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Résumé. – Le génome mitochondrial complet du Thymallus thy-
mallus (Linnaeus, 1758) (Actinopterygii, Salmonidae) obtenu par 
PCRs longues et double multiplexage.

Le génome mitochondrial complet de Thymallus thymallus 
(Actinopterygii, Salmonidae) provenant d’un voucher enregistré en 
collection et capturé dans l’Ain (bassin du Rhône) a été séquen-
cé. La séquence d’une longueur de 16 660 pb, contient 13 gènes 
codants, 22 ARN de transfert dont 2 ARNt-Leu et 2 ARNt-Ser, 2 
gènes ARN ribosomiques et la région de contrôle. Un espace inter-
génique et des séquences se chevauchant ont été trouvés. La com-
position des bases du mitogénome est de 27,5% A, 27,9% T, 27,1% 
C et 17,5% G. Ce mitogénome a été séquencé pour moins de 20 
euros.

Key words. – Mitogenome – Thymallus thymallus – Long PCR – 
Sample multiplexing. 

Graylings (Thymallus genus) belong to the monogeneric 
Thymallinae subfamily of Salmonidae and display an almost cir-
cumpolar distribution with at least 19 species listed (Dyldin et al., 
2017; Persat et al., 2019). Thymallus thymallus (Linnaeus, 1758) 
is a European species with a widespread distribution, ranging from 
England in the west to the Ural Mountains in the east and Mon-
tenegro in the south to northern Finland and Barent Sea tributar-
ies in Russia in the north (Persat, 1996). In France, this species is 
native in the Meuse, Rhine and Rhône river drainages (Persat et al., 
2019).

Although several mitogenomes of 
grayling species have become avail-
able in the last years (e.g. Yasuike et 
al., 2010; Ma et al., 2016), all were 
obtained through PCR amplification 
(17 reactions) followed by Sanger 
sequencing. This approach has revealed 
itself to be time and resource consum-
ing with an estimated cost of around 90 
euros per sample. Moreover, no vouch-

er material is linked to the sequences, which is problematic for 
taxonomic work, especially when new species are being described 
(e.g. Persat et al., 2019). Without vouchers, proper assignment of 
taxa to mitogenome sequences is difficult.

In this paper, we describe the mitogenome of Thymallus thy-
mallus from a specimen conserved in a Museum collection, ampli-
fied and sequenced according to the multiplexing protocol of Hins-
inger et al. (2015).

MATERIAL AND METHODS

Voucher
The vouchered specimen is from the Zoological Collections of 

the Claude Bernard Lyon 1 University (UCBLZ) and recorded in 
the catalogue UCBLZ 2012.9.971. The specimen (OMB11) was 
caught in the Ain River (Rhône drainage) at Marigny (Jura Dept.) 
on August 31, 2015, by Henri Persat. It was morphologically iden-
tified by Henri Persat according to Persat et al. (2019). 

Brief material and method
The mitogenome was obtained from a fin-clip stored in 95% 

ethanol. DNA extraction was carried on an EpMotion Robot using 
MN Biomedical extraction kits, according to the manufacturer pro-
tocols. Amplification, PCR amplifications and sequencing were 
done according to Hinsinger et al. (2015) with three long 6 kbp 
overlapping PCRs (primers in Tab. I). The time of initial denatura-
tion and denaturation of each cycle was reduced to 20 s and 10 s, 
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Table I. – Primers for the long PCRs used to amplify the mitogenome of Thymallus thymallus.

Long PCR Primer name 5’-3’ sequence Source
Mt1 12S-L1091R AAACTGGGATTAGATACCCCACTAT Kocher et al. (1989)

MtH7061 Salmo GTGTTATGCGGTTGGCTTGAAAC This study
Mt2 MtL5231 Salmo TAGGTGGGAAGGCCTCGATCCTACA 

MtH11944 Salmo CATAGCTGCTACTTGGATTTGCACCA 
Mt3 MtL11910 Salmo CAGCTCATCCGTTGGTCTTAGGAAC

12S-H1478 Salmo AACTTGGGGAGAGTGACGGGCGGTGTGT
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respectively, in the PCR cycles. The reads were assembled using a 
reference sequence (GenBank accession number FJ853655) as bait 
according to Hahn et al. (2013) with the Geneious 11.2.2 software 
(Kearse et al., 2012). The consensus sequence was controlled and 
annotated using MitoAnnotator (Iwasaki et al., 2013). 

Sequence quality
7760 reads (average: 285.6, SD: 94.4, range: 10-550; Fig. 1), 

obtained from the 3 long range PCRs, were assembled. 
The mitogenome read coverage ranged between 26 and 379, 

with a mean read coverage of 134. 

Phylogenetic reconstruction
For phylogenetic analysis, additional mitogenomes belonging 

to eight distinct Thymallus species, plus a sequence of Coregonus 
lavaretus (Linnaeus, 1758), Hucho taimen (Pallas, 1773) and Bra-
chymystax lenok (Pallas, 1773) were retrieved from GenBank. 

The 13 protein-coding genes were isolated, individually aligned 
in Bioedit (Hall, 1999) and subsequently concatenated using a 

Fasta Alignment Joiner tool in FaBox 1.5 (Villesen, 2007) online 
platform. The concatenated dataset included 12 sequences, reach-
ing a total length of 11433 bp.

The best evolutionary model was inferred to be GTR+G+I in 
jModelTest (Darriba et al., 2012) for both Akaike and Bayesian 
information criterion. Phylogenetic analysis was inferred by Maxi-
mum Likelihood (ML) using RAxML-HPC2 Workflow on XSEDE 
(version 8.2.10) (Stamatakis, 2014) with the inferred substitution 
model and 1000 bootstrap iterations on the CIPRES Science Gate-
way (Miller et al., 2010) online platform.

Nucleotide diversity and sequence divergence between the 
newly sequenced mitogenome and the T. thymallus sample retrieved 
from GenBank were calculated in Geneious 11.2.2. 

RESULTS

Sequence description and phylogenetic analysis
The newly obtained mitogenome has a total length of 16660 bp 

and includes 13 protein-coding genes, 22 transfer RNA genes 
including 2 tRNA-Leu and 2 tRNA-Ser, two ribosomal RNA 
genes and a control region following the standard vertebrate order 
(Tab. II). Intergenic spaces and overlapping sequences were found. 
Six coding genes have an incomplete codon stop: NADH2, COII, 
ATP6, NADH3, NADH4 and Cyt b. The base composition of the 
entire genome was 27.5% for A, 27.9% for T, 17.5% for G and 
27.1% for C.

The ML phylogeny obtained shows high support values for 
all nodes (Fig. 2). The Thymallus sequences are separated in two 
monophyletic groups. The first one (including the newly sequenced 
mitogenome) comprises the four nominal species: T. thymallus, 
T. brevirostris, T. arcticus, T. baicalolenensis. The second includes 
the three nominal species T. tugarinae, T. grubii, T. yaluensis. Fur-
thermore, the new sequence clusters with the T. thymallus sequence 
from Finland (GenBank Accession number FJ853655) with a diver-
gence of 1% (pairwise p-distance) and 130 differences.

Figure 1. – Sequence lengths for 7760 nucleotide sequences allowing the 
assembling of the Thymallus thymallus mitogenome .

Figure 2. – Maximum Likelihood phyloge-
netic tree inferred with the 13 protein coding 
genes. The values of bootstrap are represent-
ed beside the nodes.
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DISCUSSION

Comparison to already available genomes 
The gene order was conserved in all 9 Thymallus mitogenom-

es present in this analysis. The ML phylogeny is consistent with a 
recent study, which also relied on mitogenomics (Ma et al., 2016). 
Furthermore, the phylogenetic reconstruction (Fig. 2), by clustering 
the new mitogenome OMB 11 with the other T. thymallus sequence, 
as well as the low pairwise p-distance (1%) observed between the 
two sequences, supports identification of the voucher specimen.

Comparison to other sequencing methods
The method described by Hinsinger et al. (2015) for amplify-

ing mitogenomes using 3 long PCRs and double multiplexing for 

sequencing yields a whole mitochondrial genome for less than 
20 euros of sequencing costs because the PCR products for this 
sequence represent only 0.4% of the whole DNA inserted in the 
sequencing chip. This strategy is substantially cheaper than shot-
gun sequencing methods (280 euros according to Murienne et al. 
(2016)). Furthermore, it is less demanding in terms of laboratory 
procedures and minimizes the potential amplicon mix-up that can 
occur with Sanger sequencing of shorter amplicons (Salas et al., 
2005). However, this method is only applicable on fresh and non-
degraded material.
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