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A Phylogenetic Study of Bird Karyotypes 

N. Takag i  and  M. Sasaki  

Chromosome Research Unit, Faculty of Science, Hokkaido University, Sapporo 

Abstract. Karyotypes were compared in 48 species, including 6 subspecies, of 
birds from 12 orders: Casuarii/ormes, Rhei/ormes, Sphenisci/ormes, Peleeani/ormes, 
Ciconii]ormes, Anseri/ormes, Phoenicopteri/ormes, Grui/ormes, Galli/ormes, Columbi- 
/ormes, Falconiformes and Strigi/ormes. - -  With the exception of the family Acci- 
pitridae, all the species studied are characterized by typical bird karyotypes with 
several pairs of macroehromosomes and a number of microchromosomes, though 
the boundary between the two is not necessarily sharp. The comparative study 
of complements revealed that a karyotype with 3 morphologically distinct pairs 
of chromosomes is frequently encountered in all orders except the Strigi/ormes. 
Those 3 pairs, submetacentric nos. 1 and 2, and a subtelocentric or telocentric 
no. 3, are not only morphologically alike but also have conspicuous homology 
revealed by the G-banding patterns. Furthermore, G-banding analysis provided 
evidence for the derivation of the owl karyotype from a typical bird karyotype.--  
The above eytogenetic features led to the assumption that the 3 pairs of marker 
chromosomes had been incorporated into an ancestral bird karyotype. I t  seems 
probable that those chromosomes have been transmitted without much structural 
changes from a common ancestor of birds and turtles, since the presence of the same 
marker chromosomes in the fresh water turtle Geoclemys reevesii is ascertained by 
G-banding patterns. - -  A profile of a primitive bird karyotype emerged through 
the present findings. Hence, it has become possible to elucidate mechanisms in- 
volved in certain structural changes of macrochromosomes observed in birds. I t  
was concluded that a major role had been played by centrie fission as well as fusion, 
transloeation, and perieentric inversion. 

Introduction 

I n  the  class Ave8, k a r y o t y p e s  have  so far  been ana lysed  in less t h a n  
2 pe rcen t  of species, leaving a b o u t  a half  of the  orders  to  be explored  
b y  means  of cur ren t  cy togenet ic  techniques .  I n  spi te  of the  p a u c i t y  of 
da ta ,  a general  resemblance  of b i rd  k a r y o t y p e s  is appa ren t .  E x a m i n i n g  
the  f requency  d i s t r ibu t ion  of chromosome numbers  in 116 species, W h i t e  
(1973) po in t ed  out  t h a t  the  bi rds  have  been ex t r eme ly  conserva t ive  as 
far  as chromosome numbers  are  concerned.  

Recent ly ,  the  s imi la r i ty  of chromosome band ing  p a t t e r n s  in closely 
re la ted  species has successful ly been ut i l ized for the  s t u d y  of k a r y o t y p e  
evolu t ion  in m a m m a l s  (de Grouchy  et al., 1972 ; E v a n s  et al., 1973 ; 
P a t h a k  et al., 1973; Stock and  Hsu,  1973; Yos ida  and  Sagai,  1973). 
The  band ing  homology,  however ,  becomes ind i s t inc t  in d ive rgen t  
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m a m m a l i a n  species, which m a y  be due to  e i ther  ex tens ive  rear range-  
men t s  of chromosomes  or a l t e r a t ion  in the  band ing  p a t t e r n  per se, or 
both .  

B y  the  app l i ca t ion  of a G-banding  technique  to av ian  chromosomes,  
i t  appears  possible to examine  the  e x t e n t  of conserva t i sm shown b y  the  
G-band  itself  in the  long evolu t iona l  h i s to ry  on the  one hand ,  and  to  
p rov ide  conf i rma to ry  evidence for the  homology  of ind iv idua l  chromo- 
somes or chromosome segments  in d ivergen t  b i rd  species on the  other .  
The presen t  d a t a  c lear ly  showed t h a t  G-band ing  is exceedingly  conser- 
va t ive ;  hence, analys is  of k a r y o t y p i c  d ivers i f ica t ion  is t enab le  be tween  
r emote ly  re la ted  b i rd  species. A model  of the  p r imi t i ve  b i rd  k a r y o t y p e  
emerged th rough  the  presen t  compara t i ve  s t u d y  he lped  unde r s t a nd ing  
the mechanism of evo lu t i ona ry  changes in bi rd  ka ryo types .  

Mater ia ls  and Methods 

We studied 48 species, including 6 subspecies, of birds belonging to 12 different 
orders as listed in Table 1. All specimens, except domestic fowls, were obtained 
from zoological gardens or breeding centers in Japan. The chromosome prepara- 
tions were made from cultured peripheral lymphocytes (Takagi et al., 1972). When 
the external sex was ambiguous the sex was determined on the basis of the sex 
chromosome constitution. Interspecific comparisons were made primarily on homo- 
gametic karyotypes. The length and the centromeric index in the 12 largest pairs 
of chromosomes were measured in 5 well-delineated metaphasic cells from a re- 
presentative species of each order. The relative length (~L) of individual chromo- 
somes was expressed as per cent of the total length of the haploid set excluding 
the chromosomes smaller than the 12th pair, since we could not be confident 
with measurements of minute elements. Errors introduced by the omission of 
small chromosomes may not be serious for the present purposes. For the convenience 
of karyotype comparison, chromosomes were tentatively divided into 3 size groups; 
large (A, 1%L~10%), medium (]3, 10%~1%L~6%), and small (C, 6%~1%L). 
Each group was subdivided into 3 morphological categories; metacentric (m), sub- 
metacentric (sm), and subtelocentric (st)/telocentric (t). A serial numbering system 
according to the decreasing size was used to designate individual chromosomes in 
each species. G-banding patterns were obtained by a modification of the trypsin 
technique (Seabright, 1971). The optimal length of treatment by 0.2% trypsin in 
phosphate buffered saline (pl-I 7.0) varied from species to species. 

Results 

Tables  2 and  3 summar i se  the  chromosomal  f indings.  E x c e p t i n g  
the  fami ly  Accipitridae,  the  m a j o r i t y  of species s tud ied  had  3 large pa i rs  
of morphologica l ly  corresponding chromosomes;  submetacen t r i c  no. 1 
and  no. 2, and  subte locent r ie  or te locentr ic  no. 3. A d o p t i n g  the  t e rm  
used b y  Bianchi  et al. (1969) those chromosomes  are  referred as " s h a r e d "  
group A in the  subsequent  descr ipt ion.  The number  of group B chromo- 
somes in homogamet i c  sex var ied  f rom 2 to  10 wi th  a sharp  mode  a t  6. 
The precise number  of group C chromosomes  was usua l ly  diff icult  to  
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Table 1. List of species examined 

Order Family Species NO. of 
specimens 

Casuarii]ormes 
Rhei]ormes 
Sphenisci/ormes 
Pelecani/ormes 
Cieonii/ormes 

Anseri]ormes 

Phoenicopteri- 
ormes 

Grui]ormes 

Galli/ormes 

Colnmbi/ormes 
Falconi/ormes 

Strigi]ormes 

Casuariidae 
~heidae 
Spheniscidae 
Pelecanidae 
Ciconiidae 

Threski- 
ornithidae 

Palamedae 
Anatidae 

Phoeni- 
copteridae 

Gruidae 

Cracidae 
Phasianidae 

Columbidae 
Cathartidae 

Accipitridae 

Strigidac 

Dromiceius novaehollandiae 1 1 
Rhea americana 1 1 
Spheniscus humboldti 1 5 
Pelecanus onocrotalus 2 1 
Ciconia cieonia cieonia 1 1 
Ciconia ciconia boyciana 3 1 
Ephippiorhynchus senegalensis 1 
Leptoptilus crumeni/erus 2 
Platalea leueorodia 1 
Nipponia nippon 1 1 
Threskiornis melanocephalus 3 4 
Threskiornis aethiopica 1 
Eudocimus tuber 1 2 
Chauna chavaria 1 3 
Anser /abalis 2 
Branta eanadensis 3 
Cygnus olor 1 
Cygnus cygnus 2 

Phoenicopterus tuber 

Grus grus 3 
Grus ]aponensis 1 2 
Grus canadensis 1 
Grus vipio 2 4 
Grus antigone antigone 1 1 
Grus antigone sharpii 3 
Anthropoides virgo 3 
Anthropoides paradisea 1 1 
Bugeranus carunculatus 2 3 
Balearica pavonia pavonia 1 1 
Mitu mitu 1 
Gallus domesticus 3 3 
Polyplectron bicalcaratum 1 
Phasianus colchieus 1 
Columba livia 1 
Vultur gryphus 2 2 
Sarcorhamphus papa 1 4 
Milvus migrans 1 1 
Pernis apivorus l 
Spizaetus nipalensis 1 
Aquila heliaca 2 
Aquila chrysaetos 5 
Haliaetus leucocephalus 1 
Haliaetus pelagicus 1 2 
Pithecophaga ]e//cryi 1 
Sarcogyps calvus 1 1 
Strix uralensis uralensis 2 1 
Strix uralensis japonica 1 
Pulsatrix perspicillata 1 
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Table 2. Summary of karyotype analyses in 39 species of birds and a turtle 

Species 2n :No. of chromosomes a 

A B C 

m sm st/ t  m sm st/ t  m/sm t 

Sex 
c h r o m o s o m e s  

AN b Z W 

D. novaehollandiae 80 • 4 2 6 68 ~: 68 i 4-6th, t 
1~. americana 82 • 4 2 2 4 70 :~ 70 ~: 4-6th, ? 
S. humboldti 78 • 4 2 4 6 2 60 • 72 ~ 4th, sm 
P. onocrotalus 66 4 2 2 6 14 38 70 4th, sm 
C. c. cieonia 68 :~ 4 2 2 8 12 40 ! 72 :~ 6th, m 
C. c. boyciana 68 4 2 2 8 i2 40 72 6th, m 
E. senegalensis 68 • 4 2 2 8 12 40 i 72 :~ 4-8th, ? 
L. crumeni/erus 72 i 4 2 2 8 8 48 • 72 ~: 4-8th, ? 
P. leucorodia 70 • 2 4 4 6 10 44 i 70 ~: 6th, m 
N. nippon 68 2 4 4 6 10 42 68 6th, m 
T. melanocephalus 68 2 2 4 6 2 12 40 70 5th, m 
T. aethiopiea 68 ~: 2 6 2 6 10 42 i 70 :~ 6th, m 
E. ruber 6 8 •  2 6 2 6 10 4 2 ~  7 0 i  6th, m 
C. chavaria 80 4 2 6 2 66 70 5th, t 
A. /abal i s  80 ~ 4 2 2 2 2 68 J:  68 ~ 5th, sm 
B. canadensis 80 i 6 2 4 68 i 68 • 4th, sm 
C. olor 80 :~ 4 4 4 68 ~: 68 • 4th, t 
C. cygnus 80 • 4 4 4 68 • 68 J- 4th, t 
P. tuber 80 :~ 4 2 6 2 66 ~: 70 • 4-6th, sm 
G. grus 80 ~: 4 2 6 2 66 • 70 ~ 4th, sm 
G. ]aponensis 80 ~: 4 2 6 2 66 ~: 70 • 4th, sm 
G. canadensis 80 • 4 2 6 2 66 =~ 70 • 4-6th, sm 
G. vipio 80 4 2 6 2 66 70 4th, sm 
G. a. antigone 80 • 4 2 6 2 66 _ 70 • 4th, sm 
G. a. sharpii 80 4 2 6 2 66 70 4th, sm 
A. virgo 80 • 4 2 6 2 66 =~ 70 ~ 4-6th, sm 
A. paradisea 80 ~: 4 2 6 2 66 ~: 70 • 4th, sm 
B. carunculatus 80 4 2 6 2 66 70 4th, sm 
B. p. pavonia 80 • 4 2 6 2 66 • 70 :~ 4th, sm 
M. mitu 82 ~: 4 2 2 4 70 ~: 70 :~ 5th, m 
G. domesticus 78 2 6 2 2 4 62 70 5th, m 
P. bicalcaratum 78 :j- 2 6 2 2 4 62 • 70 ~: 5th, m 
P. colchicus 82 =~ 4 4 8 66 ~ 68 ~ 4th, sm 
C. livia 80 • 4 2 2 4 68 • 68 • 4th, m 
V. gryphus 80 4 2 6 2 66 70 5th, sm 
S. papa 80 =~ 4 2 6 2 66 • 70 • 5th, sm 
S. u. uralensis 82 -4- 2 4 6 2 68 :s 70 i 5th, m 
S. u. japonica 82 2 4 6 2 68 70 5th, m 
P. perspicillata 76 • 4 2 2 4 4 60 • 68 • 5-6th, m 
G. reevesii 52 4 2 2 4 8 24 8 64-68 ? 

4-6th, t 
4-6th,  ? 
SC~ s m  

S, t 
S, st 
S, st 
? 
? 

S, st 
S, st 
S, s m  
? 

S , t  
S, t 
S, st 
S, s m  
? 

S, t 
? 

S~ s m  
S, SID_ 
? 

S~ s m  
S, t 
S , t  
? 

S~ s m  
S~ s m  
S, s m  
? 

S, in 
? 
? 
? 

S, m 
S, m 
S~ m 
~ d  ITI 

? 

a In  homozygous sex including two Z chromosomes. 
b Corrected number of arms (see text). 
e Small. 
d Medium-sized. 
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determine, but the counts appeared quite convincing in some excellent 
plates. Chromosomes of this group varied from 52 to 70 in different 
species. Since the chromosomes of 9 species of the Aecipitridae showed 
a gradual seriation in size, they were not specifically classified into the 
above 3 groups (Table 3, p. 102). Brief accounts of karyotypes in each 
order are given below. 

Casuarii~o~'mes 
The karyotype of D. novaehollandiae is identical with that  we reported 

previously (Takagi et al., 1972). In  short, group A is the :' shared" type. 
Group B consists of 3 pairs of acrocentrics. A conspicuous secondary 
constriction is apparent at the proximal end of the long arm in one of 
those pairs. Group C includes about 68 small acrocentrics. Hetero- 
morphic sex chromosomes are not present in both sexes. 

Rhei[o~'mes 
R. americana has a karyotype very similar to that of D. novae- 

hollandiae. The centromere locates more distally in no. 2 chromosomes 
of this species. Unlike D. novaehollandiae, a pair of group B is submeta- 
eentric and no conspicuous secondary constriction is detected in any 
B-group chromosome. Sex chromosomes are not identified with certainty. 

Spheniseiformes 
Group A is the "shared"  type in S. humboldti (Fig. 1). Five pairs of 

metacentric or submetacentric chromosomes are comprised in group B. 
Group C is composed of 30 pairs of telocentrics and a pair of metacentrics. 
The Z is a medium-sized submetaeentric and the W a small submeta 
centric. 

Peleeani[ormes 
P. onocrotalus has the "shared"  type group A (Fig. 2). Group B 

includes a pair of metacentries and 3 pairs of submetacentrics. Group C 
consists of a total of 52 chromosomes, 14 of which are metacentric or 
submetacentrie. The Z is a medium-sized submetaeentric and the W a 
small telocentric. 

Ciconii[ormes 
The "shared"  type group A is found in 4 out of 9 species under 

study, C. c. boyciana, C. c. ciconia, E. senegalensis, and L. crumeni/erus. 
Out of 52-56 C group elements 8-12 are apparently biarmed. Group B 
of those species consists of 5 pairs of metacentric or submetacentric 
elements. The Z is a medium-sized metacentric and the W a small 
subtelocentric. 
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Instead of no. 1 of the "shared" group A, a telocentrie pair similar in 
length to no. 3 is present in T. melanocephalus (Fig. 3). Group B con- 
sists of 3 pairs ol submetacentric and a pair of teloeentric elements. The 
combined relative lengths of the two telocentric elements of groups A 
and B closely agree with that  of no. 1 of C. c. boyciana (Table 5, p. 110). 
Furthermore, a large submetacentrie and a small metacentrie pair in 
T. melanoeephalus have made appearance at the expense of no. 6 and 
no. 8 submetacentrics of C. e. boyciana. The Z is similar to that  of the 
above 4 species, while the W is a small submetacentrie. 

The karyotypes of N. nippon and P. leueorodia are almost identical 
and are similar to the karyotype of T. melanoeephalus (Fig. 14, p. 113). 
The only difference is the appearance of an extra submetaeentrie pair 
in group A in place of 2 telocentric pairs of groups B and C of T. melano- 
cephalns. 

T. aethiopiea and E. ruber possess an identical karyotype which is 
similar to that  of N. nippon and P. leucorodia. A pair of teloeentrics in 
group A of the latter 2 species is substituted by a pair of subtelocentrics 
of comparable size in the former two. 

/tnse~'i[oTT[ne8 

Five species so far studied share a diploid chromosome number of 
80 :~. Group A is the "shared" type. The Z is as long as no. 3 in C. clot, 
C. eygnus and B. canadensis, and it is assigned to group A in Table 2. 
Consequently, group B consists of 2 pairs of autosomes in those species, 
while it consists of 3 pairs including the Z in C. ehavaria (Fig. 4) and 
A. ]abalis. All elements of group C appear teloeentrie in every species. 
The W is small and varies from telocentric to submetacentric in different 
species. 

Phoenicopte~.i[of~nes 

Group A is "shared"  type in P. tuber (Fig. 5). Group B consists of 
3 pairs of submetaeentric elements. Two of 68 C chromosomes are bi- 
armed. Since only the homogametic sex was available for the present 
study, sex chromosomes were not identified. 

Grui f o~'m es 

Eleven species of cranes studied have a diploid chromosome number 
of 80 :~ and their karyotypes (Fig. 6) are almost identical with that  of 
P. tuber. The Z is a medium-sized submetaeentric. The only karyotypie 
difference lies in the morphology of the W chromosome. I t  is telocentric 
in G. a. antigone and G. a sharpii, whereas it is submetaeentric in G. grus, 
G. japonensis, G. vipio, A. paradisea, B. caruneuIatus, and B. p. pavonia. 
Sex chromosomes were not identified in G. canadends and A.  virgo since 
chromosomes were studied only in homogametic sex. 

7 Chromosom~ (~erl.), Bd. 46 
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Gaili[ormes 

The karyotype of M. mitu is characterized by  the " sha red"  type 
group A. Group B consists of 3 pairs of chromosomes one being sub- 
metacentric and the remaining 2 telocentric. The submetacentric ele- 
ment  has been identified as the Z (Begak et al., 1971). At most  35 telo- 
eentric pairs are present in group C. 

The karyotype of P. bicalcaratum is identical with tha t  of G. domesti- 
cus reported by Owen (1965). In  addition to the 3 pairs of " sha red"  
elements, the submetacentric Z and a subtelocentric autosomal pair 
which are as long as no. 3 are included in group A. Consequently, 
group B consists of only one telocentric pMr. The combined relative 
lengths of this telocentric pair and the subtelocentrie pair classified 
into group A roughly correspond to the sum of the relative lengths of 
no. 5 and no. 6 of M. mitu. 

The karyotype of P. colchicus is identical with that  reported earlier 
(Takagi and Makino, 1966). In  short, except for the largest submeta- 
eentrie pair, all the other autosomes are teloeentrie. The loss of no. 2 
of the "shared" group A coincides with the gain of 2 pairs of telocentrie 
elements, one being in group A and the other in B. The submetacentric 
Z is comparable in length to no. 3. 

Columbiformes 

The karyotype of C. livia is identical with tha t  reported earlier 
(Galton and Bredbury, 1966), showing 3 pairs of "shared" elements in 
group A and 3 biarmed pairs in group B. All the C group chromosomes 
are teloeentrie. 

Falconifo~'mes 

The karyotypes of V. gryphus and S. papa (Fig. 7) are nearly identi- 
cal with each other and with those of P. tuber as well as all members 
in the family Gruidar The Z is a medium-sized submetaeentric element 
and the W a small metaeentrie. 

The remaining 9 species of the family Accipitridae, as the family 
Falconidae reported by Renzoni and Vegni-Talluri (1966), have markedly 
different karyotypes not only from species of other orders but also from 
those of the allied family Cathartidae. Fig. 8 shows a representative 
karyotype of M. migrans illustrating the extent of diversification of 
karyotype in this family. Table 3 summarizes karyotypie findings in the 
9 species. Except  for 6-10 minute elements, individual chromosomes 
are considerably larger than usual micro-chromosomes of other species. 
The Z so far identified, is the largest or the second largest element in 
the complement. I f  this chromosome is comparable in size to the Z of 

7* 
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Table 3. Summary of karyotype analyses in 9 species of the Accipitridae 

Species 2n Number of chromosomes Sex chromosomes 

m sm st t minute Z W 

M. migrans 66 18 16 6 18 8 2nd, sm S, sm 
P. apivorus 66 18 12 10 20 6 1st, sm IV[, st 
S. nipalensis 68 10 16 6 28 8 1st, sm M, t 
A. heliaca 68 14 8 10 26 10 ? ? 
A. chrysaetos 62 18 14 10 14 6 ? ? 
H. leucocephala 66 16 10 12 20 8 ? ? 
H. pelagicus 66 18 10 12 18 8 1st, sm S, st 
P. je]/eryi 66 12 10 10 26 8 1st, sm S, st 
S. calvus 68 12 12 10 24 10 1st, sm S, st 

t yp i ca l  av ian  k a r y o t y p e s  (Ohno, 1967), i t  appears  t h a t  mos t  of the  C 
e lements  have  ga ined  in length  a t  the  expense  of group A chromosomes.  
A medium-s ized  subte locent r ie  pa i r  of the  m a j o r i t y  of species in th is  
f ami ly  possesses p r o m i n e n t  satel l i te  bodies  a t  the  d is ta l  end  of the  shor t  
arm, which frequently show an end-to-end association. 

Stripi[m'mes 

The k a r y o t y p e s  of S. u. zeralensis and  S. u. japonica are  near ly  
ident ica l  wi th  each o ther  and  are s imilar  to  those of S. aleo (Hammer ,  
1970) and  Bubo v. virginianus (Kr i shan  et al., 1966). Group  A consists  
of 3 pai rs  of acrocentr ics ,  2 pai rs  of submetacen t r i c s  and  a pa i r  of meta -  
centr ics.  The  res t  of the  complement ,  a pa i r  of group B a n d  34pa i r s  
of group C, are te]ocentr ie .  The  me tacen t r i c  e lement  assigned to group A 
is the  Z. The metaeen t r i c  W is small  in  S. u. uralensis, while i t  is med ium-  
sized in S. u. japonica. A pa i r  of large metacen t r i cs  is conspicuous in 
P. perspicillata. The size of this  chromosome corresponds  to  the  sum of 
group A te locentr ics  in  the  above  2 species. 

Chromosome Measurements in Di//erent Orders 
Fig.  9 shows serial  a l ignments  of the  12 larges t  pa i rs  of av ian  species 

represent ing  12 different  orders  and  a species of tu r t l e  represen t ing  
the  rep t i l i an  order  Chelonia. The mos t  s t r ik ing fea ture  is the  good agree- 
men t  in size and  cent romeric  pos i t ion  of the  3 larges t  pai rs  in  bo th  
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Table 4. Relative lengths (top) and centromeric indices 

Species Pairs of chromosomes 

1 2 3 Z W 

Dromiceius 23.4 17.3 13.6 9.3 a __ 
novaehollandiae 39.7 44.6 16.0 0 

Rhea 23.0 16.4 14.9 8.3 a - -  
americana 36.5 43.5 20.4 0 

Spheniscus 20.9 15.1 12.3 8.3 5.0 
humboldti 39.4 38.0 16.3 37.2 34.2 

Pelecanus 19.6 15.2 11.5 8.5 3.0 
onocrotalus 38.9 39.4 17.6 36.5 0 

Ciconia 19.4 15.2 11.4 7.1 4.5 
c. boyciana 41.7 38.3 14.6 45.0 27.7 

Chauna 22.7 17.6 13.4 8.4 3.2 
chavaria 39.8 37.2 17.7 0 O 

P hoen icopterus 21.5 17.0 13.3 9. 0 a __ 
tuber 39.4 39.1 15.9 36.6 

Grus 20.7 16.1 12.6 9.4 4.5 
antigone sharpii 40.0 38.9 17.4 35.2 0 

Gallus 23.4 17.5 12.2 10.0 3.8 
domesticus 37.9 36.2 0 47.8 40.3 

Columba 22.4 16.4 12.7 8.4 - -  
livia 41.0 40.5 15.9 47.2 

Vultur 20.7 15.8 13.4 8.6 5.2 
gryphus 40.2 38.6 19.8 36.8 47.2 

a Identification is tentative. 

av ian  and rept i l ian species, wi th  the  except ion of  S .  u. u ra lens i s  o f  the  

order Str ig i]ormes .  The number  and morphology  of B-group chromo- 

somes, including the Z pair, on the  other  hand,  v a r y  considerably in 

different  species. 

Table  4 summarizes  results of chromosome measurements  in the 

11 av ian  species shown in Fig. 9. The results subs tant ia te  the  visual 

impression t h a t  the 3 largest  pairs are shared by  those species. I n  fact,  

the  mean  re la t ive  length of submetacent r ic  no. 1 is 21.4 wi th  a range 

f rom 19.4 to 23.4. The centromere  index varies f rom 36.5 to 41.7 wi th  

a mean  of 39.5. No. 2 appears  a lmost  ident ical  in all the  species except  

for D. novaehol landiae ,  R .  amer icana ,  and G. domes t icus .  The centromere  

index  is much larger in the  former  2 species (44.6 and 43.5), while i t  is 
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(bottom) of 12 largest pairs from 11 diverse species 
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5 6 7 8 9 10 11 12 

7.9 7.0 5.0 4.3 3.8 3.4 2.9 2.7 
0 0 0 0 0 0 0 0 

7.8 7.3 4.4 4.1 3.8 3.6 3.3 3.2 
41.5 0 0 0 0 0 0 0 

8.3 8.1 7.4 7.3 3.4 3.2 3.0 2.8 
31.7 45.7 43.9 39.5 0 0 0 0 

7.7 7.4 6.7 5.2 4.9 4.7 4.3 4.0 
29.6 47.8 34.5 47.4 37.7 46.3 44.4 24.4 

8.2 8.2 7.1 7.0 5.2 4.5 3.6 3.1 
36.5 31.6 39.2 46.1 47.8 0 47.2 0 

8.9 7.4 4.7 4.2 3.8 3.3 3.0 2.7 
17.6 0 0 0 0 0 0 0 

8.4 8.0 4.7 4.5 4.2 3.8 3.2 3.0 
34.7 34.0 0 0 0 0 0 0 

8.5 7.6 5.2 4.9 4.3 4.0 3.6 3.4 
29.2 34.2 0 0 41.7 0 0 0 

10.5 6.2 4.4 3.8 3.4 3.2 2.8 2.7 
25.9 0 0 29.8 40.2 0 0 0 

7.9 7.6 5.0 4.8 4.4 3.9 3.6 3.1 
38.8 33.3 0 0 0 0 0 0 

8.8 8.1 5.1 4.2 4.1 3.7 3.6 2.9 
33.2 34.4 0 0 47.6 0 0 0 

smaller  in the last species (36.2), as compared  to the mean  value  (38.8) 

of the  remaining 8 species. W i t h  the except ion  of G. domesticus, the  

pair  no. 3 is subteloeentrie.  Considering the morphological  s imilar i ty  

and  a ra ther  narrow range of the  re la t ive  lengths (11.4 to 14.9), no. 3 

chromosomes of all the  species appear  to correspond each other. 

As described earlier, the  number  and morphology  of B group chromo- 

somes are var iable  in different  orders. However ,  the re la t ive  lengths 

of pairs located a t  the corresponding posi t ion in the ka ryo type  are 

similar  in D. novaehollandiae, C. chavaria, P. ruber, V. gryphus, C. livia 
and  G. a. sharpii, a l though the eentromeric  indices are variable.  The 

lengths of larger C group chromosomes also correspond well in those 
species. I n  contrast ,  the  Z is ra ther  var iable  in both  length (7.1-10.0) 

and  centromeric  index (047 .8) .  Hence  the Z is assigned to ei ther 
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Fig. 10a--j. G-banding patterns of no. 1 chromosomes from 9 bird and 1 chelonian 
species. (a) D. novaehollandiae, (b) R. americana, (c) P. onocrotalus, (d) C. c. boyciana, 
(e) C. chavaria, (f) P. ruber, (g) V. gryphus, (h) G. a. sharpii, (i) G. domesticus, (j) G. ree- 

vesii. Magnification varies among species 

group A or B. The W chromosome also varies considerably in size and 
morphology. 

G-Banding Analysis  

The above morphological studies may  suggest but not assure tha t  
morphologically corresponding chromosomes in the diverse species are 
actually homologous. With a hope to provide more critical data, G-band- 
ing patterns were analysed in Ii species from 9 avian orders and in 
1 chelonian species. Due to technical difficulty to produce adequate 
banding patterns, the comparison was restricted to group A chromo- 
somes in most species. 

Fig. 10 shows no. 1 pairs from 9 avian and 1 reptilian species. I t  is 
obvious tha t  these banding patterns are essentially identical in those 
l0 species. The only exception is an extra segment at  the proximal 
end of the long arm in R. americana. 

Banding pat terns in no. 2 are less distinct than in no. 1. No. 2 of 
D. novaehollandiae and R. americana lack a segment at  the proximal end 
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Fig. l la--d.  G-banding patterns of no. 2 chromosomes from 4 species of birds. 
(a) V. gryphus, (b) D. novaeholland iae, ( e ) G. domestieus, (d) R. americana. The chromo- 
somes of D. novaehollandiae and R. americana lack the segment corresponding the 
one marked on the chromosomes of V. gryphus and G. domesticus. Magnification 

varies among species 

Fig. 12a---e. G-banding patterns of no. 3 chromosomes from 5 species of birds. 
(a) G. domesticus, (b) B. americana, (e) V. gryphus, (d) P. ruber, (e) G. a. sharpii. 

Magnification varies among species 

of the long arm (Fig. 11). Otherwise, banding patterns of this pair are 
comparable in all the species. The absence of the above mentioned 
segment is responsible for the disproportionately large centromere 
indices in the ratite species. 

A limited number of metaphases with banded patterns suitable for 
eomparison unequivocally indicates that  no. 3 chromosomes are com- 
parable from species to species (Fig. 12). Banding patterns of no. 3 telo- 
centries of G. clomeaticus correspond to the long arm ot no. 3 snbtelo- 
eentries of the other species. 

The karyotype of S.  u. uralensi8 appears to differ considerably from 
the common avian karyotypes having "shared"  group A. Nevertheless, 
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Table 5. Presumptive karyotypic relationships between T. melanocephalus, 
P. leucorodia and C. c. boyciana 

Chromosomes of 

T. melanocephalus P. leucorodia 

Counterparts in 
C. c. boyciana 

t 11.4 11.4 lq  11.4 

2 14.8 15.6 2 15.2 

5.8 6.2 5.8 
9.1 9.3 9.4 

3 11.6 11.6 3 11.4 

2.0 1.6 1.7 
9.9 10.1 9.8 

Z 8,3 8.6 Z 7.1 

3,3 3.3 3.2 
5.0 5.3 3.9 

W 4.9 4.6 W 4.5 

2.1 1.4 1.2 
2.8 3.2 3.2 

5 7.3 11.8 

0 3.9 10 4.5 
7.3 7.9 lp  8.1 

6 9.4 9.4 

3.9 4.2 8q 3.8 
5.5 5.3 6q 5.6 

7 7.6 8.1 5 8.2 

2.6 2.3 3.0 
5.0 5.8 5.2 

8 7.0 7.5 7 7.1 

2.6 2.4 2.8 
4.4 5.1 4.3 

9 5.5 5.8 

2.4 2.7 6p 2.6 
3.1 3.1 8p 3.2 

10 5.3 5.4 9 5.2 

2.6 2.5 2.5 
2.7 2.8 2.7 

11 5.1 10 4.5 

1.5 0 
3.6 4.5 

p and q designate a short arm and a long arm, respectively. 
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karyotypic relationships between 
G. domesticus 

Chromosomes of Counterparts in 
S. u. japonica G. domesticus 

1 13.3 lq 13.3 
1.8 0 

11.5 13.3 

16.3 2 17.5 
1.4 6.3 

15.0 11.2 

13.7 3 12.2 
2.2 0 

1t.6 12.2 

13.4 
5.1 ? 
8.4 lp  8.9 

10.1 Z 10.0 
4.9 4.7 
5.2 5.2 

6.5 W 3.8 
2.9 1.5 
3.5 2.3 

9.5 5 10.5 
3.2 2.7 
6.3 7.8 

6.0 6 6.2 
1.4 0 
4.6 6.2 

Z 

W 

S. u. japonica 

111 

and 

the de r iva t ion  of the  owl k a r y o t y p e  f rom the  l a t t e r  is clar if ied b y  com- 
par ing  re la t ive  lengths  (Table 6) and  G-band ing  p a t t e r n s  (Fig. 13). The  
re la t ive  length  of the  longest  te locentr ics  of the  owl corresponds  to t h a t  
of no. 2 of the  chicken, suggest ing a per icent r ic  invers ion has t a k e n  
place. The  compar ison  of G-band ing  p a t t e r n s  favors  this  i n t e rp re t a t ion .  
Two acrocentr ic  pairs  morphologica l ly  s imilar  to no. 3 of the  chicken 
complemen t  have  d i s t inc t ive ly  di f ferent  band ing  pa t t e rns .  One is s imilar  
to the  p a t t e r n  of chicken no. 3 and  the  o ther  to  t h a t  of the  long a rm of 
no. 1. The long a rm of the  longest  submetacen t r i c  pa i r  of the  owl 
exac t ly  corresponds to the  shor t  a rm of chicken no. 1. 
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Discussion 

The similarity of avian karyotypes was advocated by  Ohno and 
collaborators on the basis of direct karyotype  analyses (Stenius et al., 
1963 ; Ohno et al., 1964) and the uniform genome size in diverse orders 
of bird (Atkins et al., 1965 ; Baehmann et al., 1972). Hammer  (1966, 1970) 
unequivocally demonstrated that  closely related bird species often have 
identical karyotype though exceptions are not rare (t~ay-Chaudhuri 
et al., 1969). Analysing then available data, Bloom (1969) showed tha t  
a mode of the diploid chromosome number  was 80 in 91 avian species. 
The range was 52 to 94 with 77 per cent of the chromosome numbers in 
the 76 to 84 range. 

On the other hand, considerable karyotypic variation in mammals  
led I-Isu and Mead (1969) to mention tha t  comparison between distantly 
related taxa may  be meaningless. In  most  eases, comparing karyotypes 
of different genera within a family or subfamily, and sometimes even 
different species within a genus, can be futile because the chromosomes 
of these taxa bear no resemblance to one another. In  sharp contrast, 
the remarkable conservatism of avian karyotypes has allowed chromo- 
some comparison even between different orders. A profile of a primitive 
avian karyotype has thus emerged through the present comparative 
study. 

A Primit ive Av ian  Karyotype 

The 3 maeroehromosomal pairs of the " shared"  group A occurs in 
14 relatively primitive avian orders. Their homology was ascertained 
by almost identical G-banding patterns in 9 different orders. I t  should 
not be far-fetched to extrapolate this finding to the morphologically 
corresponding chromosomes found in species of the remaining 5 orders 
where G-baning studies have not yet been carried out. This conspicuous 
situation could not have been achieved without postulating a strong 
preferential selection pressure upon the karyotype itself and/or a mecha- 
nism evoking identical chromosomal rearrangements repeatedly, both 
of which appear quite improbable in evolution. Therefore, the most  
plausible conclusion appears that  the 3 pairs of chromosomes have been 
t ransmit ted from a common ancestor. The 3 largest pairs of chromo- 
somes in the fresh water turtle, Geoclemys reevesii (Sasaki and I toh,  
1967), appear homologous to the avian counterparts, in view of their 
nearly identical banding patterns. This suggests tha t  the incorporation 
of these marker  chromosomes into the turtle-bird genome lineage is 
dated back to considerably earlier era than the advent  of an ancestral 
bird. 
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In  spite of the conspicuous conservation of the group A comple- 
ment,  considerable variability in number and morphology of the re- 
maining elements prevents from reconstructing the ancestral pat tern  
with certainty. Group B consists of 3 pairs in homogametic sex in 
8 diverse orders, Casuariiformes, Rhei/ormes, Anseri/ormes, Phoenico- 
pteri/ormes, Galli/ormes, Grui/ormes, Falconi/ormes and Columbi/ormes, 
while it comprise 4 or 5 pairs in 5 orders, Sphenisciformes, Colymbi[ormes 
(Hammer,  1970), Charadrii]ormes (Hammer,  1966, 1970; Itohetal., 
1969), Pelecani]ormes and Ciconii/ormes. Though final decision must  
await banding analysis, it appears tha t  the 3 B-chromosome pairs in 
the former group are in fact homologous. Perieentric inversions may  
account differences in eentromerie position of the constituent chromo- 
somes. There is no indication tha t  the former 8 orders represent one 
phylogenetic lineage and the latter 5 represent another. Actually some 
members of the former have closer relationship to some of the latter. 
Consequently, the simplest explanation appears tha t  the group B con- 
sisting of 3 pairs of chromosomes has been t ransmit ted from a common 
ancestor of both groups of birds. I t  is hard to maintain tha t  the 3-pair 
pat tern  has evolved independently from some other patterns in different 
orders. 

The diploid chromosome number is in the 60's in the order Pelecani- 
[ormes, Ciconii]ormes and Charadrii[ormes (Hammer,  1966, 1970; I toh  
et al., 1969), while it is near 80 in most other orders. Obviously, the low 
diploid numbers coincide with the increase in the number of biarmed 
elements in group C. The total arm number of group C elements varies 
from 62 to 70 in all the species under study except the aecipiter. The 
range becomes 68 to 72 if rearrangements involving C chromosomes are 
taken into account (AN in Table 2). This appears to corroborate the 
view tha t  during the evolution of divergent avian species from an an- 
cestral form, the original set of group C has remained relatively un- 
changed, though differences in DNA and its replieational behavior 
are evident in some allied species (Comings and Mattoceia, 1970 ; Takagi, 
i972). The direction of changes either from low to high or from high to 
low is still unknown. I t  might be a sheer coincidence tha t  the corres- 
ponding arm number in Geoclemys reevesii is 64 68. 

Mechanisms o/Karyotype Evolution 

So far as the 3 A-group chromosomes of birds are concerned, it is 
now possible to determine the direction of chromosomal changes and 
to elucidate mechanisms involved. In  the following is presented a 
possible role of centric fission played in karyotype evolution in the 
Ciconii/ormes in addition to translocation, pericentric inversion, and 
centric fusion. 

8* 
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I t  is probable that  karyotypie diversification in the Ciconiidae and 
the Thre~]~iornithidae started out with the karyotype similar to the one 
found in C. c. boyciana with the "shared" group A (Fig. 14). The karyo- 
type of this species could give rise to that  of T. melanocephalus by 
assuming a centrie fission of no. 1 into 2 teloeentries and a reciprocal 
translocation very close to the centromere between two medium-sized 
submetacentrics, nos. 6 and 8, into a large submetacentric and a small 
metacentrie. Derivation of the 2 te]ocentric elements in T. melano- 
cephalus from the submetaeentrie no. 1 is confirmed by their banding 
patterns. The possibility of a reciprocal translocation close to the eentro- 
mere between no. 1 and a small biarmed element can not be ruled out 
in this case, though telocentric nature of the products favors fission 
mechanism. 

I t  is possible to derive the karyotypes of N. nippon and P. leucorodia 
from that of T. melanocephalus by a eentrie fusion between the telo- 
centrie element homologous to the short arm of no. 1 and the telocentric 
no. 11 (Table 5). From a gross morphological basis, a perieentrie inver- 
sion or a reciprocal translocation is required to explain the difference 
between the autosomes of T. aethiopica and E. ruber and the above two 
species, N. nippon and P. leucorodia. 

Putative examples of centrie fission are also found in other orders. 
I t  is evident that  the pheasant and turkey karyotypes (Stenins et al., 
1963) are easily derived from karyotypes of allied species having"  shared" 
group A through a centric fission in the submetacentric no. 2. The karyo- 
type of Bucephala clangula (Anatidae) consisted of 84 telocentric chro- 
mosomes (Hammer, 1970) might be ascribed to eentrie fissions of nos. 1 
and 2 of a karyotype similar to that  possessed by Anas platyrhincus 
and C. chavaria. Also suggested is that  a centrie fission in no. 1 might 
have been one of key steps in the evolution of the owl karyotype from a 
primitive bird karyotype. Further examples of fission will be found by 
comparing published karyotypes. 

The l~obertsonian type of chromosome evolution prevails in a con- 
siderable number of taxa both in invertebrates and vertebrates (White, 
1973). However, the present consensus of opinion does not necessarily 
ascribe an important role to ccntrie fission in mammals. I t  is true that  
only one possible case of fission has been found (Sinha et al., 1972) thus 
far, while fusions are aboundant in human populations. Among species 
other than man, there are sporadic cases which are compatible with a 
fission hypothesis (Baker et al., 1971 ; Egozcue, 1971 ; Fredga and Berg- 
strSm, 1970; John and Hewitt, 1968; Singh, 1972; Southern, 1969; 
Todd, 1970; Wahrman et al., 1969; Webster et al., 1972). 

Fission implicates that  one functional eentromere can be split into 
two functional units. Strong evidence for this event was obtained from 
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in vitro cloning experiment by  Ka to  et al. (1973) in Chinese hamster  
cell strains. They could isolate a viable clone possessing two telocentrics 
derived from the X by centrie fission. The present findings suggest tha t  
the eentrie fission had played an important  role in karyotype  evolution 
in birds. Further accumulation of data  will prove frequent participation 
of the phenomenon in diversification of mammalian karyotypes as well. 

Nyatematic Iml)lication8 

The present s tudy yielded some important  findings relevant to 
current taxonomic controversies in birds. I t  is generally believed tha t  
the " ra t i t e s"  consists of at least 5 unrelated groups of birds, which 
have become flightless secondarily (Mayr and Amadon, 1951 ; Wetmore, 
1960). The concept appears, however, at variance with our present and 
previous chromosomal findings in the ostrich, rhea, emu and cassowary. 

(1) Karyotypes  of the 4 species are strikingly similar and apparently 
interchangeable with one another with slight changes in the centromerie 
position of one or two macroehromosomal pairs. 

(2) No apparently heteromorphie sex chromosome pair is found 
either in female or in male specimens so far examined. 

(3) A segment corresponding to a negative and a positive G-band 
which proximally locates on the long arm of no. 2 in "car ina tes"  is 
lacking in the emu and rhea, and possibly in the ostrich and cassowary. 
This appears responsible for the disproportionately large eentromeric 
index in the ratite no. 2. 

(1) is not necessarily a rare event even among remotely related 
species in birds and cannot be strong evidence. However, (2) suggests 
tha t  the progenitor of " ra t i t e s"  had diverged from the main s temof 
avian evolution before the commencement of morphological spccializa- 
tion of the W chromosome. Furthermore, the possibility of "conver- 
gence" is remote in the ease of (3), since the karyotype does not seem 
to respond to selection pressure in the same way as anatomical and 
physiological characteristics. Our presumptive conclusion is, therefore, 
the rat i te-type no. 2 is derived from a common ancestor of those species. 
If  it had been present in an common ancestor of " ra t i t e s"  and " c a r t  
nares"  it must  have been retained by  some present-day "car ina tes"  
But, this is not the case so far as our meager data are concerned. 

The degree of karyotypic diversification in the family Accipitridae 
and Falconidae of the order Falconiformes seems extraordinary in view 
of the general conservatism of avian karyotypes.  The typical avian 
karyotype in the Cathartidae of the same order suggests tha t  they have 
diverged from other falcones for a long time and phylogenetie relationship 
must  be remote as suggested by  Ligon (1967). 
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The presen t  s~udy ind ica t ed  t h a t  the  G-banding  p a t t e r n s  of the  
3 A-group  pairs  have  kep t  una l t e r ed  for the  mos t  p a r t  over  100 mil l ion 
years .  I t  m a y  be safe to  conclude, therefore,  t h a t  the  G-band  itself  
ha rd ly  changes in evolut ion,  and  i t  is mos t l y  in t ra-  and /o r  in te rchromo-  
somM rea r rangements  t h a t  have  been responsible  for obscur ing chromo- 
somal  homology,  though the  C-band m a y  be sub jec t  to f requen t  change 
(de Grouchy  et al., 1972). Since chromosomM rea r rangemen t s  are  min imal  
in av ian  evolut ion,  except  for the  Accipitridae and  _Falconidae, even 
sl ight  unterspecif ie  chromosomal  changes can be de tec ted  in a n u m b e r  
of eases. The  k a r y o t y p e  furnishes phylogene t ic  evidence i n d e p e n d e n t  
from ana tomica l  and  physiological  character is t ics .  F u r t h e r  ex tens ive  
cytogenet ic  analyses  toge ther  wi th  morphologica l  and  b iochemica l  
s tudies  are promis ing  to solve cer ta in  i m p o r t a n t  sys t emat i c  p rob lems  
in birds.  
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