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Abstract

Domestic dogs are increasingly involved, often as protagonists, in the forensic scene. Acknowledging this fact and benefiting
from the accumulated experience on human mitochondrial DNA (mtDNA) analyses, we propose a standard for Canis familiaris
mtDNA sequences as a prerequisite for the launching of the corresponding database.
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1. Introduction

Information obtained from sequencing hypervariable
segments of the control region (D-loop) of mitochondrial
DNA (mtDNA) has been systematically used in the study
of human populations for more than two decades [1].
Standardisation of data reporting has been immediately
recognised to be a key issue, namely in forensic genetics
[2]. Valuable lessons from this accumulated experience can
and may be applied to other species. One of such species is
Canis familiaris, on which mtDNA studies are being under-
taken, not only as population genetics worldwide compar-
isons for unravelling breed evolution and conservation [3],
but also, and increasingly, on the forensic field [4-6] and
even on ancient DNA [7]. Furthermore, apart from its
growing importance in forensics, the species is also of
great economic interest [8,9]. The purpose of this work
is to: (1) standardise the nomenclature for dog mtDNA
sequences; and (2) to launch a database that includes
most of the dog published sequences, according to that
procedure.
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2. A reference sequence

The mtDNA polymorphisms are usually reported in
comparison with a reference sequence, which must be the
same for all the scientific community, in order to make the
analysis of results easy and straightforward. In humans, the
chosen reference was the firstly reported complete mtDNA
sequence [10], denominated, accordingly, as Cambridge
Reference Sequence, or CRS (later corrected by [11]). In
dogs, some studies were performed [4,12] prior to the
publication of a complete dog mtDNA sequence [13]. So,
some authors employed an observed sequence as reference:
Savolainen et al. [4] used one and maintained it as such in
later works (the A2 haplotype of [3]); whereas Vilaetal. [12]
referred to a wolf sequence (denominated W12); Takahasi
et al. [14] used a Shiba 1 sequence; and Kim et al. [15] a
Sapsare A (KS1). Therefore, authors are currently convert-
ing previously published data for comparison to their own
reference sequence. This tedious and error-prone work can
be avoided if from now on, the first complete mtDNA dog
sequence published by Kim et al. [13] (GeneBank accession
number: NC_002008) is used as reference. Using this com-
plete sequence as reference and not, for instance, the partial
one used in the database collected by Savolainen et al. [3],
will prevent future problems of enlargement of the mtDNA
region studied, as for the screening of coding regions and
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even complete sequencing (as it happened in the last years
for humans).

3. The numbering of polymorphisms

At the moment, to check if a sequence was already
published, we need to (1) download from GeneBank each
deposited sequences, and to (2) use sequence alignment
software to compare the pattern of the segment under analysis
with the downloaded ones. We could also search in the tables
reported in published works, but in most cases, the poly-
morphic positions are numbered in relation to the beginning
of the segment analysed in each study [4,12,14,15]. And
some reports [3] even do not indicate the relative positions of
the polymorphic bases described.

The easiest solution (and the one adopted for studies on
humans) would be to have a catalogue of sequences just
denoting the differences relatively to the reference sequence,
numbering unambiguously the corresponding positions, so
that search matches for a specific sequence or position could
then be comfortably performed.

The Kim et al. [13] reference sequence consists in
16727 bp, and the D-loop is located between positions
15458-16727, where a 10 bp imperfect minisatellite is
repeated 30 times, with a polymorphic transition (A/G) in
its ninth base (the repeats are located between 16130 and
16429). However, Savolainen et al. [16] reported large size
variations in this minisatellite that could confound number-
ing of its upstream D-loop region. In humans, the correction
of the complete sequence by Andrews et al. [11] revealed
some missing bases in the reported sequence by Anderson
etal. [10], but in order to avoid errors in conversions between
different numbering systems, the bases are still numbered
according to Anderson, although incorrect. So far, only
Okumura et al. [17] surveyed the dog D-loop region
upstream the minisatellite, and did not report the variation
of the minisatellite region. We suggest the following pro-
cedure for the numbering of the complete dog D-loop: (1)
refer how many times the minisatellite is repeated in the
typical VNTR way, as for instance (GTACAGTNC),,
and then (2) number the following sequence variation as
beginning in base 16430 (regardless of the number of repeat
units).

Concerning the recording of substitutions, for simplicity
reasons, a haplotype can be described as being 15627
15639™ 15814, where numbers without superscript denote
transitions (15627 refers the A to G transition and 15814 the
C to T), and other base changes (as in the case of 15639)
being explicitly indicated. For indels, the numbering of the
reference should be maintained: new positions must be
considered insertions, and referred as 15534.1C if the base
inserted is a C (or X.2C if there is insertion of 2 Cs); and
missing ones coded as deletions (e.g., 15938). In cases
where addition or deletion occurs in a homopolymeric tract
(sequence stretch of the same base), the gaps are placed in

the 3’ end of the tract [2] (e.g., a C insertion into a 15461—
15464 homopolymeric C tract is recorded as 15464.1C
instead of 15461.1C).

In some cases the alignment of a certain gap can be
interpreted in different ways, conducting to potentially
miscoded variation. In this dog mtDNA database there is
such a case with haplotype F1, below compared with the
reference:

F1 AAACCCTCCCCCTATG
Ref AAACCCTTCTCCCCTCCCCTATG

Wilson et al. [18] recommend an alignment approach that
is based on a phylogenetic context using differential weight-
ing of transitions, transversions and indels. Basically, they
proved that most variants could be characterised if the
following three recommendations are followed:

(1) Characterise profiles using the least number of
differences from the reference sequence.

(2) If there is more than one way to maintain the same
number of differences relatively to the reference,
differences should be prioritised in the following
manner:

(a) indels
(b) transitions
(c) transversions

(3) Indels should be placed 3’ with respect to the light
strand. Insertions and deletions should be combined in
situations where the same number of differences to the
reference sequence is maintained.

The alignment proposed in [16] is:

F1 AAACCCT-——————— CCCCCTATG
Ref AAACCCTTCTCCCCTCCCC-TATG

that is: 15523 15524 15525% 15526 15527%' 15528
15529 15530°' 15534.1C, where the combination of the
insertion with the deletions is supported by phylogeny, since
all the remaining F haplotypes have this insertion in compar-
ison with the reference. But according to the first of the above
rules, the following alignment must be considered

F1 AAACCCTC——————— CCCCTATG
Ref AAACCCTTCTCCCCTCCCCTATG

that is: 15523 15524 15525%" 15526' 15527%' 15528
15529%! 15530, being the transition at position 15523 also
supported by phylogeny. There are many examples in
[18,19] that can be helpful in deciding further alignments
in newly discovered confusing gaps.

4. Towards the organisation of a Canis familiaris
mtDNA database

We provide a catalogue of the most significant datasets
published so far reorganised under the standardised
procedures proposed here. We indicate the polymorphism



Table 1

Dot matrix of haplotypes

Reference

Al  D83603(1)
Al (3)
T-17(4)

WC (5)
UK16 (6)

A2 D83610(1)
AB007393(2)
A2 (3)
I-16(4)
UKL17(6)

A3 A3(3)

UK6 (6)

A4 A4 (3)

A5  D83623(1)
A5 (3)
I-14(4)
AT/KS6/KJS5(5)
UK7(6)

A6 D6 (3)

A7 A7(3)

A8 A8 (3)
KS1(5)

A9 A9 (3)
KS2/KJ3(5)

A10 Al0(3)

All D83627(1)
AB007385(2)
Al1(3)
1-26(4)
Apk/WGD2 (5)
UK8 (6)

Al2 D83599(1)
Al2(3)
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Table 1 (Continued)

Reference

Al3 Al13(3)

Al4 Al4(3)

Al5 Al5(3)

Al6 Al6(3)

(4)
UK3(6)

Al7 D83609(1)
D83617 (1)
AB007382(2)
Al7(3)
I-2(4)

UK4 (6)

Al8 D83633(1)
AB007392(2)
Al8(3)
I-39(4)
UK28 (6)

Al9 D83618(1)
AB007396(2)
A19(3)
I-43(4)
KS4/WGS (5)
UK29(6)

A20 D83616(1)
A20(3)
AS(5)

UK27 (6)

A21 A21(3)

A22 1RAB007394(2)
A22(3)

UK9 (6)

A23 1A23(3)

A24 D83606(1)
A24(3)

UK30 (6)

A25 1A25(3)

A26 RA26(3

111111111111111112111121121112111121121112111111111111111111111111111112111111111121111111111111111111111211111211111111111
555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555566666666666666666666
444444444455555555555555555556666666666666666666666666666667777777777888888888888888889999999300000000114445666667
366788999901122222222334455891111222223333333344444555566890112234558001111123344456671334559902333338233347066770
645534013683823456789041437651258015780124568903589012357465062606011071345623812886792182590635234893881906133125
1 1 11
A-TTCAACGCCGATTCTCCCCT-CCATACTTCATCTATCACGATTTTAAAATCGATAACACCACCCTTCTCACCTTCCTCGGGAACCAGCCCTCATAAACTAGACTAAT--TCC

P2P2222222°2°2°7°

01

80166 ($00T) TF#I [PUOUDUIIN] 29UIIOS DISURIOY /'[D 12 D243 ]



A28

A29

A30
A3l
A32
A33

A34
A35
A36
A38
A39
A40
A4l
A42
A43
A44
A45
A46
A47
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A49
A51
A52
A53
A54
A55
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A58
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A6l
A62
A63
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Reference A-TTCAACGCCGATTCTCCCCT-CCATACTTCATCTATCACGATTTTAARATCGATAACACCACCCTTCTCACCTTCCTCGGGAACCAGCCCTCATAAACTAGACTAAT--TCC
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Table

1 (Continued)

n64

A65

A66

A67

A68

A69

A70

aA71

A72
A73

KS3/KS5/KJ4 (05)

A74

A75

NewA
NewA
NewA
NewA
NewA
NewA
NewA
NewA
NewA
NewA
NewA
NewA
NewA
NewA
NewA
NewA
NewA

Reference

D83629(1)
AB007400(2)
D83635(1)

1
1)
AB007389(2)
UK26 (6)
D83631(1)
D83626 (1)
AB007395(2)
I-1(4)
D83612(1)
UK2 (6)
D83621(1)
D83613 (1)
AB007384(2)
A73(03)

AB007386(2)
UK5 (6)

AB007398 (2)
A75(3)
I-7(4)
1-27(4
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Reference
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D83622 (1)
AB007387(2)
D83604 (1)
AB007391(2)
B1(3)
III-10(4)
KC2/WGD4 (5)
UK20 (6)

B2 (3)

B3(3)
III4=III-5(4)
B4 (3)
D83619 (1)
AB007380(2)
B5(3)
D83601 (1)
B6(3)
III-17(4)
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P ittt saes T Seieeean Covevennen T....G.G..... BAiiiieersenannas Cev eTCivivnnnnnas T...T...G...... 2272227227227
(R T Seieaean Covvnennnn T....G.G..... Biiiireneanoanaas CovoTCivivnvnnnas P N € ?22727222272°227
e T e T.Civennn C..T....G.G..... 2 S Coo .TCevivnnnnns T...T...G...... 2222222222227
P it iiaa e T =..G..T.Ciuuinnnns T....G.G..... 2 S Coo.TCiiiinennans T...T...G...... GA.TC...--.T.
..G.G..... Biiierereanonnas CovoTCivvvnvnanas b N € ?2272?272227292?7
..G.G.... 2 S Cev eTCivivnnnnsan ToveTeerenesnns 2222222227227
GG 2 S C.o..TCovvvvninns T...T...G...... GA.TC...--.T.
..G.G..... 2 S Cot.TCuovvvvennn TT.-.T...G...... GA.TC --.T
«eG.G.uut Aiciiieiannannas C.ot.TCuvininnnnan T...T.C.G...... GA.TC...--.T.
..G.G..... A Givevenannas Cot.TCovivinnnas T...T...Gouvuns GAR??222222227
..G.G..... A.iiiietianannas C...TCA.......... O P 2222222222227
GG 2 S C...TC..... T.A T...T...G...... ??222722°72277227
. .G.G.o.LL Aveveineenan T Cot o TChvevnnnennn T...T...G...... 2222222022227
-.G.G... . Avevenenns Teorus Cov oTCevvvnnnns T...T...G.22222°2222°22222°72°2°?
..G.G... L S Cov .TCevivnennns T—..T...G.22222°2222°22222°72°2°2
.G.G... .. A Cov .TCovvinnnvns T.-.T...G.22?222222222°2°22?2°2°2°?
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Table 1 (Continued)

111111111111221111112111112122111111211111211111111212111111121111111211112111111111111111211111112111111111117111111111111
555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555566666666666666666666
444444444455555555555555555556666666666666666666666666666667777777777888888888888888889999999900000000114445666667
366788999901122222222334455891111222223333333344444555566890112234558001111123344456671334559902333338233347066770
645534013683823456789041437651258015780124568903589012357465062606011071345623812886792182590635234893881906133125

1 1 11
Reference A-TTCAACGCCGATTCTCCCCT-CCATACTTCATCTATCACGATTTTAAAATCGATAACACCACCCTTCTCACCTTCCTCGGGAACCAGCCCTCATAAACTAGACTAAT--TCC

C1 D83624 (1) AP Tevennn Teveimennnn. [ Govun L [ T...T..

D83638 (1) P Tevennn Teveimeenn.. Conei i G..... Cur it Cov Tuviiien . T...T..

AB007388(2) i Tevnnnn Teveimeenn. G G..... Ce e CovoTuneieiennnn T...T..

Cl(3) e Toonnn. Teveimen. G G..... Gt Cov Tuweneiann., T...T..

IV-9(4) iR AN Tovinnn Teveimeinnnn [ Govon LN CoviTuwineinnnnn, T...T

UK24 (6) G—viintn Toovnnn Teveimenn Cone i G..... G e CoooTeweneian . T...T
c2 D83636 (1) AP Tevvenn R [ Govunn Ctiie et CoveTuwenennenn, T.-.T..

C2(3) P Tewunnn P [ Govun L N CoveTuwinnnnnnnn, T.-.T..

IV-7(4) Pt Tovennn Toveimenn.. G G..... L Coo Tuviein.. T.-.T.

UK23(6) (€ SN Tevuennn Teveimenn.. [N G..... Gt CoveTuovneann.. T.-.T
Cc3 DB83630(1) Pt Tevennn Teveimennn.n [ [CIN Covvnnnn Tovennnn [ T.-.T..

C3(3) =i Tovunnn Teveimennnn G (SR Covvvnnnn Tovvrnnnn CovoTuvinnnnnnnn, T.-.T..

UK21 (6) G- oot T...... T imeen C e e Go.... Covvnnnt T, C.oo T T.-.T..
Cc4 C4(3) P e Toooon. A [ [N L TC...T. e T.-.T..
C5 AB007403(2) P e Teoenon. T [ A..... Ct ettt ittt ii i Cov Toiiiiiiinnn T.-.T..

C5(3) = e eees Tevoovnn [ L A..... L CoveToninnninnnn T.-.T..
cé C6(3) P Tewennn Toveimennnnn [ Ao.... Cotniieiii i CoveTuovinninnnnn, T.-.T..
c7 C7(3) P Tovennn € G..... Crte e CoveTuvinennnn. T.-.T..
NewC IV-4(4) ..T..
NewC IV-5(4) LT
NewC IV-8(4) .T..
NewC IV-3(4) ..T
NewC UK25(6) LT
NewC UK22 (6) .T
Dl D1(3) LTT..Genn s 2272222222297
D2 D2(3) LTT..Gon e 2222222222277
D3 D3(3) LTT..Gennn 2227222222227
D4 D4 (3) TTe el 2272222222277
D5 D5(3) TT..G..... C27222222222227?
D6 D6 (3) [ P € C?222222222222?
El D83632 (1) P e e, e T S T....A....... Al C.G.T...vn.. T.-.T...G...... G..TC...--...

E1(3) P et € T....A....... A C.G.Tuevivinnnn.. T.-.T...G...... 2222222222727
E2 AB007401(2) P e € T....A....... - C.G.Tevrvnnnn. T...T...G...... G.?2?22?2222722°2°
NewE KJL1(5) PR N i Al N i i A N A N N i i il i i SRR T....A....... A C.G.Teviiiiiiiiiinnen....G. 222?272 22°22229°7
Fl D83611(1) e € Commmmm— il Covvn GC..vvtn Ao, A e CoveTuvinennnn, Tt it eie e GTCG..--C..
F2 D83637 (1) ?=....GA.T....C....... Covenn Covnnn GC..vvn Ao S CoveTuvinennnn, Tt it GTCG..--C..
F3 AB007381(2) AP ¢ Covvnnn Covenn Covunnn GC.ovvis Acieun.s Attt C...Tueu... Tovunnn Tttt 22222222227

All reported haplotypes are grouped and coded (in bold) according to Savolainen et al. [3]. At the end of each clade list, newly classified sequences were added. In the second column the
original classification and the corresponding reference are indicated. The reference sequence is the one reported by Kim et al. [13]. In each sequence position a dot means equal to the reference
sequence; a hyphen means absence; a question mark means that it was not surveyed. Numbers inside brackets refer to the bibliographic list: (1) Okumura et al. [17]; (2) Tsuda et al. [22]; (3)
Savolainen et al. [3]; (4) Takahasi et al. [14]; (5) Kim et al. [15]; (6) Wetton et al. [6]; (7) Van Asch et al., unpublished data.
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positioning of sequences relatively to the Kim’s reference
sequence in two alternative ways: (1) in Table 1 as a dot list
of all the different haplotypes observed; and (2) in supple-
mentary material as a database containing information of the
number of individuals for each haplotype, and, when avail-
able, the breed, place of origin and GeneBank accession
number for the sequence.

The size of the database presented here is of 1146
individuals, most of them with indication of breed (amount-
ing to 143) and place of origin. Most of the sequences
reported survey the D-loop region between positions
15458 and 16039, a segment approximately 582 bp long,
for which 96 were polymorphic (72 transitions, 13 transver-
sions and 14 indels), defining a total of 139 haplotypes.

5. Haplogrouping

We further want to stress another possible source of
trouble in the report of mtDNA results, namely the attribu-
tion of different names/symbols to the same clades/hap-
logroups (groups of related sequences sharing specific
polymorphisms). This situation is already arising in dogs.
Initially, clade names were designed by Roman numerals
(from I to 1V), followed by an Arabic number, denoting
haplotypes inside the clade [4,12], whereas recently a system
using Latin alphabet was employed (from A to F; [3]). The
correspondence for both nomenclatures is: I to A; Il to D; 111
to B; and IV to C. At the moment, only notoriously different
clades were named in dogs, but, in the future, the accumula-
tion of information on position heterogeneity, leading to sub-
classification based on less recurrent positions will originate
a pressing need for a unitary haplogroup classification.
Networks reported in Savolainen et al. [3] already show
sub-hierarquisation especially within clade A, and the further
indication of the positions will turn it possible to easily
classify sub-clades. This information can be used to sub-
classify the sequences reported as in list and tables presented
here, without the need to build networks from those samples.
A possible solution for a functional nomenclature could be
the one adopted by the Y Chromosome Consortium [20]. This
nomenclature is open, that is, uses capital letters, followed by
numbers, which can still be subdivided by lowercase letters
(and additional numbers), in order to allow sub-hierarquisa-
tion inside a clade (e.g., Ala and A1b3).

6. Conclusions and future considerations

We think that the organisation of the database for dog
mtDNA sequences, which is by now considerably extended,
will be of extreme importance in the forensic field, where
sequence matches are already being searched in order to
solve forensic cases [21]. Furthermore, it can also be of
considerable value for all researchers on Canis familiaris as
well as for its breeders.
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