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ABSTRACT

Flesh-footed shearwater (Ardenna carneipes) is recognized as vulnerable seabird species in Western
Australia and New South Wales, Australia, and its genetic variability and a well-resolved phylogeny is
imperative for the species’ conservation. Here, we report the first sequenced mitogenome of the
Australian A. carneipes. The mitogenome of A. carneipes was 16,370bp in total length and encom-
passed 13 protein-coding genes, two ribosomal RNAs, 22 transfer RNAs, and one non-coding region
(D-loop). All of the genes were encoded on the H-strand with the exception of ND6 and eight tRNAs,
which is a conserved pattern of the mitogenome for other vertebrates. The mitogenome of A. carneipes
was dominated by higher AT (56.5%) than GC (43.5%) content. In the resulting phylogenetic tree using
complete mitogenome sequences, flesh-footed shearwater and gray petrel (Procellaria cinerea) grouped
together despite the high genetic distance (11.0%) between them, belonging to family Procellariidae.
However, the phylogenetic tree was consistent with a previous study using partial nucleotide sequen-
ces of the cytochrome b gene. These results highlight that further mitogenome sequences will be
required from the closely related species under the genus Ardenna to delineate well-resolved phylo-
genetic classification at the genus and or species level. The present study provides a reference mito-
chondrial genome of flesh-footed shearwater for further molecular studies.
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Introduction Here, we use the NGS technology to obtain whole mitochon-
drial genome of the vulnerable flesh-footed shearwater

The development of nuclear marker data sets and mitochon- . ) .
(Ardenna carneipes; formerly Puffinus carneipes).

drial sequences has provided major advances to phylogenetic
analyses. As the mitochondrial genome is maternally inher-
ited and is haploid, its’ effective population size is a quarter
that of a nuclear-autosomal gene (Moore 1995). Therefore,
the mitochondrial phylogeny has a considerably higher prob-
ability of tracking the true species tree, because lineage sort-
ing of mitochondrial haplotypes is more likely to resolve
along a given internal branch of the phylogeny than is lin-
eage sorting of nuclear genes (Moore 1995). Technical advan-
ces have made it easier to obtain complete mitochondrial
genome sequences rather than small fragments of the mito-
chondrial genome. This innovation takes advantage of high-
throughput Next-generation sequencing (NGS) techniques to
produce high yields of sequencing reads, and sophisticated
bioinformatics programs for extracting and assembling the
entire mitochondrial genomes from almost any eukaryotic
species for which total DNA can be isolated (Smith 2016).

The status of the world’s bird population in recent deca-
des has deteriorated, with the largest impact observed in
seabird populations (Croxall et al. 2012). One such example is
the flesh-footed Shearwater (A. carneipes). The bird popula-
tion of flesh-footed shearwater has been deteriorating for
many years and is listed as vulnerable in the state of Western
Australia and New South Wales and rare in South Australia
(Reid et al. 2013; Lavers 2014). The species is also listed
nationally vulnerable in New Zealand (Robertson et al. 2013)
and has been recommended for listing under the Agreement
on the Conservation of Albatrosses and Petrels (Copper and
Baker 2008; ACAP 2019). However, molecular based studies
on the A. carneipes are also very limited, and only partial
mitochondrial sequences of this species are available in the
NCBI database (Nunn and Stanley 1998; Penhallurick and
Wink 2004; Lombal et al. 2018). This work intended to (i) gen-
erate and assemble the first mitogenome data of A. carneipes
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from Australia using a next-generation sequencing platform,
and (ii) reveal the phylogenetic relationships of A. carneipes
utilizing  selected mitogenome sequences available
in GenBank.

Materials and methods
Source of sampling and extraction of DNA

A cutaneous tissue sample was collected from a single flesh-
footed shearwater (Ardenna carneipes) originating from South
of Lord Howe Island in New South Wales (GPS location:
32.53° S, 159.08° E, and collected by lJennifer L. Lavers,
E-mail: jennifer.lavers@utas.edu.au) during April 2015, and
was sent to Prof Shane R. Raidal (E-mail: shraidal@csu.edu.au)
at Charles Sturt University for further analysis (sample vou-
cher CS15-1527, stored at Veterinary Diagnostic Laboratory,
Charles Sturt University, Wagga Wagga, New South Wales,
Australia) (Sarker et al. 2017). Ethics for sample collection was
approved by the Lord Howe Island Board (permit no. LHIB
02/14) and the Charles Sturt University and University of
Tasmania Animal Ethics Committees (permit no. 09/046,
A0010874, and A0011586). The genomic DNA was extracted
utilizing a Qiagen Blood and Tissue mini kit (Qiagen,
Germany), and stored at —20°C until further use at Charles
Sturt University (Sarker et al. 2017).

Sequencing, assembly and annotation of complete
mitogenome of A. carneipes

The library preparation and sequencing was performed as pre-
viously described (Sarker et al. 2017). Briefly, an lllumina
paired-end sample preparation kit (lllumina, San Diego, CA)
was utilized to generate a paired-end library with an insert size
of 150 bp, and sequencing performed by Novogene, China on
a HiSeg4000 sequencing platform (lllumina). A previously
established pipeline utilizing the Geneious (version 10.2.2,
Biomatters, New Zealand) and CLC Genomics Workbench (ver-
sion 9.5.4) platforms was used for data analysis (Sarker et al.
2017; Sarker et al. 2019a; Sarker et al. 2019b). Briefly, the com-
plete mitochondrial genome of A. carneipes was assembled
from a total of 14.42 million reads with a read length of 150 bp.
Cleaned unmapped reads were used as input data for de novo
assembly using SPAdes assembler (version 3.10.1) (Bankevich
et al. 2012) in Geneious (version 10.2.2). This resulted in the
generation of a 16,370 bp mitogenome obtained from A. car-
neipes. A total of 13.96 million clean raw reads were mapped
back to the mitogenome of A. carneipes that resulted in an
average coverage of 65.44x. The default parameter under the
genetic code of vertebrate mitochondrial (transl_table 2) in
Geneious (version 10.2.2) was utilized for annotation of the
sequenced mitogenome of A. carneipes.

Comparative genomics and phylogenetic analysis

The genetic organization of the newly assembled mitoge-
nome of A. carneipes was visualized using Geneious software.
The newly assembled mitogenome sequence of A. carneipes

Table 1. Characteristics of the mitochondrial genome of A. carneipes.

Locus Position number Size (bp) Codon Strand
Start Stop Start  Stop
tRNA-Phe 26 95 70 H
12S rRNA 96 1069 974 H
tRNA-Val 1070 1142 73 H
16S rRNA 1143 2725 1583 H
tRNA-Leu (UUR) 2726 2799 74 H
ND1 2807 3784 978 ATG AGG H
tRNA-lle 3783 3854 72 H
tRNA-GIn 3933 3863 71 L
tRNA-Met 3933 4001 69 H
ND2 4002 5040 1039 ATG T- H
tRNA-Trp 5048 5116 69 H
tRNA-Ala 5186 5118 69 L
tRNA-Asn 5269 5197 73 L
tRNA-Cys 5338 5272 67 L
tRNA-Tyr 5408 5338 71 L
cox1 5410 6960 1551 GTG AGG H
tRNA-Ser 7025 6952 74 L
tRNA-Asp 7028 7096 69 H
cox2 7098 7781 684 GTG TAA H
tRNA-Lys 7783 7854 72 H
ATP8 7856 8023 168 ATG TAA H
ATP6 8014 8697 684 ATG TAA H
CoX3 8697 9480 784 ATG T- H
tRNA-Gly 9481 9549 69 H
ND3 9550 9900 351 ATG TAA H
tRNA-Arg 9904 9971 68 H
ND4L 9973 10,269 297 ATG TAA H
ND4 10,263 11,640 1378 ATG T- H
tRNA-His 11,641 11,710 70 H
tRNA-Ser 11,711 11,776 66 H
tRNA-Leu (CUN) 11,776 11,846 71 H
ND5 11,847 13,661 1815 GTG AGA H
CYTB 13,676 14,818 1143 ATG TAA H
tRNA-Thr 14,891 14,822 70 H
tRNA-Pro 14,977 14,908 70 L
ND6 15,520 14,999 522 ATG TAG L
tRNA-Glu 15,596 15,524 73 L
D-loop 15,658 16,370 713 -

together with other 18 selected mitogenome sequences
belonging to the order Procellariiformes were utilized to per-
form phylogenetic analyses, where the D-loop region was
manually removed, and approximately 15.0 kbp aligned
sequences were used in further analyses. Nucleotide sequen-
ces of partial cytochrome b gene were selected from the
genus Ardenna. MAFTT (version 7.450) and G-INS-i (gap open
penalty 1.53; offset value 0.123) algorithms were imple-
mented in Geneious (version 7.388) to align the nucleotide
sequences (Katoh and Standley 2013). To determine the best-
fit model to compute phylogenetic analyses, a model test
was performed using CLC Genomics Workbench (version
9.5.4), which favored a general-time-reversible model with
gamma distribution rate variation and a proportion of invari-
able sites (GTR 4 G + I). Maximun likelihood (ML) phylogenetic
analysis was performed under GTR substitution model with
1000 bootstrap support in Geneious.

Results and discussion
Structure of A. carneipes mitogenome

The assembled mitogenome of flesh-footed shearwaters had
a total length of 16,370 bp circular genome (GenBank acces-
sion no. MT948200). The overall mitogenome architecture of
A. carneipes was mostly conserved compared to other
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Figure 1. (A) Gene composition of the mitochondrial genome for A. carneipes is visualized using Geneious (version 10.2.2). Internal frame plot represents GC (blue)/
AT (green) content for the mitogenome of A. carneipes (sliding window size: 54). (B) Consensus identity graph representing the mean pairwise identity over all pairs
in the column between the mitochondrial genome of A. carneipes (GenBank accession no. MT948200) and Procellaria cinerea (GenBank accession no. AP009191);
where, color green: 100% identity, greeny-brown: at least 30% and under 100% identity and red: below 30% identity. Vertical black lines highlighting the SNPs for
the mitochondrial genome of A. carneipes compared to mitochondrial genome of Procellaria cinerea. Dark red and blue colored open reading frames correcpond-

ence to rRNA and PCGs, respectively.

mitogenome sequences in the family Procellariidae
(Lounsberry et al. 2015; Jung et al. 2019). The mitogenome of
A. carneipes contained one control region (D-loop), 22 trans-
fer RNAs (tRNAs), two ribosomal RNA (rRNA) encoding
regions (12S and 16S rRNA), and 13 protein-coding genes
(PCGs) (Table 1 and Figure 1A). The mitochondrial genome
structural map of A. carneipes revealed that the majority of
the genes were encoded on the heavy strand (H-strand), with
only a small handful of genes being encoded on the light
strand (L-strand) (Figure 1A and Table 1).

The nucleotide composition of the mitogenome of A. car-
neipes was similar to what has been observed in other verte-
brate mitochondrial genomes, with the A+T content being
higher (56.50%) than G-+ C content (43.50%), and guanine
having the lowest frequency (A>C>T>G). The size and
genomic coordinate of 13 protein-coding genes (PCGs) in A.
carneipes mitogenome was consistent with others member of
the family Procellariidae (Slack et al. 2006; Watanabe et al.
2006; Lounsberry et al. 2015; Jung et al. 2019). A large per-
centage (69.6%) of the mitogenome was constituted by
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Figure 2. (A) Maximum-likelihood (ML) phylogenetic tree displaying the evolutionary relationship between A. carneipes with other selected species under the order
of Procellariiformes based on complete mitogenome. (B) ML phylogenetic tree displaying the evolutionary relationship between A. carneipes with other selected spe-
cies under the genus Ardenna based on partial cytochrome b gene. The new complete mitogenome of A. carneipes was highlighted by magenta color.

protein-coding genes (11,394 bp in total length, encoding for
3,684 amino acids, excepting termination codons).

Genetic diversity and phylogenetic analysis

The mitogenome sequence of A. carneipes showed relatively
high genetic distance ranging from 0.11 to 0.16 (11.0% to
16.0%) and demonstrated the highest genetic similarity
(89.04%) with Procellaria cinerea (GenBank accession no.
AP009191). In the absence of any other complete mitoge-
nome sequences in the genus Ardenna, we used mitogenome
of P. cinerea to understand the variation and calculate single-
nucleotide polymorphisms (SNPs) of A. carneipes. We found
that there were 3006 SNPs (Figure 1(B)) in the mitogenome
of A. carneipes.

The resulting ML phylogenetic tree delineated seabirds
families Procellariidae, Diomedeidae and Hydrobatidae, which
formed a well-resolved monophyletic group with high boot-
strap support (100%) (Figure 2(A)). This relationship is in
agreement with the results of a previous study (Nunn and
Stanley 1998). However, the phylogenetic relationship of A.
carneipes was not well resolved at the genus level due to the
lack of available mitogenome sequences at the genus level.
Instead, the newly sequenced mitogenome of A. carneipes
formed a well-supported clade with Procellaria cinerea (Figure
2(A)). Further, large-scale sequencing will be required to
delineate well-resolved genus or species level phylogenetic
trees. By also building a phylogenetic tree with partial
nucleotide sequences of cytochrome b gene selected from
the genus Ardenna (Figure 2(B)), we saw very consistent tree
topology that has been established previously (Nunn and
Stanley 1998). The seabird species A. carneipes clustered with
A. creatopus (bootstrap support 95%). The results of the cur-
rent study based on partial nucleotide sequences of cyto-
chrome b gene are broadly consistent with those of the
previous study (Nunn and Stanley 1998), but further mitoge-
nome sequencing will be required to delineate well-resolved
genus-level phylogenetic classification.

Conclusions

This study reports the first mitogenome of flesh-footed shear-
water as a reference for further molecular studies. According
to the phylogenetic trees obtained using complete mitoge-
nome sequences, flesh-footed shearwater and gray petrel
grouped together despite the high genetic distance (11.0%)
between them, belonging to family Procellariidae, which is
likely due to low sampling of mitognomes in Procellaridae.
Further studies should integrate both morphological data
and nuclear and mitogenome sequences from the closely
related taxa to delineate well-resolved phylogenetic classifica-
tion at the genus and or species level.
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