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The mitochondrial control region (CR) sequence, also known as the D-loop, has been determined for six Cervidae 

(Artiodactyla, Ruminantia): the red and fallow deers (subfamily Cervinae), the bracket deer and two roe deers 

(subfamily Odocoileinae), and the Chinese water deer (Hydropotinae). These new sequences have been aligned with 

available cervid and bovid orthologues. Comparative analyses indicate that the 5’-peripheral domain exhibits a 

75bp length polymorphism near sequences associated with the termination of the H-strand replication. The New 

World Odocoileinae possess the longest cervid CR due to the presence of an additional 47-bp tandem repeat, located 

in the 3’-peripheral domain, downstream of the initiation site for H-strand replication (0,) and the first conserved 

sequence block (CSB-1). This insertion represents a duplication spanning the OH to CSB-I region and constitutes 

an exclusive synapomorphy for New World Odocoileinae. Phylogenetic analyses of the complete CR support the 

paraphyly of antlered deers due to the nesting of the antlerless Hydropotes within Odocoileinae. Cupreolus is the 

closest relative of Hydropotes, and the divergence of this Old World Odocoileinae clade may have occurred between 

8.7 and 10.4 MYA. The conserved central domain of CR can be aligned across ungulates and indicates the Pecora 

monophyly, their close association with cetaceans, and the earlier emergence of suiformes. 

Introduction 

The control region (CR), the main noncoding re- 

gion of metazoan mitochondrial DNA (mtDNA), is 

bounded in mammals by the transfer RNA genes t- 

RNAPro on the 5’ side of the light (L)-strand and t- 

RNAPhe on the 3’ side of the heavy (H)-strand. Com- 

parative analyses indicate that the CR is highly struc- 

tured (Saccone, Pesole, and Sbisa 1991), with a con- 

served central region (CCR) flanked by two highly 

divergent peripheral domains (5’-left and 3’-right). The 

CR contains sequences which control the replication of 

the H-strand and the transcription of mtDNA (Clayton 

1992). The promoters for H- and L-strand transcription 

initiation (HSP and LSP) are located in the right domain 

(fig. 1). After its elongation, the L-strand transcript is 

cleaved by the RNase MRP (for mitochondrial RNA 

processing) at conserved sequence blocks, (CSBs) 1, 2, 

and 3, with the last two being apparently fused among 

ruminant artiodactyls (Clayton 1992; Dairaghi and Clay- 

ton 1993; Ghivizzani et al. 1993). The 5’ end of the 

L-strand transcript subsequently primes the H-strand 

replication. The nascent H-strand syntheses initiate at 

the unidirectional origin OH, and most of them end near 

a termination-associated sequence (TAS-1 or TAS-A) in 

the left domain (Doda, Wright, and Clayton 198 1; 

MacKay et al. 1986). 

Strong selective constraints seem to act on the 

CCR, which evolves slowly, mainly through point mu- 

tations and low rates of accumulation of short indels 

(Saccone, Pesole, and Sbis& 1991; Arnason, Gullberg, 

and Widegren 1993). In contrast, the peripheral domains 
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quickly accumulate point mutations, indels, and variable 

numbers of tandem repeats (VNTRs). Individual heter- 

oplasmy (Ghivizzani et al. 1993) and extensive length 

differences of the mtDNA molecule can be produced 

among species. In fact, the VNTR structure of short re- 

peats (e.g., Arnason and Johnsson 1992) as well as long 

repeats (e.g., Wilkinson and Chapman 1991) can pro- 

duce arrays several hundreds of base pairs (bp) long. 

Repetitive sequences (RSs) have been found in different 

regions of both peripheral domains of vertebrate mtDNA 

CRs, most of them occuring near the TAS (i.e., RS2 

location) and between CSB-1 and CSB-2 (i.e., RS3 lo- 

cation; Hoelzel et al. 1994, fig. 1). VNTRs can be gen- 

erated through different mechanisms of intra- or inter- 

molecular recombination (Rand and Harrison 1989) or 

strand slippage during DNA replication (Levinson and 

Gutman 1987). After the initial generation of short re- 

peats, asymmetrical crossing over or secondary struc- 

tures of single-stranded DNA can accelerate the for- 

mation of longer VNTRs (Levinson and Gutman 1987). 

Because of their high rate of nucleotide change in 

peripheral regions, CR sequences are widely used in 

population and evolutionary genetics of mammals. The 

5’-peripheral domain has been especially studied in the 

artiodactyl family Bovidae: cattle (Loftus et al. 1994), 

sheep (Wood and Phua 1996), Grant’s gazelles (Arctan- 

der et al. 1996a), and impalas (Arctander et al. 1996b). 

The whole CR provided phylogenetic information with- 

in placental orders (see the case of Cetacea; Arnason, 

Gullberg, and Widegren 1993). The more slowly evolv- 

ing CCR has been used to reconstruct phylogenies of 

placental orders (Saccone, Pesole, and Sbisi 1991). 

In this paper we explore the molecular evolution 

and phylogenetic content of the mitochondrial CR of the 

family Cervidae (order Artiodactyla, suborder Ruminan- 

tia, infraorder Pecora). The CRs compared in this study 

are from 10 cervid representatives belonging to the sub- 

families (1) Cervinae (Old World genera): Cewus ela- 

phus (red deer; two individuals), Cervus nippon (sika 
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FIG. l.-Schematic diagram of the organization of the mammalian mitochondrial DNA control region (CR) and its displacement loop 

structure (D-loop), with special reference to the Cervidae. The CR is bounded by the tRNAPr” and tRNAPhe genes. Comparative analyses across 

mammalian CRs evidenced three regions: a central conserved region (CCR) flanked by two highly divergent peripheral domains (5’ or left, and 

3’ or right). The right domain contains the promoters for H- and L-strand transcription initiation (HSP and LSP). The L-strand transcript is 

cleaved at conserved sequence blocks (CSB-1 and CSB 2 + 3 among ruminant artiodactyls). Its 5’ end primes the H-strand replication, which 

subsequently initiates at the On origin. The nascent H-strand is represented by the dashed gray arrow: it displaces the parental H-strand creating 

the D-loop triplex structure. The daughter H-strand ends near a termination-associated sequence (TAS-1) in the left domain. Sequence similarities 

across the CRs of cervids yield to the distinction of three additional TAS motifs (TAS-2, TAS-3, and TAS4) and to the recognition of five 

CSBs (B-F) in the CCR. Tandem repeats occur among mammalian CRs in both peripheral domains. In the case of Cervidae, the RS3 tandem 

repeat (47 bp long) is a synapomorphy of New World odocoileines (Odocoileini). The RS2 insertion is 75 bp long and convergently acquired 

between Odocoileini and the sika deer. 

deer), Dama dama (fallow deer); (2) Hydropotinae: Hy- 

dropotes inermis (Chinese water deer); (3) Odocoilei- 

nae, with the tribes Odocoileini (New World genera): 

Mazama sp. (bracket deer), Odocoileus hemionus (mule 

deer) and Odocoileus virginianus (white-tailed deer); 

and Capreolini (Old World genera): Capreolus capreo- 

Zus (European roe deer) and Capreolus pygargus (Si- 

berian roe deer). The taxonomic arrangement is from 

Eisenberg (198 1, p. 200) and Scott and Janis (1987). No 

representative was available for either of the subtribes 

Alcini (mooses) and Rangiferini (reindeers) or for the 

subfamily Muntiacinae (muntjacs). Data obtained in this 

study provide the opportunity to examine the pattern of 

accumulation of mutations in the mitochondrial major 

noncoding region by comparing sequences of increas- 

ingly divergent pecoran taxa. The phylogenetic content 

of the CR is therefore explored, in order to test for 

monophyly of the antlered subfamilies Cervinae and 

Odocoileinae, for the postulated basal position of the 

antlerless Hydropotinae within Cervidae (Groves and 

Grubb 1987; Miyamoto, Kraus, and Ryder 1990) and 

for affinities between Odocoileinae and Hydropotinae 

(Bouvrain, Geraads, and Jehenne 1989). 

Materials and Methods 

Tissue samples of Dama dama (fallow deer), Ca- 

preolus capreolus (European roe deer) and C. pygargus 

(Siberian roe deer) were collected, respectively, in the 

Caste1 Porziano Reserve population (Roma), in the 

western Italian Alps (Asiago), and by Aleksey Danilkin 

(Moscow) in the Amur region. Tissue samples of Hy- 

dropotes inermis were kindly provided by Oliver Ryder 

(San Diego Zoo) and maintained in the collection of 

tissues of the laboratory of Paleontology, Paleobiology, 

and Phylogeny in Montpellier (Catzeflis 1991). 

Total DNA was extracted from 95% ethanol-pre- 

served liver following standard procedures (Sambrook, 

Fritsch, and Maniatis 1989). DNAs for Cervus elaphus 

and Mazama sp. (it was not possible to distinguish be- 

tween the red bracket A4. americana and the brown 

bracket M. gouazoupira) were extracted from the same 

tissues used by Douzery, Lebreton, and Catzeflis (1995). 

The entire roe deer and fallow deer mtDNA CRs 

were PCR amplified (Mullis et al. 1986) using the prim- 

ers L-Pro 5’-CGTCAGTCTCACCATCAACCCCC 

AAAGC-3’ and H-Phe 5’-GGGAGACTCATCTAGG 

CATTTTCAGTG-3’ (Jager, Hecht, and Herzog 1992; 

unpublished data), which bind to positions 15740 and 

420 of the bovine tRNAPro and tRNAPhe (Anderson et 

al. 1982). Amplifications were performed with 

AmpliTaq DNA polymerase (Perkin Elmer), with 3mM 

MgC& in the reaction buffer, and using the following 

thermal cycles in a 9600 Perkin Elmer machine: 94°C 

for 2 min; 94°C for 15 s, 55°C for 15 s, 72°C for 1 min 

(30 cycles); 72°C for 10 min. PCR products were puri- 

fied by low-melting agarose gels. All sequences were 

obtained by double-stranded DNA cycle sequencing 

with ATaq Sequenase (Amersham), using the external 

L-Pro and H-Phe primers, with the internal L-362 5’- 

AATCACCATGCCGCGTGAAACC-3’ and H-493 5’- 

TGAGATGGCCCTGAAGAAAGAACC-3’ primers 

binding to the middle of the CCR of ungulates (unpub- 

lished data). 

For the red deer, bracket deer, and Chinese water 

deer, a 3.0-kb segment of mtDNA spanning the contig- 

uous cytochrome b, tRNAThr, complementary tRNAPro, 

CR, tRNAPhe, and first half of 12s rDNA sequences was 

PCR amplified. The two primers used were L14724B 

(Irwin, Kocher, and Wilson 1991) and S3 5’- 

AACTGGGATTAGATACCCCACTATG-3’, annealing, 

respectively, in the flanking tRNAG1” region and in the 

central conserved region of the 12s rDNA. Amplifica- 

tions were performed with Taq DNA polymerase 

A.T.G.C. (Noisy le Grand, France), with 1.5 mM MgC& 

in the reaction buffer, and using the following thermal 

cycles in a Crocodile II Appligene machine: 94°C for 5 
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1156 Douzery and Randi 

Mazama 
Odocoileus 

Capreolus 
Hydropotes 
Cervus 
Dama dama 
Bos taurus 
Ovis aries 

TAATATAG CTCCATAAAA CCCAAGAGCT TTACCAGTAT 60 
ACGCAT**T AT_-----__ ______--__ T--____--- ---T_-____ 

ATGCGT**T AT__-_---_ T____*__-- A--____A_- __________ 
ACGCAT"*T AT____---- __________ A-.---_-A-C __GTT----- 
ACGCT***T AT------__ T-m_-_-_-- AT-_-_-A_- ---T------ 
ACGCT*""T AT------__ __________ AT-_-_-A_- ---T------ 

mCAC****T AT_-_--___ T________T A-A-_-_--C ___T_____- 

AATCATTATC AACGATACTT ATC------T T----A---T ATA------C -CT------- 

TAAATTTTTT AAAAAAATTA ATAACTTAAT ACAGTTTTGC *ACTTAACAG CCATATTACA 120 
_________A ----TTT___ _---T----- __________ "_--C--T-- ---------- 
---------- ----TCT-C_ G_--T--___ T________T *_--C--T-C ___AT_*_T_ 
---T--C-__ T---GTT--_ ____T_C___ --------AT *____----- ---AT-_--- 
-------CCA -_--GTT___ ___TT_C___ ----C---C_ *_--C--T-C ----T_-__- 
--_-----_A ----TTTC__ ____T_____ ----C.---C_ *-_-C----T ---AT_____ 
-------A-C _____TCCC- ------C--C ----M--TG C--*(-'CTA-C -A-ATA-TAC 
_-_-C_-GC- ____CTCCC- -AC-TAC--C --G-AC--C- C---CC---A G-CC-CATA- 

Mazama 
Odocoileus 
Capreolus 
Hydropotes 
Cervus 
Dama dama 

Bos taurus 
Ovis aries 

Mazama 
Odocoileus 
Capreolus 
Hydropotes 
Cervus 
Dama dama 
Bos taurus 
Ovis aries 

Mazama 
Odocoileus 
Capreolus 
Hydropotes 
Cervus 
Dama dama 
Bos taurus 
Ovis aries 

T*CCTTTAAT 

-*TT_----- 

-A-GC-AC-- 
-**GCCAC-- 
-*TT-CAC-C 
-**T--AT-- 

AAACACC-C- 
CAACCCAT-C 

GCGGGTGT** 
______A-*" 

---CT-A-** 
A--CC-A-** 

-_-CT-A_"* 
--*TT-A-** 

AA---GTAA* 
ATATC-TATG 

ATCATTATCC 
-C-----C-T 
--A----A-T 

-CT---TA-T 
"C--C--A-_ 

*C-----ATT 

-G-TAACATA 
-AG-AA-G-A 

ACACAAATCG 
-------CT- 

------GC*A 
-_--G-G-*- 
-T----CAG* 
-----GCM* 

----GCCC*A 
CA--C-CC-A 

TACAATAACA TATATATTAT GTAATTTCAT 180 
_______-_G ---T------ A---C--T-- 
-GT-GC---G ---G--CG-- A--_C__A-- 
C_T_C__*TG _.----TC-G- T--*C--GG- 
********** A----G-A-- ~--C--T-- 
********** A-C--G-G-- AC-_CCCT-C 

----CAG--C ACAGA--G-A T--CC-A-GC 
CC--CGG--- -GAGCG--CA TA--CCCA-C 

III.92 REGION] ( .RS-XXII.. 

AATTAATGTA CTA*AGACA+'ATTATGTATA 240 
__________ TC-*------ __________ 
********** ********** ********** 
***ice***** ********** ********** 
********** ********** ********** 

********** ********** ********** 

********** 
********** 

A* ATACATAA 
_ "G------- 
********** ********** 

********** 
********** 

******A.*** 

*******x** 

****x***** ********** 
********** ********** 

-CG------G 

*******ST** ********** ********** 

T--------- A--T------ TA-------- T<ReDeats> 
RS-XXII....) - <xx== TAS-4 r=r> 

ATAGTACATC ACATTATTTA CCCCATACTT ATAAGCAAGT ACATAAAATT AATGTACCAA 300 
_--A---_-T ______-A-_ _-_--_-__- ___-__-___ _-e-G__-_- ------TT__ 
********** ********** ********** *******___ ----T--G-- ------TT-G 
********** ********** ********** *******___ -__-______ ------T___ 
********** ********** ********** *******___ -----G---- -------T-G 
********** ********** ********** *******___ -----G---- ------TT-G 
********** ********** **kkk***** ***k*kkT__ ------C--- --_---AT-- 
*A-------- -A-_G___-- --T---G-A- --_----C-- -----GT--- ------ATGT 

( . . . ..RS-XXII...<==== ) TAS-3==><stog> <cc= TV 

Mazama 
Odocoileus 
Capreolus 
Hydropotes 
Cervus 
Dama dama 
Bos taurus 
Ovis aries 

Mazama 
Odocoileus 
Capreolus 
Hydropotes 
CervuYs 
Dama dama 
Bos taurus 
Ovis aries 

*GACATATTA TGTATAATAG 
*_________ ---------- 

ATGCTTATAA GCAAGTACAT 360 
--------__ _______-_- 

*-----_A-- ---------- 

*------c-- ---------- 

---------- ---T---TTC 

---------_ -__T--e-T_ *------c-- ---------- 

A---_--A-- ______*___ 

A-----TA__ ___-_-“ A__ 

hot spot ==> 

TAAATC*ATT TACACTACAT 

----A----- __________ 

_-_----AG_ G--C-AT___ 

<===z TAS-2 ==> 

----A----- -_-T------ 

<==== TAS-1 = 

GTACATAGCA CATTAAGTCA 420 
--C------- ---------- 

Mazama 
Odocoileus 
Capreolus 
Hydropotes 
Cervus 
Dama dama 
Bos taurus 
Ovis aries 

AGTACATATT ATCATTGATC 
--____---C --T---A--- 
-------TA- G_T_______ 
----_----- --T------- 

AC--C-*--- -TA_G-____ 

A--G--“ --- A-T-G----- -----___-G __________ 

GTT--T*--- A---T----- 

-CT--T*--- --T-G----- 

-TT-CT*G-- ----G----- 

---------G __________ 

----_---T- __________ -------GA- G-TG--C--- 

G--------C --TG-CC--- 

G-CC--*TA_ AG--G_-_-_ 

-TGT-TC-C- G-AG-ATGTA 
==> 

AATCCACCCT TGTCAACATG 
----T----- __________ 
----TGT--- __________ 

----TGT--- _______--_ 
----AGT--- __________ 
--__A-TT-- C--------- 

---T--TT-- --AT_GT__A 
------TT-- A_-_--____ 

<========= CSB-F 

ACCATGCCGC GTGAAACCAG 
__________ _---_____A 

-A-------A 

G-GTAT--AA 

CGTAT***** 
-----***** 
----- ***** 

***** 

-----***** 
-A---***** 

TC---TATAT 
_____***** 

=-__==-__==> 

CAACCCGCTT 
C 

_-T-_-_-CT 

C-GC----C- 

***CCCGTCC 
***_______ 
***----C-- 
***_______ 
***_______ 
***----C-- 

ATT--TTA-- 
***--T---- 

GGCAGGGATC 
----A----- 
---------- 
----T----- 
---------- 
-A--A----_ 
---------- 
A---A----- 

--------T_ ----_T---- 

CCTAGATCAC GAGCTTAACT 480 
-T-------- ------___C 
---------- -------_TC 
--------G- -------GTC 
---------- ------GGTC 
-T-------- --------T- 
AT-------- --------T- 
AT-------- ------GTTC 

<=========== CSB-E 

CCTCTTCTCG CTCCGGGCCC 540 
---------- ---------- 

Odocoileus 
Capreolus 
Hydropotes 
Cervus 
Dama dama 
Bos taurus 
Ovis aries 

Mazama 
Odocoileus 
Capreolus 
Hydropotes 
Cervus 
Dama dama 
Bos taurus 
Ovis aries 

---------- 
---------- 

G 
---------A ___ ---------A 

---------A 

---------c __________ --------_A 

FIG. 2.-Alignment of the control region of six cervids and two outgroup bovids. By comparison to the Muzama sp. reference sequence, 

dashes indicate identity of nucleotide, and stars denote deletions. The termination-associated sequences (TAS- 1-4, with TAS- 1 corresponding 

to TAS-A in Madsen, Ghivizzani, and Hauswirth 1993), the conserved sequence blocks (CSBs B-F, 1, and 2 + 3, defined by Anderson et al. 

1982; Hoelzel, Hancock, and Dover 1991; Ghivizzani et al. 1993), and the hot spot of transversions of Cupreolus (TV hot spot, defined by 

Randi, Pierpaoli, and Danilkin, unpublished data) are indicated by < = = >. The putative point of arrest of the D-loop synthesis is indicated as 

stop. The origin of replication of the H-strand (On) and the sense of replication are indicated by <= OH =<. In the RS3 region, the insertion 

of the Odocoileini includes a partially duplicated CSB-1 segment denoted as CSB-1 -like sequence, and the identical nucleotides are in small 

letters. The repeated GYRCAT motifs in the RS2 and TAS regions are indicated in italics. The RS-XXII motif and its duplication are indicated 

in brackets. The Ovis arks sequence is truncated in the RS2 region: the first three 75-nt-long repeats are indicated by <repeats> but are not 

aligned, and the numbering of the alignement does not take into account these segments (1,099 of the 1,264 positions are represented). One can 

note that the sheep CR is difficult to align in some areas where other cervid and bovid CR sequences are conserved. For practical sequencing 

reasons, the first 9 bp of the CR of Muzumu is missing. For the last two blocks of 70 nt, the order of the species is exactly the same as 

previously. Odocoileus is for 0. hemionus, Cupreolus is for C. cupreolus, Hydropotes is for H. inermis, and Cervus is for C. eluphus. The Bos 
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======nr=====-n===> 

Mazama 
<======z CSB-D ==I== 

Odocoileus 
ATAAATCGTG GGGGTAGCTA CTTAATGAAC TTTATCAGAC ATCTGGTTCT TTCTTCAGGG 
---~-AT___ __________ T-___---__ -____-____ _________- __________ 

Capreolus ----_----- -__------- T----_---- __________ __________ __________ 

Hydropotes __CG------ __________ T--------- C----_---- __________ __________ 

Cervus 
Dama dama 

___G-_---- __________ T----___-- __________ __________ __T-_____- 
___G-CT--- __________ T---_----- __________ __________ __________ 

Bos taurus 
Ovis aries 

_____C---- -----C---- Tee------T _---C---G- __________ __________ 
__T--CT--- __---_A_-- T__--___-- ____A___G_ _____-____ __________ 

Mazama 

cc=> <========r CSB-C ===r====_==> 

CCATCTCACC TAAAATCGCC CACTCTTTCC TCTTAAATAA 

Odocolleus ---------- ---------- ---------- ---------- 

Capreolus ----e-_-T_ ________-_ __________ __________ 
Hydropotes ---------- ---------- ---------- c____----- 

Cervus ___ _--_-C--G- AA_***-___ 

Dama dama ----_----- ---------_ ----_----- c_------__ 

Bos taurus -----e--T_ _____CG_T_ __T-____-- __________ 
Ovis aries ---------- ---------- ---------- c____----- 

<3==== 
Mazama ACTAATCAGC CCATGCTCAC ACATAACTGT GGTGTCATAC 

Odocoileus --___----- ---------- ----___--- --____--__ 
Capreolus ---_------ ---------- ---------- ---------_ 

Hydropotes ---------- ---------- ---------- ---------- 
Cervus ---------- ---------- ---------- ---------- 
Dama dama --__------ ---------- ---------- ---------- 

Bos taurus G--_-----_ __________ __________ -(--------- 
Ovis aries ---------- ------ *-TA ----_--A-- -___----G- 

GACATCTCGA TGGACTAATG 
---------- ---------- 

Mazama GGGGGGATGC TTGGACTCAG CTATGGCCGT CAA*AGGCCC 

Odocoileus -------_-- ---------- ----______ _T_*------ 

Capreolus T__----___ __________ __________ ___*______ 

Hydropotes ---------- ---------- ---------- ___*______ 

Cervus ---------- ---------- _A---A---- _TGGC--T-- 

Dama dama T------___ __________ -A-----_-- -T-*----__ 

Bos taurus -----*---- ---------- ---------- ---*------ 
Ovis aries T...___*____ ___-_-____ __________ _TG*------ 

= OH =<< 

Ma zama AGCTGGACTT AACTGCATCT TG&ATCCC CATAATGATA 

Odocoileus ---------- ---------- ---------- _------G-- 

Capreolus ---------- ---------- ---------- ___----G-- 

Hydropotes ------__-- ---------- ----______ ____-_-G-- 

Cervus ------__-- ---------- ----______ __-_---G-- 

Dama dama ---------- ---------- ---------- __-----G-- 

Bos taurus -----_____ ------____ ____--C-AG __________ 

Ovis aries --------__ --------__ ------___T -----__G__ 

CSB-B z-__==> 

ATTTGGTATT TTTATTTTTT 

------____ _________ 
-------___ ____A----- 

-------___ ____A----- 

------____ -w-T-A---- 

*GACCCGGAG CATATATTGT 
c-__---_-- ---------- 

C----_---- __--A----- 

*_________ ___-A__--- 

C-T______- ----A--___ 

C_____---- ---GA_____ 

T----___-- ___C_-__-- 

C--_______ _--GA----- 

<=== CSB-1 

GGCATGGGCA TGG**CAGTC 
A________- ---*k----G 

-__--_A___ __A**----_ 

---__----- ___**_____ 
----~_A_-- _CA**T_A-T 

&___--A-- _TA**----- 

A__-______ -mTAT_A_T 

== CSB-1 Ix====> [RS3 REGION] <====c CSB-l-like === 

Mazama 
Odocoileus 

AATGGTAACG GGACATAATT ATAATGGTAG ATATAGACat TaTGgtTaat ggtagcagga 
----T__GTA A______-~- G-_--_---A _C_CGA-.J--- AT_aA_---- __--A----- 

Capreolus _______G_A _______*** X*******k* 'k*******kk ********k* ***k*kk*k* 

Hydropotes _________A _______*** **k******* *********k ********k* *********k 

Mazama 
Odocoileus 
Capreolus 
Hydropotes 
Cervus 
Dama dama 
Bos taurus 
Ovis aries 

<==a== CSB 2 + 3 
cataGTCATT ATTCCATAAC TCAACCCTAT AA ***TTTTT TCCCCCCCTC CGGTTTTTTT 
----ACT_-- ---T-_-G-T __________ --*kc-_--- -------_CG m****A-kC 

“ ***A-T--- ---T--(-G-_ __-----__C T_TTC____C C______T_T TTJ&**_-e-1 
***“ A-T--- ---T-_-G-T _____--e-C __TTC--__C C-_----_-T T_?+AJ,**A_-C 

****______ ---T-_-G-G _________A G_*TC-A-__ _-_-----CT -(-AC-AA-__ 

****A-T--- --_T_-C**A _------e-C __GTT__A__ __-______T -CA__*A___ 

*******x** ********** **--TTA__- T-***_$,_A_ C--___*T__ ATAa*AA__ 

******X**_ C-G-TG__T- GTGCATT--- -TATT(----- --____-T_* ********** 

=z===> 

CCCCCCTTAT ATGGTTACCA CAATTTTTAA CACACTTCTC CCTAGATAAT ATTTCAAATT TATCGCATTT 
T-------__ __________ __________ __________ -_____--G- ----T--e__ __________ 

600 

660 

720 

780 

840 

900 

960 

1030 

-----_____ --A-----__ TC---_____ _------T-- _____---TA __________ __________ 

T-____---- __________ -C-___---- -----e-T_- -------CTA _---T---e_ __--A----- 

T---__---- --A-_--T._- -C-_______ -----m-T__ -_-----_T_ ____T_--__ ____A-_--- 

T---__---- --A-----T- -T-em_---- -----e-T_- -------_T_ _---T---e_ __--x-T--- 
T--__----A __ATC_---- -C-C____-- __G____T_- _...______~_ TA__T_____ -T-_A_GC__ 

**-------A --AT-_-T__ -~-~______ _--G-_--C_ ____---_T_ _+AT__-__ ____C_GCCC 

TCAATACTCA A*TTAGTACT TCAGGGCGAG GTAGGTATAT AGGCGCCATT TTTTCTTCTC CAAATCATA 1099 
-- _*________ c_----____ --_A___--- -A-__----- __________ _________ 

__________ -*A------- CA---A-A__ ___A____T_ _A__-_____ _-_-G-A-__ A--T-T___ 

___-----T- _*A_-_____ _-_-A--A-_ ___T____T_ -A________ __--G-A___ A-_TCT--- 

C------___ _A--__C___ C_----G-T_ ___A_----- -AA-_-_-A- -----CCTm TT-CGT-C- 

C-----_--- -*A-_T(--_- ----AAG-__ __-AC----- -A_-_---A- -----_CTAA TT-TG---- 

___ _T_-_-C-w_ C__AAC~__ *-CAA----- -AA---AGGC CCCC-CC-C- - 
___ -A--CA---- c__ACCGA-_ *--AA-____ ----A--TGG G-CA-A-ACA T--CG---- 

t 

ruurus sequence is from Anderson et al. ( 1982), the Ovis aries sequence is from Wood and Phua ( 1996), and the Odocoileus hemionus sequence 

is from Feng, Li, Rittenhouse, and Templeton (unpublished; EMBL accession number U12865). The new nucleotide sequences reported in this 

paper appear in the EMBL, GenBank and DDBJ nucleotide sequence databases under the accession numbers YO8207-YO8209, 270317, and 

2703 18. 
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1158 Douzery and Randi 

min; 94°C for 45 s, 55°C for 45 s, 72°C for 3 min 30 s 

(30 cycles); 72°C for 10 min. PCR products were cloned 

in the plasmid pGEM-T (Promega), and transformations 

were done in Escherichia coli strain JM 109 competent 

cells. Three positive clones were isolated and the com- 

plete mitochondrial CR was dideoxy-sequenced on both 

strands (Sanger, Nicklen, and Coulson 1977) using the 

Pharmacia kit, with the internal direct LO = 5’- 

CCCAAAGCTGAAATTCTACTTAAACTA-3’ and Dl 

= 5 ‘-CATCTGGTTCTTACTTCAGG-3 ’ and reverse E 1 

= 5’-AATCAGCCCATGCTCACACATAAC-3’ and SO 

= 5’-TCTAGGCATTTTCAGTGCCTTGCTTT-3’ prim- 

ers. 

The six new CR sequences from Cewus eluphus, 

Dama dama, Mazama sp., Hydropotes inermis, Capreo- 

Zus capreolus, and C. pygargus were compared with or- 

thologues already published or deposited in the data 

banks. The CR sequences of the following taxa were 

available: Cervus elaphus (another individual), Cervus 

nippon, Odocoileus hemionus, and Odocoileus virgini- 

anus for cervids (Feng, Li, Rittenhouse, and Templeton, 

unpublished paper; accession numbers U 12867, 

U12868, U12865, U12869 in the EMBL data bank) and 

Bos taurus (cattle; VOO654/JO1394 by Anderson et al. 

1982) and Ovis aries (sheep; 235237 by Wood and Phua 

1996) for the bovid outgroups. The CR sequences were 

aligned by eye and CLUSTAL W (Thompson, Higgins, 

and Gibson 1994). In highly variable regions, gaps were 

introduced when they saved at least two substitutions, 

and they were grouped to maximize the overall similar- 

ity. Long indels (75 and 47 bp) were excluded from 

subsequent phylogenetic analyses, and short indels were 

coded as fifth character states at each site where they 

occured. Five other ungulate CR sequences were aligned 

in their CCR: one artiodactyl suiforme (the pig, Sus 

scrofa: D17739 by Takeda et al. 1995), two cetaceans 

(a toothed-whale, Orcinus orca: M60409 by Hoelzel, 

Hancock, and Dover 1991; and a baleen-whale, Balae- 

nopteru physalus: X61 145 by Arnason, Gullberg, and 

Widegren 199 l), two perissodactyls (a rhinocerotid, Dic- 

eras bicornis: L22010 by Jama et al. 1993; and an equid, 

Equus caballus: X79547 by Xu and Arnason 1994). The 

alignments were managed with the MUST package (Phi- 

lippe 1993). 

Presence and location of direct repeats and of pos- 

sible secondary structures of single-strand DNA (hair- 

pins) and transcribed primary RNA (cloverleaves) were 

analyzed with the method of Zuker and Stiegler (198 1) 

using the programs REPEAT, HAIRPIN, and RNA- 

FOLD in PCGENE (IntelliGenetics, Oxford). Phyloge- 

netic reconstructions were conducted by the neighbor- 

joining (NJ) method (Saitou and Nei 1987) on percent 

divergences, by the maximum-parsimony (MP) method 

(PAUP 3.1 .l.; Swofford 1993), and by the maximum- 

likelihood (ML) method (DNAML version 3.5~; Felsen- 

stein 1993). Robustness of the phylogenies was assessed 

by the bootstrap method (Felsenstein 1985), with 1,000 

resamplings followed by a distance (NJBOOT program, 

Philippe 1993) or an MP reconstruction (bootstrap op- 

tion in PAUP 3.1.1.). Robustness was also computed by 

decay indices (DIs), i.e., the number of extra steps re- 

quired to break the corresponding node (Bremer 1988), 

enforcing topological constraints with PAUP 3,l. 1. 

Results 

Alignment and Conservation of TAS and CSB 

The alignment of the 12 CRs is 1,099 nt long (fig. 

2). The mean CR length is 968 + 59 nt for the 10 

cervids of this study. Cervus eluphus exhibits the short- 

est CR (less than 920 nt), whereas Odocoileus and Ma- 

zama possess the longest CRs (nearly 1,050 nt) due to 

the presence of two insertions in the RS2 and RS3 

regions (fig. 1). Mazama, the two Odocoileus species, 

and Cervus nippon possess a single 75-bp-long insertion 

in the RS2 region (fig. 1). This inserted segment is ab- 

sent in the other Cervidae but is easily alignable with 

each of the four 75-bp-long tandem repeats of the bovid 

Ovis aries (positions 201-277 in fig. 2). The Odocoileini 

(Mazama and Odocoileus) possess a second single in- 

sertion segment, 47 bp long (positions 858-904 in fig. 

2), located downstream of CSB-1 in the RS3 region (fig. 

1). 
The TAS-1 motif (Fig. 1, positions 408-423 in fig. 

2) has been functionally associated with the termination 

of the D-loop (TAS-A in cattle: Madsen, Ghivizzani, 

and Hauswirth 1993). The 3’ end of the D-loop is lo- 

cated 70 nt upstream of TAS-1, i.e., downstream for the 

new H-strand, at a TCCCC element for pig and a 

GCCCC element for cattle (MacKay et al. 1986; Mad- 

sen, Ghivizzani, and Hauswirth 1993). The same 

GCCCC motif is present in the CR of Cervidae (posi- 

tions 336-339 in fig. 2), except for Dama and Odocoi- 

Zeus (ACCCC motif). 

Three 15-nt-long sequences with high homology to 

TAS-A of cattle and sheep (Madsen, Ghivizzani, and 

Hauswirth 1993; Wood and Phua 1996) can be identified 

in the 5’-peripheral domain of the cervid CR between 

the RS2 and CSB-F regions (TAS-2, TAS-3, and TAS-4; 

positions 382-397, 320-335, and 279-294 in fig. 2). 

The TAS-3 and TAS-4 cervid sequences correspond to 

the TAS-E and TAS-G identified in cattle by Madsen, 

Ghivizzani and Hauswirth (1993). The first six nucleo- 

tides of these three TAS-like domains are highly con- 

served in the CR of Cervidae and constitute a GYRCAT 

motif (G[C/T][A/G]CAT), which is duplicated immedi- 

ately upstream of TAS-1 (positions 401-406 in fig. 2). 

Such a tandem structure of two GYRCAT motifs is 

again associated with TAS-2. Another GYRCAT block 

is found at the beginning of a transversional hot spot 

(positions 355-360 in fig. 2) but is less conserved 

among Cervidae. 

The region spanning the TAS-4 to the transver- 

sional hot spot is fully duplicated in a single 75-bp-long 

RS2 segment in Mazama sp., Odocoileus virginianus, 

0. hemionus, and Cervus nippon (positions 201-277 and 

278-353 in fig. 2). The two tandem repeats are char- 

acterized by the presence of a 22-nt-long motif, called 

RS-XXII (positions 230-251 and 306-327 in fig. 2), 

which has the ability to form a stable DNA single-strand 

hairpin (fig. 3). 
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5'-CTAAGACATA CATTATTTACCC-3' 

FIG. 3.-Potential secondary hairpin structure in RS-XXII region 

of the mitochondrial DNA of Muzama sp. This hairpin has a free 

energy value of -5.4 kJ/mol and corresponds to nucleotides 232-251 

(fig. 2). Similar hairpins can be formed in the RS2 region of Cervus 

nippon, Odocoileus virginianus, and 0. hemionus. Invariant positions 

across the RS-XXII motif of bracket deer, mule deer, white-tailed deer, 

sika deer, and sheep are boxed. They include six consecutive sites 

constituting the GYRCAT motif. Hairpins could represent critical 

regions of DNA slippage during replication and could generate tandem 

repeats. 

Downstream of TAS-1, the CCR is highly con- 

served within the family Cervidae and extends from po- 

sition 481 to position 720 (fig. 2). The CSBs are easily 

recognized (CSB-F to CSB-B; figs. 1 and 2) and show 

high similarities between the cervid and bovid taxa com- 

pared. The only exception is CSB-C because of the pres- 

ence of a 2- (Cewus nippon) to 3-nt-long (C. elaphus) 

deletion characterizing the genus Cewus (positions 634- 

636 in fig. 2). In the CCR, most of the nucleotide sub- 

stitutions are tightly clustered in a few regions (i.e., po- 

sitions 510-515, 543-547, and 629-632 in fig. 2). 

In the 3’-peripheral domain of the cervid CR, we 

found the putative initiation site for H-strand replication 

(On: fig. 2) by comparison with the two bovid sequences 

(cow and sheep: Wood and Phua 1996). This site is 

strictly conserved in all 10 Cervidae so far studied. The 

sequence corresponding to the CSB-1 of cow (Anderson 

et al. 1982) and sheep (Wood and Phua 1996) has been 

mapped 17 nt downstream of On (positions 830-847 in 

fig. 2). The 3’ end of CSB-1 is very conserved in Cer- 

vidae and has a sequence similar to the GYRCAT motif 

(fig. 4). This 3’-terminal GGACATA sequence of CSB-1 

is exactly repeated in the terminal part of Odocoileini 

RS3 (bracket, mule, and white-tailed deer; fig. 4). Ac- 

The Mitochondrial Control Region of Cervidae 1159 

tually, the CSB-1 has been imperfectly copied in a CSB- 

l-like motif to partially generate the insert of 47 bp of 

Mazama and Odocoileus in the RS3 region (figs. 2 and 

4). Moreover, there are strong similarities between the 

RS3 insertion and the region between On and CSB-1 for 

the three Odocoileini taxa (mean 74.1% similarity over 

47 nt). The Odocoileini insertion therefore represents a 

duplicated element corresponding to the region spanning 

the first nucleotide after the On to the last of the CSB-1. 

The pig (nonruminant Artiodactyla; Ghivizzani et 

al. 1993), the horse (Perissodactyla; Xu and Arnason 

1994), and most mammals studied so far (Saccone, Pe- 

sole and Sbisa 1991) possess the two other separated 

conserved blocks, CSB-2 and CSB-3, located in the 

middle of the 3’-peripheral domain. However, cetaceans 

(Dillon and Wright 1993) and monotremes (Gemmel et 

al. 1996) lack the CSB-3. The cow (Anderson et al. 

1982), the sheep (Wood and Phua 1996), and the present 

cervids apparently possess a single fused CSB 2 + 3 

(positions 941-966 in fig. 2), which is immediatly 

flanked by sequences homologous to the L-strand tran- 

scriptional start sites (fig. 1). The fusion of CSB 2 + 3 

(Ghivizzani et al. 1993) could therefore be a diagnostic 

character of Ruminantia artiodactyls, but the low nucle- 

otide conservation of this feature is inconsistent with its 

functional importance. 

Pattern of Transition and Transversion Accumulation 

The Cewus elaphus CR was independently deter- 

mined in two laboratories (our present study and Feng, 

Li, Rittenhouse, and Templeton, unpublished data). The 

two sequences are close: overall divergence is 3.6%, 

with two single-base-pair indels. There are 28 transitions 

(TI) and only four transversions (TV). These differences 

likely reflect intraspecies polymorphism occuring at hy- 

pervariable sites. For example, site 510 exhibits the four 

nucleotide character states (fig. 2), and the two consec- 

utive sites 543 and 544 are polymorphic (A-to-G and 

G-to-A transitions) within Capreolus capreolus and C. 

pygargus (42 individuals considered, 0.3%-2.2% diver- 

gence within species; unpublished data) as well as with- 

in the Cewus elaphus species. 

<== CSB-1 and CSB-l-like ===> 
Mazama sp. CATAATGA TAGGCATGGG CATGG**CAG TCAATGGTAA CGGGACATA 

Mazama RS3 ATT--_---G ---AT--A-A ---TA**TG- -T---_---G -A------- 

Odocoileus *hem. ___-__---G --A_-_---- ----_*k--- -G----T--G Tm------ 

Odocoileus hem. RS3 ACTG-----G --AA--C-A- _--AT**T_A _T-------- _A-_----- 

Odocoileus vir. __-------_ _____----- ____A**--- -,,YJ----C--G TV------ 

Odocoileus vir. RS3 ACT-_-_--G _-A-T----A -_-AA**--- ------C--G TA------- 

Capreolus capreolus ---A **--- __----m--G -A-_----- 

Capreolus pygargus ____**--- ---___---_ -A-_----- 

Hydropotes inermis __--**--- _____----- -A------- 

Cervus elaphus ----**--- __-__---C- -A------- 

Cervus elaphus' ___-**--- __------C- _A--_---- 

Cervus nippon 
__T_**__- -----__-C- -A--_---- 

Dama dama __CAk*T-A -T------C- -A------- 

Bos taurus 
_-TA**--- ----B---C- -A------- 

Ovis aries _--TAT-A -~----_-~- -A------- 

FIG. 4.-Alignment of the conserved sequence block 1 (CSB-1) for seven non-Odocoileini cervids and two bovid species. For the three 

members of the Odocoileini tribe, Mazama, Odocoileus hemionus (hem.), and 0. virginianus (vir.), the region spanning the last nucleotide after 

the 0, toward the end of the CSB-1 is aligned, together with the inserted motifs of the RS3 region. The similarities between these motifs 

suggest that the RS3 insertions of Odocoileini result from the duplication of the end of On toward the end of CSB-l- region. Conventions of 

alignment and definition of the CSB-l- and CSB-l-like sequences are the same as in figure 2. The sequence resembling the GYRCAT motif is 

underlined. 
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12 
1 

Between families 

(Cervidae / Bovidae) 

8- 
0 . 

Between genera 

or 
I r I I I I I  I 

0 2 4 6 8 10 12 

% Transversions 

FIG. 5.-Evolution of the total percentage of transitions (TI) relative to the total percentage of transversions (TV) for 66 pairwise comparisons 

between the whole control region of 10 cervids and two bovids. The points corresponding to intraspecies, intragenera, intrafamily and inter-family 

comparisons are boxed. The nonlinear regression through these 66 points is a hyperbola type (this curve is descriptive but not predictive as data 

are not independent): TI = 5.93TV/(TV + 0.25) + 0.33TV (3 = 0.68). The curve can be approximated by the intersection of two linear regression 

plots. The first involves the five lowest transversional divergences, and the second involves the remaining 61 TV, This shows that the beginning of 

the saturation of TI relative to TV corresponds to the Odocoileus hemionusl0. virginianus divergence (5.9% TI and 1.1% TV). 

The mean overall CR divergences between pairs of 

taxa of increasing taxonomic rank are as follows: 4.7%- 

6.7% within the genera Capreolus, Odocoileus and Cer- 

vus; 9.8% within the tribe Odocoileini; 11.9%-13.0% 

within the subfamilies Cervinae and [Odocoileinae + 

Hydropotinae]; 16.1% within the family Cervidae; and 

27.4% between Bovidae and Cervidae. The percentage 

of TI plotted against percentage of TV for each pair of 

species is given in figure 5. For divergences greater than 

that of the pair Odocoileus hemionusl0. virginianus 

(5.9% TI and 1.1% TV), the slope of the curve decreas- 

es, likely reflecting the beginning of the saturation of TI 

relative to TV. 

Phylogenetic Analyses 

Because of the pattern of extensive indels in the mi- 

tochondrial CRs of cervids and the subsequent local am- 

biguities in the alignment of the 1,264 positions, we ex- 

cluded from the phylogenetic reconstructions all sites 

where indels occur. An MP analysis conducted on the 

complete CR (846 positions with 211 informative TI and 

TV) produced a single most-parsimonious tree (539 steps 

long; consistency index [CI] = 0.60; retention index [RI] 

= 0.58). When the 102 informative TV were considered, 

a single most-parsimonious tree with identical topology 

was found (161 steps long; CI = 0.63; RI = 0.75). The 

observed topology remains stable whether NJ or ML 

methods are used, with all nodes supported by high boot- 

strap percentages (BPS) and decay indices (DIs) (fig. 6). 

The branching pattern depicts two clades. The first clus- 

ters the Cervus species and Dama within the Cervinae. 

The second was unexpected, as it places Hydropotes, the 

sole representative of the Hydropotinae subfamily, within 

the Odocoileinae. The latter group therefore joins the 

New World cervids (Mazama and the two Odocoileus 

species) together with a Chinese water deer/roe deer (Hy- 

dropotes + Capreolus species) clade. 

To explore the phylogenetic content of the CR for 

comparisons between more distantly related taxa (Artiod- 

actyla, Cetacea, Perissodactyla), the relatively conserved 

end of the 5’ domain, the CCR, and the beginning of the 

3’ domain were aligned between cervids, bovids, sui- 

forms (Sus scrofa), cetaceans (Orcinus orca and Balaen- 

optera physalus), and perissodactyls (Equus caballus and 

Diceros bicomis). The unambiguously alignable region 

spans 490 nt (corresponding to positions 3 15-788 in fig. 

2), with 282 variable and 182 informative sites. The dis- 

tance and MP approaches give a congruent phylogenetic 

picture (fig. 7). The Ruminantia (here represented by 

members of both bovid and cervid families) are mono- 

phyletic. Cetaceans (represented by one baleen whale and 

one toothed whale) are the sister group of ruminants. 

Moreover, the pig (Artiodactyla; suborder Suiformes) 

branches outside the [Ruminantia + Cetacea] clade. The 

lack of resolution within the Cervidae likely reflects the 

fact that the CCR evolves too slowly to bring phyloge- 

netic signal at this intrafamily level. 

Evolutionary Rates 

Starting from the basal node (Cervidae) of the ML 

tree (fig. 6), we calculated a mean divergence of 9.6 + 

1.3% TI + TV leading to the terminal taxa. Assuming 

that the Cervidae family diverged 20 MYA (age of the 

oldest antlered deer; Ginsburg 1988), this gives a mean 

evolutionary rate equal to 0.48 + 0.07% TI + TV/Myr/ 

lineage. The removal of the saturating TI (see fig. 5) 

yielded a mean rate of 0.17 + 0.04% TV only/Myr/ 

lineage. These estimates represent means over the com- 

plete CR, and do not depict the heterogeneities of the 

substitution rates between the 5’ and 3’-peripheral do- 
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4 repeats 
75-nt long 
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Bos taurus 

BOVIDAE 

Ovis aries 

1 repeat 
75-nt long 

Odocoileus hemionus 

Odocoileus virginianus 

Capreolus capreolus 

Capreolus pygargus 

Hydropotes inennis 

1 % 

- Dama dama 

ODOCOILEINAE 

I HYDROPOTINAE 

CERVINAE 

FIG. 6.-Phylogenetic tree describing the evolutionary relationships between 10 cervids and 2 outgroup bovids as deduced from the 

comparison of complete mitochondrial control region (CR) sequences excluding all sites where indels occur. The same topology is obtained 

whatever the kind of subsitutions used (transitions and transversions vs. transversions only) and whatever the method of tree reconstruction 

(distance vs. maximum parsimony vs. maximum likelihood). Here, the branch lengths are proportional to the expected number of changes as 

derived from the maximum-likelihood DNAML 3.5~ program. At each node, the circles contain the bootstrap percentage (BP; after 1,000 

resamplings) and the decay index (DI) computed on 102 informative transversions by the maximum-parsimony PAUP program. When the more 

saturating transitions are included with the transversions, the corresponding BPS and DIs appear to be equal or slightly lowered: 95/+5, 96/+8, 

61/+ 1, 100/+17, 86/+6, 100/+29, 99/+10, 100/+13, and 77/+2 going from top to bottom nodes (from the Mazama and the two Odocoileus 

to the Cervinae nodes). The occurrence of the sequence repeats is also indicated in the most parsimonious fashion. The width of a rectangle is 

proportional to the repeat length. The streaked motif indicates that the repeats occur in the RS2 region, and the black motif indicates an occurence 

in the RS3 region. Topological constraints enforced to place Hydropotes as the sister group of all other cervids implies seven additional extra 

steps (transitions and transversions as well as transversions only). Douzery, Lebreton, and Catzeflis (1995) used the cervid model to test the 

generation time hypothesis, with a comparison of the scnDNA divergence between Cervus elaphus and the shorter-generation-time Mazama sp. 

The same species are included here, and no significant contrast in their CR evolutionary rates is observed. 

mains and the CCR. The use of local molecular clocks, 

following the procedure of Bailey et al. (199 l), provides 

ranges of estimated dates of divergence 0.4-2.5 Myr for 

the species Cewus elaphus, 1.4-4.3 Myr for the genus 

Odocoileus, 2.2-3.7 Myr for the genus Capreolus, 3.3- 

7.1 Myr for the genus Cervus, 6.8-10.2 Myr for the tribe 

Odocoileini, 8.7-10.4 Myr for the CapreolinQHydropo- 

tinae cluster, 10.6-14.4 Myr for the subfamily Cervinae 

(as represented by Cewus and Dama), and 13.5-15.2 

Myr for the OdocoileinaeElydropotinae cluster (lower 

and upper values are deduced after the use of TV only 

or TI + TV, respectively). These results suggest contem- 

poraneous origins for New World odocoileines and hy- 

dropotines + Old World odocoileines. 

Discussion 

Conserved Sequence Features of the Control Region 

of Cervidae 

In the mitochondrial CRs of 10 species of Cervi- 

dae, we have identified sequences similar to all the im- 

portant functional sites mapped, experimentally or com- 

paratively, in other vertebrates (MacKay et al. 1986; 

King and Low 1987; Clayton 1991, 1992; Ghivizzani et 

al. 1993). The CCR of Cervidae, which has most of the 

CSBs described by Anderson et al. (1982), is very con- 

served among the studied Cervidae (fig. 2) and can be 

reliably aligned in a number of Artiodactyla, Cetacea, 

and Perissodactyla spanning more than 60 Myr of evo- 

lutionary divergence. On the contrary, the peripheral do- 

mains of the CR of Cervidae are variable in both nu- 

cleotide substitutions and length (fig. 2). 

In the 5’-peripheral domain, there are short regions 

of highly variable sequences which alternate with short 

conserved sequences of motifs similar to the TASS of 

other vertebrates (Doda, Wright, and Clayton 198 1; 

Stewart and Baker 1994; Gemmel et al. 1996). The 

length of the 5’-peripheral domain is variable in some 

Cervidae due to short indels (positions 121-130 and 

148-159) and two tandem repeats (fig. 2). The region 

between TAS-4 and the beginning of the TV hot spot 
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100 

+23 

100 c 85 

+4 

67 

I 89 

Equus caballus 

Diceros bicornis 

Sus scrofa 

Balaena mysticetus 

Orcinus orca 

Bos taurus 

Ovis aries 

Cervus elaphus 

Cervus elaphus’ 

99 I- Mazama sp. 

79 

+2 

t+= 

Odocoileus hemionus 

85 Odocoileus virginianus 

96 - Capreolus pygargus 

FIG. 7.-Majority-rule consensus tree after 1,000 bootstrap resam- 

plings, describing the evolutionary relationships between 10 cervids, 

2 bovids, 1 suiforme, 2 cetaceans, and 2 outgroup perissodactyls as 

deduced from the comparison of the conserved central region (and the 

relatively conserved end of the 5’-left domain and the beginning of 

the 3’-right domain) of their mitochondrial control regions (182 infor- 

mative transitions, transversions, and indels). The same topology is 

obtained whatever the kind of method of tree reconstruction: distance 

(NJ) versus maximum parsimony (MP) versus maximum likelihood 

(ML). At each node, the bootstrap percentage (BP) and the decay index 

(DI) computed by the MP method are given above the branch, and the 

BP computed by the NJ method is given below (the hyphen indicates 

that the bovid grouping is not observed). One single most-parsimoni- 

ous tree was found (length = 505; CI = 0.58), but only the nodes 

supported by more than 50% BP with the MP approach are represent- 

ed. The monophyly of Cervidae is observed (DI = +l) but is not 

supported at the BP = 50% level. 

(fig. 2) is of functional importance, with nucleotide se- 

quences highly conserved in all the cervid species stud- 

ied: TAS-4, TAS-3, and the GCCCC putative stop point 

of D-loop synthesis among Cervidae. In Odocoileini and 

sika deer, this 75bp-long domain is tandemly duplicated 

in a single repeat which maps at RS2. This region con- 

tains VNTRs in a number of other mammalian species, 

for example vespertillionid bats (8 1 -bp-long repeats: 

Wilkinson and Chapman 1991), shrews (78 to 80-bp- 

long repeats: Stewart and Baker 1994; Fumagalli et al. 

1996), and sheep (75-bp-long repeats: Wood and Phua 

1996). VNTRs at RS2 produce interspecific and intra- 

specific length differences and individual heteroplasmy 

(Hoelzel et al. 1994). 

The RS2 repeat shows a short core sequence of six 

alternative purines and pyrimidines (GYRCAT), which 

is a putative partial copy of the TAS-1 (fig. 2), repeat- 

edly inserted with flanking AT-rich strings in the region 

between TAS-1 and the 3’ D-loop end. Such tandemly 

repeated copies of functionally important sequences car 

form energetically stable single-stranded secondar! 

structures (RS-XXII motif; figs. 2 and 3). The hairpin! 

could constitute critical regions of DNA slippage during 

replication and could generate the tandem repetitions o 

RS-XXII. An identical duplicated motif near a TAS el 

ement has been found in a marsupial: a stretch of 25 n 

is present in the opossum @de&his virginiana; Jankc 

et al. 1994) and exhibits sequence similarities wit1 

RS-XXII (55%-59% identity with RS-XXII and the RS: 

copy for marsupial/placental comparisons). The RS2 re 

gion has repeated copies of TAS and D-loop termination 

sequences, and this is likely a general character o 

VNTRs at these sites of the mammalian mtDNA (An 

derson et al. 1982; MacKay et al. 1986; Wilkinson ant 

Chapman 1991; Stewart and Baker 1994; Fumagalli e 

al. 1996; Wood and Phua 1996). These sequences ap 

parently persist for long evolutionary periods: in lago 

morphs, RS2 repeats are at least 6-8 Myr old (Biju 

Duval et al. 1991), and in shrews, about 1 Myr 01~ 

(Stewart and Baker 1994). The presence of multiple cop 

ies of functionally important sequences could enable the 

cell to use alternative pathways for regulation of mt 

DNA replication and transcription and can confer rep 

licative advantages to mtDNA molecules with multipk 

copies of replication signals (Kuzminov 1996). 

In the 3’-peripheral domain, the RS3 insertions o 

Mazama and Odocoileus appear to be characteristic o 

these two genera by comparison with the other cervix 

and bovid taxa (fig. 4). This insertion is here interpreter 

as a duplication of the region spanning the last nucleo 

tide after the On toward the end of CSB- 1. The sequence 

spanning CSB-1, On, and the other ~80 nt toward tht 

central CSB, can form a stable cloverleaf structure ir 

single-stranded RNA chains. This secondary structure 

as well as the OH and CSB-1 sites, should be importan 

for controlling the initiation of H-strand DNA synthesi! 

(Brown et al. 1986). This structure can be present ir 

different vertebrate species (i.e., Stewart and Bake, 

1994; Wood and Phua 1996) and can be generated ir 

Cervidae as well, although with different shapes ant 

free energy values in the different species. Cloverlea 

secondary structures of single-stranded polynucleotide! 

can have important functional roles associated with tht 

priming of transcription and replication of mtDNP 

(Clayton 1991). The Odocoileini pattern of a sing16 

47-bp-long insertion in RS3 is unusual among mam 

mals, because the other documented insertions in thi! 

region imply shorter fragments, ranging from 6 bp fo: 

carnivores (Hoelzel et al. 1994) to 20 bp for the rabbi 

(Mignotte et al., 1990), that are highly repeated (Mi, 

gnotte et al. 1990; Ghivizzani et al. 1993; Hoelzel et al 

1994). The 47-bp-long insertion could represent a syn 

apomorphy exclusively defining the tribe Odocoileini 

To confirm this, comparison of the CRs of the other New 

World odocoileines (Blastocerus, Hippocamelus, Ozo, 

toceros and Pudu) will be required. 

Phylogenetic Content of the Control Region 

The entire CR sequences, excluding the repeats ant 

all the sites with indels, can be used to infer phyloge, 
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netic relationships among Cervidae. Transitions were 

shown to saturate sooner than transversions (fig. 5), as 

previously observed for the mitochondrial CRs of other 

placental mammals (e.g., Wills 1995), but the use of 

different classes of substitutions and different methods 

of tree reconstruction produced consistent results. The 

subfamilies Odocoileinae (including Hydropotinae) and 

Cervinae constitute two well-supported lineages. These 

clades are robust in terms of both bootstrap and decay 

index analyses (fig. 6: BP = 89% and 100% respective- 

ly; DI = +4 and +7 for a tree length of 161 steps). 

The four representatives of the Cervinae (the two 

red deers, the sika deer, and the fallow deer) share a de- 

letion of 11 bp at positions 150-160 (fig. 2) and cluster 

together. The Odocoileinae clade includes the New World 

genera Mazama and Odocoileus, and the Old World Ca- 

preolus unexpectedly linked with Hydropotes (Hydro- 

potinae). Moreover the New World Odocoileinae have the 

apparently synapomorphic repeat at RS3, and they share 

with C. nippon the 75bp-long repeat at RS2. While the 

RS3 insertion type is quite unusual for mammals, and 

therefore could represent a true synapomorphy for New 

World Odocoileinae (Fig. 6), VNTRs at RS2 are much 

more frequent. The phylogram in figure 6 implies that the 

presence of RS2 repeats both in sika deer and Odocoil- 

einae is the result of a convergent evolutionary event. 

The close relationship of Hydropotes with Capreo- 

Zus, and therefore with the Odocoileinae, contrasts with 

current morphological classifications (Groves and Grubb 

1987) and with other molecular data (Miyamoto, Kraus, 

and Ryder 1990; Kraus and Miyamoto 1991). From a 

morphological point of view, the main subdivision of 

Cervidae is based on a single character: absence (Hydro- 

potinae) or presence (Odocoileinae + Cervinae) of ant- 

lers (Groves and Grubb 1987). Conversely, the hypoth- 

esis of an association of Hydropotes with the Odocoil- 

einae is supported by the telemetacarpal condition and 

the large medial opening of the temporal canal (Bouvrain, 

Geraads, and Jehenne 1989). Such an association of Hy- 

dropotinae with Odocoileinae implies that antlers have 

been lost in Hydropotinae or convergently acquired in the 

other cervid subfamilies. Some morphological characters 

therefore seem to evolve with high homoplasy in ungu- 

lates (Scott and Janis 1993) and are difficult to use for 

determining reliable phylogenetic relationships. 

Comparison of the mitochondrial 12s and 16s ri- 

bosomal (i-RNA) genes supported either the basal position 

of Hydropotes relative to Cervinae, Muntiacinae, and 

Odocoileinae or the clustering of Hydropotes with Odo- 

coileus (Miyamoto, Kraus, and Ryder 1990; Kraus and 

Miyamoto 199 1). The reanalysis by the ML method of 

this data set (Kraus and Miyamoto 1991, figs. 3b, 4a, and 

4b, excluding GirafSa and Sus because their 16s rRNA 

sequences are not available; TI/TV ratio = 3.0) strongly 

favors the grouping of Hydropotes with Odocoileus. The 

present data set of 12 pecoran CR sequences indicates 

that constraining the sister group relationship of Hydro- 

potes to all other cervids involves seven additional steps 

(MP approach with TI and TV, as well as with TV only). 

This number of extra steps is equal to the DI supporting 

two well-established clades: the genus Odocoileus and 

the subfamily Cervinae (fig. 6). A basal position of Hy- 

dropotes relative to other cervids, and the subsequent 

monophyly of antlered deers, is therefore unlikely based 

on our CR data. Moreover, the CR sequence comparisons 

provide several exclusive synapomorphic substitutions or 

indels (CI = 1.0 in the most parsimonious tree) for a 

Capreolus + Hydropotes clade: C by G (position 124, 

fig. 2), C by G (position 147), insertion of one T (position 

933), T by C (position 940), T by A (position lOlO), A 

by T (position 1069), C by G (position 1085), and C by 

A (position 1087). The first two mutations appear in the 

fastest evolving CR region (the 5’-left domain: Wood and 

Phua 1996; unpublished data), whereas the six other oc- 

curs in a slower evolving area (the 3’-right domain), and 

none is diagnostic for the Capreolini + Hydropotinae 

clade in the CCR (the slowest evolving CR region; Sac- 

cone, Pesole, and Sbisa 1991). The above-mentioned 

changes in the 3’ domain are therefore less likely subject 

to homoplasy than those in the 5 ’ domain and could rep- 

resent true synapomorphies. However, we cannot exclude 

the possibility that slow-evolving (and, reciprocally, fast- 

evolving) sites could be nested within fast-evolving (and, 

reciprocally, slow-evolving) areas. Our complete CR se- 

quences support the paraphyly of antlered deers due to 

the nesting of Hydropotinae within Odocoileinae, and are 

congruent with some morphological analyses (Bouvrain, 

Geraads, and Jehenne 1989), and with TV analyses of 

rRNA genes of mitochondria (Kraus and Miyamoto 

1991), as well as with cytochrome b sequences (unpub- 

lished data). 

The CCR expressed remarkable phylogenetic sig- 

nal at deeper levels of genetic divergence and allowed 

us to reconstruct reliable phylogenetic relationships 

among representatives of Artiodactyla, Cetacea and Pe- 

rissodactyla (fig. 7). Although the alignable portion of 

CCR is short (490 nt in this study), it seems to evolve 

in quite a regular fashion and could probably be used in 

phylogenetic studies together with other slow-evolving 

protein-coding mitochondrial genes. The close associa- 

tion of cetaceans with artiodactyls was suggested by 

comparison of nucleotide and amino acid sequences 

(Graur and Higgins 1994, but see Philippe and Douzery 

1994; Gatesy 1997; Montgelard, Catzeflis, and Douzery 

1997). Here, the CCR comparison suggests the sister- 

group relationship between ruminants (here represented 

by 12 pecoran taxa) and cetaceans (here represented by 

two taxa), with a more basal emergence of suiformes 

(here represented by only one taxon). 

The use of TI + TV or TV only provides different 

estimates of the dates of divergence within the cervid 

family. The differences are introduced by the estimation 

of the ages of the first cladogenic event. Transversion 

estimates are always younger than TI + TV ones: re- 

spectively, 10.6 versus 14.4 Myr for the Cervinae and 

13.5 versus 15.2 Myr for the Odocoileinae in a broad 

sense (Odocoileinae including Hydropotinae). After that, 

the intervals between speciation events within these 

Odocoileinae and Cervinae remain nearly identical 

whatever the kind of changes used. Thus, the initial dis- 

crepancies have repercussions on all subsequent datings 

of the more recent dichotomies. 
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The radiations of some odocoileine species appear 

to be Plio-Pleistocene events (1.4-4.3 Myr within the 

genus Odocoileus and 2.2-3.7 Myr within the genus Cu- 

preolus, as confirmed by the population genetics study 

of Randi, Pierpaoli, and Danilkin [unpublished data]). 

The divergences within Cervinae appear to be older 

events, having occured from the Miocene/Pliocene (3.3- 

7.1 Myr within the genus Cewus) to the Plio-Pleistocene 

(0.4-2.5 Myr within Cewus eluphus). One postulated 

drop in sea level occured 9 MYA and coincides with 

the dispersal of land mammals between Europe and 

North America (Opdyke 1990). This dating falls into the 

range of estimated ages of divergence for Odocoileini 

(6.8-10.2 Myr) and for Capreolini/Hydropotinae (8.7- 

10.4 Myr). An ancestral odocoileine stock showed a ra- 

diation in Eurasia 8.7-10.4 MYA, producing the pa- 

learctic Capreolini, today represented by the European 

and Siberian Cupreolus, and the Asian Hydropotinae, 

represented by the unique surviving Chinese Hydropotes 

inermis. Simultaneously, immigrants could have invaded 

North America through the Bering Land Bridge 9 MYA 

starting from the same odocoileine Eurasian ancestral 

stock. Their diversification led to New World Odocoi- 

leinae, here represented by the genera Mazama and Odo- 

coileus and characterized by the RS3 insertion in their 

mitochondrial CR. 
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