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Abstract. Nucleotide sequences for the ~:-casein pre- 
cursor proteins have been determined from the genomic 
DNAs or hair roots of the Ruminantia. The coding re- 
gions, exons 2, 3, and 4, were amplified separately via 
the three kinds of PCRs and then directly sequenced. The 
primers were designed from the sequence of bovine 
K-casein gene; they were applicable for the amplification 
of the ~:-casein genes from the 13 species in the Rumi- 
nantia except exon 2 of the lesser mouse deer. These 
results permitted an easy phylogenetic analysis based on 
the sequences of an autosomal gene. A phylogenetic tree 
was constructed from the mature ~:-casein sequences and 
compared with the tree of the cytochrome b genes which 
were sequenced from the same individuals. The Cervidae 
(sika deer, Cervus nippon) were separated from the 
branch of the Bovidae on the tree of ~:-casein genes with 
a relatively high confidence level of the bootstrap anal- 
ysis, but included in the branch of the Bovidae on the tree 
of cytochrome b genes. The ~:-casein tree indicated a 
monophyly of the subfamily Caprinae, although the in- 
ternal branches were uncertain in the Caprinae. The tree 
based on the nucleotide sequences of cytochrome b 
genes clearly showed the relationships of the closely re- 
lated species in the genus Capricornis consisting of se- 
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row (C. smatorensis), Japanese serow (C crispus), and 
Formosan serow (C. swinhoei). These results would be 
explained by the difference of resolving power between 
the ~:-casein and the cytochrome b sequences. 
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Introduction 

The Artiodactyla appeared in the fossil record near the 
Paleocene-Eocene boundary and rapidly radiated (No- 
vacek 1982). Although the Bovidae are a main family in 
the suborder Ruminantia, the monophyly of the Bovidae 
has been poorly established from morphological evi- 
dence (Kraus and Miyamoto 1991). Molecular phyloge- 
netic analysis is a powerful method for resolving evolu- 
tionary relationships. However, the molecular data from 
the Ruminantia also led to confusion. Protein sequences 
of the fibrinopeptide (Goodman 1981) and the ribonu- 
clease (Beintema et al. 1986) supported the monophyly 
of the Bovidae and of the Cervidae. Partial sequences of 
the mitochondrial 12S and 16S ribosomal genes sug- 
gested the paraphyly of the Bovidae (Gatesy et al. 1992). 
The 2.7 kb of the complete 12S and 16S genes and three 
adjacent tRNA genes indicated monophyly of the Bo- 
vidae, though the separate analysis for the 16S genes was 
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Table 1. Taxa examined in this study 

Family Bovid tribe Species Common name 

Bovidae Bovini Bos taurus Cattle 
Bubalus bubalis Water buffalo 

Saigini Saiga tatariea Saiga 
Caprini Capra hircus Goat 

Ovis aies Sheep 
Rupicaprini Rupicapra 

rupicapra Chamois 
Oreamnos 

americanus Rocky Mountain goat 
Nemorhaedus 

goral Goral 
Capricornis 

sumatrensis Serow 
Capricornis 

crispus Japanese serow 
Capricornis 

swinhoei Formosan serow 
Cervidae Cervus nippon Sika deer 
Tragulidae Tragulus 

javanicus Lesser mouse deer 
Suidae Sus scrofa Pig 

not consistent with the conclusion from the 2.7-kb se- 
quence (Allard et al. 1992). The 1,140 bp of the complete 
cytochrome b genes did not show a monophyly of the 
Bovidae; the Cervidae were included in the branch of the 
Bovidae (Irwin et al. 1991). 

The substitution rate in mammalian mtDNA was five 
to ten times higher than that in chromosomal genes. 
Therefore, saturation of changes occurred in a relatively 
short period (Brown et al. 1979; Nei 1987; Irwin et al. 
1991). Brown et al. (1979) showed that the estimate of 
the substitutions in mtDNA was most accurate in the last 
5 million years and then became increasingly less accu- 
rate for greater divergence times. The radiation of the 
pecoran families may have occurred about 23-28 million 
years ago (Kraus and Miymnoto 1991). Thus, the diffi- 
culty of the phylogeny in the Ruminantia might be due to 
the limit of the resolving power of mtDNA sequences 
(Irwin et al. 1991). 

Another explanation is an introgressive hybridization 
between the ancestral species of Bovidae and Cervidae. 
Mitochondrial genes have been inherited from only the 
maternal lineage. Thus, a phylogenetic tree of a mito- 
chondrial gene reveals the relationships of the maternal 
lineage. The data of Carr and Hughes (1993) implied a 
mtDNA flow from mule deer (Odocoileus hemionus) to 
white-tailed deer (Odocoileus virginianus) by compari- 
son of the cytochrome b sequences. The phylogenetic 
trees from mtDNA of extant species might be muddled 
by introgression. 

An alternative way to confirm the phylogeny is to 
construct the pbylogenefic trees of autosomal genes. We 
have determined the sequences of the K-casein gene for 
phylogenetic analysis. Kappa-casein is a milk protein 
that forms the casein micells along with the cz- and 
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(leo uino ~ids) ililiD~tiia~i::tlii}ii::!::i:.ic~9::!aii~!i~iii!ii!i::::::l 

2A : 5'-CTAATTGTTTAATTTAATTTAGGTGCA-3' (2570-2004) 
2B : 5'-CAAAACTGATTAGATGAAATTAACTC-3' (2604-2689) 
3A : 5'-TCTTGTTTCTGATTCTTTCTCTGAATCTC-3" (8451-8479) 
3B : 5'-GGATTCATATCTCTACTGGAAACAAACTTA-3' (8519-8548) 
4A : 5'-TAATACCATTCTGCATAATTTATTTTTTTACAG--3' (10496-10528) 
4B : 5'-CTGCGTTGTCTTCTTTGATGTCTC-3' (11022-11045) 
4C : 5'-CCCACATTTATCATTTATGGCCATTCC-3' (10801-10827) 
4D : 5'-GATTTCTGTTTTATCCTGATTTTTCrTTGG-3' (10829-10858) 

Fig. I. Structure of the bovine K-casein gene and the primers for 
amplification of the artiodactyl ~c-casein genes. Numbers in parentheses 
are the positions according to the bovine 1c-casein gene (Alexander et 
al. 1988). 

[3-caseins. These casein genes are clustered on an auto- 
some and are homologous except for the ~:-casein gene 
(Mercier et al. 1990). The ~c-casein gene has a quite 
different structure from the other casein genes and is 
evolutionarily related to the fibrinogen gene family (Al- 
exander et al. 1988). Consequently, there probably has 
been no crossing over between the ~;- and the other 
casein genes since the divergence of the mammals. Be- 
cause ~c-casein plays an essential function in the mam- 
malian milk and its evolutionary rate of the mature pro- 
teins is rapid (Mercier et al. 1990), the sequences of the 
~:-casein genes will provide a useful phylogenetic tree 
based on an autosomal gene. In this study, we sequenced 
the K-casein and the cytochrome b genes from Ruminan- 
fia to compare the phylogenetic trees of the two genes. 

Materials and Methods 

DNA Sources (Table 1). DNA samples were prepared from the muscle 
of cattle (Bos taurus), sheep (Ovis aies), goat (Capra hircus), pig (Sus 
scrofa), Japanese serow (Capricornis crispus), sika deer (Cervus nip- 
pon), and lesser mouse deer (Tragulus javanicus). Tile DNA of water 
buffalo (Bubalus bubalis) was extracted from a blood sample as de- 
scribed by Sambrook et al. (1989). The hair roots from the Japanese 
serow, Formosan serow (Capricornis swinhoei), serow (Capricornis 
sumatrensis), goral (Nemorhaedus goral), chamois (Rupicapra rupi- 
capra), Rocky Mountain goat (Oreamnos americanus), and saiga 
(Saiga tatarica) were used as templates for the PCR amplifications 
(Saiki et al. 1985). 

~-Casein Sequences. Sequencing was performed as described in the 
previous paper (Chikuni et al. 1994b), Primers used for PCR amplifi- 
cations are shown in Fig. 1. The primers were designed from the 
sequence of the bovine ~:-casein gene (Alexander et al. 1988). The 
exons 2, 3, and 4 were amplified via PCRs using the primers 2A/2B, 
3A/3B, and 4A/4B, respectively (Fig. 1). The sequencing for exon 4 
was performed with the two segments that were amplified via the two 
kinds of second PCRs using the primers 4A/4D and 4C/4B. The PCRs 
were run as follows: each cycle of denaturation for 1 rain at 93°C, 
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Cattle* 
Water buffalo* 
Sheep~ 
Goat* 
Japanese serow 
Formosan serow 
Serow 
Goral 
Chamois 
Rocky mountMn goat 
Saiga 
Sika deer 
Lesser mouss deer 
Pig* 

Cart le~ 
~ater buffalo* 
Sheep* 
0oat* 
Japanese serow 
Formosan serow 
Serow 
Corral 
Chamois 

I ~" exon n -+ I *- exon P~ "~[ ~- 100 exon 

A?G A?O AAG ACT TTT TTC CTA GTT GTG ACT AT{: CTG ~A TTA ACC CTG CCA TTT TTO GGT GCC CAG GAG CAA AAC CAA GAA CAA CCA ATA CGC TGT OAG AAA CAT GAA 
........................................................................................................ G ooo 

........................... .................................................. G ..... R .,G ... T ................. 

.................................................. G .......................... G ............ T ................. 

.................................................. G .......................... G ............ T ................. 

.................................................. (~ .......................... {] ............ T ................. 

.................................................. G .......................... G ............ T ................. 

......................... C ................................................... G ...... T ..... ? ................. 

............................................................................. G ............ T ................. 

.......................................................... A ........... G ...... G ............ T ................. 

. . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . .  T" .-12 . . . . . . . . . .  C. & . . . . . . . . . . . . . . . . .  
• T ...... A .T .... To? "'G ....... TC .C" G.A ........ T ...... 

.......... G? - ' -  A" 

2OO 
AGA TTC ?TC AGT CAC AAA ATA GCC AAA TA? A?C CCA AT? CAO TAT ~?G CTG AGr AGG TAT CCT ACT TAT GGA CTC AAT ?AC TAC CAA CAG AAA CCA GTT GCA CTA AT? 

......... GA ................................................................................ G ................ 

......... GA ........................................................................ T ....... G ................ 
• C ....... GA ................................................................................ G ................ 
......... GA ................................................................................ G ................ 

......... GA ................................................................................ O ................ 

........ Y GA ................................................................................ G ................ 

......... GAG ............................................................................... G ................ 
Rocky mountain goat ......... GA ................................................................................ G ................ 

Salsa .......... A ..... G ....................................... A .................................. (2 ................ 
Sika deer . . . . . . . . . .  A . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C .G . . . . . . . . . . . . . . . .  
Leessr mouse deer .......... A ........ (3. ATT ................ CT .-. T ...... A- "-A ............................. 12 ..A ,GG -.. CC .......... 
Pig~ . . . . .  O . . . .  A . . . A  G . . . A . . T  . . . . . . . . . . . . . . . .  T.T .-C A . . . . . .  A . . . . .  T . . . . . . . . . . . . .  T .T  - - -  -T . . . . . . . . .  T -G. T . . . C -  .T. TC ° CC. 

300 
Cattle* AAT AAT CAA TTT CTG CCA TAG CCA TAT TAT GCA AAG CCA GL"r GCA G?T AGG ?CA CCT GCC CAA ATT CTT CAA TGG CAA GTT TTG ?CA AA? ACT GTG COT ~O AAG TCC 
Water buffalo* .................................................................................... C ....................... 
Sheep* ................................ G ....... T ....................... C ................... C ..... {2 ................. 
G o ~ t ~  ........................................ T ....................... C ................... C ....................... 
Jmpaness ssrow ........................................ T ....................... C ................... C . . . . . . . . . . . . . . . . . . . . . . .  
Formosan serow ........................................ T ....................... C ................... C ......... C ............. 
Ssrow ........................................ T ....................... C ................... C ......... C ............. 
Carrel ........................................ T ....................... C ................... C ......... CA ............ 
Chaiois . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . .  G . . . . . . . . . . . .  C . . . . . . . . .  CA . . . . . . . . . . . .  
Rocky mountsin goat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . . . . . . . . . . . .  C . . . . . . . . .  C . . . . . . . . . . . . .  
S a i g s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . .  T . . . . . .  
S i k a  d e e r  . . . . . . . .  G . . . . . . . . . . . . . . . . . . . . . .  T . . . .  . . . .  G . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . .  C . . .  C . . . .  C . - C  . . . . . . . . . . . . .  T. 
Lesser mouse deer ..... C ........... G .T- ?.. "T ............. ATO ............................. G ........ C CC. CTG --. G ..... T ........ C ,o 
PI$* .... GC_ ...... A'A "T ................ (2 ..... T" "T- .(3. (].- C" "A- "T .... AA "C ........... AC CA. C . . . . . . . . . . . . . . . .  

8mlga 
Slka deer 
Lesser mouse deer 
Pig* 

Cattle* 
Water buffalo* 
Sheep* 
Go~t* 
Japanese serow 
Formes~ serum 
Serow 
Coral 
Chamois 

4OO 
Cattle* TGC GAA GCC CAG CCA ACT ACC ATG GGA C~ CA[: CCk CAC CCA CAT TTA TCA TTT ATG GCC AT? COA CCA kk12 AAA AAT GAG GAT AAA AGA GAA ATC CCT ACC A'fC AAT 
Water buffalo~ ........................ A ................................................................................... 
Sheep~ ........ A .......... O ........................................................ 12 ....................... G ........ 
OOat~ . . . . . . .  A . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G . . . . . . . . . . . . . . . . .  G . . . . .  G . . . . . . . .  
Japanese serum ....... A ................................................................... G ................................ 
Formosan sermw ....... A ................................................................... 12 ................................ 
Seres ....... A ................................................................... G ................................ 
Gorml ....... A ................................................................... G ................................ 
Chamois ....... A .................... A .............................................. G ................................ 
Reeky mountain ~oat ....... A ................................................................... G ................................ 

....... A .............................. T ........... G ........................ 12 ................................ 

............ Y. .............................. G ..................... 12 .......................... C ...... T ........ 

.......... C ......... T .......... g ..... g ..................................... 12 ................ C "C ............. 
-- -- "T" T.C -.. C .... A G ......... G ..... O ....... GO ......... T ........ C ,. ..................... G -CC ...... (]'T ...... 

A ~  ATT Gcr A~r GGT GAG CCT ACA - -  - - -  A ~  ACA CCT ACC ACC GAA GCA CTA GAG AGC ACT . . . . . . . . . . . . . . . . . . . . . . . . .  GTA ~T ACT 
. . . . . . .  T . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
............. C .......... GTA GAC ......................... T- 
............. C .......... GTA CAC ................... r- A'- "T' 
............. C .......... GTA CAC ..................... A.- -T. 
............. C .... A ..... GTA CAC ..................... A'- -T- 
............. C .......... GTA GAC ..................... A'" "T" 
............. C .......... GTA CAC ..................... A'- "T" 
............. C .......... GTA CAC .............. T ...... A'" "T- 

Rookp mountain goat ............. C .......... GTA GAC ..................... A" .T- 
Sal~m "A O ......... C ....... G ........................... A-..T- 
Siku deer .......... C' .C .... T .......... T ................... A-' -T- 
Lessor mouse deer ....... T ° "C. 'T .............. C ...... C ..... T --- T.. A-' -T" 
Pig* T . . . . . . . . .  C" 'T . . . . . . . . . . . . . . .  T ° GT . . . .  O'; " T  " "  C -o k "o "T' 

• A" G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A" "A' 
-A ................................. ~' 'A' 
• A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A' 'A. 
• A ........................ 2- . . . . . .  A' "A" 
• A ............................... A- "A" 
• A . . . . . . . . . . . . . . . . .  A- "A- 
• A ............................. A" .A. ",~ ................................ I..A- 

"A .... GAA GCA ATA GTG AAC ACC GAG ~A ATA GT12 AAC AC? .... A- "A- 

• A ................................ 
"A" (2-. GAA CGA ATA 12TO AAC GCT ................ TA "" 

500 573 
chttle* CTA GAA CAT TCT CCA GAA -- GTT ATT GAG AGC CGA ~ GAG ATC AAC ACA GTC CA#, OTT ACT TCA ACT GCA GTC TAA 
Wator buf%le* . . . . . . .  C. "-C T . . . .  M . . . . . . . . . . . .  T GT . . . . . . . .  C . . . . . . . .  C . . . . . . . . . . . . . . .  C "TC . . . . . .  
Sheep* .C . . . . .  C. • .C T . . . . . . .  Tt~ . . . .  C o --T G . . . . . . . . .  C . . . . . . . .  C . . . . . . . . . . . . . . .  C .AG . . . . . .  
Coat~ "C ..... C' "C T ...... TC~ .... C" -'T G -o T ...... C ........ C ............... C -AG ...... 
Japanese ssrow "C ..... C" '.C T ...... TC~ .... T, --T G ......... C ........ C ............... C -AG ...... 
Formosan ssrow .G ..... C. • .C T ...... TC ..... T. --T G ......... C ........ C ............... C -AG ...... 
Seres 'C .... ~C. ,.C T ...... TCO .... T- -*T G ......... C ........ C ............... C -AG ...... 
Goral .C . . . . .  C. "-C T . . . . . .  TC . . . . .  C- ..T ~ . . . . . . . . .  C . . . . . . . .  C . . . . . . . . . . . . . . .  C "AG . . . . . .  
Chamois "C ..... C" ".C T ...... TCG .... CA --T 0 ......... C ........ C ............... C "AG ...... 
Rocky mountmin goat .C ..... C, ".C T ...... "fC ..... T" "T 0 ......... C ........ C ............... C -AG ...... 
Sai~m .C . . . . .  C...C T . . . . . .  A . . . . . .  C...T CTG . . . . . . .  C . . . . . . . .  C . . . . . . . . . . . . . . . . .  A . . . . . . .  
Slka deer "A . . . . .  C. 'TC T . . . . . . . . . . . . . . . . .  T G . . . . . . . .  GC" "A . . . .  A . . . . . . . . . . . . . . .  C -TG . . . . . .  
Lesser amuse deer . . . . . . .  C- ".C T . . . . . .  TC- -'C .CC ..T G . . . . . . . . .  CT .C . . . . . . . . . . . . . . . . . . .  G.. -AG --T .-- 
Pigm -C ..... C ° "-C T ..... TTC C'C "'C ACA --- G ......... C ° "C- '.T ........ C ...... C-C -TG ...... 

Fig .  2. Nuc leo t ide  sequences  for  K-casein precursor  prote ins  f rom the 

14 species in  the Art iodactyta .  D o t s  indica te  nucleot ides  that  are iden- 

t ical  to the b o v i n e  A- type  gene.  Nucleo t ides  1-57,  58 -90 ,  and 91-3"  

te rmina l  are coded in  exon  2, 3, and 4, respect ively .  E x o n  2 o f  the lesser 

mouse  deer  and p ig  and exon 3 o f  the p ig  have  not  been sequenced 

because  these reg ions  were not  amp l i f i ed  by  the PCR.  *The nuc leo t ide  

sequences for  the bov ine ,  water  buffa lo ,  sheep, goat,  and p ig  K-casein 

precursors  were repor ted in  the p rev ious  papers  (Alexander  et al. 1988; 

Ch ikun i  et aL 1994b; Fure t  et  al. 1990; Col l  et al. 1993; L e v i n e  et al. 

1992). Po lymorph i c  si tes and the di f ferent  nuc leo t ides  f rom the pub-  

l i shed  sequences  are under l ined.  P o l y m o r p h i s m s :  R, A /G:  Y, C/T:  

M, A/C,  

annea l ing  for  1 m i n  at 55°C  for  exon  2 or 60°C  for  exons 3 and 4, and 

extens ion  for  1 m i n  at 72°C  for  35 cycles.  The  P C R  product  was 

pur i f i ed  by  e lec t rophores is  on a 4% N u S i e v e  G T G  agarose gel  ( F M C  

Bio  Products ,  U S A )  and then used  as a templa te  for  the cycle  sequenc-  

ing  wi th  a Taq  Dye  Deoxy  Termina to r  Cyc le  Sequenc ing  Ki t  (App l i ed  

B i o s y s t e m s  Inc., U S A ) .  

The  hai r - root  sample  was  extracted as descr ibed  in H iguch i  et al. 

(1988) wi th  a s l igh t  modi f ica t ion .  The g e n o m i c  D N A  was  extracted 

f rom one or two hair  roots  u s ing  a pro te inase  K d iges t ion  and then 

ampl i f i ed  v i a  P C R  in one  tube. The P C R  product  f rom the hai r - root  

sample  was pur i f ied  by e lec t rophores is  and then used  as a templa te  for  

the second P C R  us ing  the same pr imer  set. The pure D N A  for  sequenc-  
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Japanese sero~ 
Goat* 

Sheep* 

Water buffalo 

Cat t l e *  
B lack - t a i l ed  deer* 

Sika deer 
Fallow deer* 

Pronghorn* 
Giraffe* 

L e s s e r  mouse deer 

Larger ~ouse deer* 

Pig* 

Fig. 3. A phylogenetic tree based on the complete sequences of cy- 
tochrome b genes from the 13 species in the Artiodactyla. *The cy- 
toclv'ome b genes of cattle, sheep, goat, black-tailed deer, fallow deer, 
pronghorn, giraffe, and large mouse deer were reported in the previous 
papers (Anderson et al. 1982; Irwin et al. 1991). 

ing was obtained from the second PCR product using the same proce- 
dures as the first PCR. 

Cytochrome b Sequences. The entire cytochrome b genes were 
determined from the DNAs of the Japanese serow, water buffalo, sika 
deer, and lesser mouse deer. The sequence was directly determined 
from the PCR product which was amplified by using the forward prim- 
ers MI03 (5'-GACTAATGATATGAAAAACCATCGTTG-3'), MI01 
(5'-CAAATCCTCACAGGCCTATTCCTAGC-3'), and MI05 (5'- 
TCCACGAAACAGGATCCAACAACCC-3'), and the reverse primers 
MI02 (5'-TAGGCGAATAGGAAATATCATTCGGGTTTGAT-3') 
and MI04 (5"-TTGTTCTTCATCTCTGGTTTACAAGAC-3'). The 
primers, corresponding bovine mtDNA numbers L14465-14491 
(MI03), L14643-14668 (MI01), L15112-15136 (MI05), H15315- 
15346 (MI02), and H15683-15709 (MI04), were designed from the 
sequences of the bovine, human, and chicken mtDNAs (Anderson et al. 
1981, 1982; Desjardin and MorNs 1990). The PCRs were run as fol- 
lows; each cycle consisting of denaturation for 1 rain at 93°C, anneal- 
ing for 1 min at 60°C, and extension for 1 rain at 72°C for 35 cycles. 

The 646 bp of the partial sequences of cytochrome b genes were 
determined from the hair roots of the seven Caprinae. This region was 
amplified via PCR using the primers MI01/M/I02. 

Data Analysis. Phylogenetic analyses were conducted with the 
ODEN program, version 1.1.1, developed by Y. Ina in the National 
Institute of Genetics. The number of nucleotide substitutions per site 
was estimated by the six-parameter method (Gojobori et al. 1982). The 
number of amino acid replacements per site was estimated by Kimura's 
(1983) method. The phylogenetic trees were constructed by the neigh- 
bor-joining method (Saitou and Nei 1987) using the pig sequences as 
an outgroup. Bootstrap analyses (Felsenstein 1985) based on 100 re- 
sampling events were conducted to estimate the stability of the phylo- 
genetic trees. 

Results and Discussion 

Direct Sequencing for K-Casein Genes 

The nucleotide sequences for K-casein precursor proteins 
were determined by the combination of sequencing of  
exons 2, 3, and 4. This sequencing strategy was based on 
the hypothesis that artiodactyl K-casein genes are homol-  
ogous. The order Art iodactyla  diverged about 64-68 mil-  

lion years ago, and the subfamily Bovinae and the sub- 
family Caprinae diverged about 20 mill ion years ago 
(Novacek 1982). The published sequence of  the sheep 
n-casein cDNA (Furet et al. 1990) was 92.7% identical 
with the bovine sequences in the amino acid coding re- 
gion. The sequence of  the water buffalo K-casein gene, 
which was determined by the same procedure as de- 
scribed in this paper, was 96.7% identical with the bo- 
vine sequences (Chikuni et al. 1994b). When the primer 
regions were highly similar among artiodactyl K-casein 
genes, target regions were amplified by using the bovine 
primers as well as using the conserved primers in cy- 
tochrome b sequencing (Kocher et al. 1989; Kocher and 
White 1989). The length of the primers, 24-33 nucle- 
otides, was enough to prevent an unexpected annealing. 
I f  the primer set annealed to the other genes, the length 
of the PCR products would not be equal to the fragments 
of  the K-casein gene. Alexander et al. (1988) showed that 
bovine K-casein gene consisted of  five exons with the 
amino acid sequence encoded in exons 2, 3, and 4. We 
designed the PCR primers near the amino acid coding 
regions of the bovine gene to determine the entire se 
quences of the K-casein amino acid coding regions (Fig. 1). 

The bovine, water buffalo, sheep, goat, Japanese se- 
row, Formosan serow, serow, goral, chamois,  Rocky 
Mountain goat, saiga, lesser mouse deer, and pig DNAs 
were amplified via the PCRs and then directly sequenced 
except for exon 2 from the lesser mouse deer and pig and 
exon 3 from the pig. The sequences are shown in Fig. 2. 
The gene sequences of  the sheep and goat were identical 
to the cDNA sequences (Furet et al. 1990; Coll et al. 
1993) except for a synonymous substitution at position 
78 of  the sheep gene and a synonymous polymorphism at 
posit ion 84 of the goat gene. The pig gene differed 
slightly from the cDNA sequence (Levine et al. 1992) at 
positions 114 and 222. A substitution at position 114 
caused an amino acid change from Phe to Leu on the 
deduced sequence. Another one at posit ion 222 was syn- 

onymous. 
Pigs, the species in the suborder Suina, diverged early 

from the Ruminantia in artiodactyl history (Novacek 
1982). Therefore, it was speculated that the similarity 
between pig and bovine genes would be lower than that 
among the genes of  the Ruminantia. Compared with the 
bovine K-casein sequence, the published pig cDNA was 
more different than the sheep and goat cDNAs; a 3-bp 
deletion, a 24-bp deletion, an 18-bp insertion, and a 3-bp 
insertion were detected (Levine et al. 1992). The deter- 
mined sequence of  the pig K-casein exon 4 was in agree- 
ment with the published cDNA sequence. The deduced 
amino acid sequences from exons 2 and 3 of the other 
species were specific for the signal peptide of  K-casein. 
Thus, we concluded that the nucleotide sequences deter- 
mined in this study were the coding regions for the 
K-casein precursor proteins. 

The signal peptide of  the bovine K-casein was en- 
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J a p a n e s e  serow* . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . .  A • ,A - 'C  . . . . . . . . . . .  T --A . . . . .  T . . . . . . . .  T . . . . . . . .  T . . . . . . . . . . . . . .  G . .G  , .G  
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500 
Cattle* ~A CTA TTC CTC CAC GAA ACA ~C TCC AAC AAC CCA ACAg]A ATT TCC TCA GAC GTA GAC AAA ATC CCA TTC CAC CCC TAC TAT ACC ATT AAG GAC ATC TTA GGG GCC 
Water buffalo " "  T . . . .  T . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . .  C " 'A . . . . . .  AC . . . . . . . . . . . . . . . . . . . . . . . .  T " C  . . . . . . . .  A . . . . . .  C . . . .  C . . -  
Sheep* . . . . .  C . . . . . . . . . . . . . . . . .  A . . . . . . . . . . .  C . . . . . . . . .  C.A . .G  . o .  AC • " 'T  . . . . .  T . ' C  . . . . . . . .  T " T  . . C  . . . . . . . .  A . . . . . .  C . . . .  T . . T  
Coat* ".fl .-C ................. A ..~ ........ C ......... C.A ...... AC • "'T ........... T ..... T ..... C ........ A .'T ........ C ... 
Japanese serow* ..... T ................. A ........... C ........ C "-A ...... AC ........................... C -.A .-C .'A "T "" C .... C AT. 
Formosan serow ..... T ................. A ........ T "C ........ C C.A ....... CG .............. T ........... C -'A -'C C'A • "T "- C .... T ..- 
~erow ..... T ................. A ........... C ........ C C'A ...... AC ........................... C "A "C "-A -.T "" C .... C ... 
Goral ..... T ........ T "G ..... A ........... C ..... T -'CC'A ...... A ................ T ..... T "T ..... A ..C .'A .'T .-T C .... C --T 
Chamois ..... C ................. A --T ........ C ........ C C-A ..... T .CG .............. T ........ T ........ C .-A ..... T C.G .oC -o. 
Rocky mountain goat T .... T ................. A "-T "T ................ TA ....... C ......... T ..... T .............. T ..... A "T "-" C .... C .-- 
Saiga ..... T -.T -'T ........... A .-T T ....... C ........ C C'A ..... T TC ........................... C ........ A ..... T C .... C .-. 
Sika deer* T .... C ..... T ..... G ..... A .................... C C-A • .G .... C . . . . . . . . . . . .  C ..... T • .T ..... C ........ A • .T ........ C AT • 
Lesser mouse deer ..T T .... T .............. A -.T -'T ..... C .... .... C C ......... C ............ C ........ A ..... C -'T ..... A ..... T C ...... TT 
Pig* - .C _" . . . . . . .  G . . . . . . . .  C . .A  . . . . . . . . . . .  T . .C  . . . . .  C " 'A . . . . . .  A . . . . . . . . . .  T . . . . .  T . . . . .  A . . . . .  C " T  . . . . .  A . . . . .  T C . . . .  A "-"  

600 645 
Cattle* CTC TTA CTA ATT CTA GCT CTA ATA CTA CTA GTA CTA TTC GCA CCC GAC CTC CTC GGA GAC CCA GAT AAC TAC ACC CCA GCC AAT CCA CTC AAC ACA CCC CCT CAC 
Water b u f f a l o  "-A C'"  T . . . .  C . . . . .  C . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . . .  -G . . . . . . . .  C . . . . . . . . . . . . . .  A . . C  . . . . . . . . . . . . . .  T . . C  " -  
Sheep* A.. C ....... C ..C ATC --C -.G ............... A-fi ..T -.. T.A .............. ~ ..... • ........ A ..C ..... T ..... T ......... 
Goat* A-G C . . . . . . . . . .  T - T -  . . . . . .  I . . . . . . . . . . . . . .  A . . . . . . . . . .  ~. . . . . . . . . . . . . . .  C . . . . .  T . T  . . . . . .  A . . . . . . . . . . .  T . . .  . . . . . . . . .  
Japanese serow* G.G C ....... C ..C A-C --C .............. G .-. A . . . . . . . . . .  A .............. C ........ T ..... A -'C ..................... 
Formosan serow A'A C "° T ....... C A-C -C ".T -.G ........ G ..- AT ......... A .............. C .............. A -.C ........ T ............ 
Serow A'A C °° T .... C ..C A'C ..C "G .-G ........ G ... A .......... A .............. C ........ T ..... A ..C ........ T ............ 
C~ral A.A C ....... C ..C A.C .-T -'- T .... G ..- T ..... A ........ T-A ".T ........... C ..... T .-T ..... A ..C ....... G ............. 
Chamois A-A C . . . . . . . .  C .-C A-C --C . . . . . . . . . . . . . . . . . .  A . . . .  T . . . . .  A . . . . . . . . . . . . . . . . .  T . . . . . . . . . . .  G . . C  . . . . . . . . . . . . . . . . . . . . .  
Rock:, mountain goat A.A C .... C ..C ..C A;C ..T ............ T ..... T ........ T.A .............. C ........ T ..... A --C .-G ..A -.T ..... T ..C ..T 
Saiga ..A C .... T ...... ATC -.C ..... T ..... C ..... T T .... A ..... G ".T ........... C ........ A ..... A .-C ..... T ........ T ..A "T 
S i k a  dee r*  T.A C.T - . .  G.A . . C  TTC . . . . . .  T . . . . . . . .  T . . . . . . . . . .  A . . . . .  G . . T  . . . . .  T . . . . .  C . . . . .  T . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . .  
L e s s e r  mouse d e e r  "'A G~ . . .  T . . . . . . .  C . . . . . . . . . . . . . . .  C . . . . . .  T . . . . . . . . . .  A "-T . . . . . . . . . . . . . . . . . . . . . . .  C . . . . .  C " C  " 'T  . . . . . . . .  A " C  " 'T  
Pig* T.A ..T A .... A ... ATC ..- C.- A.C ..T ......... T .... A ..... A ..A ........... C .............. A -.C ..... A ..... C ..A .-C --T 

Fig. 4. Partial sequences of the cytochrome b genes from 14 species in the ~tiodactyla. *The sequences of cattle, sheep, goat, pig, Japanese semw, 

and sika dccr were reported in the previous papers (Anderson et al. i%2; Irwin et al. 1991; Chikuni et al 1994a). The diffcrent nucleotides from 

the published sequences are LmderIDzed. 

coded in the 57 nucleotides of exon 2 and the six nucle- 
otides of exon 3 (Alexander et al. 1988). Nucleotide 
substitutions in this region were synonymous in the Jap- 
anese serow, Formosan serow, serow, and Goral genes. 
The nonsynonymous substitutions in the chamois, saiga, 

sika deer, and lesser mouse deer genes resulted in con- 
servative amino acid replacements (Fig. 2). As the ma- 
ture ~c-casein region was more variable than the signal 
peptide region (Mercier et al. 1990), and exon 2 of the 
lesser mouse deer was not determined, we constructed 
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Fig. 5, Phylogenefic trees of cytochrome b based on (A) the 645-bp 
nucleofide sequences and (B) the deduced amino acid sequences, The 
number ~ each branch indicates the numbers of times the branch was 
found in 100 bootsffap replic~es. 

the phylogenetic trees from the mature ~:-casein se- 
quences (Figs. 2, 6). 

Phylogenetic Analysis 

Irwin et al. (1991) constructed phylogenetic trees from 
the complete sequences of cytochrome b genes of mam- 
mals. In their trees, the divergence between the Bovidae 
and the Cervidae was uncertain; the cow, sheep, goat, 
pronghorn fallow deer, giraffe, and black-tailed deer be- 
longed in one group. In order to confirm the placements 
of our species, especially sika deer, we sequenced the 
complete cytochrome b genes from the lesser mouse 
deer, sika deer, water buffalo, and Japanese serow and 
then constructed a phylogenetic tree from these four spe- 
cies together with the eight species of the previous re- 
ports (Irwin et al. 1991; Anderson et al. 1982). Figure 3 
shows that the placement of the Cervidae including the 
sika deer was uncertain in the neighbor-joining tree of 
the complete cytochrome b genes as in the parsimony 
tree of Irwin et al. (1991). The giraffe, pronghorn, and 
fallow deer were separated from the Bovidae, but the 
sika deer and black-tailed deer were included in the 
branch of the Bovidae. The confidence levels of the boot- 
strap analysis were low at the branches of the Bovidae 
and the Cervidae. 

For the phylogenetic analysis of the 14 species, we 
used the partial sequences of cytochrome b genes be- 

(B) 33F-- Formosan sorow 
3~lSerow 
8~[_ Rocky mountain goat 

I~ L-- Japanese serow 
II, Coral 

4~ 2t~- Chamois 
~ _ _ ~ . ~ .  Goat 

831 [ba, Sheep 
L - -  Saiga 

98 / ] 98[ Water buffato 

L Cattle 
Sika deer 

Lesse r  mouse deer 

Pig 

Fig, 6. Phylogenetic trees of the mature ~:-caseins based on (A) nu- 
cleotide sequences and (B) the deduced amino acid sequences. The 
number at each branch indicates the numbers of times the branch was 
found in 100 bootstrap replicates. 

cause this region was easily sequenced from the first 
PCR product (Fig. 4). Figure 3 indicates that ambiguity 
of the placement of sika deer in Fig. 5 has not resulted 
from the difference of the sequence length. Figure 5 
shows the neighbor-joining trees based on the 645 nu- 
cleotide sequences (Fig. 5A) and the deduced 215 amino 
acid sequences (Fig. 5B). 

Because of the rapid evolution in synonymous sites 
and the biased transition/transversion ratio in mtDNA, 
the saturation of nucleotide substitutions affects the ev- 
olutionary analyses. Transversions were used for the 
phylogenetic analyses to avoid the saturation effect (Ir- 
win et al. 1991; Kraus and Miyamoto 1991; Allard et al. 
1992). Adachi et al. (1993) stated that the amino acid 
sequence was more useful than the nucleotide sequence 
in studying deeper branches in evolutionary trees. How- 
ever, the sika deer branch was not separated from the 
branch of the Bovidae in the tree based on the amino acid 
of the cytochrome b sequences (Fig. 5B). 

Figure 6 shows the phylogenetic trees based on the 
mature K-casein sequences. The trees of both the nucle- 
otide sequences and the amino acid sequences indicated 
monophyly of the Bovidae, and a divergence of the 
Cervidae between the Tragulidae and the Bovidae 
branches. These trees indicated also monophyly of the 
subfamily Caprinae with a high confidence level. In the 
Caprinae, the branching pattern differed between the 
trees of the nucleotides and the amino acids, because the 
numbers of substitutions were less than 16 nucleotides 



Table 2. Rates of substitutions for mature K-casein (K-CN) and cytochrome b (Cyt.b) (xl0-9/site/year) 
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Nucleotides Amino acids 
Divergence 
time (Myr) a ~-CN Cyt.b ~;-CN Cyt.b 

Cattle/pig 60 2.0(1.7) 1.8 (1.6) 5.6(3.8) 0.83 (0.78) 
Cattle/sheep, goat 20 1.9(1.8) 4.1 (3.8) 4.6(4.1) 1.5 (1.5) 
Sheep/goat 5 2.6(2.5) 11.3 (11.0) 4.9(4.7) 3.9 (3.8) 

a Most probable year from fossil records (Irwin et al. 1991) Data are corrected by the six-parameter method (Gojobori et al. 1982) for nucleotide 
substitutions and Kimura's (1983) method for amino acid replacements. Numbers in parentheses are the noncorrected rates 

and less than 10 amino acids in the mature K-casein 
sequences of the Caprinae excepting the saiga. 

The subfamily Caprinae is composed of four tr ibes--  
Saigini, Ovibonini, Caprini, and Rupicaprini. The trees 
based on the nucleotide sequences of the cytochrome b 
and the ~:-casein genes indicated that the saiga is a distant 
species from the Caprini and the Rupicaprini (Figs. 5A, 
6A). The tree of the ~:-casein was constructed from the 
shared sequences without the regions of deletion and 
insertion. The Caprini (sheep and goat) and the Rupica- 
prini (Japanese serow, Formosan serow, serow, goral, 
chamois, and Rocky Mountain goat) had the insertion of 
a GTACAC, whereas the saiga had no insertion in this 
region as the other Artiodactyla. This result was consis- 
tent with the genetic distances among the nucleotide se- 
quences which suggested the early divergence of the 
saiga in the Caprinae history. 

Mitochondrial DNA is favorable to examine the 
closely related species because of its fast evolution rate 
(Nei 1987). Figure 5A shows the relationships among the 
species in the tribe Rupicaprini, especially in the genus 
Capricornis with the high confidence level of the boot- 
strap analysis. Alternatively, the tree of the ~:-casein 
genes did not indicate the relationships among the spe- 
cies in the Capricornis (Fig. 6). The substitutions in 
mtDNA were approximately linear with evolutionary 
time in the last 10 million years (Nei 1987). Brown et al. 
(1979) estimated the initial rate of substitutions for 
mtDNA as 1 x 10-S/site/year from the RFLP analyses. 
The rates of substitutions for the cytochrome b and 
~;-casein genes were calculated using the divergence 
times in Table 2. The rate of the cytochrome b gene at the 
divergence time between the sheep and goats was con- 
sistent with the rate in Brown et al. (1979). The Capri- 
cornis would have radiated after the divergence of the 
sheep and goats (Fig. 5A). Thus, the cytochrome b genes 
evolved about four times faster than the ~:-casein gene in 
the Capricornis (Table 2). This rapid evolution of the 
cytochrome b genes resulted in the higher resolving 
power for the Capricornis. 

The genetic distance for the phylogenetic trees was 
corrected by the six-parameter method (Gojobori et al. 
1982) for the nucleotide sequences or Kimura's (1983) 
method for the amino acid sequences. Nevertheless, the 
saturation effect was observed on the cytochrome b se- 
quences (Table 2). The rates of the nucleotide substitu- 

tions at the cattle/pig and the cattle/sheep, goat were 16 
and 36% of the initial rate of the sheep/goat, respec- 
tively. In the cytochrome b genes of 14 species, 79.1% of 
the substitutions occurred at third positions of codons 
(Fig. 4). The change of rate would result from multiple 
substitutions at third positions. The rapid radiation of the 
suborder Ruminantia may have occurred about 23-28 
million years ago (Kraus and Miyamoto 1991). In this 
short period, the substitution rate of the cytochrome b 
genes was changing drastically by way of the saturation 
effect. If  the evolutionary rate was biased in the Bovidae 
and the Cervidae, the rapid radiation and the saturation 
effect would result in an obscure pattern for the phylo- 
genetic trees. 

The pattern of substitutions in the ~:-casein genes dif- 
fered from that in the cytochrome b genes. Substitutions 
at the third positions of codons were 33.5% in the 
~:-casein (Fig. 2) and 79.1% in the cytochrome b genes. 
Synonymous substitutions were 26.4% in the ~:-casein 
and 82.8% in the cytochrome b genes. This low ratio of 
the synonymous substitutions in ~:-casein genes resulted 
in the high rate of amino acid replacements in the mature 
~:-caseins. 

The saturation effect was not seen in the K-casein 
genes. The rate of nucleotide substitutions in the K-casein 
genes was stable throughout the period from 5 to 60 
million years ago (Table 2). Because the Cervidae di- 
verged in this period and the numbers of the substitutions 
were adequate for differentiation, the tree of the ~:-casein 
indicated the placement of the sika deer with high boot- 
strap confidence. 

The best strategy for circumventing the incongruence 
between gene trees and species trees is to obtain se- 
quence data from several independently evolving loci 
(Honeycutt and Adkins 1993). The nucleotide sequences 
coding for amino acids are generally determined from 
mRNAs that are extracted from fresh tissues. However, it 
is difficult to obtain the sequence of a chromosomal gene 
because of the complexity of cloning procedures and 
necessity of the fresh tissue. We determined the nucle- 
otide sequences for ~:-casein precursor proteins without 
cloning procedures. The target regions were amplified 
via PCRs and then directly sequenced from the hair roots 
of animals. These procedures will facilitate the phyloge- 
netic analysis based on the sequences of a chromosomal 
gene. 



866 

The nucleotide sequences reported in this paper have 
been submitted to the DDBJ with accession numbers 
D14368-14381, D32171-32189, and D32191-32199. 
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