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Projet FR
Séquençage de mitogénomes

Amplification de 2 amplicons chevauchants amplifiés par Long-Range PCR
Séquençage avec l’approche Oxford Nanopore

Comparaison
Séquençage (méthode Sanger) d’un gène mitochondrial (D-loop)

10 kb A1 B1 C1 E1 F1 G1 H1D1 A2 B2 C2 E2 F2 G2 H2D2

 9.6 kb fragment F2

Long-Range-PCR du fragment F2: 6h30

Premiers essais sur Myodes glareolus (Filipi et al., 2015)
Différentes extractions (plus ou moins anciennes)
Différents kits (Qiagen et Macherey-Nagel)

→ Pas/peu d’amplification, problème de qualité d’ADN 

Choix d’un autre taxon, Mus musculus (Lee et al., 2017)
Extraction d’ADN de souris de différentes origines géographiques
Kit Nucleospin DNA RapidLyse (Macherey-Nagel)

La phylogéographie utilise généralement des séquences d’un ou deux gènes mitochondriaux pour reconstituer 
l’histoire récente des lignées génétiques au niveau intra-spécifique. 

Ce type de marqueurs pose deux problèmes :
1) leur faible taille (en général < 1kb) limite la résolution des phylogénies obtenues 
2) la présence dans de nombreux cas de copies nucléaires (numt) qui vont venir perturber les patrons de 

diversité génétique et les reconstructions phylogéographiques (Dubey et al., 2009, Haran et al., 2015)

Différentes approches possibles pour éviter les numt

- Définition d’amorces spécifiques

- Extraction sélective d’ADN mitochondrial 

- PCR long range et séquençage Sanger ou approches NGS (GS Junior System, Illumina, Oxford Nanopore)
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Résultats du basecalling
et du démultiplexage

Fragment F1 :
1400299 lectures (3,04Gb) (qualité médiane: 10,0)
dont :
954903 attribuées à des barcodes utilisés (68%)
428355 non attribuées (30%)
17041 attribuées à des barcodes non utilisés(1,2%)

Fragment F2 :
726236 lectures (2,36Gb) (qualité médiane: 12,6)
dont :
573952 attribuées à des barcodes utilisés (79%)
145924 non attribuées (20%)
6360 attribuées à des barcodes non utilisés (0,87%)

Phylogénie moléculaire des mitogénomes de Mus musculus domesticus

Conclusions

Obtention de plusieurs génomes mitochondriaux de bonne qualité
Collaboration DTAMB-PRABI de l’acquisition à l’analyse des données

A venir :
Analyse de l’évolution des protéines mitochondriales 
Comparer avec les mesures physiologiques réalisées pour certaines souris

Futurs projets :
Demandes de financements (ANR) pour augmenter l’échantillonnage de souris sauvages
Problème de qualité d’ADN -> Améliorer les protocoles d’extraction

Genbank : 
Souches de laboratoire, environ 90 mitogénomes
Souris sauvages, mitogénomes disponibles pour seulement 2 populations

Cette étude :
3 populations sauvages et une souche de laboratoire
20 mitogénomes complets, 1 échantillon F2 seul, 3 échantillons F1 seul

ADN mitochondrial
Mus musculus

16300bp

F1 (8,4 kb)

F2 (9,6 kb)

Peu de différences entre fragment F2 et D-Loop

Peu de différences entre les 2 séquences d’un même individu obtenues 
indépendamment : Ork211 et 211 : 7 différences sur 16306 bp
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Ork169

Ork169

Ork211

Balan4_Dloop        -> GAATCAGTTA TTCKATTGAC TT--ATGCT

Balan4_F2              GAATCAGTTA TTCTATTGAC TT--ATGCT

Balan5_Dloop        -> GAATCAGTTA TKCTATTGAC TT--ATGCT

Balan5_F2              GAATCAGTTA TTCTATTGAC TT--ATGCT

Balan6_Dloop           GAATCAGTTA TTCTATTGAC TT--ATGCT

Balan6_F2              GAATCAGTTA TTCTATTGAC TT--ATGCT

Balan21_Dloop          GAGTCAGTCA CTCTATCAAC TC--ATGCT

Balan21_F2             GAGTCAGTCA CTCTATCAAC TC--ATGCT

F_315_Dloop            GAGTCAGTCA CTCTATCAAC TC--ATGCT

F_315_F2               GAGTCAGTCA CTCTATCAAC TC--ATGCT

F_316_Dloop         -> RAGTCAGTCA CTCTATCAAC TC--ATGCT

F_316_F2               GAGTCAGTCA CTCTATCAAC TC--ATGCT

BBE4_Dloop          -> GAATCAGTCA CTCKRTCAMC TC--RNGCT

BBE4_F2                GAATCAGTCA CTCTATCAAC TC--ATGCT

Ork169_Dloop        -> GAACTGAACR TTTTATCAAA CC--ATACA

Ork169_F2              GAACTGAACG TTTTATCAAA CC--ATACT

Ork201_Dloop           GAACTAAACA TTTTATCAAA CCC-ATACT

Ork210_Dloop           GAACTAAACA TTTTATCAAA CC--ATACT

Ork211_F2              GAACTAAACA TTTTATCAAA CCCCATACT

211_F2                 GAACTAAACA TTTTATCAAA CCC-ATACT

sw_340_Dloop           GTATCAAACA CTCTACCAAA CC--ATGTT

sw_340_F2              GTATCAAACA CTCTACCAAA CC--ATGTT

Comparaison D-Loop – mitogénomes (sites variables)

Zone problématique
d'homopolymères

Nettoyage et filtrage 
des séquences

Alignement sur une référence 
et détection des variants  

Analyse QC des séquences MinionQC / FastQC + MultiQC

Porechop (barcodes, adaptateurs) 
filtLong (best, longueur>1000, Q>10, 500x max)

Séquence consensus (fasta)

BaseCalling
guppy_basecaller
(ONT Guppy v4.2.2 sur GPU au CCIN2P3)  

Demultiplexage guppy_barcoder (ONT Guppy v4.2.2)  

medaka_consensus (v1.3.0) 

Ref = mt_KC663619_Braunersgrun

Alignement
des lectures sur le consensus minimap2 v2.17, samtools sort v1.12

Alignement sur 
le consensus (bam)

Vérification visuelle de la 
cohérence du consensus IGV v2.7.2
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                                1

Balan4_/transl_table=2          VTDVMSILVM AAVIYMTITD I
Balan5_/transl_table=2          VTDVMSILVM AAVIYMTITD I
Balan6_/transl_table=2          VTDVMSILVM AAVIYMTITD I

Balan9_/transl_table=2          VTDVMSILVM AAVIYMTITD I
Balan10_F2_/transl_table=2      VTD------- ---IYMTITD I
Balan21_/transl_table=2         VMDVTPILVM TTITYLTVTD I

Balan22_F1_/transl_table=2      --DVTPILVM TTITYL---- -
F_315_/transl_table=2           VMDVTPILVM TTITYLTVTD I
F_316_/transl_table=2           VMDVTPILVM TTITYLTVTD I

F_317_F1_/transl_table=2        --DVTPILVM TTITYL---- -
F_318_/transl_table=2           VMDVTPILVM TTITYLTVTD I
F_320_/transl_table=2           VMDVTPILVM TTITYLTVTD I

F_321_/transl_table=2           VMDVTPILVM TTITYLTVTD I
F_322_/transl_table=2           VMDVTPILVM TTITYLTVTD I
F_325_/transl_table=2           VMDVTPILVM TTITYLTVTD I

F_329_/transl_table=2           VMDVTPILVM TTITYLTVTD I
sw_340_/transl_table=2          ITGIMSVMIV TAIIHLIVIG V
sw_343_/transl_table=2          ITGIMSVMIV TAIIHLIVIG V

ND1_KC663619_/transl_table=2    VT-------- ---------- -
ND2_KC663619_/transl_table=2    --DVMS---- ---------- -
COX1_KC663619_/transl_table=2   ---------- ---------- -

COX2_KC663619_/transl_table=2   ---------- ---------- -
ATP8_KC663619_/transl_table=2   ------IL-- ---------- -
ATP6_KC663619_/transl_table=2   ---------- ---------- -

COX3_KC663619_/transl_table=2   --------V- ---------- -
ND3_KC663619_/transl_table=2    ---------- ---------- -
ND4L_KC663619_/transl_table=2   ---------M ---------- -

ND4_KC663619_/transl_table=2    ---------- TAII------ -
ND5_KC663619_/transl_table=2    ---------- ----YLT--- -
Cytb_KC663619_/transl_table=2   ---------- -------V-- -

C_ND6_KC663619_/transl_table=2  ---------- --------TD I
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and mandible size for Balan W, and age, weight and mandible size 

for Balan L (Table 2). Shape (PC1) was related to life stage for the 

UMR and the UM1, but this could only be shown using age and to a 

lesser degree, weight. UM1tr shape was not related to any proxy of 

life stage (Table 2).

Models including weight, group, and interaction as factors were 

further considered (Table 3). For both the UMR and UM1, the three 

effects were significant, showing that shape varied in both groups 

according to life stage, but with different slopes (Figure 5). Shape 

changes occurring with increasing weight were indeed much more 

pronounced in Balan W than in Balan L. No significant variation oc-

curred when considering the shape of truncated UM1, confirming 

that wear effect was efficiently discarded. Swiss mice, which were 

not included in the previous linear models, display UMR and UM1 

shape scores in the range of those observed in Balan L. This was 

further tested by models assessing the variations along PC1 in Balan 

L and Swiss mice as a function of age and population (Table 3). The 

effect of age was significant but not the population effect nor the 

interaction term, showing that in lab conditions, both genetic lines 

shared similar trajectories.

When considering Balan W and Balan L, the four topographic 

parameters appeared to vary throughout the lifespan. Most signif-

icant results were obtained for the UM1 alone. The variation in the 

alignment of the three molars may have rendered the orientation of 

the occlusal surface too variable for estimating comparable topo-

graphic parameters. Relief (RFI) was the most impacted by changes 

along life, with significant variations for the UMR and the UM1 

(Table 3). Related to abrasion, this signal was most pronounced in 

wild- trapped mice (Figure 6). Molar slope tended to decrease along 

life, as expected with an abrasion of cusp tips. This effect was much 

more pronounced in wild- trapped mice UM1. Decrease in sharpness 

(DNE) was less obvious, although marginally significant for the UM1 

of wild- trapped mice. By contrast, complexity (OPCR) tended to in-

crease along life, and this effect was similar in wild- trapped and lab- 

born animals.

4.4 | Differences between wild and laboratory 
strains, and their hybridization

Differences between wild- trapped and lab- bred Balan mice mostly 

involve the top of the cusps, and the torsion of the molar row oc-

curring in old animals. These differences seem to increase along 

life as a response to functioning. By contrast, differences between 

Balan and Swiss mice involves the position and size of several cusps, 

with the most prominent changes apparent on the UM1 (Figure 7) 

whereas the trajectory of geometric change along life is similar in 

the two genetic lines (Table 3). Compared with Balan mice, Swiss 

mice are characterized by a reduced anterior lingual cusp (t2), an 

expanded posterior labial cusp (t9) and a central cusp (t5) extended 

labially. These geometric differences are significant considering 

the UMR, UM1, and truncated UM1 (Table 4). They have conse-

quences on topographic parameters. The UM1 differed in sharp-

ness, relief, complexity, and slope between the two groups, being 

higher in Swiss mice compared with Balan L (Table 4; Figure 4). 

The strongest effect is observed for complexity, which also differs 

F I G U R E  3  Shape differentiation of the molars. (a, b) Upper molar row. (c) First upper molar. (d) Truncated template of the first upper molar.  
(a, c, d) Second versus first axis of a principal component analysis (PCA) on the aligned coordinates. (b) Third versus first axis of the PCA depicted in 
A. Shapes corresponding to extreme scores along the axes are represented along each axis
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