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Summary .  Segments of  the Japanese quail mi to-  
chondrial  genome encompass ing  m a n y  t R N A  and 
protein genes, the small and part  o f  the large r R N A  
genes, and the control region have been cloned and 
sequenced. Analysis o f  the relative posit ion of  these 
genes confirmed that  the t R N A  ~ and ND6 genes 
in galliform mi tochondr ia l  D N A  are located im-  
mediately adjacent  to the control region of  the mol-  
ecule instead of  between the cy tochrome b and ND5 
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 t R N A  cys 
and tRNA Ash genes in all ver tebrate  mi tochondr ia l  
genomes sequenced thus far. Compar i son  of  the pro- 
tein-encoding genes revealed that  a great propor t ion  
of  the substi tutions are silent and involve mainly  
transitions. This  bias toward transit ions also occurs 
in the t R N A  and r R N A  genes but is not  observed 
in the control region where t ransversions account  
for many  o f  the substitutions. Sequence al ignment  
indicated that  the two avian control  regions evolve 
mainly  through base substi tutions but are also char- 
acterized by the occurrence of  a 57-bp delet ion/ad- 
dition event  at their  5' end. The overall  sequence 
divergence between the two gallinaceous birds sug- 
gests that avian  mi tochondr ia l  genomes  evolve at a 
similar rate to other vertebrate mitochondrial  DNAs.  
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Introduction 

Studies of  the mi tochondr ia l  genome in closely re- 
lated ver tebrate  species al low the inference o f  phy- 
logenetic relationships, and  also can reveal  some 
impor tan t  features o fmi tochond r i a l  (mt) D N A  evo- 
lution that  are not observed when more  distant  spe- 
cies are compared .  Ver tebrate  m t D N A  has a high 
muta t ion  rate (Brown et al. 1979) and, over  evo-  
lut ionary t ime, becomes rapidly  saturated by mul-  
tiple substitutions at the same nucteotide site (Brown 
et al. 1982). 

In the course of  s tudying relat ionships among  
avian mi tochondr ia l  genomes,  we have cloned and 
sequenced the chicken (Gallus gallus domesticus) 
mitochondr ia l  genome (Desjardins et al. 1989; Des-  
jardins  and Morais  1990). Sequence analysis re- 
vealed that  chicken m t D N A  displays two charac- 
teristics not  seen in o ther  ver tebra te  m t D N A s  
sequenced thus far, that is, a novel  gene order  and 
the absence of  an equivalent  to the light (L)-strand 
replication origin. To de te rmine  i f  the peculiar fea- 
tures observed in chicken m t D N A  represent a more  
general characteristic o f  the av ian  mi tochondr ia l  ge- 
nome,  we have  under taken the sequence determi-  
nat ion and analysis of  selected port ions o f  the 
m t D N A  molecule in closely related birds of  the or- 
der Gall i formes.  A previous  s tudy on m t D N A  evo- 
lution in gallinaceous birds (Glaus  et al. 1980) using 
restriction po lymorph i sm data  and the m a t h e m a t -  
ical model  o f  Nei  and Li (1979) revealed 9 -15% 
sequence difference between chicken, turkey, pheas-  
ant, Guinea  fowl, and Japanese  quail m t D N A s .  The  
present  study reports the nucleot ide  sequence o f  seg- 
ments  of  the Japanese quail (Coturnixjaponica) mi-  
tochondrial  genome compr i s ing  many  t R N A  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 I--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 
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position of clones pMtQ 6, 20, 21, and 22. B and H are restriction 
sites for BamHI and HindIII, respectively, b Japanese quail 
mtDNA sequenced regions and their gene content. The tRNA 
genes are indicated by the one-letter amino acid code. c Sequenc- 
ing strategy. Arrows indicate the start, length, and direction of 
sequencing for the individual phage M 13 subclones. Clone pMtQ 
20 was used to sequence the nucleotides at the junction between 
pMtQ 6 and 22 using a synthetic oligonucleotide. 

p ro te in  genes, the smal l  a n d  par t  o f  the large r R N A  

genes, as well as the comple t e  con t ro l  region.  

M a t e r i a l s  and  M e t h o d s  

Extraction and Cloning of rntDNA. Mitochondrial DNA was 
extracted from Japanese quail liver as described by Morals et al. 
(1988). Three mtDNA fragments totaling nearly 5.0 kb were 
generated by endonuclease digestion and cloned into M 13 mp 18/ 
mpl9 phages. These clones designated pMtQ 6, 21, and 22 (Fig. 
la) 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 35S-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 open 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). 

R e s u l t s  a n d  D i s c u s s i o n  

Sequence and Genomic Organization 

Desj a rd ins  a n d  Mora i s  (19 9 0) repor ted  tha t  ch icken  
m t D N A  has a nove l  gene order  a m o n g  ver tebra tes  

( D e s j a r d i n s  a n d  M o r a i s  1990) ,  the  c o n t i g u o u s  
t R N A  Glu a n d  N D 6  genes be ing  located i m m e d i a t e l y  

u p s t r e a m  f rom the con t ro l  region  (Fig. 1 a), i n s t ead  
o f  the con t iguous  t R N A  Pr~ t R N A  TM, a n d  cyto-  
c h r o m e  b genes as in  o the r  ver tebra te  m i t o c h o n d r i a l  
ge nome s  ( A n d e r s o n  et al. 1981, 1982; B ibb  et al. 
1981; Roe  et al. 1985; G a d a l e t a  et al. 1989). Cross-  
h y b r i d i z a t i o n  o f  J apanese  quai l ,  turkey,  pheasan t ,  
a n d  G u i n e a  fowl m t D N A s  wi th  selected po r t ions  o f  
the ch icken  m i t o c h o n d r i a l  g e n o m e  as probes  has 
fur ther  suggested tha t  this  u n u s u a l  gene order  is a 
feature  c o m m o n  to all ga l l inaceous  b i rds  (Desjar-  
d ins  a n d  Mora i s  1990). T h i s  is con f i rmed  here in  
J apanese  qua i l  by  sequence  ana lys i s  o f  c lone  p M t Q  
6 (Fig. 2a), which  encodes  the N - t e r m i n a l  p o r t i o n  
o f  the N D 6  po lypept ide ,  the  t R N A  G~u gene, a n d  the 
5' e n d  o f  the con t ro l  region  (Fig. lb) .  The  gene order  
in  c lones  p M t Q  21 a n d  22 is iden t ica l  to tha t  f o u n d  

in  h o m o l o g o u s  regions  in  ch icken  a nd  o ther  ver te-  
bra te  m t D N A s .  The  three  c loned  m t D N A  f ragments  

show, respect ively,  81.2%, 85.9%, a nd  83.0% over -  
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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 N A D H  dehydrogenase complex. Clone 
pMtQ 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. lb). 

Further analysis of  the sequences (Fig. 2a and b) 
revealed that most  of  the Japanese quail mitochon-  
drial 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 N D  1 and tRNA ne genes or the ND2 and 
tRNA ~e~ genes are butt-joined. There are also three 
instances of  overlapping genes. The first event is a 
1-nucleotide overlap between the tRNA G~n and 
tRNA Me~ 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 cys and tRNA vyr genes 
and a 2-nucleotide overlap between the tRNA -r~' 
and the 3' end of  the ND2 genes. In the latter case, 
it is highly likely that cleavage of  the primary tran- 
script occurs immediate ly  after the T residue found 
upstream from the 5' end of  the tRNA vw gene, the 
termination codon of  the ND2 m R N A  being sub- 
sequently restored by polyadenylat ion as previously 
demonstrated in human mitochondr ia  (Ojala et al. 
1981). The case of  tRNA cys and tRNA -ryr 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 matura t ion mechanism, i.e., the ad- 
dition of  a G residue at the 3' end of  tRNA ry~ or at 
the 5' end of  tRNA cys, depending upon localization 
of  the R NA cleavage. Addit ion o f a  G residue at the 
5' end of  the chicken mitochondrial  tRNA His is but 
one example o f  such a maturat ion process (L'Abb6 
et al. 1990). 

Protein Genes and Codon Usage 

The base composi t ion 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 

Table 1. Average base composition at silent positions in protein 
gene sequences 

Gene 

Average base composition % of total 

Cyto- 
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 35.3 
ND6 (5' end) 44.8 i0.6 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  o f  the cytochrome 
b gene (Kocher et al. 1989). The same observat ion 
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 composi t ion of  the L-strand, which has a very 
low guanine content. Conversely,  the ND6 gene, 
which is L-strand encoded, uses a greater propor t ion 
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 posit ion o fcodons  and 
occur very infrequently at the second posit ion (Ta- 
ble 3). Consequently,  a high proport ion (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 o f  the COI gene, which, over  short evo- 
lut ionary 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 bo th  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  f rom restriction map- 
ping (Glaus et al. 1980). These results suggest that 
the evolut ionary rate (0.0152 substitution/bp/106 
years) proposed for gaUiform mtDNAs  (Glaus 1980), 
on the basis o f  restriction polymorphisms,  might 
have been underest imated.  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 transit ion events found 
in protein genes greatly ou tnumber  transversions. 
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D A A L S V S Y V F V V L M G G L Y I 
i GGAT C CGCAGCTAAAGAAACAGAATACACAAAAACCAC CAA CAT CC C C C CTAAATAAAT C 

M F L V L S V F S V G L N V L W G C G V 
61 ATAAACAACAC CAAAG~d%ACA_A~.~GA~C C C CTAAATT CACCAIkC CAC C CACACCCTAC C 

V S A L V L G V V G Y Y P S P N S A V A 
121 ACAGACGCTAACACCAACCCCACCACCCCATAATACGGCGAAGGATTAGACGCTACAGCC 

<---ND6 

L T G L M F C V G L F I V F Y T M * ........ 
181 ;ukAGT C CC CAACATGA~-ACA/~ACT C C T A ~ T  CACA/%AATA~GT CATATATT C C CGC 

---tRNA-Glu ............................................... ** 
241 TTGGATAGAC C CCAAGGACTAC GGCTTGAAAAG CCATTGTTGTTCT CAACTACGGGAACA 

--- Control region ......................................... 
301 ACACTTTTTTTAACCTAACTCCCCTACTTAGTGTACCCCCCCTTTCCCCAGGGGGGGTAT 

............................................................ 

361 ACTATGCATAAT CGTGCATACATTTATATTC CACATATACTATGGTACCGGTAATATATA 

............................................................ 

421 TTATATAC GTACTAAAC CCATTATATGTATACGGGCATTACATATTGT C C C CATTT CT CC 

............................................................ 

481 C CATGTACATTAGTGCATGCTCCA~GACATAAACCATACGTTCACCTAGTAATAGACTTT 

............................................................ 

541 C CACTAACAGGACA C CATAACTATGAATGGTTG CAGGACATAAGCTTACTA~TACTTAG 
29 bp sequence HindIII 

............................................................ 

601 CTCCCCATTTGGTTATGCTAGACGTACCAGATGGATTTATTGAT CGTACAC CTCACGAGA 

............................................................ 

661 GATCACC~CCC CTGTCTGTAATGCTATTC CGTGACTAGCTT CAGGCC CATT CTTTC C CC 

............................................................ 

721 CTACACCCCTCGCCCCTCTTGCTCTTTTGCGCCTCTGGTTCCTCGGTCAGGCACATCCCC 

............................................................ 

781 CGCATAACTCCTGAACTTTCTCACTTTTCACGAAGTCATCTGTGCGTTATCCTGCCCCTC 

............................................................ 

841 TTCAGTCCGTGATCG C GGCATTT CCTTTCTTCT CTG CTGTTGGTT CTTCTTCTCTTTGGG 

............................................................ 

901 GCTTCTT CACAGGTTG C CCTT CACAGTG C CGTCGCCAGAGTCCTACT CA~GTGAAGCCTG 

............................................................ 

961 GACTACTCCTGCGTTGCGTC CTAT C CTAGACCT CTAGTGTC C CT CGATGATACGGTTTG C 

............................................................ 

1021 GTGTATTGGGTAT CATTTTGACACTGATGCACTTTGGATCGCATTTGGTTATGGCTCTT C 

............................................................ 

1081 CACCCCC C C CGATA/~TGGTG CTATATAGTGAATG CTTGCCG G ACATATTTTTACCAATTT 
CSB-I 

............................................................ 

i141 TCACTTC CTCTATTTTTCTAACA~-~ACTAGGGAGTTTTCCAAATTTTTTTTGTTTGTTTT 

............................................................ 

1201 GTTTAATTTT TTT T TT GTTTTT TA~CAT TT T T T~A-~A~AC TAAATTA CAT ACAAACT 

............................................................ 

1261 CACCG CAC~kATAC C CTCAAACCACAA~CGTTTTACGTTTAGTATATATACATTGTTA 

............................................................ 

1321 CGTTTATATAATTATTAGAGAAACTCCACTAC CGAAACAAACATAAAAACAAACAA~ACT 

............................................................ 

1381 ATTCCGCATA~-~CTTC CACA~CATATATTATTTATATTGTTAATTACAAT CAATTTTTA 

........... �9 * -- -tP~4A-Phe .................................... 
1441 TTCCCCTAGAAAG C CCACATAGCTTA.%CACA~kAG CATGGCACTG_~GATGC CAAGACGGT 

................... �9 *---12S rRNA ........................... 
1501 ACACAGATTACCTGTGGACAAAAGACTCAGT C CTAAC CTTACTATTGGTTTTTGCTAGAC 

............................................................ 

1561 ATATACATGCAAGTATCCGCAT C C CAGTGAGAATGCCCCAC2u~AC CTTTAT CTTCC2u~AG 

............................................................ 

1621 CA~GGAGCAGGTAT CAGGCGCACTTT~TAGTTAGCCCA/~C GCCTTGTTCAAGCCA 

............................................................ 

1681 CACCCC CACGG GTATT CAGCAGTAATTAACATTAAGCA~TAAGTGT~ACTTGACTTAGC 

............................................................ 

1741 CATAGCAAGACCACAGGGTTGGTAAAT CTTGTGCCAGC CAC CGCGGTCACACAAGAAGCC 

1801 CAAATCAATAGC CATCCGGCGTAAAGAGTGG CCACATGTTATCTT CATTAACTAAGATCA 

1861 AAATGGAACCAAG CTGTCATAAGCC CAGGATC CAC CTAAGCCCAACATAI~AAACCATCTT 

............................................................ 

1921 AGC CACATGATCAATTTCAATCCACGA~GCCAGGGCACAA~CTGGGATTAGATACCCCA 

1981 CTATG C CTAGC C CTA~kATCTAGATAC CCACATACTTATGTATC CGC CTGAGAACTACGAG 

............................................................ 

2041 CACA~CGCTTAA~CT CTAAGGACTTGGCGGTGC C C CA~kCCCAC CTAGAGGAGCCTGT 

............................................................ 

2101 T CTATAACCGATAATCCACGATCTAC CCAAC CACCC CTTG C CAACACAG CCTACATACCG 

................................... J ........................ 

2161 C CGT CG CCAGCC CACTTAATGAAAGAACAACAGTGAG CT CAATAG CCG C CACTAATAAGA 

2221 CAGGTCAAGGTATAGCCTATGGGATGGAACAAATGGGCTACATTTTCTAAAATAGAACAA 

............................................................ 

2281 ACGA~-A~-~GGACATGAA-ACCTGGTCCTTGGA/~GGAGGATTTAGCAGT~kAATGGGATCAC 

............................................................ 

2341 TTTGCCCACTTTAAGATGGCCCTGAGGCACGTACATACCGCCCGTCACCCTCTTCA~AAG 

............................................................ 

2401 CTACTAATACCGATA~T~ACACCCAACCATTA~GCC~-~AGACGAGGTAAGTCGTA~C2~A 

.............................. **---tRNA-Val ................. 
2461 GGTAAGTGTACCGGAAGTGCACTTAGACCACCAAGGCGTAGCTATAAGCTCCA~-~GCATT 

......................................... **---16S rRNA ...... 
2521 CAGCTTACACCTGAAAGATGCCCCCAATAAGGGTCGCCTTGATTTGCCCTACCTCTAGCC 

............................................................ 

2581 CAACCAACAAATCTTCAA~-~AATCCAAAATCACCTCACACAGTTTAATTAA~%ACATTTAA 

............................................................ 

2641 TCTTATCCTAGTATAGGCGATAG~CCGACCCGAGGCGC#DkTAGAGACCA.%CCGTACCGT 

............................................................ 

2701 AAGGGA~kAGATGA-~AT2~%CAATGA.A~kACAC~-~GC;~GCAGTA2~AGAC~u~ACCCTTG 

...................................................... 

2761 TACCTCTTGCATCATGATTTAGCAAGAACAACCAAGCAAAGCGGACTAA~GCTT 

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. N D 6  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 5'- 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 tRNA vw and the 3' end of the N D 2  gene involves 
nucleotides 1474 and 1475. Continued on next page. 
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NDI ---> 
S F L S P P S E L F S I T L A T K V L L  F L S L S Q I K V L K L S T M L I S W T  

1 ~GCTTCCTGAGCCCCCCCTCAG~CTATTCTCTATTACACTCGCCACTAAAGTCCTACT 1081 TTCCTATCTCTCTCGCA]%ATCA3%AGTCCTA~CTATCCAC~TACTCATCTCCTG~CA 

L S S S F L W I R A S Y P R F R Y D Q L  K T P M L N S T I M V T L L S L A G L P  
61 TCTCTCATCTTCATTCTTATG~TCCGAGCTTCATACCCACGATTCCGCTATGATC~CT i141 A~CCCC~TACTA~-ATTC~CCATTATAGTTACCCTCCTCTCCCTAGCAGGCCTCCCA 

M H L L W K N F L P L T L A M C L W H T  P L T G F M P K W L I I Q E L T K Q E M  
121 ~TACATCTTCTATGA~-A3kAATTTCCTACCCCT~CCCTAGCCATATGTCTCTGACATAC 1201 CCACT~CCGGTTTCATGCCI~TGACTCATTATCC~G~CTTACTAAAC~GAAATA 

S M P I S Y A G L P P A * * - - - t ~ A - I I e  ........ T P V A T T Z A M L S L L G L F F Y L R  
181 CAGCATACCTATCAGCTATGCCGGCCTTCCCCCAGCTT~GG~GCGTGCCTG~CAJkAA 1251 ACCCCAGTAGCTAC~CCATTGC~TATTATCATTACTTGGCCTATTCTTCTATCTCCGC 

.................................................. * *--- L A Y H S T I T L P P N S S N H M K L W  
241 GGGCCACTATGAT~u~AGTGGACATAGAGGTA~C~CCCTCTCGCCTCCTAAACCTTAG 1321 CTTGCATACCATTC~C~TCACACTTCCACCT~CTCATCT~CCATATA~CTCTGA 

--t~A-Gln .................................................. R I N T T P N T P T A I L T V L S I S L  
301 AAAAGTAGG~TTG~CCTACACGAAAGAGATCAAA.%CTCTTCATACTTCCCTTATATTA 1381 CGCATC~CAC~CACCAAACACCCCCACCGCTATCCT~CCGTCCTATC~TCTCTTTA 

...... * .... t~A-Met ......................................... L P L S P L I T T L V**---t~A-Trp .............. 
361 TTTTCTAGT~GGTCAGCT~TC~GCTATCGGGCCCATACCCCGAAAATGATGGTTT~ 1441 CTCCCCCTCTCTCCCCT~TCACTACTTTAGTTTAGA~ACTTAGGATT~TTGCACTT~ 

ND2---> 
............... M N P H A K L I S I M S L A L ................................................. ~ ; .... 

421 ATCCTTCCCTCACT~TG~TCCCCATGCAAAACT~TCTCTATCAT~GCCTAGCCCTA 1501 ACCAAAGGCCTTCAAAGCCTTAAAT~GAGTTG~CCCTCTTAGTTTCT CT~T ~GA 

G T S I T I S S N H W I L A W T G L E I  ---t~A-Ala ................................................. 
481 GGGACCAGTATCAC~TCTCTAGC~CCATTG~TCTTAGCCTG~CAGGTCTAGAAATC 1561 TCTACAGGG~CT~CCTGTATCTTCTG~TGC~CCAGACACTTT~TT~GCT~GA 

N T L A I I P L I S K S H H P R A I E A  ---**---t~A-Asn .......................................... 
541 ~TACCCTAGCCATCATCCCACT~TCTCAAAATCACACCACCCTCGAGC~TCG~GCA 1621 CCTCCCCTAGACAGATGGGCTTCGATCCCATATCATTCTAGTT~CAGCTAGACGCCATA 

A I K Y F L T Q S T A S A L I L F S S M  .................. **---t~A-Cys ............................. 
601 GC~TCAAATACTTCCT~CCC~TC~CCGCATCCGCCCT~TCCTCTTCTC~GCATA 1681 ACCCATTAGCTTCTGTCT~GACCCCGGCATGCTTT~CATACATC~TGAGCTTG~C~C 

N N A W S T G Q W D I T Q L N H P T S C  ........................ *---t~A-Tyr ........................ 
561 ~C~CGCCTGATCTACTGGTC~TGAGACATTACAC~CTT~CCACCCCACATCCTGC 1741 TCACCATG~CTTCACCACAGGGCCGAT~G~GAGG~TTG~CCTCTGTA~AAAGGAC 

COI--~> 
L I L T M A I A I K L G L V P F H F W F  .................................. * V T F I N R W L  

721 CT~TCCT~C~TAGCCATTGC~TCAAACTAGGTCTAGTTCCATTCCACTTCTGATTC 1801 TACAGCCT~CGCCTTGACACTCGGCCATCTTACCTGTGACCTTCATC~CCGATGACTA 

p E V L Q G S S L I T A L L L S T L M K  F S T N H K D I G T L Y L I F G T W A G  
781 CCTG~GTTCTTC~GGCTCCTCCCT~TCACAGCCCTTCTACTCTCTACCCT~TAAAA 1861 TTTTC~CT~CCACAAAGACATTGGCACTCTTTATCTTATTTTTGGTACATGAGCAGGC 

L P P M T L L L M T S Q S L N P A L L T  M A G T A L S L L I R A E L G Q P G T L  
841 CTCCCCCC~T~CCCTTCTCCTCAT~CATCCC~TCCCTT~CCCTGCCCTCCTCACT 1921 ATAGCCGGTACAGCACTTAGCTTGTT~TCCGCGCAG~CTAGGAC~CCAGGCACCCTC 

L L A V S S A L V G G W M G L N Q T Q T  L G D D Q I Y N V I V T A H A F V M I F  
901 CTACTAGCAGTTTCCTCCGCATTAGTTGGAGGCTG~TAGGCCTA~ACCAAACACA~ACA 1981 CTAGGAGATGACCAAATTTAC~TGT~TTGTCACAGCACATGCCTTCGTCAT~TCTTC 

R K I L A F S S I S H L G W M I V I I I  F M V M P I M I G G F G N W L V P L M I  
961 CGAA~kAATCCTAGCCTTCTCATCCATCTCCCACCTAGGATG~T~TCGTGATTATTATT 2041 TTTATAGTCATACC~TTAT~TTGGAGGCTTCGGAAATTGACTCGTCCCACTTAT~TC 

Y N P K L T I L T F I I Y S L M T S T V  G A P D M A F P R M N N M S  
1021 TAC~CCCAAAACTCACCATCCT~CCTTCATCATCTACTCATT~T~CATCCACTGTA 2101 GGAGCCCCAGACATAGCATTCCCACGTATG~T~CAT~GCTT 

b 

Fig. 2. Continued 

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 
Phe 89.1 
Glu 98.5 
Ile 90.3 
Gin 90.1 
Met 91.3 
Trp 89.5 
Ala 88.4 
Asn 86.3 
Cys 81.8 
Tyr 94.4 

ND 1 (3' end) 83.6 12S 89.1 From tRNA ~" 
ND2 84.5 16S 79.6 To tRNA Ph~ 
COI (5' end) 88.3 
ND6 (5' end) 88.7 

80.0 

The percent amino acid conservation for the protein genes ND1, ND2, COI, and ND6 is 88.9, 88.7, I00.0, and 89.5, respectively 

Th i s  b ias  is o b s e r v e d  at  b o t h  the  s i lent  a n d  rep lace -  
m e n t  si tes a n d  is caused  m a i n l y  by  n u m e r o u s  C 
T changes  occur r ing  in  the  L - s t r a n d  (Tab le  5). 

T h e  poss ib l e  u t i l i z a t i o n  o f a  G T G  c o d o n  as t r ans -  
l a t i o n a l  i n i t i a t o r  o f  the  C O I  gene has  been  sugges ted  
in ch icken  (Des j a rd in s  a n d  M o r a i s  1990) a n d  has  
a lso  been  sugges ted  to  i n i t i a t e  the  N D  1 gene in  ra t  
( G a d a l e t a  et al. 1989), the  N D 5  gene in  Drosophila 
yacuba (Clary  a n d  W o l s t e n h o l m e  1985), a n d  a few 

p r o k a r y o t i c  genes  ( S t o r m o  e t  al. 1982). Th i s  u n u s u a l  
s ta r t  c o d o n  is a l so  f o u n d  a t  t h e  5' e n d  o f  the  J a p a n e s e  
qua i l  C O I  gene (Fig. 2b). 

Control Region 

T h e  reg ion  o f  v e r t e b r a t e  m t D N A  e n c o m p a s s i n g  the  
h e a v y  ( H ) - s t r a n d  r e p l i c a t i o n  o r ig in  is a n o n c o d i n g  
sequence  o f  v a r i a b l e  l eng th  b o r d e r e d  b y  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 

N D I  72 8 5 23 
ND2  346 39 14 108 
COI 102 4 0 30 
ND6  76 8 3 15 

Supergene 596 59 22 176 

1ND1 (C-terminal) 

Q:SFLSPPSELFSITLATK~LLLSSSFLWIRASYPRFRYDQLMHLLWKNFLPLTLAMCLWHT 
************************************************************** 

Q:SMPISYAGLPPA 
C:***********I 

Q:MNPHAKLISIMSLALGTSITISSNHWILAWTGLEINTLAIIPLISKSHHPRAIEAAIKYF 
************************************************************** 

Q:LTQSTASALILFSSMNNAWSTGQWDITQLNHPTSCLILTMAIAIKLGLVPFHFWFPEVLQ 
************************************************************** 

Q:GSSLITALLLSTLMKLPPMTLLLMTSQSLNPALLTLLAVSSALVGGWMGLNQTQTRKILA 
************************************************************** 

Q:FSSISHLGWMIVIIIYNPKLTILTFIIYSLMTSTVFLSLSQIKVLKLSTMLZSWTKTPML 
************************************************************** 

Q:NSTIMVTLLSLAGLPPLTGFMPKWLIIQELTKQEMTPVATTIAMLSLLGLFFYLRLAYHS 
************************************************************** 

Q:TITLPPNSSNH~tKLWRINTTPNTPTA~LTVLSISLLPLSPLITTLV 
************************************************ 

Table 4. Substitution events in Japanese quail mitochondrial 
D N A  

% tran- % trans- 
Gene sition version 

ND1 
Silent 50.0 13.9 
Replacement 33.3 2.8 

N D 2  
Silent 39.8 23.6 
Replacement 18.6 18.0 

COI  
Silent 72.2 27.8 
Replacement - -  - -  

ND6  
Silent 42.3 19.2 
Replacement 29.6 11.6 

Control region 40.0 60.0 
12S 73.2 26.8 
16S 47.9 52.1 

t R N A s  (11) 78.7 21.3 

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

Type of 
changes COI N D  1 ND6  N D 2  

COl (N-terminal) 

Q:MTFINRWLFSTNHKDIGTLYLIFGTWAGMAGTALSLLIRAELGQPGTLLGDDQIYNVIVT 
************************************************************** 

Q:AHAFVMIFFMVMPIMIGGFGNWLVPLMIGAPDMAFPRF~NMS 
******************************************** 

ND6 (N-terminal) 

Q : MTYFVi FLGVC FMLGTLAVAS NPS PYYGWG LVLASVVGCGWLVNLGVS FVS LVLFMT Y L 
C: ************************************************************ 

Q : GGMLWFVYSVSLAAD 
C: **************** 

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 tRNA Phe and tRNA Pr~ 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), is flanked on its 5'end 

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 tRNA ~'u gene (Fig. 1 a 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 
t981; 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 ver tebrates  has been detected 
in either avian control region. 

Compar i son  of  the two avian  control regions re- 
veals a uni form pattern of  base substitutions. As 
observed in interspecific compar i son  of  the control 
region of  closely related rat  species (Brown and 
Simpson 1982), mos t  of  the base substitutions (60%) 
occurring in Japanese quail and chicken are trans- 
versions (Table 4). Fur thermore ,  their distr ibution 
across the control  region is similarly uneven,  being 
most ly  concentrated at the 5' and 3' ends of  the 
sequence where the n u m b e r  of  substi tutions per base 
pair is the highest. In contrast,  in the conserved 
central part  o f  the control  region, the percent trans- 
version (40%) is similar  to that  found in protein 
genes. These observat ions  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  o f  
the conserved central part  and the protein genes. 
Functional  constraints  or selection at the level o f  
gene products  could contr ibute  to the higher tran- 
si t ion/transversion ratio determined in the latter two 
regions. 

The avian control  region shows a high frequency 
of  length mutat ions.  The  size difference observed in 
the control region of  chicken (1228 bp) and Japanese 
quail (1153 bp) is due to m a n y  small (1-3-bp)  ad- 
di t ion/delet ion events and  to a large 57-bp deletion 
that  occurs at the 5' end o f  the Japanese quail control 
region (Fig. 4B). The deleted segment,  which maps  
near  the H ind I I I  cloning site at the junct ion of  pMtQ 
6 and 22 (Figs. lb  and 2a), includes one of  the two 
29-bp repeats detected in the chicken sequence 
(Desjardins and Morais  1990) and mos t  of  the nu- 
cleotides that  separate these repeats. The possibility 
that  an addit ional  H i n d l I I  f ragment  occurring in 
this region may  have been lost during the cloning 
procedure was excluded by sequencing a cloned 
B a m H I  fragment  (pMtQ 20 in Fig. l a) containing 
the complete  control region. 

Short  repeated sequences are known to occur in 
the control region of  m a n y  vertebrates.  These se- 
quences (TAS) are involved in terminat ion of  D- loop 
strand synthesis (Doda et al. 1981) and occasionally 
share homology  with CSB-1 (Walberg and  Clayton 
1981 ). Interestingly, the 29-bp m o n o m e r  is well con- 
served in both  avian sequences and differs at only 
a few posit ions f rom the puta t ive  CSB-1 (Fig. 4B), 
suggesting that  these sequences are involved in ar- 
rest o f  D N A  template  synthesis. 

Transfer RNA Genes 

Eleven potential  t R N A  genes have  been detected. 
Sequence compar i son  indicated that  these genes are 
highly homologous to their chicken counterparts (Fig. 

i59 

A) CSB-I 

Q: TATATAGTGAATGCTTGCCGGACATAT 

C: *************************** 
H: *************************** 

B) Homologous sequences 

* ........ 29bp repeat ........ * 
C: CACC-TAACTA-TGAATGGTTACAGGACATAAATCTCACTCTCATGTTCTCCCC 
Q: ***********-********************-****** ............... 

CSB-I: *************************** 

* ....... 29bp repeat ....... * 
C: CCAACAAGTCACCTAACTATGAATGGTTACAGGACATACATTTAA 
Q: .......................................... *** 

C) L-strand replication origins 

tRNA A,n tRNA cy, 

X : CATT CT'ACTTCT CCCGTTTATTAAGCCAAAAAAAC CGGGAGAAG C C C 
H : CAATCTACTTCT C CCGCCGCC - - -GGGAAAAAAGGCGGGAGAAGCCC 
C : CTGCCTAC ................................ AGACCCC 
Q : CTGTCTA ................................. AGACCCC 

Fig. 4. A Comparison of the putative Japanese quail CSB-1 
sequence (nucleotides 1102-1128) with those from chicken (Des- 
jardins and Morais 1990; nucleotides 867-893) and human (An- 
derson et al. 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 similari ty ranging f r o m  82% for t R N A  cys up 
to 9 8% for t R N A  Glu (Table 2). Evolut ion of  the avian 
mi tochondr ia l  t R N A  genes involves  main ly  substi- 
tutions, al though small  inser t ion/dele t ion events  of  
1-3 nucteotides in length also occur in the D H U  
and T~bC loops of  the t R N A s  specifying isoleucine, 
valine, and phenylalanine.  T h e  D H U  and T~C loops 
are in fact the mos t  rap id ly  evolving part  o f  these 
avian tRNAs.  The  best conse rved  region besides the 
ant icodon loop is the D H U  stem. Substi tutions in 
this region are observed on ly  in a few tRNAs  (Tyr, 
Ala, and Asn). The  overal l  substi tut ion pat tern of  
the avian t R N A  genes revea ls  a striking bias toward 
transitions (Table 4). Transvers ions ,  which are ob- 
served in only 5 of  the 1 1 t R N A  genes (Met, Ile, 
Phe, Trp,  and Asn), occur  infrequently and are 
mainly  confined to the D H U  and T~C loops. 

Ribosomal RNA 

Compara t ive  analysis o f  the  p r imary  sequence of  
the mi tochondr ia l  12S r R N A  reveals a pat tern of  
evolut ion similar  to the p ro te in  and t R N A  genes 
with both avian  genomes  encoding  a similar  product  
(Table 2). The  two genes evo lved  mainly  by sub- 
stitutions but  small inser t ion/dele t ion  events  vary-  
ing f rom 1 to 6 bp in length also occur. The  sub- 
stitutions are uni formly  d is t r ibu ted  throughout  the 
genes and involve  main ly  t rans i t ion  type muta t ions  
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AA D D 
stem stem loop 

Met: AGTAAGG TC AGCT AATCA 

******* ** **** **CT* 

D AC AC AC V T T T AA 
stem stem loop stem loop stem loop stem stem 

AGCT A TCGGG CCCATAC CCCGA AAAT GATGG TTTAAAT CCTTC CCTCACTA 
**** * ***** ******* ***** **** ***** *****CC ***** **CT**** 

Glu: GTTCCCG TA GTTG AGAA 
******* ** **** **** 

CAAC A ATGGC TTTTCAA GCCGT AGTC CTTGG GGTCTAT CCAAG CGGGAATA 
**** * ***** ******* ***** **** ***** ******A ***** ******** 

Ile: GGAAGCG TG CCTG AAC-AA 

******* ** **** ***A** 
AAGG G CCACT ATGATAA AGTGG ACAT AGAGG TAAAACAAC CCTCT CGCCTCCT 

**** A T**** ******* ****A **** ***** **T****** ***** *A,T**** 

Gln: TAGAAAA TA ATAT AAGGGAA 

******* ** **** *GA**G* 
GTAT G AAGAG TTTTGAT CTCTT TCGT GTAGG TTCAATT CCTAC TTTTCTAA 
**** * ***** ******* ***** CT** ***** ***G*** ***** *******G 

Tyr: GGTAAGA TG GCCG AGTGTCA 
******* ** **T* *****TG 

AGGC G TTAGG CTGTAGT CCTTT TTAC AGAGG TTCAATT CCTCT TCTTATCG 
*A** * ***** ******* ***** **** ***** ******* ***** ******** 

Val: CAAGGCG TA GCTA TAAGCTCCA AAGC A TTCAG CTTACAC CTGAA AGAT GCCCC CAATA--- AGGGT CGCCTTGA 
******* ** **** ***-**T** **** * ***** ******* ***** **** A***T ***C*GAC *A*** ******** 

Phe: GCCCACA TA GCTT AAC--ACA 
****C** ** **** ***CC*** 

AAGC A TGGCA CTGAAGA TGCCA AGAC GGTAC ACAGA 
**** * ***** ******* ***** ***T ***** CT*CT 

TTACC TGTGGACA 
A**** *****G** 

Trp: 

Ala: GAGGTCT TA GCTT AATTA 
****C** ** **** ***** 

Asn: TAGACAG AA GCTA ATGGGTTA 
***G*** ** **C* **T***GT 

AGAAACT TA GGAT TAATTGCACTTA AACC A AAGGC CTTCAAA GCCTT AAAT AAGAG TTGAACC CTCTT AGTTTCTG 
******* ** **** ***C**TCACC* **** * ***** ******* ***** **** ***** **A***T ***** ******** 

AAGT G TCTGG TTTGCAT TCAGA AGAT ACAGG TTAGTGC CCTGT AGATCTTA 
***C * ****A ******* ****G **** ***** ***A**T ***** T'G***** 

TGGC G TCTAG CTGTTAA CTAGA ATGAT ATGGG ATCGAAG CCCAT CTGTCTAG 
**** A *T*** ******* ***A* **TG* ***** ******* ***** ******** 

Cys: GGCCCTG TG GTGA AGT TCAT G GTGAG TTGCAAG CTCAT TGAT GTATG TTAAAG CATGC CGGGGTCT 
*A'T*** *A **** *** **** A A**** ******A ***G* **** ***CA C***** TG*** ******** 

Fig. 5. 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  putat ive  overall  secondary structure 
of  the avian  12S r R N A  (data not  shown) is quite 
similar to those previously p roposed  for m a m m a -  
lian (Zwieb et al. 1981) and  amph ib i an  mi tochon-  
dria (Dunon-Bluteau and  Brun 1986). 

Simul taneous compar i son  o f  bo th  the p r imary  
and secondary structures reveals that  mos t  o f  the 
changes, base substi tut ions and  length muta t ions  
occurring in 12S r R N A  are found in nonpai red  seg- 
ments  of  the molecule.  Subst i tut ions in s tem regions 
are infrequent  and consist exclusively of  transitions. 
Analysis o f  the 5' end o f  the two avian mi tochon-  
drial 16S r R N A  genes reveals a higher substi tut ion 
rate than in 12S rRNA,  which m a y  not be repre- 
sentat ive of  the overall  sequence. 

Light-Strand Replication 

The L-s t rand replication origin o f  m a m m a l i a n  and 
amph ib ian  m t D N A  consists o f  a short  noncoding 
sequence located between the genes for t R N A  Ash and 
t R N A  cy~ (Fig. 4C). This  sequence can form a stable 
hairpin structure character ized by a GC-r ich  s tem 
of  variable length ranging f rom 9 bp in Xenopus 
laevis up to 12 bp in mouse  m t D N A  and a T-rich 
loop o f  12-19 nucleotides. The  bases of  the s tem 
overlap with the 5' end o f  the t R N A  cy~ by a few 
nucleotides. The  synthesis o f  the p r imer  R N A  has 

been shown to begin in the T-r ich stretch o f  the loop 
structure and the transi t ion f rom R N A  to D N A  syn- 
thesis to occur near  the base o f  the hairpin structure 
(Wong and Clayton 1985). Further  experiments  have 
shown that  the pentanucleot ide m o t i f  5'-CGGCC- 
3' found at the 5' end of  the t R N A  cys is necessary 
for efficient replication (Hixson et al. 1986). 

An L-strand replication origin equivalent  to the 
conserved m a m m a l i a n  and  amph ib ian  sequences 
has not  been found at this posi t ion in Japanese  quail 
and  chicken m t D N A s  (Fig. 4C). However ,  the pu- 
t a t i v e  r e c o g n i t i o n  s equence  5 ' - C G G C C - Y  for  
R N A s e  H activi ty and /or  for transit ion f rom R N A  
to D N A  synthesis is present  in the amino  acid ac- 
ceptor  s tem of  t R N A  cys and  is conserved in bo th  
avian  m t D N A s .  These observa t ions  raise the ques- 
t ion as to whether  L-s t rand replication in gal l i form 
m t D N A s  is init iated in this genomic  region through 
an equivalent  stable s t em- loop  structure ob ta ined  
by an alternate confo rmat ion  of  one of  the t R N A  
genes present  in this region (Fig. 2b). 
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