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Summary. Segments of the Japanese quail mito-
chondrial genome encompassing many tRNA and
protein genes, the small and part of the large rRNA
genes, and the control region have been cloned and
sequenced. Analysis of the relative position of these
genes confirmed that the tRNAS™ and NDé6 genes
in galliform mitochondrial DNA are located im-
mediately adjacent to the control region of the mol-
ecule instead of between the cytochrome b and ND35
genes as in other vertebrates. Japanese quail and
chicken display another distinctive characteristic,
that is, they both lack an equivalent to the light-
strand replication origin found between the tRNACs
and tRINA*" genes in all vertebrate mitochondrial
genomes sequenced thus far. Comparison of the pro-
tein-encoding genes revealed that a great proportion
of the substitutions are silent and involve mainly
transitions. This bias toward transitions also occurs
in the tRNA and rRINA genes but is not observed
in the control region where transversions account
for many of the substitutions. Sequence alignment
indicated that the two avian control regions evolve
mainly through base substitutions but are also char-
acterized by the occurrence of a 57-bp deletion/ad-
dition event at their 5’ end. The overall sequence
divergence between the two gallinaceous birds sug-
gests that avian mitochondrial genomes evolve at a
similar rate to other vertebrate mitochondrial DNAs.
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Introduction

Studies of the mitochondrial genome in closely re-
lated vertebrate species allow the inference of phy-
logenetic relationships, and also can reveal some
important features of mitochondrial (mt) DNA evo-
lution that are not observed when more distant spe-
cies are compared. Vertebrate mtDNA has a high
mutation rate (Brown et al. 1979) and, over evo-
lutionary time, becomes rapidly saturated by mul-
tiple substitutions at the same nucleotide site (Brown
et al. 1982).

In the course of studying relationships among
avian mitochondrial genomes, we have cloned and
sequenced the chicken (Gallus gallus domesticus)
mitochondrial genome (Desjardins et al. 1989; Des-
jardins and Morais 1990). Sequence analysis re-
vealed that chicken mtDNA displays two charac-
teristics not seen in other vertebrate mtDNAs
sequenced thus far, that is, a novel gene order and
the absence of an equivalent to the light (L)-strand
replication origin. To determine if the peculiar fea-
tures observed in chicken mtDNA represent a more
general characteristic of the avian mitochondrial ge-
nome, we have undertaken the sequence determi-
nation and analysis of selected portions of the
mtDNA molecule in closely related birds of the or-
der Galliformes. A previous study on mtDNA evo-
lution in gallinaceous birds (Glaus et al. 1980) using
restriction polymorphism data and the mathemat-
ical model of Nei and Li (1979) revealed 9-15%
sequence difference between chicken, turkey, pheas-
ant, Guinea fowl, and Japanese quail mtDNAs. The
present study reports the nucleotide sequence of seg-
ments of the Japanese quail (Coturnix japonica) mi-
tochondrial genome comprising many tRNA and
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Fig. 1. a A linear representation of the chicken mtDNA mol-
ecule showing the localization of the genes for cytochrome oxi-
dase subunits I, II, and III (COI, COII, and COIII), ATPase
subunits 6 and 8 (ATPase 6 and 8), apocytochrome b (Cyt-b),
NADH dehydrogenase subunits 1-6 (ND1, 2, 3, 4, 4L, 5, 6), the
small (12S) and large (16S) ribosomal RNA subunits, 22 tRNAs
(narrow boxes), and the control region (D-loop). Alignment is
with the physical map of Japanese quail mtDNA and relative

protein genes, the small and part of the large rRNA
genes, as well as the complete control region.

Materials and Methods

Extraction and Cloning of mtDNA. Mitochondrial DNA was
extracted from Japanese quail liver as described by Morais et al.
(1988). Three mtDNA fragments totaling nearly 5.0 kb were
generated by endonuclease digestion and cloned into M13 mp18/
mp19 phages. These clones designated pMtQ 6, 21, and 22 (Fig.
l1a) were further subcloned after exonuclease digestion of the 3’
end with phage T4 DNA polymerase (IBI) according to the pro-
cedure of Dale et al. (1985).

DNA Sequencing. Sequencing reactions were performed by
the dideoxynucleotide chain termination method (Sanger et al.
1977) using 3S-dATP (1000 Ci/mmole; Amersham), the mod-
ified phage T7 DNA polymerase (Sequenase, USB) and the uni-
versal M 13 forward primer. The sequencing strategy is depicted
in Fig. lc. Clones pMtQ 6 and 22, which encode the complete
small rRNA subunit and the D-loop region, were sequenced in
both orientations. Clone pMtQ 21 consists mainly of opén read-
ing frames and was sequenced at least twice using numerous
overlapping subclones having the same orientation. The nucle-
otide sequence at the junction between pMtQ 6 and 22 was
confirmed by priming a 2.0-kb BamHI fragment (pMtQ 20 in
Fig. la) with a synthetic oligonucleotide. Computer programs
used for sequence data treatment have been described (Desjardins
and Morais 1990).

position of clones pMtQ 6, 20, 21, and 22. B and H are restriction
sites for BamHI and HindlIIl, respectively. b Japanese quail
mtDNA sequenced regions and their gene content. The tRNA
genes are indicated by the one-letter amino acid code. ¢ Sequenc-
ing strategy. Arrows indicate the start, length, and direction of
sequencing for the individual phage M13 subclones. Clone pMtQ
20 was used to sequence the nucleotides at the junction between
pMtQ 6 and 22 using a synthetic oligonucleotide.

Results and Discussion

Sequence and Genomic Organization

Desjardins and Morais (1990) reported that chicken
mtDNA has a novel gene order among vertebrates
(Desjardins and Morais 1990), the contiguous
tRNAC™ and ND6 genes being located immediately
upstream from the control region (Fig. 1a), instead
of the contiguous tRNAF®, tRNAT" and cyto-
chrome b genes as in other vertebrate mitochondrial
genomes (Anderson et al. 1981, 1982; Bibb et al.
1981; Roe et al. 1985; Gadaleta et al. 1989). Cross-
hybridization of Japanese quail, turkey, pheasant,
and Guinea fowl mtDNAs with selected portions of
the chicken mitochondrial genome as probes has
further suggested that this unusual gene order is a
feature common to all gallinaceous birds (Desjar-
dins and Morais 1990). This is confirmed here in
Japanese quail by sequence analysis of clone pMtQ
6 (Fig. 2a), which encodes the N-terminal portion
of the ND6 polypeptide, the tRNAS™ gene, and the
5" end of the control region (Fig. 1b). The gene order
in clones pMtQ 21 and 22 is identical to that found
in homologous regions in chicken and other verte-
brate mtDNAs. The three cloned mtDNA fragments
show, respectively, 81.2%, 85.9%, and 83.0% over-



all sequence conservation with their chicken coun-
terparts. Clone pMtQ 21 contains eight tRNA genes
and three large open reading frames encoding the
N-terminus of cytochrome oxidase subunit 1, the
C-terminus of subunit 1 and the complete subunit
2 of the NADH dehydrogenase complex. Clone
pM1tQ 22 encodes most of the control region, the
complete 12S rRNA, the 5’ end of 16S rRNA, and
three tRNAs. As in other vertebrate mtDNAs, all
the structural genes, except ND6, are H-strand en-
coded and punctuated by one or more tRNA genes
(Fig. 1b).

Further analysis of the sequences (Fig. 2a and b)
revealed that most of the Japanese quail mitochon-
dral genes are separated by short noncoding se-
quences of 1-5 nucleotides in length. Although these
intergenic sequences are poorly conserved in pri-
mary sequence, their respective size and position
are quite similar to those occurring between the ho-
mologous chicken genes. Other coding sequences,
such as the ND1 and tRNA"® genes or the ND2 and
tRINAMet genes are butt-joined. There are also three
instances of overlapping genes. The first event is a
l-nucleotide overlap between the tRNAS"® and
tRNAMet genes, which are encoded on opposite
strands. The two other overlapping pairs involve
genes encoded by the same strand: a 1-nucleotide
overlap between the tRNA® and tRNAT" genes
and a 2-nucleotide overlap between the tRNAT™
and the 3’ end of the ND2 genes. In the latter case,
it is highly likely that cleavage of the primary tran-
script occurs immediately after the T residue found
upstream from the 5’ end of the tRNAT™ gene, the
termination codon of the ND2 mRNA being sub-
sequently restored by polyadenylation as previously
demonstrated in human mitochondria (Qjala et al.
1981). The case of tRINA®s and tRNAT" is more
puzzling because it involves two tRNA genes. The
tRNAs could be produced by differential processing
giving rise to only half concentrations of these
tRNAs. Another possibility would involve a post-
transcriptional maturation mechanism, i.c., the ad-
dition of a G residue at the 3’ end of tRNAT" or at
the 5’ end of tRNA®s, depending upon localization

of the RNA cleavage. Addition of a G residue at the .

5’ end of the chicken mitochondrial tRNAMS is but
one example of such a maturation process (L’Abbé
et al. 1990).

Protein Genes and Codon Usage

The base composition of the coding strand for the
ND1, ND2, and COI polypeptides is 32.6% C, 10.7%
G, 26.2% T, and 30.5% A. The overall codon usage
for these protein-encoding genes has a strong bias
against the use of codons ending in G (Table 1),
which account for less than 3% of all triplets. This
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Table 1. Average base composition at silent positions in protein
gene sequences

Average base composition % of total

Cyto-
Gene Guanine Adenine Thymine sine
ND1 (3’ end) 1.4 37.5 23.6 37.5
ND2 1.4 42.8 15.9 39.9
COI (5" end) 3.0 38.2 23.5 353
ND6 (5" end) 44.8 10.6 43.4 1.4

extremely low incidence of guanine at the third po-
sition has also been observed in chicken for similar
genes (Desjardins and Morais 1990) and in a few
distantly related birds for a part of the cytochrome
b gene (Kocher et al. 1989). The same observation
has been made for similar genes in mammals (An-
derson et al. 1981, 1982; Bibb et al. 1981; Gadaleta
et al. 1989) and amphibia (Roe et al. 1985). More
than 75% of all codons end in A or C and about
20% in T. The moderate use of T at the third po-
sition resembles the situation in human and rat (An-
derson et al. 1981; Gadaleta et al. 1989). The codon
usage bias observed in Japanese quail reflects the
base composition of the L-strand, which has a very
low guanine content. Conversely, the ND6 gene,
which is L-strand encoded, uses a greater proportion
of codons ending in G or T (Table 1).

Comparison of the Japanese quail protein genes
with their chicken counterparts reveals that they
encode very similar products (Fig. 3 and Table 2).
Nucleotide substitutions in these coding sequences
are found mainly at the third position of codons and
occur very infrequently at the second position (Ta-
ble 3). Consequently, a high proportion (66—100%)
of base substitutions are silent and do not result in
amino acid replacement (Table 2). This functional
constraint against replacement is especially high for
the 5’ end of the COI gene, which, over short evo-
lutionary time, has accumulated base substitutions
at approximately the same rate as other protein genes
(Table 3), even though it still encodes an identical
amino acid sequence in both avian genomes (Fig.
3).

The average sequence difference in protein genes
(Tables 2 and 3) is 14%, a value slightly superior to
the previous estimate made from restriction map-
ping (Glaus et al. 1980). These results suggest that
the evolutionary rate (0.0152 substitution/bp/10°¢
years) proposed for galliform mtDNAs (Glaus 1980),
on the basis of restriction polymorphisms, might
have been underestimated. The rate appears to be
closer to the value of 2% per million years reported
for mammals (Brown et al. 1979; Brown and Simp-
son 1982).

As shown in Table 4, the transition events found
in protein genes greatly outnumber transversions.
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D A AL S V SsSs Y VvV F VvV VL MG GG L ¥ I
1 GGATCCGCAGCTAAAGAAACAGAATACACAAAAACCACCAACATCCCCCCTAAATAAATC

M F L V L § vV F S vV ¢ L NV L W G C G V
61 ATAAACAACACCAAAGAAACAAAAGAAACCCCTAAATTCACCAACCACCCACACCCTACC

v §$ AL VL GV V G Y Y PS5 P N S AV A
121 ACAGACGCTAACACCAACCCCACCACCCCATAATACGGCGAAGGATTAGACGCTACAGCC
<=---ND§

2221 CAGGTCAAGGTATAGCCTATGGGATGGAAGAAATGGGCTACATTTTCTAAAATAGAACAA

2281 ACGAAAAAGGACATGAAACCTGGTCCTTGGAAGGAGGATTTAGCAGTAAAATGGGATCAC

2341 TTTGCCCACTTTAAGATGGCCCTGAGGCACGTACATACCGCCCGTCACCCTCTTCAAAAG

L T 6 L M F ¢ VvV 6 L F I VvV F Y T M *
181 AAAGTCCCCAACATGAAACAAACTCCTAAAAAAATCACAAAATAAGTCATATATTCCCGC

*k

~=--tRNA-Glu
241 TTGGATAGACCCCAAGGACTACGGCTTGAAAAGCCATTGTTGTTCTCAACTACGGGAACA

-~- Control region
301 ACACTTTTTTTAACCTAACTCCCCTACTTAGTGTACCCCCCCTTTCCCCAGGGGGGGTAT

2401 CTACTAATACCGATAAATAACACCCAACCATTAAGCCAAAGACGAGGTAAGTCGTAACAA

* ke e L RNA-VAL ==t e e e
2461 GGTAAGTGTACCGGAAGTGCACTTAGACCACCAAGGCGTAGCTATAAGCTCCARAGCATT

*%---165 TRNA~—--—-
2521 CAGCTTACACCTGABAAGATGCCCCCAATAAGGGTCGCCTTGATTTGCCCTACCTCTAGCE

361 ACTATGCATAATCGTGCATACATTTATATTCCACATATACTATGGTACCGGTAATATATA

py

2581 CAACCAACAAATCTTCAAAAAATCCAAAATCACCTCACACAGTTTAATTAAAACATTTAA

421 TTATATACGTACTAAACCCATTATATGTATACGGGCATTACATATTGTCCCCATTTCTCC

2641 TCTTATCCTAGTATAGGCGATAGAACCGACCCGAGGCGCAATAGAGACCAACCGTACCGT

481 CCATGTACATTAGTGCATGCTCCAAGACATAAACCATACGTTCACCTAGTAATAGACTTT

541 CCACTAACAGGACACCAZAAQLATGAATQGTTGCAQGACAIA@GCTTAQTAAATACTTAG

29 bp sequence HindIII

601 CTCCCCATTTGGTTATGCTAGACGTACCAGATGGATTTATTGATCGTACACCTCACGAGA

661 GATCACCAACCCCTGTCTGTAATGCTATTCCGTGACTAGCTTCAGGCCCATTCTTTCCCC

-

721 CTACACCCCTCGCCCCTCTTGCTCTTTTGCGCCTCTGGTTCCTCGGTCAGGCACATCCCC

-

781 CGCATAACTCCIGAACTTTCTCACTTTTCACGAAGTCATCTGTGCGTTATCCTGCCCCTT

841 TTCAGTCCGTGATCGCGGCATTTCCTTTCTTCTCTGCTGTTGGTTCTTCTTCTCTTITGGG

901 GCTTCTTCACAGGTTGCCCTTCACAGTGCCGTCGCCAGAGTCCTACTCAAGTGAAGCCTG

961 GACTACTCCTGCGTTGCGTCCTATCCTAGACCTCTAGTGTCCCTCGATGATACGGTTTGC

-

1021 GTGTATTGGGTATCATTTTGACACTGATGCACTTIGGATCGCATTTGGTTATGGCTCTTC

1081 CACCCCCCCCGATAATGGTGCTATATAGTGRAATGCTTGCCGGACATATTTTTACCAATTT
cSB-1

1141 TCACTTCCTCTATTTTTCTAACAAAACTAGGGAGTTTTCCAAATTTTTTTTGTTTGTTTT

1201 GTTTAATTTTTTTTTTGTTTTTTAAAAACATTTTTTAAAAAACTAAATTACATACAAACT

1261 CACCGCACAAATACCCTCAAACCACAAAAACGTTTTACGTTTAGTATATATACATTGTTA

1321 CGTTTATATAATTATTAGAGAAACTCCACTACCGAAACAAACATAAAAACAAACAAAACT

1381 ATTCCGCATAAACTTCCACAAACATATATTATTTATATTGTTAATTACAATCAATTTTTA

----------- ##mmmt RNA~Ph
1441 TTCCCCTAGAAAGCCCACATAGCTTAACACAAAGCATGGCACTGAAGATGCCAAGACGGT

------------ ~=—e-——#%---125 rRNA
1501 ACACAGATTACCTGTGGACAAAAGACTCAGTCCTAACCTTACTATTGGTTTTTGCTAGAC

1561 ATATACATGCAAGTATCCGCATCCCAGTGAGAATGCCCCACAAACCTTTATCTITCCAAAG

1621 CAAAAGGAGCAGGTATCAGGCGCACTTTAATAGTTAGCCCAAAACGCCTTGTTCAAGCCA

1681 CACCCCCACGGGTATTCAGCAGTAATTAACATTAAGCAATAAGTGTAAACTTGACTTAGC

1741 CATAGCAAGACCACAGGGTTGGTAAATCTTGTGCCAGCCACCGCGGTCACACAAGAAGCC

1801 CAAATCAATAGCCATCCGGCGTAAAGAGTGGCCACATGTTATCTTCATTAACTAAGATCA

1861 AAATGGAACCAAGCTGTCATAAGCCCAGGATCCACCTAAGCCCAACATAAAAACCATCTT

1921 AGCCACATGATCAATTTCAATCCACGAAAGCCAGGGCACAAACTGGGATTAGATACCCCA

1981 CTATGCCTAGCCCTAAATCTAGATACCCACATACTTATGTATCCGCCTGAGAACTACGAG

2041 CACAAACGCTTAAAACTCTAAGGACTTGGCGGTGCCCCAAACCCACCTAGAGGAGCCTGT

2101 TCTATAACCGATAATCCACGATCTACCCAACCACCCCTTGCCAACACAGCCTACATACCG

2161 CCGTCGCCAGCCCACTTAATGAAAGAACAACAGTGAGCTCAATAGCCGCCACTAATAAGA

2701 AAGGGAAAGATGAAATAACAATGAAAAACACAAGCAAAAAGCAGTAAAGACAAACCCTTG

2761 TACCTCTTGCATCATGATTTAGCAAGAACAACCAAGCAAAGCGGACTAAAGCTT

Fig. 2. Nucleotide sequence of clone pMtQ 6 and 22 (A) and
21 (B). Sequences shown are those of the L-strand and are
numbered commencing from the first nucleotide at the 5’ end
of pMtQ 6 and 21, respectively. ND6 and six tRNAs (Glu,
Gln, Ala, Asn, Cys, Tyr) are L-strand encoded. Other protein
and tRNA genes are H-strand encoded. The control region,
tRNA, and rRNA genes are indicated by broken lines above
the nucleotide sequence and are delimited by asterisks to indi-
cate the putative 3'- and 3'-encoded nucleotide. Anticodons
are underlined. Translation of the four mitochondrial proteins
is indicated above the sequence using the one-letter amino acid
code with polarity given by the arrows. Stop codons are desig-
nated by asterisks. The 29-bp sequence and the HindIII re-
striction site between pMtQ 6 and 22 are indicated and the
nucleotide recognition sequences underlined. Also shown in
the control region is the position for CSB-1. The overlap be-
tween the tRNAT™ and the 3' end of the ND2 gene involves
nucleotides 1474 and 1475. Continued on next page.



-

6

ot

121

i8

-

24

-

301

36

-

421
481
541
601
661
721
781
841
901
961

1021

b

ND1 ~-->
s fF L s PP S E L F S8 I TULATIKV L L
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L s s § F L W I R A S Y P R F R Y D
TCTCTCATCTTCATTCTTATGAATCCGAGCTTCATACCCACGATTCCGCTATGATCAACT

M H L L W KN F L P L T L AMCTLWHT
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s M P I S Y A G L P P A * *—~—tRNA-Ile-~- ———
CAGCATACCTATCAGCTATGCCGGCCTTCCCCCAGCTTAAGGAAGCGTGCCTGAACAAAA

* [ p——
GGGCCACTATGATAAAGTGGACATAGAGGTAAAACAACCCTCTCGCCTCCTAAACCTTAG

-~tRNA~Gln:
AAAAGTAGGAATTGAACCTACACGAAAGAGATCAAAACTCTTCATACTTCCCTTATATTA

------ #*-~-~tRNA-Met

TTTTCTAGTAAGGTCAGCTAATCAAGCTATCGGGCCCATACCCCGAAAATGATGGTTTAA
ND2--->

-------------- *M N P H A KL I S I M S L A L

ATCCTTCCCTCACTAATGAATCCCCATGCAAAACTAATCTCTATCATAAGCCTAGCCCTA

G T s I T I S §$ N HW I L AW TG L E I
GGGACCAGTATCACAATCTCTAGCAACCATTGAATCTTAGCCTGAACAGGTCTAGAAATC

N T L A I I P L I S K S HH P R A TIE A
AATACCCTAGCCATCATCCCACTAATCTCAAAATCACACCACCCTCGAGCAATCGAAGCA

A I X Y F L T Q § T A S AL I L F S s M
GCAATCAAATACTTCCTAACCCAATCAACCGCATCCGCCCTAATCCTCTTCTCAAGCATA

N N AW S T G Q@ W DI T OQULNUHUPT S C
AACAACGCCTGATCTACTGGTCAATGAGACATTACACAACTTAACCACCCCACATCCTGC

L I L T M A I A I K L G L VvV P F HVF W F
CTAATCCTAACAATAGCCATTGCAATCAAACTAGGTCTAGTTCCATTCCACTTCTGATTC

P EV L Q G S S L I T AL L L S T L MK
CCTGAAGTTCTTCAAGGCTCCTCCCTAATCACAGCCCTTCTACTCTCTACCCTAATAAAA

L P P M TLUL L ¥ T S Q S L NP A TLILT
CTCCCCCCAATAACCCTTCTCCTCATAACATCCCAATCCCTTAACCCTGCCCTCCTCACT

L LAV 8 8 ALV G G WMGULNOQTOQT
CTACTAGCAGTTTCCTCCGCATTAGTTGGAGGCTGAATAGGCCTAAACCAAACACAAACA

R K I L A F s$ s I 8§ HL G WM I V I I I
CGAAAAATCCTAGCCTTCTCATCCATCTCCCACCTAGGATGAATAATCGTGATTATTATT

Yy NP K L T I L TP I I ¥ S L M T S TV
TACAACCCAAAACTCACCATCCTAACCTTCATCATCTACTCATTAATAACATCCACTGTA

Fig. 2. Continued
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F L 8 L §$ ¢ I KV L KL 8§ T ML I § W T
1081 TTCCTATCTCTCTCGCAAATCAAAGTCCTAAAACTATCCACAATACTCATCTCCTGAACA

K T P M L N S T I M VvV T L L 8§ L A G L P
1141 AAAACCCCAATACTAAATTCAACCATTATAGTTACCCTCCTCTCCCTAGCAGGCCTCCCA

L T G F M P KWIUL I I Q E L T X Q E M
1201 CCACTAACCGGTTTCATGCCAAAATGACTCATTATCCAAGAACTTACTAAACAAGAAATA

T P V. A T T I A ML S L L 6L F F Y L R
1261 ACCCCAGTAGCTACAACCATTGCAATATTATCATTACTTGGCCTATTCTTCTATCTCCGE

L A Y HS T I TUL P P N S5 S N H M KL W
1321 CTTGCATACCATTCAACAATCACACTTCCACCTAACTCATCTAACCATATAAAACTCTGA

‘R I N T T P N T P T A I L T V L S8 I § L
1381 CGCATCAACACAACACCAAACACCCCCACCGCTATCCTAACCGTCCTATCAATCTCTTTA

L P LS P L I T T L V #%———tRNA-Trp-————=m---—==v
1441 CTCCCCCTCTCTCCCCTAATCACTACTTTAGTTTAGAAACTTAGGATTAATTGCACTTAA

[

*
1501 ACCAAAGGCCTTCAAAGCCTTAAATAAGAGTTGAACCCTCTTAGTTTCTGCTAATTAAGA

~-—tRNA-Ala
1561 TCTACAGGGCACTAACCTGTATCTTCTGAATGCAAACCAGACACTTTAATTAAGCTAAGA

--—% *-~—tRNA-Asn
1621 CCTCCCCTAGACAGATGGGCTTCGATCCCATATCATTCTAGTTAACAGCTAGACGCCATA

------------------ A*wmetRNA-CYS
1681 ACCCATTAGCTTCTGTCTAAGACCCCGGCATGCTTTAACATACATCAATGAGCTTGCAAC

#--—tRNA-Tyr

1741 TCACCATGAACTTCACCACAGGGCCGATAAGAAGAGGAATTGAACCTCTGTAAAAAGGAC
COI-=~>

* V T F I N R W L

1801 TACAGCCTAACGCCTTGACACTCGGCCATCTTACCTGTGACCTTCATCAACCGATGACTA

F s T N H K DI GGT DL Y L I F GTWAG
1861 TTTTCAACTAACCACAAAGACATTGGCACTCTTTATCTTATTTTTGGTACATGAGCAGGC

M A GG T A L S L L I R AETULGQP G TL
1921 ATAGCCGGTACAGCACTTAGCTTGTTAATCCGCGCAGAACTAGGACAACCAGGCACCCTC

L GG DDQ I YNV I V TAUHA ATF VM F
1981 CTAGGAGATGACCAAATTTACAATGTAATTGTCACAGCACATGCCTTCGTCATAATCTTC

F M vV M P I M I GG F 66 N W L V P L M I
2041 TTTATAGTCATACCAATTATAATTGGAGGCTTCGGAAATTGACTCGTCCCACTTATAATC

G A P DM ATF PRMNDNDNMS
2101 GGAGCCCCAGACATAGCATTCCCACGTATGAATAACATAAGCTT

Table 2. Comparison of Japanese quail mitochondrial genes with their chicken counterparts

Nucleotide conservation

tRNA rRNA

gene % Protein gene % gene % Control region %
Val 87.8 ND1 (3’ end) 83.6 128 89.1 From tRNASH

Phe 89.1 ND2 84.5 16S 79.6 To tRNAPhe 80.0
Glu 98.5 COI (5' end) 88.3

Ile 90.3 ND6 (5’ end) 88.7

Gin 90.1

Met 91.3

Trp 89.5

Ala 88.4

Asn 86.3

Cys 81.8

Tyr 94.4

The percent amino acid conservation for the protein genes ND1, ND2, COI, and ND6 is 88.9, 88.7, 100.0, and 89.5, respectively

This bias is observed at both the silent and replace-
ment sites and is caused mainly by numerous C <
T changes occurring in the L-strand (Table 5).

The possible utilization of a GTG codon as trans-
lational initiator of the COI gene has been suggested
in chicken (Desjardins and Morais 1990) and has
also been suggested to initiate the ND1 gene in rat
(Gadaleta et al. 1989), the NDS35 gene in Drosophila
vacuba (Clary and Wolstenholme 1985), and a few

prokaryotic genes (Stormo et al. 1982). This unusual
start codon is also found at the 5’ end of the Japanese
quail COI gene (Fig. 2b).

Control Region

The region of vertebrate mtDNA éncompassing the
heavy (H)-strand replication origin is a noncoding
sequence of variable length bordered by the genes
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Table 3. Sequence differences in four galliform genes

Number of differences

Size Position Position Position
Gene (codons) 1 2 3
ND1 72 8 5 23
ND2 346 39 14 108
COl 102 4 0 30
ND6 76 8 3 15
Supergene 596 59 22 176

1ND1 (C-terminal)

Q:SFLSPPSELFSITLATKVLLLSSSFLWIRASYPRFRYDQLMHLLWKNFLPLTLAMCLWHT
R ANLAPA R R DAAK AR AT H AR AR AR R AR Rk KRR IR Rk kR R A ARk *

C:
Q:SMPISYAGLPPA
Crdwkhrmhkink]

ND2

:MNPHAKLISIMSLALGTSITISSNHWILAWTGLEINTLAIIPLISKSHEHPRAIEAAIKYF
4ttt de ok ek (T Ak T M e ok e ok ok e etk ok ok ok ok ek ok oo ek de e e ke e e ok e e ke Rk kTR K e

: LTQSTASALILFSSMNNAWSTGQWDITQLNHPTSCLILTMATAIKLGLVPFHFWFPEVLQ
Tkk kA kA AR AR AR TR IR RN IR R R kI kTR I RMA N ARk ke ke dede ek kK

ne 00 a0

:GSSLITALLLSTLMKLPPMTLLLMTSQS LNPALLTLLAVSSALVGGWMGLNQTQTRKILA
DRk kR kAR AT A AR T kRN AT T RNk k ke kTR TH ke k ke kR kh*

t FSSISHLGWMIVIIIYNPKLTILTFIIYSIMTSTVFLSLSQIKVLKLSTMLISWTKTPML
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Fig. 3. Comparison of the Japanese quail (Q) mitochondrial-
encoded proteins with those of chicken (C). Amino acids are
depicted using the one-letter code. Asterisks indicate identical
residues. In each case, the Japanese quail sequence is shown in
full. The GTG start codon of the COI gene (Fig. 2) is assumed
to represent methionine.

for tRINAFPe and tRNAF™. Despite its high func-

tional importance, the control region is the most.

rapidly evolving part of vertebrate mtDNA mole-
cules (Bibb et al. 1981; Anderson et al. 1982) even
when closely related species are compared (Upholt
and Dawid 1977). In addition to its high substitu-
tion rate, this region occasionally undergoes large
deletion or addition events (Ferris et al. 1981) as
well as direct tandem duplications (Moritz and
Brown 1986, 1987; Poulton et al. 1989).

In contrast to other vertebrates, the control region
of the Japanese quail and chicken mitochondrial
genomes, and probably that of all gallinaceous birds
(Desjardins and Morais 1990), 1s flanked on its 5'end

Table 4. Substitution events in Japanese quail mitochondrial
DNA

% tran- % trans-

Gene sition version
NDl1

Silent 50.0 13.9

Replacement 33.3 2.8
ND2

Silent 39.8 23.6

Replacement 18.6 18.0
COl

Silent 72.2 27.8

Replacement - —
NDé6

Silent 423 19.2

Replacement 29.6 11.6
Control region 40.0 60.0
128 73.2 26.8
16S 47.9 52.1
tRNAs (11) 78.7 21.3

Table 5. Frequencies of specific base substitutions between
aligned Japanese quail and chicken protein gene sequences

Type of
changes COIl ND1 ND6 ND2
Transition
A-G 5 7 6 23
C-T 21 23 12 71
Total 26 30 18 94
Transversion
A-C 6 3 0 36
A-T 3 3 3 22
G-C 0 0 0 6
G-T 1 0 5 3
Total 10 6 8 67
36 36 26 161

by the tRNAS"™ gene (Fig. 1a and b). The Japanese
quail and chicken control region sequences are high-
ly similar (80%) and apparently evolve at a similar
rate to most coding regions (Table 2). A comparison
of the two avian sequences with more distantly re-
lated mtDNAs from mammals and amphibia re-
veals, in contrast, a poor degree of conservation
(data not shown). These results suggest that the ge-
netic constraints needed to preserve the function of
the control region differ from those acting upon the
coding sequences. The regions of sequence similar-
ity detected in interclass comparisons include one
of the three conserved sequence blocks (CSB-1) de-
scribed in other vertebrates (Walberg and Clayton
1981; Wong et al. 1983) and known to lie in the
vicinity of the H-strand replication origin. As shown
in Fig. 4A, both avian putative CSB-1 are highly
homologous to their human counterpart. However,



no sequence of convincing similarity with CSB-2
and -3 found in other vertebrates has been detected
in either avian control region.

Comparison of the two avian control regions re-
veals a uniform pattern of base substitutions. As
observed in interspecific comparison of the control
region of closely related rat species (Brown and
Simpson 1982), most of the base substitutions (60%)
occurring in Japanese quail and chicken are trans-
versions (Table 4). Furthermore, their distribution
across the control region is similarly uneven, being
mostly concentrated at the 5’ and 3’ ends of the
sequence where the number of substitutions per base
pair is the highest. In contrast, in the conserved
central part of the control region, the percent trans-
version (40%) is similar to that found in protein
genes. These observations raise the possibility that
the 5" and 3’ ends of the control region evolve at a
more rapid rate (DeSalle et al. 1987) than that of
the conserved central part and the protein genes.
Functional constraints or selection at the level of
gene products could contribute to the higher tran-
sition/transversion ratio determined in the latter two
regions.

The avian control region shows a high frequency
of length mutations. The size difference observed in
the control region of chicken (1228 bp) and Japanese
quail (1153 bp) is due to many small (1-3-bp) ad-
dition/deletion events and to a large 57-bp deletion
that occurs at the 5’ end of the Japanese quail control
region (Fig. 4B). The deleted segment, which maps
near the HindIII cloning site at the junction of pMtQ
6 and 22 (Figs. 1b and 2a), includes one of the two
29-bp repeats detected in the chicken sequence
(Desjardins and Morais 1990) and most of the nu-
cleotides that separate these repeats. The possibility
that an additional HindIII fragment occurring in
this region may have been lost during the cloning
procedure was excluded by sequencing a cloned
BamHI fragment (pMtQ 20 in Fig. la) containing
the complete control region.

Short repeated sequences are known to occur in
the control region of many vertebrates. These se-
quences (TAS) are involved in termination of D-loop
strand synthesis (Doda et al. 1981) and occasionally
share homology with CSB-1 (Walberg and Clayton
1981). Interestingly, the 29-bp monomer is well con-
served in both avian sequences and differs at only
a few positions from the putative CSB-1 (Fig. 4B),
suggesting that these sequences are involved in ar-
rest of DNA tempilate synthesis.

Transfer RNA Genes

Eleven potential tRNA genes have been detected.
Sequence comparison indicated that these genes are
highly homologous to their chicken counterparts (Fig.
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A) €SB-1
Q: TATATAGTGAATGCTTGCCGGACATAT
C: LR P R P PR PSS TR
H: AAATHRRA AT Ak kA kAR ATRA ARk kR ARY
B} Homelogous sequences

Hom e — 29bp repeat -~-——-—~- *
: CACC-TAACTA-TGAATGGTTACAGGACATAAATCTCACTCTCATGTTCTCCCC
TR EKKA R R I I IR KRR AGAI R AR I KKK A GAN P A A e mmmim e m e

CSB- KR TRR KGR AR ARk K RIGHRCH Fek XA *T

Hommmm 29bp repeat ------- *

C: CCAACAAGTCACCTAACTATGAATGGTTACAGGACATACATTTAA
*hk

Lol

Q) L-strand replication origins

ERNAA" ERNASY*
-_———* *—.—
X CATTCTACTTCTCCCGTTTATTAAGCCAAAAAAACCGGGAGAAGCCC
H CAATCTACTTCTCCCGCCECC---GGGARAAAAGGCGGGAGAAGCCT
c: CTGCCTAC AGACCCC
Q CTGTCTA AGACCCC

Fig. 4. A Comparison of the putative Japanese quail CSB-1
sequence (nucieotides 1102-1128) with those from chicken (Des-
jardins and Morais 1990; nucieotides 867-893) and human (An-
derson etal. 1981; nucleotides 209-235). B Sequence comparison
of the chicken 29-bp repeat to an equivalent sequence in Japanese
quail starting at position 553 and to Japanese quail CSB-1. C
Mitochondrial DNA sequence in the region encompassing the
L-strand replication origin. Sequences shown are those of the
L-strand. Transfer RNA regions flanking the replication origin
sequence are overlined and delimited by asterisks. Gaps intro-
duced to optimize alignment are indicated by dashes. Asterisks
indicate identical residues. Species compared: Q, Japanese quail;
C, chicken; X, Xenopus laevis; H, human.

5) with similarity ranging from 82% for tRNA®* up
to 98% for tRNAS™ (Table 2). Evolution of the avian
mitochondrial tRNA genes involves mainly substi-
tutions, although small insertion/deletion events of
1-3 nucleotides in length also occur in the DHU
and TyYC loops of the tRNAs specifying isoleucine,
valine, and phenylalanine. The DHU and Ty C loops
are in fact the most rapidly evolving part of these
avian tRNAs. The best conserved region besides the
anticodon loop is the DHU stem. Substitutions in
this region are observed only in a few tRNAs (Tyr,
Ala, and Asn). The overall substitution pattern of
the avian tRNA genes reveals a striking bias toward
transitions (Table 4). Transversions, which are ob-
served in only 5 of the 11 tRNA genes (Met, Ile,
Phe, Trp, and Asn), occur infrequently and are
mainly confined to the DHU and TyC loops.

Ribosomal RNA

Comparative analysis of the primary sequence of
the mitochondrial 128 rRNA reveals a pattern of
evolution similar to the protein and tRNA genes
with both avian genomes encoding a similar product
(Table 2). The two genes evolved mainly by sub-
stitutions but small insertion/deletion events vary-
ing from 1 to 6 bp in length also occur. The sub-
stitutions are uniformly distributed throughout the
genes and involve mainly transition type mutations
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AA D D D AC AC AcC
stem stem loop stem stem loop stem
Met: AGTAAGG TC AGCT AATCA AGCT A TCGGG CCCATAC CCCGA
kkkkdkdkhk Rk Kdkk **kCT* dkdekk * kkkkk kkkkhkkk kkkhx
Glu: GTTCCCG TA GTTG AGAA CAAC A ATGGC TTTTCAA GCCGT
khkdkkdkh Kk Hhkkk wkkk dkhkkk k kkkek kkkhkkk krkArA
Ile: GGAAGCG TG CCTG AAC-AA AAGG G CCACT ATGATAA AGTGG
kkkkkkk hk hhkkk RkkAkx dkkk A Thhkk Fkkkkkk hkkdp
Gln: TAGAAAA TA ATAT AAGGGAA GTAT G AAGAG TTTTGAT CTCTT
khkkhhddk kk kkkk XGARRGH dkkk h kkkkhk hkhkkkr khkkdk
Tyr: GGTAAGA TG GCCG AGTGTCA AGGC G TTAGG CTGTAGT CCTTT
hhkkkkrr kk dkTw d g ek kT RAKK * Rhkhkh hkkhkkkhk Kkkdk
Val: CAAGGCG TA GCTA TAAGCTCCA AAGC A TTCAG CTTACAC CTGAA
Ak kkhk *k hhkkk hkkakdeThx Khkhkk k kkkkk Rhkkkhkk Rkikkw
Phe: GCCCACA TA GCTT AAC~--ACA AAGC A TGGCA CTGAAGA TGCCA
kREXRChkR *k *hkkk ***Cc*#* khkhR k Kkhkk kkkAkkk Fhkkw
Trp: AGAAACT TA GGAT TAATTGCACTTA AACC A AAGGC CTTCAAA GCCTT
dkkkkdh kk kkkhk kkRCARTCACCH *xkk * kkwkhk kkkkkhh *hkkh
Ala: GAGGTCT TA GCTT AATTA AAGT G TCTGG TTTGCAT TCAGA
RARAChE hh Rk k Rkkhk RERC * hkhk] khkkkhhkk hrkix(G
Asn: TAGACAG AA GCTA ATGGGTTA TGGC G TCTAG CTGTTAA CTAGA
*hkGhhk kk *kkChk *xT*xxGT dkdkkd B AThdkdh dkkkRkkkr kkrkAR
Cys: GGCCCTG TG GTGA AGT TCAT G GTGAG TTGCAAG CTCAT
KART kR RA hkkh khw hkkk B Bhkkkhk RkkRAKD RAKGR
Fig. 5.

A T T T AA

loop stem loop stem stem

AAAT GATGG TTTAAAT CCTTC CCTCACTA
dedhkk kRkhkk kkkk*xCC kxkkk RIRCThhrn
AGTC CTTGG GGTCTAT CCAAG CGGGAATA
dkkk kkAkkk RkkhR*] kel dedededek ok ok ok
ACAT AGAGG TAAAACAAC CCTCT CGCCTCCT
kkkk kkkkk kkThihhkkde *kkkd *ARTHARK
TCGT GTAGG TTCAATT CCTAC TTTTCTAA
CTh% kkhkk xkAGrir kkkkr RhkRKRRRG
TTAC AGAGG TTCAATT  CCTCT TCTTATCG
hkkk RAkkkk khkkdkrk ddkkhd Jewdkrdek ek
AGAT GCCCC CAATA-~- AGGGT CGCCTTGA
RkAk ARKR] RXKCHGAC FA*K* wkkkkwrd
AGAC GGTAC ACAGA TTACC TGTGGACA
ARRT kkkek CT*#CT Akkhk *hkkrGhk
AAAT AAGAG TTGAACC CTCTT AGTTTCTG
hdkd krRhk kAR kAT khkkr kkkkkkkd
AGAT ACAGG TTAGTGC  CCTGT AGATCTTA
kkhkd Khkkk kkxAk*T kAhhkk TRGirekkk

ATGAT ATGGG ATCGAAG
*ATGH RAxAR Rk Rr

TGAT GTATG TTAAAG

*k

CCCAT CTGTCTAG
ERkRE AR RINKR

CATGC CGGGGTCT

dk RXRCR Chiekek TGh*% *kkhxkhn

Sequence comparison of the Japanese quail tRNAs (sense strand) with those from chicken (Desjardins and Morais 1990).

In each case, the Japanese quail sequence is shown in full. Residues in chicken homologous to those of Japanese quail are indicated

by asterisks and missing nucleotides by dashes.

(Table 4). The putative overall secondary structure
of the avian 128 rRNA (data not shown) is quite
similar to those previously proposed for mamma-
lian (Zwieb et al. 1981) and amphibian mitochon-
dria (Dunon-Bluteau and Brun 1986).

Simultaneous comparison of both the primary
and secondary structures reveals that most of the
changes, base substitutions and length mutations
occurring in 12S rRNA are found in nonpaired seg-
ments of the molecule. Substitutions in stem regions
are infrequent and consist exclusively of transitions.
Analysis of the 5’ end of the two avian mitochon-
drial 16S rRNA genes reveals a higher substitution
rate than in 12S rRNA, which may not be repre-
sentative of the overall sequence.

Light-Strand Replication

The L-strand replication origin of mammalian and
amphibian mtDNA consists of a short noncoding
sequence located between the genes for tRINA*" and
tRINA“¥ (Fig. 4C). This sequence can form a stable
hairpin structure characterized by a GC-rich stem
of variable length ranging from 9 bp in Xenopus
{aevis up to 12 bp in mouse mtDNA and a T-rich
loop of 12-19 nucleotides. The bases of the stem
overlap with the 5’ end of the tRNA®" by a few
nucleotides. The synthesis of the primer RNA has

been shown to begin in the T-rich stretch of the loop
structure and the transition from RNA to DNA syn-
thesis to occur near the base of the hairpin structure
(Wong and Clayton 1985). Further experiments have
shown that the pentanucleotide motif 5'-CGGCC-
3’ found at the 5’ end of the tRNA® is necessary
for efficient replication (Hixson et al. 1986).

An L-strand replication origin equivalent to the
conserved mammalian and amphibian sequences
has not been found at this position in Japanese quail
and chicken mtDNAs (Fig. 4C). However, the pu-
tative recognition sequence 5'-CGGCC-3’ for
RNAse H activity and/or for transition from RINA
to DNA synthesis is present in the amino acid ac-
ceptor stem of tRNA®s and is conserved in both
avian mtDNAs. These observations raise the ques-
tion as to whether L-strand replication in galliform
mtDNASs is initiated in this genomic region through
an equivalent stable stem-loop structure obtained
by an alternate conformation of one of the tRNA
genes present in this region (Fig. 2b).
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