnL 

contained 35 (67%) of them. Of the 52 SNPs, 37 were located in coding regions, and 43% were 

on the third position of the codon and were synonymous mutations.  We inferred the consensus 

sequence of the two contigs, using ambiguity codes where the sequences diverged. We mapped 

the 12 764 MinION reads on this consensus sequence and observed that 85% of the reads were 

consistent with Ct1, whereas 15% of the reads were consistent with Ct2. The distribution of the 

SNPs was not homogeneous along the genome and the divergence among the contigs, consistent 

with all the reads. These characteristics made it unlikely for sequencing error to be the sole 

explanation for the divergence between the two contigs. Based on these results, we suggest that 

the Puffinus lherminieri individual used for MinION sequencing showed mitochondrial 

heteroplasmy. Heteroplasmy has already been observed in birds (e.g. Mundy et al. 1996; Moum 

& Bakke 2001; Gandolfi et al. 2017). Because of likely PCR artefacts, such as preferential 
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amplification of one mitogenome over the other, the proportion of MinION reads did not 

necessarily reflect the proportion of the two mitogenomes in the individual. When we mapped all 

the Illumina reads on these two contigs, we did not see any divergence among the reads, 

suggesting that this heteroplasmy was not present in the individual sequenced by Illumina. 

The duplication in Ct1 consisted of two identical copies of nad6, two identical copies of 

the tRNAs Phe, Trp and Cys, and two dissimilar copies of the CR (which we call CR1 and CR2). 

Contrary to previous results for albatrosses (Abbott et al. 2005, Gibb et al. 2007, Eda et al. 2010, 

Lounsberry et al. 2015), cob was not duplicated CR1 and CR2 included a 1 270 bp region in 

common; 24 mutations separated CR1 from CR2. This overlap region is followed in CR1 by 229 

supplementary bases and in CR2 by 2 033 supplementary bases. These two supplementary 

sequences did not align to each other. The single CR found in Ct2, which we will call CR3, was 

more similar to CR1 than to CR2 in the overlap region but included a 2 250 bp supplementary 

region that aligned with the supplementary region of CR2.  

CR2 (on Ct1) and CR3 (on Ct2) were followed by a 2 kb-long stretch of DNA (hereafter 

called RR, for repeat region) (Fig. 1, Fig. 2) composed of 90 bp modules repeated 19 times. 

During polishing, Illumina reads mapped onto the beginning of the RR, but no read overlapped 

CR3/CR2 and the RR, nor did they overlap the RR and 12S; hence we have no proof that the RR 

was effectively present in the mitogenome of P. lherminieri individual USNM 620721 (Illumina). 

Moreover, the RR was poorly covered by the Illumina reads (Tab. 3), and in Ct1 this region had a 

lower GC content (32%) than the rest of the genome (average of 42%). This could explain why 

this region was more difficult to sequence with the Illumina technology. MinION reads were 

discordant in this particular region. When the RR was manually removed from the genome, no 

read linked CR3/CR2 and 12S. This means that no MinION read covered the entire 

mitochondrial genome if the RR was not present. Moreover, no significant BLAST match was 
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found for this region (MegaBLAST & BLASTn, nr database, E-value threshold: 10, identity 

threshold 85%). Therefore, two hypotheses may explain the presence of this repeated sequence: 

(i) the RR is biologically present in the mitochondrial genome of this individual of Puffinus 

lherminieri, and potentially in other species of Procellariiformes, but was never sequenced until 

now. The large number of repetitions implied that MinION sequencing was difficult and led to 

differences among reads. Illumina sequencing was difficult in this region due to the high AT 

content and so, no Illumina read linked the RR to the rest of the mitogenome. Alternatively, (ii) 

the RR may be an artefact, due for example to chimeric amplification in the early stages of the 

PCR, containing parts of the mitochondrial genome and a nuclear sequence not catalogued on 

Genbank.  

The duplicated region of Puffinus lherminieri was similar to all the duplicated regions 

observed in albatross species. The two Ct1 copies of nad6 and the tRNA were identical, and the 

two control regions differed by several bases in the first 100 bp. The only major difference 

between shearwater and albatross mitogenome structures was that no duplication of cob was 

observed in the genome of Puffinus lherminieri. We also found evidence for two different 

mitogenomes co-existing in the same individual. These two mitogenomes differ by point 

mutations and gene duplication. Because albatross mitogenomes were sequenced using short 

fragments, heteroplasmy may have been harder to detect.  

To conclude, we have provided direct evidence for a duplicated region in the mitogenome 

of Puffinus lherminieri. A similar duplication had already been observed in several albatross 

species (Abbott et al. 2005; Gibb et al. 2007; Eda et al. 2010; Lounsberry et al. 2015), quite 

phylogenetically distant from the shearwaters (Welch et al. in prep). This suggests that the 

duplication may be widespread within the Procellariiformes. The fact that the composition of the 

duplication is different between albatrosses and shearwaters suggests that this region has evolved 
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during history of the Procellariiformes. At least one event of deletion or addition of the copy of 

cob has occurred between diversification of albatrosses and shearwaters, and we know that other 

species show different versions of this duplication (Gibb et al. 2013). Investigating mitogenomes 

from more species is needed to better understand the evolutionary history of the mitochondrial 

genome of the Procellariiformes. 
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Tables 

 Tab. 1 Previously known mitochondrial duplications in Procellariiformes. 

NA: information not available, CR: Control Region 

 

Family Species 
cob 

duplicated 

nad6 

duplicated 
CR 

duplicated 
O bject of the 

study 

Genbank 

accession 
number 

Sequencing 

method Study 

Diomedeidae 
Diomedea 

amsterdamensis, D. 
exulans 

NA NA yes CR 
 

PCR and 
Sanger-

sequencing 

Rains et al. 
2011 

Diomedeidae 
Diomedea 

chrysostoma 
NA NA NA 

nearly 
complete 

mitogenome 
AP009193.1 

PCR, 

primer-
walking 

and shotgun 
sequencing 

Watanabe 
et al. 2006 

Diomedeidae 
Phoebastria 

albatrus 
NA NA yes CR 

 

PCR and 

Sanger 
sequencing 

Kuro-o et 

al. 2010 

Diomedeidae 

Phoebastria 
albatrus, Ph. 

immutabilis, Ph. 

nigripes 

in part  yes yes 
whole 

duplicated 

region 

AB276044: 
AB276051 

PCR, 
primer-
walking 

and Sanger 
sequencing 

Eda et al. 
2010 

Diomedeidae 

Phoebastria 
albatrus, Ph. 

immutabilis, Ph. 

nigripes 

in part  yes yes 
complete 

mitogenome 
KJ735512.1: 
KJ735514.1 

Illumina 
sequencing, 

PCR and 

Sanger 
sequencing 

Lounsberry 
et al. 2015 

Diomedeidae Thalassarche cauta in part  yes yes 

whole 

duplicated 
region 

 

Restriction 
digest map, 

PCR, 

primer-
walking, 
Sanger 

sequencing 

Abbott et 

al. 2005 

Diomedeidae 
Thalassarche 

melanophris 
in part  yes yes 

complete 

mitogenome 
AY158677.2 

Re-check 

from Slack 
et al. 2006 

Gibb et al. 

2007 

Hydrobatidae 
Oceanodroma 

castro 
NA NA yes CR 

 
 Smith et al. 

2007 

Procellariidae Fulmarus glacialis NA NA yes CR 
 

PCR and 
Sanger 

sequencing 

Burg et al. 
2014 

Procellaridae Procellaria cinerea NA NA NA 
nearly 

complete 
mitogenome 

AP009191.1 

PCR, 

primer-
walking 

and shotgun 
sequencing 

Watanabe 
et al. 2006 

Procellariidae 
Pterodroma 
brevirostris 

NA NA NA 
complete 

mitogenome 
AY158678.1 

PCR and 

Primer-
walking, 
Sanger 

sequencing 

Slack et al. 
2006 

Procellariidae 
Pterodroma 

macroptera gouldi 
NA NA yes CR 

 

PCR and 

Illumina 
sequencing 

Lawrence 
et al. 2014 

Procellariidae 
Pterodroma 

magentae 
NA NA yes CR 

 

PCR and 
Sanger 

sequencing 

Lawrence 
et al. 2008 
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Tab. 2 Coverage (X) of mapping of the 12 764 MinION reads used by Canu for the assembly, 

and percentage of GC, for the two contigs. The “first part” consists of the first 8 428 bp of Ct1 

and the first 8 447 bp of Ct2, and the “second part” consists of the last 12 716 bp of Ct1 and the 

last 10 557 bp of Ct2.  

Sequence Average 
coverage 

Minimum 
coverage 

Maximum 
coverage 

% of covered 
bases 

% of GC  

Ct1 3 189 433 5 927 100 41,76 

Ct2 3 523 433 9 067 100 42,66 

Ct1 first part 560 433 683 100 43,36 

Ct2 first part 560 433 683 100 43,36 

Ct1 second 
part 

4 945 3 812 5 927 100 40,70 

Ct2 second 

part 

5 919 4 229 9 067 100 42,11 
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Tab. 3 Coverage (X) of mapping of the 277 693 Illumina reads and percentage of GC of the two 

genomes. “Ct without RR” is the genome sequence in which the RR sequence was manually 

deleted. 

 

Sequence Average 

coverage 

Minimum 

coverage 

Maximum 

coverage 

% of covered 

bases 

% of GC 

Ct1 1 327 0 6 971 95 41.8 

Ct2 1 386 0 4 554 93 42.7 

RR in Ct1 575 0 6 971 41 32.3 

RR in Ct2 40 0 745 12 42.7 

Ct1 without 
RR 

1 395 465 2 449 100 42.7 

Ct2 without 
RR 

1 547 574 4 554 100 42.8 
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Figures 
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Figure 2. 
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Figure Captions 

Figure 1. Coverage of mapped MinION and Illumina reads and MITOS annotation for the longer 

mitogenome (Ct1). a. Coverage of mapping of the 12 764 MinION reads used by Canu for the 

assembly. Colored bars represent SNPs among reads, gray bars represent consensus bases among 

all the reads. b. Coverage of mapping of the 277 693 Illumina reads. c. GC content. d. MITOS 

annotation. Red, green and blue arrows represent protein-coding genes, ribosomal genes, and 

tRNAs, respectively. 

 

Figure 2. Coverage of mapped MinION and Illumina reads and MITOS annotation for the shorter 

mitogenome (Ct2). a. Coverage of mapping of the 12 764 MinION reads used by Canu for the 

assembly. Colored bars represent SNPs among reads, gray bars represent consensus bases among 

all the reads.  b. Coverage of mapping of the 277 693 Illumina reads. c. GC content. d. MITOS 

annotation. Red, green and blue arrows represent protein-coding genes, ribosomal genes, and 

tRNAs, respectively. 

  



 
31 

Supplementary Tab. 1 Composition of Ct1 

Name Start Stop Strand Length Start-codon Stop-codon 

cox1_b 1 1092 + 1091 
 

AGG 

trnS2(tca) 1096 1169 - 73 
  

trnD(gac) 1172 1240 + 68 
  

cox2 1242 1916 + 674 GTG TAA 

trnK(aaa) 1927 1998 + 71 
  

atp8 2000 2161 + 161 ATG TAA 

atp6 2158 2838 + 680 ATG TAA 

cox3 2841 3623 + 782 ATG TAA 

trnG(gga) 3625 3693 + 68 
  

nad3_a 3694 3867 + 173 ATT 
 

nad3_b 3848 4042 + 194 
 

TAA 

trnR(cga) 4048 4116 + 68 
  

nad4l 4118 4411 + 293 ATG TAA 

nad4 4408 5775 + 1367 ATG AGA 

trnH(cac) 5786 5855 + 69 
  

trnS1(agc) 5856 5922 + 66 
  

trnL1(cta) 5922 5992 + 70 
  

nad5 5993 7795 + 1802 GTG AGA 

cob 7834 8958 + 1124 ATC TAA 

trnT(aca) 8968 9037 + 69 
  

trnP(cca) 9054 9123 - 69 
  

nad6-0 9147 9665 - 518 ATG TAG 

trnE(gaa) 9669 9741 - 72 
  

trnT(aca) 11240 11309 + 69 
  

trnP(cca) 11326 11395 - 69 
  

nad6-1 11419 11937 - 518 ATG TAG 

trnE(gaa) 11941 12013 - 72 
  

trnF(ttc) 15317 15386 + 69 
  

rrnS 15386 16361 + 975 
  

trnV(gta) 16361 16433 + 72 
  

rrnL 16434 18018 + 1584 
  

trnL2(tta) 18018 18091 + 73 
  

nad1 18129 19067 + 938 ATC AGA 

trnI(atc) 19075 19146 + 71 
  

trnQ(caa) 19156 19226 - 70 
  

trnM(atg) 19226 19294 + 68 
  

nad2 19295 20329 + 1034 ATG TAG 

trnW(tga) 20334 20403 + 69 
  

trnA(gca) 20405 20473 - 68 
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trnN(aac) 20484 20556 - 72 
  

trnC(tgc) 20559 20625 - 66 
  

trnY(tac) 20626 20695 - 69 
  

cox1_a 20706 21143 + 437 ATC 
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Supplementary Tab. 2 Composition of Ct2 

Name Start Stop Strand Length Start-codon Stop-codon 

cox1_b 2 1105 + 1103 
 

AGG 

trnS2(tca) 1109 1182 - 73 
  

trnD(gac) 1185 1253 + 68 
  

cox2 1255 1929 + 674 GTG TAA 

trnK(aaa) 1940 2011 + 71 
  

atp8 2013 2174 + 161 ATG TAA 

atp6 2171 2851 + 680 ATG TAA 

cox3 2854 3636 + 782 ATG TAA 

trnG(gga) 3638 3706 + 68 
  

nad3_a 3707 3880 + 173 ATT 
 

nad3_b 3861 4055 + 194 
 

TAA 

trnR(cga) 4061 4129 + 68 
  

nad4l 4131 4424 + 293 ATG TAA 

nad4 4421 5788 + 1367 ATG AGA 

trnH(cac) 5799 5868 + 69 
  

trnS1(agc) 5869 5935 + 66 
  

trnL1(cta) 5935 6005 + 70 
  

nad5 6006 7808 + 1802 GTG AGA 

cob 7847 8971 + 1124 ATC TAA 

trnT(aca) 8981 9050 + 69 
  

trnP(cca) 9067 9136 - 69 
  

nad6 9160 9678 - 518 ATG TAG 

trnE(gaa) 9682 9754 - 72 
  

trnF(ttc) 13272 13341 + 69 
  

rrnS 13341 14316 + 975 
  

trnV(gta) 14316 14388 + 72 
  

rrnL 14389 15973 + 1584 
  

trnL2(tta) 15973 16046 + 73 
  

nad1 16084 17022 + 938 ATC AGA 

trnI(atc) 17030 17101 + 71 
  

trnQ(caa) 17111 17181 - 70 
  

trnM(atg) 17181 17249 + 68 
  

nad2 17250 18284 + 1034 ATG TAG 

trnW(tga) 18289 18358 + 69 
  

trnA(gca) 18360 18428 - 68 
  

trnN(aac) 18439 18511 - 72 
  

trnC(tgc) 18514 18580 - 66 
  

trnY(tac) 18581 18650 - 69 
  

cox1_a 18661 19083 + 422 ATC 
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Supplementary Material 1: 

 

There are two explanations for the fact that the assembly of the MinION reads resulted in two 
contigs: either the DNA library was contaminated by another individual, so that the two contigs 

correspond to the mitochondrial genomes of two individuals, or two different mitogenomes were 
present in the one individual sequenced, i.e., heteroplasmy. We cannot rule out contamination, 
but we have strong evidence to contradict this hypothesis.  

First, a Sanger sequence of cox1of the same individual groups with the MinION sequences. This 
sequence was obtained as part of a population genetics study of 175 individuals (Torres et al. in 

prep), representing all populations of Puffinus lherminieri and three populations of the closely 
related species P. bailloni (Genbank acc. MH383332-MH383506). The cox1 sequences of the 
two MinION contigs were aligned with these 175 sequences using MAFFT (Katoh et al. 2002) 

and truncated to the 557 bp aligned for the other sequences. A phylogenetic tree was inferred 
using MrBayes and 500 million generations, with P. yelkouan (Genbank AY567884.1) as the 

outgroup. After deletion of 10% burn-in, convergence of the run was assessed using Tracer. The 
cox1 sequences of the two MinION contigs were part of the same clade as the sequences of the 
same lineage obtained by Sanger sequencing (Fig. S1), with a posterior probability of 0.80. The 

sequence from Ct1 was identical to the sequence from the individual of origin. The sequence of 
Ct2 was different to the original individual from 1 SNP. 

Second, control region sequences from Ct1 and Ct2 are identical to those obtained using Sanger 
sequencing. Partial control region sequences (313 bp) of 224 sequences of the control region 
from the same sampling locations are extremely polymorphic, consisting of different haplotypes 

for most individuals. The two control regions of Ct1 and the one of Ct2 were aligned and 
truncated to correspond to these Sanger sequences. These three sequences are both identical 
among themselves and to the sequence of the individual obtained by Sanger.  

Thus, we compared two parts of the two mitochondrial genomes with sequences of other 
individuals, presenting numerous SNPs among individuals. These analyses show that both 

contigs are phylogenetically very close to the target individual. If the sample was contaminated it 
would be by a nearly identical sample phylogenetically, which is very unlikely.  
Moreover, we know that heteroplasmy occurs in birds (Mundy et al. 1996, Moum & Bakke 2001, 

Gandolfi et al. 2017), and we have no reason to think that it is not present in Procellariiformes. 
Hence several different mitogenomes can be present in the same individual. A cross-

contaminated sample would bear more likely four different mitogenomes instead of two. So the 
assembly of two different mitogenomes is not an evidence of cross-contamination. 
Therefore, we believe that the presence of two different contigs in our study is due to 

heteroplasmy. However, if the contamination is real, it would mean that one of the two 
individuals did not have the mitochondrial duplication (see Results & Discussion), and would 

suggest that the mitochondrial duplication is not present in every individual of this species. 
Therefore the evolutionary scenario of the duplicated region would be even more complicated 
than that suggested by the heteroplasmy hypothesis. 

 
Supplementary Figure 1. a. Gene tree obtained from Sanger cox1 sequences and the two cox1 

from the two MinION contigs. b. Zoom on the clade containing the two contig sequences. The 
sequence from Ct1 is highlighted in blue, the one from Ct2 in red, and the one from the same 
individual sequenced by Sanger in green. Posterior probabilities superior to 0.70 are shown. 
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