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Abstract. Based on sequence analyses of 17 completéntroduction
centromeric DNA monomers from ten different deer spe-
cies, a model is proposed for the genesis, evolution, an

gen(_)(;mc tolrlgtanllzg;[\llc;\n of Ce][V'd Stﬁtel.“tf. II DNAI‘.'f. Al demly organized, repetitive DNA sequences (i.e., satel-
cervid satetlite arose from the initial ampitica- ;o DNA). Although more than one satellite DNA family

tion of a 31-bp DNA sequence. These 31-bp subrepeatﬁ]ay exist in the centromeres of a given mammalian spe-

were organized in a hierarchical fashion as 0.8-kb MONOies, usually a single centromeric satellite DNA family is

gfer;g:agfrslgﬂ e;ae(;arrpﬁl:: r?ie?];ig(rj d(le;krt; 22?%2;22' edominant, accounting for 3% or more of the species’
P : 9 P enome. Each centromeric satellite DNA family is usu-

ceryld ¢ en'_[romerlc sat_elhte D.NA Monomers accounts forally characterized by restriction endonuclease-defined
their high intragenomic and intraspecific sequence con-

servation. Such high intraspecific sequence conservatio,r;_lepeat units (monomers) of refatively consistent length.
validates the use of a single cervid satellite | DNA mono- or example, primate alphoid DNA consists of 171-bp

. : - monomers (Rosenberg et al. 1978) and mouse major sat-
mer from each deer species for interspecific SeqUeNcE, ..« DNA is defined by 234-bp monomers (Horz and
comparisons to elucidate phylogenetic relationships. . . i
Also, a specific 0.18-kb tandem duplication was ob_Altenburger 1981). Although substantial nucleotide se

. . . .. guence variation is commonly observed among mono-
served in all 1-kb monomers, implying that 1-kb cervid 9 y 9

: mers of a satellite DNA family, some centromeric satel-
satellite | DNA monomers arose from an unequal cross;

over event between two similar 0.8-kb ancestral DNAIite DNA monomers can be organized in a hierarchical
sequences ' fashion to yield higher-order repeats (HORs) which have

near-identical sequences within a given subfamily (re-
viewed in Willard and Waye 1987).

In deer, the prominent centromeric satellite DNA
family is referred to as either major cervid centromeric
satellite DNA or cervid satellite | DNA (because of its
homology to bovine satellite | DNA) and is localized to
the centromeric region of nearly all cervid acrocentric
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Tennis Court Road, Cambridge, United Kingdom CB2 1QP family vary in size between deer species. Those deer
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cclin@gpu.srv.ualberta.ca nized primarily as 1-kb monomers. Other deer, which
Correspondence taC.-C. Lin have retained the more proximal remnants of the second

ﬂ/lammalian centromeric DNAs consist primarily of tan-
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Table 1. Satellite DNA clones isolated from five deer species

Deer species Clone Clone description Size Specimen Source GenBank No.
Fallow deer Dd-Pstl DamadamaPst Clone 1 804 bp 1 Testis cell line U53515
Wapiti Ce-Mspl Cervuselaphus c.Msp Clone 1 680 bp 2 Genomic DNA U53516
White-tailed Ov-Mspl OdocoileusvirginianusMsp Clone 1 990 bp 3 Genomic DNA U53517
deer Ov-Msp2 OdocoileusvirginianusMsp Clone 2 748 bp 3
North American Aa-Mspl AlcesalcesMsp Clone 1 987 bp 4 Genomic DNA U53518
moose Aa-Msp2 AlcesalcesMsp Clone 2 712 bp 4
Mule deer Oh-Mspl  OdocoileushemionusMsp Clone 1 991 bp 5 Liver U53519
Oh-Msp2 OdocoileushemionusMsp Clone 2 1,970 bp 6 Kidney U55813
Oh-Msp3 OdocoileushemionusMsp Clone 3 1,975 bp 6 u55814

Fig. 2. Localization of the cervid satellite | DNA clone, Dd-Pst1, to
metaphase chromosomes of a male European red deer by fluorescence
in situ hybridization. The centromeric regions of all acrocentric chro-
mosomes, including the X chromosome (denoted), show large, intense
hybridization signals. A single pair of metacentric autosomes (indicated
by arrows) and the Y chromosome (denoted) did not display such
hybridization signals.

a

Fig. 1. Tandem organization of cervid satellite | DNA in the genomes
of the fallow deer and the white-tailed deerA Southern blot con-
sisting of fallow deer genomic DNA digested witdanH|, Hpall,

Mspl, Pst, Rsd, and Xbd (lanes 1-6, respectively). DNA fragment . C e e
sizes are indicated to the left of the figure, demonstrating the prominenl DNA monomers revealed internal 31-bp periodicities

0.8-kb register in all six digestion& A Southern blot consisting of (L€€ and Lin 1996). In the present study, th? 0-8'kt_) and
white-tailed deer genomic DNA digested wiMspl, Hpall, BanHil, 1-kb monomers are shown as HORs of their constituent
andXba (lanes 1-4, respectivelyPst- and Rsd-digested DNAs are  31-bp subrepeats. Furthermore, evidence is provided
not shown. DNA fragment sizes are indicated to the left of the figure,WhiCh indicates that 1-kb cervid satellite | DNA mono-
demonstrating the prominent 1-kb register in all four restriction enzyme L
digestions. mers were formed from a 0.18-kb tandem duplication
within a 0.8-kb ancestral DNA sequence. Cumulatively,

and fifth metacarpals (i.e., belonging to the plesiometathese data provide insights into the evolution of this sat-
carpalia division), have their cervid satellite | DNA pri- €llite DNA and offer an explanation for the presence of
marily organized as 0.8-kb monomers (Bogenberger egwo.different—sized monomers in a single satellite DNA
al. 1987). Higher-order repeats consisting of multimersfamily.

of cervid satellite | DNA monomers have not been re-

ported. Materials and Methods

The presence of two distinct different-sized MONO- g, irce of Genomic DNASallow deer Dama damy genomic DNA

mers in this single satellite DNA family is Unusgal- Pre'_ was prepared from an established testis cell line (specimen 1) obtained
vious sequence analyses on a number of cervid satelliteom the University of Ferrara, Italy. Specimens 2, 3, and 4 were
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a 300 nization of each clon€?P-dCTP-labeled clones were used as probes to
Southern blots containing endonuclease-digested genomic DNAs.
Southern blot hybridizations, washings, and autoradiographic expo-
sures were performed as previously described (Lin et al. 1991). All
1 newly isolated cervid satellite | DNA clones were also biotin labeled
‘ for use in fluorescence in situ hybridization (FISH) experiments to red
‘ i A ‘ deer chromosomes. Chromosome preparations and FISH experiments
200 I |1 ! i i {l L were performed as previously described in Lee et al. (1994).

il | i Each centromeric DNA clone was digested to produce smaller frag-
: ‘ ‘ ments for sequencing. All sequencing reactions were performed with
dideoxy chain termination Sequenase kits (United States Biochemical

250 |

Number of identical nucleotides

150 -
Corporation) and read on an ABlI DNA Sequencer (model 373). Mul-
tiple sequences were combined to determine the complete DNA se-
guence for each monomer clone. Clones Dd-Pst1, Ce-Mspl, Ov-Mspl,

100 T T T Aa-Mspl, and Oh-Mspl were designated as representative monomers
0 100 200 300 400 for the fallow deer, wapiti, white-tailed deer, North American moose,
and mule deer, respectively.
Shift length (bases)
DNA Sequence Analyses and Comparis@egjuence analyses first
involved the identification of 31-bp subrepeats in all representative
Subt. ted i i i
b consensus:TCCCTGCCTC AACTCGAGAG GAATCCTGAG T uﬁcliﬁiiﬁes monomer clones, using t_he m_emOd _Of Plucienniczak et al', (1982).
These methods are described in detail elsewhere (Lee and Lin 1996).
1 +hAG..TAd ..TG.---.. .-=-.TC.T. . C,G,A ; ; i i

29 ©G.A.CT.C. ..GA...=.. .G..Gh...A . T Intragenomic sequence conservation of cervid satellite | DNA

§Y CrproiTOGR G.CAC .- B..GACT.. monomers was determined from sequence comparisons of multiple
122 -TTT . AA-- e -T;é-GCJ-é A T,G clones from a white-tailed deer, a North American moose, and a mule
183 C.BkG..T.. ..G...CAG. A A deer. Mule deer clones Oh-Msp2 and Oh-Msp3 each contained two
343 D 0SGe R 1GiChn G o complete 1-kb monomers and therefore individual monomers in these
208 G.oA....BAG. haeR e Ce G 16 clones were further differentiated by the suffix designatioor b.
gg; ...A.. cT,66 Intraspecific sequence conservation of cervid satellite | DNA
398 6. .. ) ﬁ monomers could only be examined in the mule deer as it was the only
42 *C'f“jf.;.jé Sehea T GG T deer specie; that had complete monomer clones isolated from more
491 +.AT..AA .G..-..A GC.T...T . A than one animal. For these comparisons, clone Oh-Mspl from one
523 +«+.T..ATGG C....C.c.. A..A...A.. A . .
553 cee . .G.....T.T G animal was compared to each 1-kb monomer in clones Oh-Msp2 and
584 . « .GC... . H H :
a5 19Che Gr6. A Oh-Msp3 of a second animal. The sequence divergence of constituent
645 ... b TT.. GovvlBuver ouen A.GA.C A - i ir-wi i
P o neane. Saltcheeee e s 31-bp subrepeats was also examined through pair-wise comparisons of
107 CégTGA.AGi TGuounns GiConiinn G subrepeats in mule deer clones Oh-Mspl and Oh-Msp2a.

. cesse ++G.G..AT. ..==NC... ope . . .

768 .{c.&..._--_ e T..GG.AMT Q f},G Interspecific monomer sequence conservation of cervid satellite |
795 Me..... AG N

DNA was determined from pair-wise sequence comparisons of the ten
Fig. 3. The presence of 31-bp subrepeats in the Dd-Pst1 clone of th&lesignated representative monomers (five newly isolated representative
fallow deer.a A line graph showing increased DNA sequence simi- Mmonomers from the present study and five previously characterized
larities (peaks) in a 31-bp shift periodicity when the Dd-Pstl clone is satellite DNA clones). The previously characterized clones included the
compared with itself. As the complete graph was a symmetrical imageCe—Pstl clone of the red deer (Lee and Lin 1996), the 1A clone of the
defined by a vertical axis of symmetry halfways across the graph, 0n|ylndian muntjac (Bogenberger et al. 1985), the C5 clone of the Chinese
the results for the first 400 shifts are presentbdDerivation of a ~ Muntjac (Lin et al. 1991), the CCSatl clone of the roe deer (Scherthan
consensus sequence from optimal sequence alignments of 31-bp sub991), and the Rt-Pst3 clone of the caribou (Lee et al. 1994).
repeats in the Dd-Pstl clone. The nucleotide position of the beginning

of each subrepeat is indicated to the left. The positions where nucleo-

tides have been removed to optimize alignment of subrepeats are ifRe€Sults

dicated bysmall vertical arrows.These subtracted nucleotides are

listed to the right of each subrepeat and are separatedomymas.  Initial Characterization of Newly Isolated Cervid

Dasheswere also occasionally inserted to improve alignments. Satellite | DNA Clones

Table 1 lists the nine newly isolated cervid satellite |
purified genomic DNA samples from unknown sexes of waf@givus DNA_ clones for V\_/hICh complete DNA sequences were
elaphus canadengiswhite-tailed deer @docoileus virginiands and ~ Obtained. These include one clone from a fallow deer,
the North American mooseAfces alcel respectively. These three one clone from a wapiti, two clones from the white-tailed
specimens were obtained from the Bovine Blood Typing Lab, Sas-deer, two clones from a North American moose, and
katchewan Research Council, Canada. Mule d&eiotoileus hemio- three clones from two mule deer. Among these clones,

nug genomic DNAs were prepared from a liver sample of a 2-year-old even clones contained sinale monomers and two clones
male (specimen 5) and a kidney sample from a second male mule dest 9

(specimen 6). (Oh-Msp2 and Oh-Msp3) each consisted of two intact,
adjacent monomers.
Cloning and Characterization of Cervid Satellite DNAL cervid Southern blot hybridizations of each neWIy isolated

satellite | DNA clones were obtained from prominent 0.8-kb or 1-kb cervid satellite | DNA clone tdanHl-, Hpall-, Msp-,

ethidium-bromide-stained bands, which were observed after electro: . .
phoretic fractionation of various restriction-enzyme-digested genomicpsu" Rsd-, anded-dlgested genomic DNAs from the

DNAs. DNA fragments were cloned into pUC19 plasmid vector and five deer species studied consistently revealed type
propagated irE. coli DH5a bacteria. To determine the genomic orga- A—like ladder patterns in a 0.8-kb register for the fallow
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Table 2. Percent sequence divergence of 31-bp subrepeats in 1-kb monomers from mule deer*

Oh-Msp1 subrepeats

Oh-Msp2a

Subrepeats 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 (26) N.C. N.C. N.C. NC. NC. NC. NC. NC. NC. NC. NC. NC. NC. NC. N.C. N.C.

2 (27) N.C. 559 545 486 545 594 515 515 543 606 543 545 531 50.0 559 50.0
3 (28) N.C. 545 485 514 556 581 556 545 529 581 583 548 39.5 389 514 66.7
4 (29) N.C. 545 438 457 543 562 57.6 50.0 515 543 545 571 424 516 56.2 50.0
5 (30) N.C. 50.0 63.6 486 500 533 515 438 452 61.3 581 594 40.0 43.8 483 50.0
6 (31) N.C. 429 471 500 471 515 541 486 625 441 543 419 455 46.9 50.0 51.6
7 (32) N.C 545 40.0 459 452 486 53.1 40.0 50.0 485 559 529 39.4 484 66.7 54.8
8 () N.C. a 519 519 514 515 645 500 533 562 51.6 500 67.7 424 500 50.0 58.6
9 (2) N.C 531 61.3 429 529 526 588 500 47.1 485 545 514 516 57.6 48.5
10 @) N.C 53.1 40.6 552 552 625 533 531 56.1 485 57.6 481 444 469 56.7
11 (4) N.C. 61.3 40.6 [100.0 46.2 50.0 417 486 56.4 48.7 528 459 474 595 528 52.8
12 (5) N.C. 54.8 514 47.4[100.0 58.8 60.0 559 455 656 50.0 629 412 559 57.6 60.6
13 (8) N.C. 500 58.6 548 57.696.7 469 625 60.0 53.1 636 516 562 46.9 63.6 51.6
14 (7) N.C. 526 625 429 629 45796.8] 618 515 516 515 66.7 47.0 47.1 51.6 57.6
15 (8) N.C. 588 50.0 531 61.1 656 61.§000.0 59.4 485 50.0 700 46.9 50.0 50.0 51.6
16 (9) N.C. 529 531 633 47.1 600 484 56[06.7] 52.9 545 625 47.1 46.7 613 48.4
17 (10) N.C. 455 50.0 538 625 562 469 500 51[86.8] 53.1 57.6 457 51.6 55.9 58.1
18 (17) N.C. 516 58.6 595 543 697 545 529 61.8 5(JW.3] 629 515 57.6 67.6 63.6

19 (12) N.C. 545 576 459 629 548 63.6 618 559 60.6 5160.0 50.0 51.6 60.6 64.5

20 (13) N.C. 50.0 531 46.3 486 548 515 484 469 50.0 47.1 5[B.9] 441 56.2 51.5

21 (14) N.C. 516 424 622 576 531 438 533 600 548 57.6 545 4BA7| 67.7 63.6

22 (15) N.C. 515 471 500 647 57.6 548 485 548 57.6 57.6 60.6 455 {33 61.8

23 (16) N.C. 500 56.7 514 588 548 581 516 500 581 60.6 645 455 56.7 54.§96.6]

24 (17) N.C. 56.2 485 514 625 545 457 57.6 53.1 559 545 57.1 47.1 529 645 53.1
25 (18) N.C. 452 484 562 629 581 69.7 625 51.6 515 515 688 438 60.0 559 61.3
26 (19) N.C. 576 50.0 526 515 531 471 545 438 455 486 51.4 421 452 485 47.1
27 (20) N.C. 424 594 564 424 645 66.7 531 67.7 469 636 516 485 54.8 645 62.5
28 (21) N.C. 438 581 543 588 50.0 588 469 51.6 606 629 594 548 56.2 61.361.3

29 (22) N.C. 471 484 474 600 613 484 562 548 645 50.0 59.4 419 46.7 54.470.0]

30 (23) N.C. 531 406 568 514 576 514 61.8 531 531 531 515 394 548 559 52.9
31 (24) N.C. 459 61.3 429 562 500 647 50.0 41.9 59.4 484 67.7 47.1 50.0 51.6 66.7
32 (25) N.C. 444 464 548 419 645 441 531 645 545 543 529 516 50.0 61.3 53.1
33 (26) N.C. N.C. N.C. N.C. NC. NC. NC. NC. NC. NC. N.C. NC. N.C. NC. N.C. N.C.

* Key: a, Sequence comparisons of corresponding subrepeats (bold bbxesRegions of 3 adjacent subrepeats sharing sequence similarity of
approximately 70%d, e, Regions of 2 adjacent subrepeats sharing sequence similarity of approximately 70%. Subrepeats in Oh-Msp2a a
renumbered (in brackets) according to their near sequence identity to corresponding Oh-Mspl subrepeats

deer and wapiti (e.g., Fig. 1a) and a 1-kb register forrepresentative monomers. Each graph exhibited “in-
white-tailed deer, North American moose, and mule deeframe” peaks at approximately every 31 single-base
(e.g., Fig. 1b). These ladder patterns of hybridized fragshifts (e.g., Fig. 3a). This indicated the presence of 31-bp
ments were characteristic of satellite DNA. subrepeats in all monomers investigated. A consensus
Fluorescence in situ hybridization experiments withsequence was derived from the subrepeats in each rep-
each newly isolated satellite DNA clone consistently re-resentative monomer clone (e.g., Fig. 3b), and each con-
sulted in pronounced hybridization signals at the centrosensus sequence exhibited a high degree of sequence
meric region of all red deer acrocentric chromosomessimilarity to the bovine 1.715-satellite-subrepeat consen-
(e.g., Fig. 2). These chromosomal deposition patternsus sequence.
were similar to that previously observed with a cervid The sequence divergence of 31-bp subrepeats, among
satellite | DNA clone from the red deer (Lee and Lin monomers of a given deer species, was ascertained by
1996). comparing subrepeats in the mule deer clone Oh-Mspl
with subrepeats in clone Oh-Msp2a (isolated from a sec-
ond mule deer). The results of all possible pair-wise se-
quence comparisons are shown in Table 2. Starting with
31-bp Subrepeats in Monomer Clones subrepeat 9 of the Oh-Msp2a and subrepeat 2 of Oh-
Line graphs were produced with data from DNA se- Msp1, all consecutive subrepeats in the Oh-Msp2a clone
quence shifts and self-comparisons of all newly isolatedshared identical or near-identical sequence identity with

DNA Sequence Analyses of Cervid Satellite | DNA
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Table 2. Continued

Oh-Mspl subrepeats

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

N.C. N.C. NC. NC.c N.C N.C. N.C. N.C. N.C. NC.a NC. NC. NC. NC.  NC NC NC.
515 515 545 485 |67.6 606 514 516 606 57.6 543 500 629 559 545 545

484 583 419 500 58.8 56.2 59.4 485 52.9 5151000 545 594 500 53.6 621
419 514 516 455 438 63.666.7] 52.9 588 545 500 54.5[100.0 57.1 516 545 548
51.6 515 387 500 62.1 62.5 455 60.6 48.3 53.1 62.5 600 GHEE.0 484 500 53.1
486 438 50.0 66.7 54.3 51.4 400 441 531 541 55.9 500 531 4§000.0 484 440

56.2 485 514 485 45.5 438 400 516 543 500 469 457 581 452 [BEB&| 517

545 613 500 53.1 58.1 67.7 472 516 455 452 545 613 500 543 452

56.2 452 625 485 54.3 438 625 485 406 528 559 545 545 50.0 47.1 545 464
469 467 50.0 59.4 57.1 59.3 47.1 59.4 429 469 586 469 455 600 47.1 536 519
543 562 526 595 51.4 457 556 429 486 543 486 514 543 514 500 459 50.0
625 56.0 500 455 60.6 58.8 526 588 486 47.1 55.9 543 543 531 471 469 517
50.0 581 545 645 53.1 59.4 486 47.1 613 545 56.2 548 594 548 515 500 68.0
459 615 429 606 58.8 50.0 500 636 41.9 515 529 556 57.6 543 541 500 533
58.1 680 545 531 46.9 545 639 485 515 485 51.5 559 515 455 43.8 472 55.6
56.2 438 438 613 48.4 545 50.0 452 581 452 529 529 541 452 594 500 613
61.8 625 424 515 58.8 65.6 529 548 543 531 59.4 581 559 576 455 424 517
62.5 531 484 656 62.9 57.6 559 59.4 559 57.6 57.1 629 60.6 576 543 529 594
486 640 515 516 62.5 57.6 514 581 500 484 545 548 58.3 59.4 419 529 714
455 414 406 559 53.1 545 455 57.6 51.6 50.0 545 452 486 444 472 438 455
59.4 500 484 594 59.4 56.7 58.8 484 594 588 529 500 613 471 545 562 56.7
58.1 548 484 516 61.3d 559 514 57.6 548 54.8 58.1 556 556 515 47.1 576 455
56.2 613 457 59.4 61.3 526 704 531 581 545 636 529 516 444 531 615
96.8] 57.1 548 50.0 56.2 50.0[70.6] 51.6 60.0 485 545 452 419 515 514 588 577
60.6 50.0 515 54.8 57.1 529 630 515 485 51.5 583 514 515 438 455 586
54.8  50.0 45.5 41.9 46.9 500 406 548 514 545 424 500 419 500 556 517
53.1 529 38.7[935] 528 529 500 581 576 647 515 50.0 562 429 676 516 57.6
548 581 41.9 588 [96.8 545 474 515 500 559 58.8 438 594 543 40.6 548
516 57.6 484 515 56.2 58.8 63.0 581 51.6 63.6[ 742 645 645 529 438 643
742] 571 515 500 50.0 56.2[90.9] 48.4 47.1 485 529 531 613 419 412 545 516
51.5 417 486 57.6 62.5 48.6[96.3] 50.0 38.7 53.1 618 543 576 455 531 556
58.1 515 516 57.6 50.0 56.2 622 55[06.8] 51.6 58.8 485 559 516 588 514 533
NC. NC. NC. NC. N.C. NC. NC. NC. NCJ[00J NC NC NC NC NC NC NC

subsequent corresponding subrepeats in the Oh-Msphtragenomic Sequence Conservation

clone (Table 2, region a). Excluding sequence similari- Sequence similarities between cervid satellite | mono-
ties of corresponding subrepeats, pair-wise comparisonsers of an individual animal were determined for three
revealed sequence similarities from 38.7% to 74.2% withdeer species. Based on the sequence identity of clone
an average sequence identity of 53.4%. Certain juxta©v-Msp2 to the first 753 bp of Ov-Mspl (both clones
posed subrepeats in Oh-Msp1l also shared approximatelyere isolated from the same white-tailed deer), an in-
70% sequence similarity to noncorresponding, adjacentragenomic sequence conservation of 95.6% was calcu-
subrepeats in Oh-Msp2a (Table 2, regions b—e). Figure fated. Mismatches between Ov-Mspl and Ov-Msp2 con-
schematically illustrates those noncorresponding, juxtasisted of 22 single-base substitutions as well as six
posed subrepeats which share high sequence similaritgingle-base insertions, three single-base deletions, and a
Segment b—c (encompassing nucleotides 466—650 of Oliwo-base deletion in Ov-Msp2 (Fig. 5a). Likewise, in a
Msp1l) shares 70% sequence similarity to segmént’b  North American moose, the last 712 bp of clone Aa-
(harboring nucleotides 869-985 and 1-63 of Oh-Msp2a)Mspl showed 97.1% sequence similarity with clone Aa-
Since nucleotides 869-985 and 1-63 of Oh-Msp2a arélsp2. Mismatches during this comparison included 20
analogous to nucleotides 651-837 of Oh-Msp1, nucleosingle-base substitutions and one single-base insertion in
tides 466—-837 of Oh-Mspl could constitute a tandemAa-Mspl (Fig. 5b). Clones Oh-Msp2 and Oh-Msp3 pro-
duplication of 186 bp (See top panel of Fig. 4). Likewise, vided the complete DNA sequences of four different
70% sequence similarity is demonstrated between sedt-kb monomers from the same mule deer. All possible
ments d—e and’d€, again substantiating the notion that pair-wise comparisons between these four 1-kb mono-
nucleotides 466—837 of Oh-Msp1 represent a 186-bp tammers revealed sequence similarities from 96.4% to
dem duplication. 99.6% with an average of 97.6% (Table 3). Approxi-
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| A A > 1 kb monomer

186 bp 186 bp

466 650 837

Oh-Msp1

682 868 985 1 63

1
1772 3 4 5 6 7 8 9 10 11' 1213 1415 16" 17' 18' 19' 20" 21" 22" 23" 24" 25" 26" 27" 28" 29" 30" 31" 32' 3&' Oh-Msp2a

e
31 bp
subrepeat

Fig. 4. Higher-order organization of 31-bp subrepeats and a 0.18-kbwith subrepeats 1617 and 21-22 of Oh-Msp2a and are indicated by
tandem duplication in the 1-kb monomers, Oh-Mspl and Oh-Msp2asolid bars d, e, d €, respectively. The position of nucleotides which
Subrepeats 16-18 and 21-23 of Oh-Mspl share approximately 70%efine the 0.18-kb duplication are indicated in the Oh-Mspl and Oh-
sequence similarity with subrepeats224' and 27-29 of Oh-Msp2a Msp2a monomers. The tandem duplication is also illustrated in the top
and are indicated by speckled bars b, '¢,d, respectively. Subrepeats panel byboxes with diagonal lines.

22-23 and 27-28 of Oh-Mspl also share 70% sequence similarity

100 200 300 400 500 600 700 800 900 1000
1 1 1 1 1 1 1 1 1 - | J
a
1 4 y 4 4 996
cTC T A GG GGGC CGTA TGeT TA T ! Ov-Msp1
1 TACG G CC CCCA TAGC TTAc cc ¢7S3
Fft 1 Ov-Msp2
b
1 ! 987
T GCT A G TAATGG T T A A CACA Aa-Msp1
1 712
' 6 AAcc A GGGCAC I _cG6 & 1cT6 Aa-Msp2
c
1 s IEY L9
TG TG T TGA T G C 1T T Oh-Msp1
221 4 220
! cT c T c ccaGe GA G ¢ g 4 — Oh-Msp2a

Fig. 5. Intragenomic and intraspecific monomeric sequence compari-noted by C, T, A, or G and single-base insertions are designated by
sons.a Intragenomic sequence comparisons of Ov-Mspl to Ov-Msp2vertical arrows.Certain nucleotide positions are also indicated for each
and b Aa-Mspl to Aa-Msp2.c Intraspecific sequence comparisons monomer clone. Thecaleat the top of the figure provides relative base
between Oh-Mspl and Oh-Msp2a. Single-base substitutions are degpositions for the various nucleotide changes.

mately one-half of the mismatches observed during thes#sp3 clones from a second mule deer (Table 3). Ap-

sequence comparisons consisted of single-base substitproximately three-quarters of the mismatches observed
tions and the other half of the mismatches were singleduring these comparisons consisted of single-base sub-
base insertions/deletions (Data not shown). stitutions and one-quarter consisted of single-base inser-

- . tions/deletions (e.qg., Fig. 5c).
Intraspecific Sequence Conservation eg g- 5¢)

DNA sequence similarities of over 95% were also
consistently observed for intraspecific sequence cominterspecific Sequence Conservation
parisons between the Oh-Msp1l clone of one mule deer Alignment strategies for interspecific sequence com-
and the constituent monomers of the Ov-Msp2 and Ov+arisons between the representative monomer clones of
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Table 3. Intragenomic and intraspecific sequence homologies and/or hotspots for mutations exist in these centromeric
DNAs. Nevertheless, the observed high intraspecific se-
quence conservation warrants the use of a single cervid
Clone 1 Clone 2 Homology  satellite | DNA monomer (from each deer species) for
interspecific phylogenetic sequence comparisons.

Clones compared

Int ic: Ov-Mspl Ov-Msp2 95.8% . .

niragenomic AaYMszrl’ AaYMs;FZ) 97.1% ° According to Whitehead (1993), there are currently
Oh-Msp2a Oh-Msp2b 99.6% 41 known deer species in the world, of which one is
Oh-Msp3a Oh-Msp3b 96.4% probably extinct and six to seven species belong to the
Oh-Msp2a Oh-Msp3a 97.1% genusMuntiacus.Based primarily on distinct geographi-

- - 0, . . . e . .

Oh-Msp2a Oh-Msp3b 97.3% cal distributions rather than specific marked physical dif-
Oh-Msp2b Oh-Msp3a 97.4% .
Oh-Msp2b Oh-Msp3b 97.7% ferences, 196 subspecies of deer have now been pro-

Intraspecific: Oh-Msp1 Oh-Msp2a 97.4% posed. Results from interspecific sequence comparisons
Oh-Mspl Oh-Msp2b 97.8% of representative monomers from ten different deer spe-
Oh-Msp1 Oh-Msp3a 97.1% cies imply that the white-tailed deer and the mule deer
Oh-Mspl Oh-Msp3b 95.6%

are very closely related. This is consistent with other
studies suggesting a close genetic relationship between
these twoOdocoileusspecies (e.g., Derr et al. 1991). In
ten different deer species are shown in Fig. 6. The com1777, Erxleben identified the North American elk
parison results are summarized in Table 4. Maximum(wapiti) as the distinct specigServus canadensigur-
sequence similarity was achieved between the 0.8-kiten and Anderson 1980). However, its similar morpho-
monomers and 1-kb monomers when a specific region|,Ogica| characteristics and ability to readily interbreed
of approximately 186 bp, was first removed from eachwith the red deer have already led others to consider the
1-kb monomer. Optimal sequence alignments with thevapiti as a subspecies @ervus elaphusArguments
CCSatl clone of the roe deer was achieved when th&ave also been raised for the reclassification of the fal-
CCSatl clone was treated as a partial sequence of a 1-dpw deer as a species of the ger@lsrvusrather than as
monomer. Specifically, a gap of 260 bases was require¢he separate genui3ama. The high degree of sequence
after nucleotide 730 and a 184-bp region (i.e., nucleosSimilarity between cervid satellite | DNA clones from the
tides 219-402) was removed from this clone prior tored deer, fallow deer, and wapiti in the present study
sequence comparisons. Relatively high interspecific seimplies substantial genetic relatedness between these
quence similarities were observed between clones Othree deer species and hence substantiates such a reclas
Mspl (mule deer) and Ov-Mspl (white-tailed deer)sification.

(94.7%), Ce-Mspl (wapiti) and Ce-Pstl (red deer)

(92.3%), Dd-Pst1 (fallow deer) and Ce-Pstl (red deer)

(87.8%), and Dd-Pstl (fallow deer) and Ce-Msp1 Higher-Order Organization of 31-bp Subrepeats in
(wapiti) (87.3%). Cervid Satellite | Monomer Clones

The presence of 31-bp subrepeats in isolated cervid sat-
ellite I monomer clones from ten different deer species
(Bogenberger et al. 1985; Yu et al. 1986; Lee and Lin
1996; and the present study) suggests that these subre-
Intragenomic and Intraspecific Sequence Conservationpeats exist in cervid satellite | DNA monomers of all deer
of Cervid Satellite | DNA species. These 31-bp subrepeats have often been unde-
tected because of the extent of their intersubrepeat se-
High intragenomic and intraspecific sequence conservaguence variation. In the present study, detailed sequence
tion of cervid satellite | DNA monomers was establishedcomparisons among subrepeats of two mule deer mono-
in the present study. The number of nucleotide changemers have revealed an average sequence divergence of
observed between monomers were relatively small and6.6%. However, corresponding subrepeats of each
appeared to contain an excess of nucleotide substitutionrsonomer exhibit near or complete sequence identity,
over deletions/insertions in some sequence comparisormiggesting that each cervid monomer represents a hier-
(e.g., Fig. 5b,c). Furthermore, nucleotide changes aparchical organization of these constituent subrepeats.
peared to be nonrandomly distributed in certain intrageHigher-order repeats in mammalian centromeric satellite
nomic sequence comparisons (e.g., Fig. 5a,b). HoweveDNA families usually exhibit much more sequence ho-
these observations are based on a limited number ahogeneity than their constituent basic repeat units
monomers from an animal/deer species. Additional(Willard and Waye 1987). Thus, in the context of these
cervid satellite | DNA monomer clones are required tocentromeric DNA monomers as higher-order repeats, it
ascertain whether indeed one form of mutation is favoreds not surprising that extremely high intragenomic and

Discussion
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! 109 167 427 806 (Ce-psti
595 807_1 594
\ Y s TA
\ 8¢5
! 80%  pa-pst1
! 680 Ce-Msp1
b N d 562 cesatl
219 402
519
20 986! ,  Rt-Pst3
174 359 Fig. 6. Alignment strategies for interspe-
10 990 Mep] cific sequence comparisons of ten represen-
‘ . Ov-Msp tative cervid centromeric satellite | DNA
651 336 monomer clones. Certain nucleotide posi-
tions for each monomer are indicated and a

275 274 A .
L . Aa-Msp1 260-bp gap in the CCSatl DNA sequence is

represented by dotted line Specific 0.18-kb

95 937*1 116 DNA sequences, which were removed from
10 99 Oh-Msp1 the 1-kb monomers to obtain maximum se-
quence similarities with 0.8-kb clones, are

650 837 denoted bytriangles.

Table 4. Interspecific sequence homology between ten representative centromeric satellite DNA clones

1A C5 Dd-Pst1 Ce-Mspl CCsatl Rt-Pst3 Ov-Mspl Aa-Mspl Oh-Msp1l
Ce-Pstl 77.6 74.7 87.8 92.3 73.0 78.9 78.1 77.6 78.2
1A — 84.9 71.9 77.9 69.5 75.7 73.9 74.8 74.4
C5 — 75.3 74.7 67.1 73.1 72.0 72.7 72.3
Dd-Pst1 — 87.3 73.2 76.5 77.4 77.2 77.4
Ce-Mspl — 71.6 77.9 77.3 77.5 77.9
CCsatl — 74.5 73.1 72.8 73.6
Rt-Pst3 — 84.8 76.3 85.2
Ov-Mspl — 73.9 94.7
Aa-Mspl — 74.3

intraspecific sequence similarities were observed amondeer and into 1-kb monomers in telemetacarpalia deer.
cervid satellite | DNA monomers. Similarly, 1.4-kb bo- Interspecific sequence comparisons between 0.8-kb and
vine satellite | monomers also likely represent higher-1-kb monomers demonstrated that the additional 0.18-kb
order repeats of diverged 31-bp subrepeats since led3NA is localized to a specific region within the 1-kb
than 3% sequence divergence was reported between imonomers (Fig. 6). Intraspecific sequence comparisons
dependently isolated monomer clones (Taparowsky andf subrepeats from different 1-kb monomers revealed
Gerbi 1982). Such a conservative nature for this andhat each 1-kb monomer contains adjacent 0.18-kb seg-
other mammalian centromeric higher-order repeats maynents which share approximately 70% sequence simi-
imply the existence of structural and/or functional con-larity (Fig. 4). This leads to the postulation that 1-kb
straints on these centromeric DNA sequences. cervid satellite | DNA monomers are indeed derived
from a 0.18-kb tandem duplication within an original
Evolution of 1-kb Cervid Satellite | DNA Monomers ~ 0.8-kb DNA sequence (Lee and Lin 1996), possibly by
from a 0.8-kb DNA Sequence means of an unequal crossing over exchange.
Therefore, it is proposed that a primordial 31-bp DNA
It is uncommon to find two distinct different-sized sequence was initially amplified in an ancestral species
monomers within a single satellite DNA family. How- to bovids and cervids some 25 million years ago (Fig. 7).
ever, cervid satellite | DNA was shown to be primarily Approximately 26 tandemly arranged subrepeats (result-
organized into 0.8-kb monomers in plesiometacarpalidng from this initial amplification event) produced a 0.8-
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31 bp

Primary
amplification

LALLLAL I
0.8 kb
Higher order unit

1.4 kb
Higher order unit

in bovine satellite | DNA

0.18 kb
duplication

no duplication

@> @ Fig. 7. Proposed genesis of cervid satellite
. 08ko Vi \ 1 kb 7 s | DNA. A 31-bp DNA sequence is amplified
N \ , econdary X R
N )/ AN ,/ amplification 26 times to produce a higher-order 0.8-kb

DNA sequence in an ancestral deer species
and 45 times to produce a higher-order 1.4-
kb DNA sequence in bovine. In telemetacar-
palia deer, a 0.18-kb tandem duplication oc-
curs, resulting in a 1-kb DNA sequence. No
duplication occurs in plesiometacarpalia
deer, yielding a 0.8-kb DNA sequence.
These DNA sequences were subsequently
amplified to produce 0.8-kb and 1-kb mono-
mers in present-day deer species.

Plesiometacarpalia Telemetacarpalia

CERVID SATELLITE | DNA

kb DNA unit in a progenitor deer species. A 0.18-kb Horz W, Altenburger W (1981) Nucleotide sequence of mouse satellite

duplication then occurred in this sequence, resulting in  PNA. Nucleic Acids Res 9:683-696 _

the eventual amplification of a 1-kb monomer (higher- Kurten B, Anderspn E (1980) Pleistocene mammals of North America.

. . . Columbia University Press, New York, pp 309

order repeat) in telemetacarpalia deer. In pIesmmetacaL— } . ) )
lia deer. the 0.8-kb DNA unit did not experience this ee C, Lin CC (1996) Conservation of a 31 bp bovine subrepeat in

pa Ia_‘ = : o p centromeric satellite DNA monomers Gfervus elaphusnd other

duplication and was consequently amplified as a 0.8-kb

cervid species. Chromosome Res 4:427-435
monomer (higher-order repeat). Lee C, Ritchie DBC, Lin CC (1994) A tandemly repetitive, centromeric

DNA sequence from the Canadian woodland caribBangifer
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