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A Comprehensive Genetic Map of the Cattle
Genome Based on 3802 Microsatellites
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Agricultural Research Service (ARS), U.S. Meat Animal Research Center, Clay Center, Nebraska 68933-0166, USA; 8Department
of Animal Biotechnology, University of Nevada, Reno, Nevada 89557, USA

A microsatellite-based high-density genetic map facilitates for fine mapping of hereditary traits of interest,
characterization of meiosis, and providing a foundation for physical map construction. Here, we developed a
comprehensive genetic map on the basis of >880,000 genotypes across the USDA MARC cattle reference families
with a potential genetic resolution of 0.8 cM at the 95% confidence level (~800 kb in the bovine genome). We
incorporated 2325 microsatellites into the second-generation genetic map by linkage analysis based on sex-averaged
two-point LOD scores (>3.0), of which 2293 were fine-mapped by multipoint linkage analysis. The new 3160-cM map
comprised of 29 sex-averaged autosomal linkage groups and a sex-specific X-chromosome linkage group includes
3960 markers with 2389 positions, resulting in an average interval size of 1.4 cM. More than half (51%) of the total
length of the map is covered with intervals of 2.0 ¢M or less, and the largest gap is a 10.2-cM interval on the
X-linkage group. The new map should accelerate fine mapping and positional cloning of genes for genetic diseases
and economically important traits in cattle, as well as related livestock species, such as sheep and goat.

[Supplemental material is available online at www.genome.org. Marker information of new microsatellites is available
from DDB] under accession nos. ABI64707 to ABI66543 including flanking sequences and ABI66544 to ABI66659 for
only primer sequences. Linkage groups for all autosomes and X- and Y-chromosomes are presented at

http:/ / www.marc.usda.gov/genome/genome.html.]

Microsatellites are excellent genetic markers because of their high
polymorphism and abundant distribution throughout the ge-
nome. A microsatellite-based genetic map is an essential tool for
linkage mapping of monogenic as well as polygenic traits of in-
terest. Cattle genetic maps have been constructed with 746 mark-
ers (Barendse et al. 1997) and 1250 markers (Kappes et al. 1997),
respectively. The latter map, spanning 2990 cM, is the current
standard genetic map with an average interval of nearly 3.0 cM,
similar to the resolution of the most current genetic maps for pig,
sheep, and chicken (Rohrer et al. 1996; Groenen et al. 2000;
Maddox et al. 2001). This cattle genetic map is probably suffi-
cient to assign hereditary phenotypes to specific chromosomal
regions at ~20-cM intervals, but not to fine-map them. An inten-
sive effort to develop more markers from mapped regions to nar-
row the critical region is commonly required (Takeda et al. 2002;
Takeda and Sugimoto 2003). Comparative positional candidate
cloning to infer candidate genes from conserved chromosomal
segments containing the same complement of genes as in other
species is then more feasible and clearly depends on the resolu-
tion of physical maps saturated with many well-ordered anchors
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integrated with genetic linkage maps. However, the time, labor,
and cost per marker of isolating DNA markers from a specific
chromosomal region is substantially greater than randomly iso-
lating markers. Thus, large-scale, random isolation of microsat-
ellites would be the best choice for enriching markers across the
genome, followed by construction of a high-density genetic map
to facilitate narrowing regions of interest and identifying genes
of agricultural importance.

Furthermore, a high-density genetic map can provide a scaf-
fold for physical map construction, such as radiation hybrid (RH)
and BAC contig maps. More framework markers on an RH map
make mapping genes much easier and improve reliability of the
map. Larkin et al. (2003) recently determined 60,547 cattle BAC
end sequences that will contribute to the construction of the
BAC contig map, of which 30% could be located on the human
genome and assigned to bovine chromosomes in silico using the
comparative mapping by an annotation and sequence similarity
(COMPASS). Then they placed ~100 BAC ends on the cattle RH
map to improve the resolution of synteny borders on HSA11. RH
mapping of many BAC ends will be needed for assembling BAC
contigs on a whole-genome level, especially for the BAC contigs
located around the border of syntenies. A high-density genetic
map can provide an alternative method for assembling BAC con-
tigs by screening BAC clones containing microsatellite markers
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and anchoring them on the bovine genome. Construction of a
reliable BAC contig map is indispensable for the primary stage of
whole-genome sequencing.

We report here a microsatellite-based high-density bovine
genetic map consisting of 3960 markers including 3802 polymor-
phic microsatellites with an average interval of 1.4 cM, covering
3160 cM for 29 sex-averaged linkage groups and a sex-specific
X-linkage group. This map can provide powerful resources for
fine mapping of QTLs and a genetic backbone for the develop-
ment of well-annotated gene maps in cattle and other related
livestock species.

RESULTS AND DISCUSSION

Isolation and Characterization of Microsatellites

Using microsatellite-enriched libraries (Stone et al. 1995) with
minor modification, 5750 previously unreported microsatellites
containing (CA) >9 were isolated. Of these, 1750 were heterozy-
gous in the USDA MARC cattle reference population (Bishop et
al. 1994). In addition to those, 196 unreported heterozygous mi-
crosatellites from other sources and 424 heterozygous microsat-
ellites from public domain sources (BOVMAP database: http://
locus.jouy.inra.fr/cgi-bin/lgbc/mapping/common/main.
pl?BASE=cattle; Supplemental table) that had already been re-
ported but not genotyped and included in the previous map
(Kappes et al. 1997) were also genotyped. A total of 2370 hetero-
zygous microsatellites were subjected to genetic mapping in this
work. The average heterozygosity (H) and allele number of 2370
heterozygous microsatellites across 28 parents of the MARC ref-
erence population were 0.52 and 5.7, respectively. Of those, 1035
microsatellites had H = 0.60, and 175 microsatellites were highly
polymorphic (H = 0.80) in the mapping population.

Genetic Linkage Mapping

Of 2370 microsatellites heterozygous in the mapping population,
2325 microsatellites were assigned to chromosomes by two-point
linkage analysis with LOD scores >3.0 using CRIMAP (Green et al.
1990). From this, a total of 2293 (99%) microsatellites were fine-
mapped by multipoint linkage analysis. The new genetic map is
composed of 3960 markers including 3802 microsatellites and 79
SNPs (Supplemental table), and spans a genetic distance of 3160
cM for 29 sex-averaged linkage groups and a sex-specific X-
chromosome linkage group. The markers are distributed among
2389 distinct positions, thus the average marker interval is 1.4
cM. This reference population includes a maximum of 391 infor-
mative meioses, resulting in an estimated potential map resolu-
tion of 0.8 cM at the 95% confidence level, which suggests that
additional markers may be incorporated. The diagram and the
parameters of each linkage group are shown in Figure 1 and Table
1, respectively. The average marker interval of each autosome
ranged from 0.9 ¢cM for BTA29 to 1.9 cM for BTA26. Approxi-
mately 51% of the whole genome was covered with <2.0 cM
between markers and 91% of the length by intervals of <5.0 cM.
No gaps >10.0 ctM have remained in the 29 autosomes. Several
large gaps in the previous map, such as centromeric portions of
BTA3, BTA4, BTA13, and BTA19, were dramatically reduced by
saturating with new markers (Fig. 1).

A difference in size between male and female genetic maps
has been reported in human, cattle, sheep, and other species
(Beever et al. 1996; Mohrenweiser et al. 1998; Maddox et al. 2001;
Kong et al. 2002). Similar to the previous map (Kappes et al.
1997), the overall sizes of the male and female maps are com-
parable (male, 3158 cM; female, 3132 cM). It has been shown
that the male pseudoautosomal region has a nearly 10-fold in-
crease in recombination frequency compared with any other au-
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tosomal regions and is due to obligate crossover in this region
(Rappold 1993). Consistent with human, considerable size ex-
pansion in the map of the male pseudoautosomal region was also
observed in this work (Fig. 1; Table 1). The state of the coverage
of the genome with markers was considered reasonable from the
view of the human genetic map reported by Dib et al. (1996). In
most regions, the order of the markers on the new map was
consistent with the previous map, although some regions were
rearranged through incorporating the new markers and correct-
ing old marker data.

Genotype Validation

Microsatellites yielding ambiguous genotypes or poor amplifica-
tion were excluded because they can produce unlikely double or
more crossover events through genotyping errors and inflate the
map length as a result. To detect potential genotyping errors,
double or more crossover events within a small chromosomal
region (<20 cM) were identified using the CHROMPIC option of
CRIMAP (Green et al. 1990). Intensive inspection and a second
PCR validation of marker genotypes with potential genotyping
errors were done in this work. Following a second PCR valida-
tion, genotypes were removed from the data if multiple likely
errors for a marker suggested amplification problems or multiple
likely errors for an animal suggested DNA problems. As a result,
the total size of the new map (3160 cM) was 170.4 cM larger than
the 1997 map. Extensions of the map beyond previous centro-
meric and telomeric ends sum to 171.2 cM, similar to the 170.4
cM overall increase. Therefore, the intensive effort to correct
markers with potential genotyping errors, such as unlikely
double or more crossover events, generally worked well.

METHODS

Isolation of Bovine Microsatellites

Most of the microsatellites were isolated using microsatellite-
enriched libraries (Stone et al. 1995), with some modifications.
Briefly, microsatellite-enriched libraries were constructed using
(CA),; or (TG),, as a primer, producing unidirectional CA (or
TG)-dinucleotide repeat-containing libraries. Clones colony-
hybridized with Poly(dA-dC)Poly(dG-dT) (Amersham Biosci-
ences) were submitted to colony PCR, followed by sequencing.
Sequencing was performed on an ABI 3700 Capillary Sequencer,
using BigDye Ver. 3.0 and dGTP BigDye Ver. 3.0 Cycle Sequenc-
ing Ready Reaction Kits (Applied Biosystems). Microsatellites
containing (CA) =9 were submitted to primer design, using
Primer 3 (Rozen and Skaletsky 2000) and targeting a product size
of 100 to 300 bases. Redundant microsatellites were identified by
BLASTN searches against GenBank (Benson et al. 2002) and the
sequences of previously developed microsatellites, and were
eliminated. These data manipulations were performed using
DNA space software (Hitachi Software Engineering Co., Ltd.).

Isolation using the magnetic beads method was essentially
as described by Takeda and Sugimoto (2003). Focused isolation
from chromosome specific libraries was used for BTA14 and
BTA20 essentially as described by Reed et al. (2002a,b). Markers
isolated from YAC/BAC DNA are described in the Supplemental
table.

PCR Amplification of Microsatellites
and Data Collection

Microsatellites were amplified by means of PCR using fluores-
cent-labeled primers as described (Sugimoto et al. 2003). Markers
were genotyped across the MARC reference population (Bishop et
al. 1994). Marker heterozygosity was determined only for the
reference mapping population as described (Kappes et al. 1997).
PCR conditions for each marker are available from the Supple-
mental table.
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Linkage Analysis

CRIMAP 2.4 software (Green et al. 1990) was used for linkage
analysis. Markers were placed into linkage groups based on two-
point LOD scores (>3.0) with markers from the previous map.
Owing to computational requirements of CRIMAP 2.4, all geno-
types for heterozygous progeny resulting from mating like-
heterozygous parents were temporarily removed from the data.
Ordering the markers within a linkage group began with the
previous map. A new marker was inserted into the map by evalu-
ating the LOD at every possible location. The marker was then

1990 Genome Research
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inserted at the location with the best LOD, and the change in
length of the linkage group was evaluated. If the change was
<0.75 cM, then the marker was retained. An arbitrary 0.75-cM
increase in length was imposed to prevent the inclusion of a large
number of probable genotyping errors in the early stages of map
building before they had been checked by regenotyping. A single
genotyping error typically resulted in a 0.6-cM increase in length.
Once the set of markers meeting the 0.75-cM criteria was in-
serted, then pairs of markers were iteratively interchanged and
the LOD was evaluated. If a switched pair improved the LOD, the


http://genome.cshlp.org/
http://www.cshlpress.com

(sbed 1xauuo psnunuo)d) | anbig

D 9°SET
N2 9°8T1 LVLd
wdﬁhm oN:v:QmSmhmvﬂ

bl ov1

u .,
Yovia et S ssoma B
AP 88T 1 6V.Ld SE S

SOV 7175 y1a/650VAN

1991

www.genome.org

Genome Research

A High-Density Bovine Linkage Map

Downloaded from genome.cshlp.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

12204 6L61SWE
AL TSNS 0¢l SLeSAl
SROSISTIAIELIIA TRISH BTSN
L2 IA/LSESIC (OLIDATHSITANNND . memww
EIons foal] iu s
; S6LIAITIESI
£YGISNE
mw_mw f 0c1 (620S)ATHSTTENANN/OFT PG 0TI PR ! SeBPAIA/TEIa LIvSly 0c1
PEITT mow g BrHIIOTA S e YELZAT
2 A AN
YLSYNIQYLITY Y708 6911IQ 1 _\HI
00SLS ROTAYIT NI 85-6N; 9005151
mW. ; Smﬁa\@%v:emmwwwn = Sﬁ:ammwwmw. =1
TEIPAIA/IPINS SO/ \ ¢ 890CAIG—""" |
m / DIADEN]_. LNOET \\— Ci P31 SEITAIA/0LT S
FIZY SISTSINE \\S LI/ LING a3 4
2% ) SOTHIE
sy m V8OVANI vELLNG UBIALING MV ——
g - {; S ——
LrorA 001 PYLVAND 1SZCSIE 001 Fatant: 001 N == 001
19 I INN/SBar Il \ ST LSLTAW LB G—— ]
\ O ——]
1Q 60TLINE \ vomaﬁﬁ Emmmm%wwk_» b
e SPITNANTLISWS 898TAIA/EL AT (105 N——
6ISNIYSL A OOV PINT R ST PESPAIUETNIA/S YOAT 0£9NIA/IE5] SN
8- IR/ : LSSTI = o
I SEOTALA q
mNNE_%\W_M\& 7 Mcm 00P PP 271G S & _ﬁ
SN LLETSNE/097Z I = SEOTIg — TS e ——
e ) <mz* eI
BAN = = Z99NI6TT 131G 76 INYIIVANLZ6TYINF—"" _|
) 08 08 PIAD 08 (O6LIATHSITANINN/T6L SN 08
S rvior TEIP3IQ 8CT7 SN ___|
7 9RIZ3I ZSOPNIQIS 1621
% = L1-SNI/S06vNIC/L 08 - 599731
696Y1] | \ 98P
moo_xm\wW«wum.W — wmwww*m LTASS. = &mwwvx.
goredd = Tavend] | rohaldl ez ] 9B67C/ST-ANIW/ZT IVIN
196031 % K - \= ZLOZSE 06LPIC/OS0NIG
s SR/ SEIPAIC
PO6SINE
6.1/ - 18 1LEN 957210 :
g 09 T ® St 09 S 09
s = ZZIVANIFIFI £96H 10 ]
el ot ool
ﬁmmw*m ows_ SIVTIOL/IPEL SWE/6T1VANE mMmW“m E_%L
06ONY 890Gy ry—
S.O:osw%wwm LT 197V 1D = orivad S o i caserel MR AT
fetigl £10SLSTH pecsdld 9G0P = LY IDLOSHHIIG
g oF oI o SEG] gy e
LEVIOLTEHE n&mm 8OTPAIA/OSEY I Z-aN ) ov 618231a or
I M i 1E-INIW/OBLLLIAVIN £0£VIDL
i wreiid SV IOL-
899MIQOZ 1 AT w t0catd oroma
= Zis1SWe VTOPIIa — ZLBOF/ESAVTII
9Em ;
SeErAIEI - Z680IA/LT1 VANVYOST NG s8ECIA QNS 6ErIIaS] LIS
i7 6380311 o1yl 98811
A \- s T
19z DieWd 68623110
891631Q io9Tne 5 —
" = 0C ££0SLS = (¢ ? 7o)
PSR LY \n R = 0¢ TZP I SOTAN/VEY YOAQ 0C
LUYAIA/S —— P69 SINE [ZESAIC =
g v—— \. PRZISINE MWWMW““ $@wv=h_\hoov=n_m\wwm\“. YOESIIA/6L0NIC
; 97923IQ/100S.1ST
PSP m.\\n\\\\” = e STTHL £0SPIQ/ILTIN. SLema SN
o i L60VANDSEOPNIQ STE/ILIVIDL
mﬁmﬁ ?mwvv—_nw.\Nh%mmv——s“.u 1 MWMWW/ED 1121/ 1vd g
4 . ;
N 091SAId]| pzevIa/ReceSIa = socona g 06 <c>o<%~ozm\wo_w5.
Ty 05z 3
L OIS SW 0v0d
%cm—Cmvv— § o 9¢TVANI BCESAI/ISIISNG 8YECAIA/SI6Y AL OL8THIC
LLITSNE Oy 0 v 0 16-SNI/09T /N 0



http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

Ihara et al.

(sbed 1xau uo panunuo)) | 4nbiy

NP 0°'1ET
1vid
nmcvzm\cﬁn WAM

16€ mvEQ\ochv:w MA:

EQ @.Qﬁﬁ EPOSAIA/AD V! mw & ‘
N 6°€01 N2 #°S01 (ALAK: IR m
.—uﬂéﬂ—“m mﬁdwrﬁm mmm%ww\wq TOTIHEVANI/ZIL ON~
R ity =
it

T Orl

=
3
o
a

Y7 WE LINY J
BrESINE Hail 011 18620IQ/1CSFAIG N 011 coLr !
001V INIZEVIN] s IPEMIQULETTIG ;
SEOrnH — SOOI P STLYIA/SIAIEL0SIS T VELHQITNE
TLO-WHAN/OO-WAIN/TY. mommzn FEOdY b ,E&
[9£4%;1(¢ - 00[ caviLLonaTLTNIg 3 §L90IG it
LTI RUATARINA = 001 CTRTT oxrag 001 NS 001
tate on_m«m% et e anwyiceyoia s U]
vmmazm 1ORTRIC — 4v3 SOOVAN 901 TLANN 071 v=u
10T TIA/S0Er NS %@EQM_%W%& %%%%%%ﬁ%\wmwmﬁu P %Q_EQQS_E%\. %ﬁw X
: SUESNICh YA
O = 068ZMIQ/PRLIEING T61631d Lleeg 06EVII/RTOMI W
manp o e s S — oo
i = eia 97T NG = =
Sreilld = 9IS ovicHd e g % m_
. OO ELng OE8KIICY/L6 0N
RN cosudErlld 08 siowa|  sosigrere 08 A g 08 wﬁwﬁ s
g LT6S NG Ee@%wmﬁm - 867CNIA/9S0S LS T sxva| L_CSISS TN \N\= AL
EISTSNE| 20 TN [08ToIICE e o\wvmﬁm N 9Y8TIQ omﬁwmwumz‘m TPLYAIQOLIENIA/ ww.m s TN
65T/ 100 AT 5073010 T - gL £Sa8rd SSOVANL/ZESTANY/C LI =
VOt TSWG/ROI SN spIee 06 TNE 108 IA/S LSS TLLEWN _,,wm,_h,aM
y : = 6P1TIG
BT A : s &AL LpES G (8orgaHsITaNdNN 098 N
LTG0 WIAN/PZ LIS NG e \ 6997 MIQ/LEONIG \ SOFEIAEHSI NN e
ST TN OSSR e = R 72 eS8 rna P
SL0DINS0S S 09 v 09 c feEed SR
(€170AAHST 1NNV TN/ Z0L 18 (een)aansTIENAND = PEVIOLPOrINS 09 = Mme_E 09
herAld] PO 106744 \ 1}
L071OWs| TSRl w_mmnw“m = georad 0958 - temn | veLrscHTEN
SSINSSD = 5 LeAId = biiZi5titel SHTIIA reseld Ll T\..\“HI
NGO R SO0 soosl : 8YeGVINAL ses1a01z81Ng gt wona/jvi——""1
LONAAN|| LeTad mmwczn Steowial 66CSIA/FIBTIG O0ISLS'I 1N
S031a Pt 215310 pam—
e Cl73Ng HiengRg eia 20\ NW ;
ORI/ a2 UL UARUTE0NY reoonarzevIo LS GIND —
rLLYAIA 26 ASY or 182ENI/ Sy I SNG 8011310 LLT/BZYIOL: 715l
FOORIAED SOSLS T (4)% 1010SIST ZILSWNG: (0)% 10—
mmwﬁ“mmw O£9riNg - LELISN/LL mm_w.v_«_,__\m Leond «mmmw“m‘ TIHPNIQ/TLSTATIA/SPES AN _w% M\\-I-I oy
QNI TIOWA = 10z SN = 6901341a
Ob0-WORIN prpe 7= BEOPIWELEAIC SRR Levoorl JF mmz
00 FORN orA A1t 635TA | $SLPNIA/TTISHI —
ZO0WAIQED RO mNmE_vawwv_E BYWNSSD L5-¥OAd PLISHI g
611p31a HONL CoeSiIa ENVXIL LTXE/01A]
Sad PSOIAIC M:ga WTVIOY EEEPI 0L~ A
1761 S £60 T srsrqecena eIt S coepmarm N swosmanzcontih -
FRTPAIQUECTEA /1 13031 1A IR I/ccel g ITIONH/LSOTS PT T LN M—
ow%x_ewwmwwx 0c¢ OZPEXIUS: SNIW/TpL I SNSE 14 et 0z 42 M H..MV 0z
g SLAL/SOION M
wvmzz_wovx_Q_wmmmm.%“. t.mzz\wm.mmmw. HEPITEE 8STPIIVLLIN %OMMWWW m
{
e 9V IOL/69- 2N 9667311 it 1N ——
GOOWIAID/SErYAIA/ILI TS ING Soran PEECL —
. i Sk ==
PLISNE ; ————
STOPMIAOL LI JESNIN 2o ]
102¢31a TeVIMD 9V I 1
GSETAAAECTAIG eIl ST6e3l oL W/HI
6E0SLETH — 0 v:epmmmwwm 0 AL 0 W = 0

1992 Genome Research
Www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

A High-Density Bovine Linkage Map

(abed 1xau uo panunpuo)) | inbiy

NP 8°601
SIVLd

;

—t
o2

=)

Downloaded from genome.cshlp.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

23
oy IFLEC
U_Hu " _.Mu . H‘HQ . mv@vﬁﬁ\mgw /
v vw a ma o wa ﬁhgvﬂeuwmmv:n_\&mmH- A Oﬁ M
SIVLd LIVLA 9IVlLd Lot N
Qs iR
110G OvLYH]
791G Nwﬁux.. Sl \
Trs1ameysIad/r g 001 Lok 001 SIS 001
%é«mm SLOVAVZOURL CLNE geedd oquwﬁ 2
o o S N\ e
<
(01T 9 ho g 06 CS-EN PO0CIICE e
59 EEEIN S0SENE EhL
P I O Tt L
BN = STOVANVERTSAI STESHIQSSPIEI LA el 2 \
] TPI6ILIA sTesial 4
SESHII 4odsg <98I L8171 0N [ #9LeId =
SESMG| s1eMaiC RN 595 il SN —
ool AT 08 BLOVII/YTOSAIYEREPAI RO 08 L TR
gleyyial o> YORQUTOINT Sherud 08 VSIS SING il \ 08
PEIYAIT o &vﬂ%mw—mw. OLIVIOL ~O._.m~om~wvwmm. 09l pYIG
= %6-SN ] s
14301, A - 69-VOAQ - 3
SO0EMIUEZPAICUSCOSN — 90, 518 as-voad EO0SAIUSHIVAINVGL YR Y
UOIANIVDTY S (oesdlld SePyAIQUELSAG g-vERG
LLINOWS SINDETN| LEgedlid 92-voAd RITSIRTOVAN
6LLTIWRISYIABeRIIG g 85671 - oL0s e 15T 0 AT
VAHAIOEOL ST z18Wa 06TVOA! A
LSS SEPPIIQ/PRS g g
g m%: st a7 e 16 CAIEONIEL I
AIG
¢ 666V AIT00EY
NN R 0 ] 0 i 09
z 161SIE
601 A L 1p AP0 ING £NSSD 7 . FeTayate
B sSSIBONS HRE| orornid s wondpe
mo ia| Loanlyssopg SSTHIAOTADAVO/PLA] SIAWN IS % i
ranaled INGLS LI pLYHN 11H1d SE9PIIC o] 1or U oS AL \
SSINYHEVHNI 1 SLTPAIUIE LY TOL 67-¥YDAdI 89-VOAd] FOHON SIEPAIAY Y,
OSEYAId lipd LZ0SIS T/ TGN el oAl OSOT ORI T
Qepald 44431t 19 NI/Z6 1 6HIQ STNSS) et TOAW R6ErIIG
! mwﬁm mm.ww«ww“ g 0972316 WeeiarTsLLSy m&%ﬁﬁ
SBIVANI| 76/ pyMIG/GPIIG T5-SNIN BYFITIY O TITPId] $76syIQL o, 1 -
o2y (0)4 TNSsH| area/sHsiG—————=. ()7 TESHIA/TL-EN o LEETIC]8] ST -
aHle g "IN sigria | "EOEAS it v
mmmmw_ ) OS5 Iresna———"21_ 21131 £06y11 L N,
it 0BT SN/08LE SN R3804 2l e
N R =] Grirg | o i
70N = £6l o ST | reormascomne i
THOSAIG S 11 NId 66901 PCCY AN
NSNWM./ scin 110¢Wd 192731 AqY:
50T MW TSWEONTXAL N= o 06w | ICTNA/BEeSIN zﬁz\mwwm ¢ -
198K IC/E10SaV/SEY M) 0¢ L sy W R h3ec]
i | — il 0c e
(96N EOLYILORA—"—""] SPEISINE 095t
YN 86HANY VIOTR i
170518 %Sv:a\l 1LOCHIC] SEILE > et
RN gleeun a\l = 17198 —1 Al ]
15V IOLRE R 1807311 Q\I L673IIQ 6LOVSIICUTLET SN
s PREVIL OE0VMIQ LTHTAIC o] ofstan
Sl PIRPIQ/66ESING/STBT SIA! OEFING—""_ o] TEOVIIA ]
9Z6TIAISSNE/R mﬁmﬁ OV AIA/LLT PRy o 1T oleaid | 61674IG ——
< /
8 Wz 6RVTAGESA/L0TSN [57A% ) e — HIOLN 0 Mm/l
T-VDAQUETOPIA/T & VOAQ 0 Te(IIA/NZAd 0 9906 IQ1/1DIDW/ESZHHIT 0 1zssayILoa 0

1993

Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

Ihara et al.

(abed 3xau uo panupuo)) | inbiy

D 9601
61VLY

§ N.ngmm—ww@m

661 m_v—n%lm\—mumﬁ

ELTYIICA/BTTSH]

N? 8°€8 . RS
O 1°88 TAAR: O 6°C8 m@m N mm

011

ZHWNIEIN
wwvid 0zv.Ld AT 00t
T SEAWOT TN/ IN
12363 e
£20EYG €SOV YHA, TI9PMI
-1 06 ; 06 0sLg 17¢SIN 06
LOESHITH £20tglld LT 69TTAIC/L TP I
GZQRIIGEN 00NSTAANGI I
SCONBIAN 61 4N -
(43748 601 7AIQ
g RN = Ty ecrdia oy
€5tr3a OIS =
D S
s e 08 ORI e 08 08
m:zwmu G = 2<rpsiid 9SISAIV6IL 1SN =
LSINE Pl Larild SZOAICTY 809PNIAAST0S)TAHSTIZNAN]
T00EICF TANOR TN/ AW O YOOSWH| 91 oW daiNsze-sN 9ndN]
caddag £10£1G HIOWIQNN Rl wﬁ«ﬁ STITAICSIASS:
O o T M%ﬁwmwu 9977A1d/2L0r3Id = QUAYIN ) e—
A d
Vot <rld At 1 VEONHIAAN|  LTSPI/EIQNIAY SV 4 1d -
ongHia m/ T SISO i .,‘\|\
€.
i g
BT s —— 09 Soeg :mﬁo.:w m/ 09 m%w_m g 09 P \ 09
Seemiid 19T Nmmmmmﬁ oSO ZeONBIGUN ﬁmh_\mmﬁw@m%mc e 7
F— c0671A | \
£9EeAIC . G SCTLEN Ze1 AT
1HNSSO/6ESIA! o-ENIN G TNV 0£6TAIA/6TY IOV 7875g
mn_tsézismzil Sdidl  smonastgig pYrem 860SAEEZESG
N:S_E\wwmwm/ (| | IETT] gt AT S1OMIA/CERFHI 7 w%vsﬁ
@Em\wwm_ﬁVl | rAad TEOR I SRISAIA/LS mwx: —
68ELAICE [ TSN E BT o NN 3 mwm =
m‘ /. 1174 ov PIOSLS IS0 (014
EOIVANY. vsﬁ/ 7 VoA _
L i3 =] 1ZLIQ/E L0
SETAIQ/18YCAIC _— SOONCIITAN MZ ;
GEGRSTTRAIND SY-vDAd LEOMNICN SeordTrIZSNaO Wmu%ﬁ. ]
181530 T— 8S0SLSTT ETREE BN
$va| szLnvHA M%nh‘\\\ Jrogan 0Z6TS
VOSPAIQES 2 62971 € IIWOS! 90z AId 919741d
£IPPIA PIGARIIT FROga0
SeoNIIgE NS 7YV IOL £E0NDIICT LE9CAId (LOZIG =
q \I OLONIIGHN L9%TAIA/PSLISING IOVIOL| ocisvIarss 7
sebsitn \ 0¢ QLY L1P2Ia 0¢C SYINYEE VANV LA =t (0T
srond m\ o G vam_n\moﬁv:eumwﬂw :
b "\ GO0IIQAN | (80Z0TEHSITH11d ((Z0S)ATRSITANINN | C80rHia
e VNS~ e e onayesost i
¥ 10778
i ——— SOOWDITTIN ORI 1958
el eanis SYLSWE/OTTH/L d
S166IA/£0£ 231G -1 O b Y Tredid =
A S 010U/ QSE_@Z&S,EZ_WW_ o - wom %ﬁ..l
9ZNESD 0 TN 0 LTSONE i_ 0 roorarzb AN s 0

1994 Genome Research
Www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

N L°'19
8ITVLY

WO TIL
LTvid

I'L8

vovid

oL (98€P)ATHSITENANN 08
So6v¥Id
eavadid 1LPTHAIA Ob
19-9NIN SIS 1eoz1a
ST | Ze8rd M peniaist sTWgyLIa 09 4l 15c73010
1 ot ZSOLTWE/SSOAV/STYINIC —
1408 13as LIOVANI
1R | S0 VINDVING = 09
cdgy SL-IEAR/ET-IN
IV
91 TZSNE/RLLTNIC
= I
I
80075 E VNG
t-DIDI 066TAIA}  p¢ | yuNI/IIHD.
oy 9ENSS
8966310
(P69DAAHSITANGNN omos:a\l =
OLECILG oAy
M e | it o
6LOTSI! — (2
SPPTNIA/0 I SSNG——"" | m%ww““ =
6LOSLSTIN
sudToE == s
(l
R m—
S0evIDE— . —— £81LLAVIN
£97ZMIG/O QN — [4 161998 VAN =
SOVINIQ L 2 e Joiuagva
m~.<o>a\ VIUIN EMAM%Z. 0¢
ol i o
g—1_
il E— RG] o5z
5
1STAIAP6L AT Gl - $9£7IG
TOTSHIHO90T S T S 0£97IG
& 4
(AT R — 6187301 T8N o1reNIa
TP AT b () cLopdIa || ATONIRS g mwm i
PR | Lsrodid| s gcryg m 18
Tagq 1612310 0 S
RN
. YI81ING
| A0 ¥°'89 SOSTAIG 0oL «ww
LyTSIcH L
szvid ;
SIV- 1
Smﬁ. - ¥
d ¥ 1
LA NN 09 ot WW
0Z9MIQ/TTLYANYLOCLING
8STI/LIAG wmmwmmm LozsIarzet (SN
va&_E\% ikt mmvmzm LA
$PLTIG = EU.E\%M
877SHIA i
VETNWSLYIId| 651531 I
LIOvSWE| TI6pAIa
LETWa| 9p03SIST il o 3
422001
(PTIOTAHSITENGND oy scrrAld o et
0ZL1SWE 5
(€119 )AIHSTTINdNN £6L01d J£25. 18}
96001 |0, ~ LA 8¢191d mv
£Y8ISY] g reldd 5
QBN = RIACS ST
wmwmmm o 7e673Id ¥
SO0FWE Juiiadit ectoona| SRR
S0z VNI E7 TSNS 14 R
TISNWSTT QL 0PI A
178N \
et NN ol SRR m
aisisn sond]  oc-anikibilo
S9SN o
£819IQ
60518 9
R H
EreIIA 0 a8 ﬂ

N 6L
PIAAR: |

PILTAIA
970TA1d

9¢4V]
0TESHIA/T60SLST
LETLNG

764V
6LTTAIA
POSNG
EOEDATA/STOUV
SLYTIIA
T88SWL/6THVTOL
65-VDAQ]
L9STSNG
1v09Ad
LTLNIA
LBETAI
OrdNY
£907A10/L69A1A/881ING
SOSYWH/¥8Z6NY
998 AIA/0VPYIIA

It

bLOENS

0v01719

LLINYAIYANT

08

09

oy

0¢

3008 AV
TOSTAIGH
PISPAIQ
£1SVHIa

gt

PIETING

CILYHIA
OV TYAIQ/SSTYAIG
TIVTIOLS0MO!

SELTIA
QosyIa q
Zloéay| 169SKe
Plaze el
SUTLNG| 691NN

(sbed 3xau uo panupuo)) | inbiy

08

09

oy

O 0°08
IXAAR: |

990TAIG
EOTYAIA/SLS AT/ L v TN G

0¢

08

810"
O 18T/ Edd
9E0YSWY

09

[489.\l¢]

LRJ-VTIOL/1 990 -v104 =

VANL
- 162V IDV/96EPIIA
o TEIA-VI10%
200N

ov

193a-v104
SHOSAIA/OL0- DTS

JDFA/S18TNY
L10-ADIY
66ESHIQ/EEONY
10pEINg:
SERYAIA/TPI VIOL/T6E P I
£88C1Q
eIl
TLOSAICE/LEOTAIC
($120)@IHSI1ENd

0¢

€1a-VION/61 1 04

S98tIA

8ZCLEO

POOVANIAI0VEN

660SIA/e7SOLNIG
STNWOEIN/GI£$IA 0

1995

Genome Research

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

Ihara et al.

P — e ———— — T R G — — — — — o — — — — — — — G — — — — — —

| N2 O'PS

U013 [EUIOSOINBOPNIS

|orew-A LY woonassdiR
i v IGE
_ 020N 10~ PRESHI
TZ0EHI/SEEPAIA/IESHIC SISPAIQ/ISPNEX
_ —4 - OFOVANI
o1eNIa POPSNI/SPETIAIT
| ccIeNIa LETTAIWS pAVIA
-1+ £99¢ 311
Y8ESHIA AN St
L e e e —
| =+ OF /] woona SOOTHIC Y TNEX:
£SOJAAT
| 4 / cd T165W8:
9SS
_ / foreuic
—t NI
_ SISPAIa PN I
TSPNEX = / O SNWLISTAIQUBENEX
0TI VINF
_ mvmmv:DBmOAxmzmll/ﬁ / wmmwx_mmwwwmw
_ 0c / SORTHIQUOF 1S NIC
120149: 1(6! €LI-ANIN/ TINEX
_ —t— / 651DUS
LECDAQSPIVN—___| / R
| SPLIIa =1 / 100s3HIG
€916)1d
_ coignq| EOMA—0 = / g
oWOFIN|  SCEVIOL—"""] 6-SNI
| o / c1zag St
_——t e — e ——_—— — — — — polLNE LOTENIA/L Z09DWS:
198INd T65TSWE 6287211C
LYRTNA 00SSI
68IVANI L6crsaa PEOOI
6ESYIIC/YSNEX
06031 £C1-ANI
1967 99TSHIC
606731 YITEHIC
P667AIA COLYMIQ/LEOSICE
SETHIAIC STSHAIC
Hésia
YL 1INEX
SOUANW | [ 1397310
vrozsiia | | OOWRRING | 79173 S AN
eeezia | | 26LISHEL | oreooa o-gNI
996z31a | | EBUEINEN | cpgm 695731
PLSTAIA LISNEL | boorwe
E8T0HA | | ipsrent LYY
18121 CTNaX LOSSW
£L8pMIQ CINEX 0SEW
€151 CTNEX [ 1P LZIQ9E6TA QUSSP SINE!
££25Ia 0281 SWE/L1 YW
ZI1-NIW SpOVMIQ/I90PNIA/BLESIA/L-ENI
6L1-ININ 116ZAIW/B0T T/ E0PNIALLIPAIC
LS-ANI £STHNIAN T INEX:
78-ANIN
2P0 DIN B001SWg
8TELIIG LINEX/CELTNE/SS6SINE /076N
6Y9SNE SSTPIIC/OS6SINE
19ENEX
91-ANIN
B16701a 1Z-ZUNNH/ZY TNEX
HIPAAN 2 copma 1ave
S0 | gro75na
VEIPIQ SHOITE
£S1HIa 9191 SNd LSTVIDV
s61paiq|| L2 WX L1gSe
Tegoiiq | LeSITSNE] £ 1evMiaqussl-aNW
61VAMN SEOSMIC/0) [PlIC
H I
b ZLISHIG
crzswa| | FELENG Q108
acoswal| | HELND - EO6SNg
OBEVNIA/PSTHAIC
10LWEX| [ goezona
62£TAIQ LITAIG
Liy?AId 68LTI!
82931 LL0ONE
1284 MIA/1bILA G
SI6YMIC/EZ ] HLA/T [ pINEX:
TY8TAIA/ 9SG

|
0sT )

_
ovl |
_

0cI1

001

08

09

ov

0¢

(sbed 1xau uo pusba) | 24nbig

NP S°9%1
[BWR-X LY

NP L°69
6TVLd

10]-
OSWMFSMMMM

i mZE\mW
whcmxa\mhmmuzgmhmga\w% %
b

L
o
%".
4
i
2

LOT-ENIW/INJY.

SYLYAIA/BE FMZJ@M?MW

%M/ \ m oL

09

PEOSA/6PLTAIT! moﬁ.mzz\wﬁ.w&ﬁ\%m_.

9t1 ‘mzzaoﬁ.mzzxvm.m%mﬁ—m%
Lk i TR A

moﬁ.mzz\wi.mZE\ ﬂmv. .m.N
OST-ENIW/VST-BNIN/IT-ANIN/ e @4

PL-ENIOE L ﬁw

mﬁzﬁm2<gmmoﬂ %

m:wvcn\mmm & g
w. b

mh:&_hﬁ\mwmwmﬁw 7

or

0C

TET-EN/LS T-ENIN/BS T- NI/ L u
vl m.ZZ\m

m d
b

9BV TOLIGEIPALATOGHIN m&w ¢

1996 Genome Research

Www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

A High-Density Bovine Linkage Map

Table 1. Parameters of the Bovine Linkage Map

No. of intervals

Length No. of No. of Average Maximum 10-15 5-10

BTA/X? (cM) markers positions interval (cM) interval (cM) cM cM
1 154.7* 263* 150* 1 4.6 0 0
2 128.9 186 112 1.2 6.2 0 2
3 128.9 171 101 1.3 5.2 0 1
4 119.9 130 81 1.5 4.7 0 0
5 135.6 181 115 1.2 4.7 0 0
6 134.4 232 128 1.1 9.2 0 3

7 135.6 138 88 1.6 8.6 0 5*
8 128.6 123 84 1.5 7.9 0 4
9 116.2 127 79 1.5 4.9 0 0
10 118.8 125 88 1.4 4.4 0 0
11 131 195 103 1.3 7.6 0 2
12 110 122 74 1.5 8.9 0 1
13 105.4 114 80 1.3 4.9 0 0
14 103.9 133 77 1.4 5.1 0 1
15 109.8 144 94 1.2 5.6 0 1
16 98.6 103 67 1.5 4 0 0
17 95.9 103 69 1.4 5.5 0 1
18 84.4 111 70 1.2 5.1 0 1
19 109.6 134 89 1.2 6.7 0 3
20 82.9 120 64 1.3 5.2 0 1
21 83.8 125 72 1.2 4 0 0
22 88.1 79 57 1.6 7.1 0 1
23 80 76 48 1.7 6.3 0 2
24 78.1 94 61 1.3 3.8 0 0
25 68.4 72 48 1.5 6.8 0 2
26 79.4 641 43# 1.9* 7.4 0 3
27 71.2 72 43# 1.7 6.2 0 1
28 61.7# 80 43# 1.5 4.7 0 0
29 69.7 154 78 0.9# 3.3# 0 0

X 146.5 189 83 1.8 10.2* 1 5*
Total 3159.9 3960 2389 1.4 (average) 10.2 (maximum) 1 40

Maximum number and minimum number in each column were shown by * and #, respectively.
#Data for 29 sex-averaged autosomal linkage groups and a sex-specific X-chromosome linkage group.

pair was switched and the process repeated until no better LOD
could be found. Once this occurred, each new marker was tem-
porarily removed from the linkage group, and the change in
length was evaluated. If removing the marker reduced the length
by <0.75 cM, then the marker was evaluated at all possible posi-
tions and reinserted at the position with the highest LOD. If
removing the marker reduced the length by 0.75 cM or more, the
marker was removed from the linkage group. The process of
switching in pairs and repositioning markers was repeated until
the LOD no longer changed. If this process changed marker or-
der, another attempt was made to insert markers that did not
meet the 0.75 cM criterion. After no more markers could be in-
serted and the algorithms did not reveal a more likely marker
order, computation proceeded using the entire data set, includ-
ing heterozygous progeny genotypes from like-heterozygote mat-
ings. The process of switching the order of marker pairs was re-
peated to finalize marker order. The final maps represent the
most likely marker order identified with the complete data set,
although an exhaustive evaluation of all possible orders was not
conducted.

After determining the final marker order, the CHROMPIC
option of CRIMAP 2.4 was used to identify potential genotyping
errors in the data for all markers, including markers removed
because they increased map length by >0.75 cM. When correc-
tions to genotypes were made, the entire process was repeated,

starting from data with genotypes for heterozygous progeny from
like-heterozygote parents removed. Special attention was given
to new markers that appeared to map on the ends of linkage
groups. Because new markers on the ends of the linkage groups
are often expected to increase the length by >0.75 cM,
CHROMPIC outputs for these markers were closely scrutinized.
Following a second genotyping and re-examination of crossovers
at the ends of linkage groups, these markers were included in
linkage groups even though they increased lengths by >0.75 cM.
After determining marker order, markers genotyped by other
groups that were not published and had not completed checking
potential errors were eliminated, and distances were calculated.
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