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ABSTRACT

One hundred and seventy-four rat loci which contain short tandem repeat sequences were extracted
from the GenBank or EMBL data bases and used to define primers for amplification by the polymerase
chain reaction (PCR) of the microsatellite regions, creating PCR-formatted sequence-tagged micro-
satellite sites (STMSs). One hundred and thirty-four STMSs for 118 loci, including 6 randomly cloned
STMSs, were characterized: (i) PCR-analyzed loci were assigned to specific chromosomes using a
panel of rat X mouse somatic cell hybrid clones. (ii) Length variation of the STMSs among 8 inbred
rat strains could be visualized at 85 of 107 loci examined (79.4%). (iii) A genetic map, integrating
biochemical, coat color, mutant and restriction fragment length polymorphism loci, was constructed
based on the segregation of 125 polymorphic markers in seven rat backcrosses and in two F; crosses.
Twenty four linkage groups were identified, all of which were assigned to a defined chromosome. As
a reflection of the bias for coding sequences in the public data bases, the STMSs described herein are
often associated with genes. Hence, the genetic map we report coincides with a gene map. The
corresponding map locations of the homologous mouse and human genes are also listed for compar-

ative mapping purposes.

HE construction of a detailed rat genetic map is
important to exploit the potential of the rat as
an experimental animal (GILL et al. 1989). Until now,
progress in rat gene mapping has relied largely on the
use of somatic cell-hybrid clone panels (YOSHIDA
1978, SZPIRER et al. 1984; YASUE, SERIKAWA and
YaMAaDA 1991; YASUE et al. 1992), and precise chro-
mosomal localizations have been determined by in situ
hybridization (KANO, MAEDA and SuGlyAMAa 1976;
MORI et al. 1989; TAKAHASHI et al. 1986; ZHANG et
al. 1988). In contrast, linkage information has been
very limited. A large collection of informative genetic
markers has not been available for linkage analysis
and mapping until recently. Consequently, only 13
linkage groups were known today in the rat, of which
only 6 have been assigned to a specific chromosome
(LEVAN et al. 1991; HEDRICH 1990).

A new class of polymorphic markers, broadly re-
ferred to as microsatellites, has recently been applied
to human and mouse genetic studies. These sequence
tagged microsatellite sites (STMSs) consist of simple,
tandemly repeated mono- to tetranucleotide sequence
motifs flanked by unique sequences, that serve as
primers for polymerase chain reaction (PCR) amplifi-
cation. Variability at these sites is mostly due to a
variation in the number of repeat units in the motif.
As a result of the very small size differences (as few as
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a single nucleotide base pair), visualization of the
length polymorphism can often be achieved on 4%
agarose gels. Although for smaller size differences
resolution may require electrophoretic separation of
allelic fragments on denaturing sequencing gels.

STMSs found in human, mouse and cattle have
been shown to be highly polymorphic and randomly
distributed throughout the genomes (HAMADA and
KAKUNAGA 1982; HEARNE ¢t al. 1991; LTt and LuTY
1989; LLOVE et al. 1990; MONTAGUTELLI, SERIKAWA
and GUENET 1991; Moyzis et al. 1989; Taurz 1989;
WEBER 1990; WEBER and MAy 1989). There are
numerous STMSs in the eukaryote genome; for the
(dT-dG),A(dC-dA), motif alone it is estimated that the
number of these sequences in the mammalian genome
exceeds 10° copies per haploid genome (HAMADA,
PETRINO and KAKUNAGA 1982).

A search within the public data bases of human
sequences for the presence of microsatellite motifs
yielded some 368 potentially polymorphic loci (WIL-
LIAMSON et al. 1992; see also LOVE ¢t al. 1990, for a
similar approach in mouse). Thus, in view of the
increasingly growing number of published rat DNA
sequences (SToLC 1990), we expected to find many
potential rat STMSs. Here we report the results of
our search, which led to the identification of 174
distinct rat loci, most of which are in protein coding
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genes (or in their flanking sequences). Primers for
PCR amplification were chosen to define each of these
as STMSs (PCR-formatting). These were character-
ized for their potential variability among different rat
strains and used to construct a genetic map of the rat.

MATERIALS AND METHODS

Screening of rat microsatellite loci and design of primer
sequences: GenBank (version 63) and EMBL (version 22+)
were screened for rat sequences which contain microsatel-
lites, following the same procedure as described in BECk-
MANN and WEBER (1992). Searches were performed using
the FIND protocol of the “Genetics Computer Group Se-
quence Analyses Software Package” of the University of
Wisconsin, version 6.1 (DEVEREUX, HAEBERLI and SMITHIES
1984) for all simple tandemly repeated rat sequences, having
a repeat unit of 4 bases or less, with total length for the
uninterrupted stretch of repeats of at least 20 base pairs
(WEBER 1990).

Independent entries from different non-overlapping
parts of the same gene were clustered as a single “locus.”
All redundant synonymous entries were removed. In several
instances, upstream and downstream sequence comparisons
had to be performed to ascertain identity. Satellite DNA
(e.g., RATSIMPA) and artefactual microsatellites (such as
mRNA poly(A) tails or those resulting from tailing or clon-
ing experiments) were also eliminated. Moreover, members
of large multigene families such as the MHC, rDNA and
immunoglobulin gene families were combined into a single
entry. (These loci are included even though they are unlikely
to yield an easily interpretable locus-specific polymorphism.)
This yielded 174 “unique” loci (excluding thus repetitive
DNA and large multigene families), each containing at least
one microsatellite.

Random cloned STMSs were derived from a rat total
genomic library, by screening for AC dinucleotide repeats,
and sequencing of positive clones to determine PCR
primers.

Primers 16-26 nucleotides long were selected using the
“OLIGO” computer program (RYCHLIK and RHOADS 1989)
and were custom synthesized by GENSET (France).

PCR and gel electrophoresis: PCR was performed using
a standard tube type PCR apparatus (DNA thermocyler
PJ1000, Perkin-Elmer Cetus) and microtiter plate type PCR
apparatus (LEP PREM 111, Techne or M] research program-
mable thermal cycler). The reaction volume was 25 ul. Final
concentrations were: 10 mM Tris-HCI, pH 8.4; 50 mMm KCl;
0.1% Tween 20; 125 um dATP, dCTP, dGTP, dTTP each.
MgCl; concentration was adjusted to 1-3 mM according to
a preliminary titration (LOVE et al. 1990). One hundred
nanograms of genomic DNA and 0.6 units of Taq DNA
polymerase (Promega) were used. Programming of temper-
ature and time cycles was as follows: 3 min at 94°, 35 cycles
of 1 min at 94°, 1 min at 50°, 55° or 60° and 30 sec at
72°, followed by a final elongation step of 3 min at 72°.
PCR products were usually resolved on 4% agarose gel
electrophoresis (NuSieve 3:1 agarose, FMC bioproduct) and
stained by ethidium bromide.

In the analyses of the F; cross, in cases where polymor-
phism could not be detected on agarose gels, radioactively
labeled PCR amplification products were separated by elec-
trophoresis on standard denaturing sequencing gels, a
method enabling the visualization of small size differences.
Polymorphism was visualized after autoradiography.

Length polymorphisms and genetic linkage study: The
rat inbred strains ACI/N, BN/N, F344/N, IS/Kyo, SHR/

Kyo, TM/Kyo, WTC/Kyo, ZI/Kyo were raised at the Insti-
tute of Laboratory Animals at Kyoto University. The prog-
eny from seven backcross matings (ACI X WTC) X WTC,
(ACI X F344) X F344, (BN X WTC) X WTC, (SHR X
WTC) X WTC, (SHR X BN) X BN, (ZI X BN) X ZI and
(TM X ZI) X ZI were obtained from the same facility. The
F. animals from SHRSP and WKY are the same as those
described in HILBERT ¢t al. (1991). High molecular weight
DNAs were prepared from liver or spleens from all 10
inbred rat strains (including the parental strains of the F
progeny), and backcross and F; progeny, following standard
protocols. All DNA samples were dialyzed and stored in a
10 mmM Tris-HCI, 0.1 mM EDTA buffer (pH 8.0).

Table 1 lists 134 PCR-formatted markers corresponding
to 118 loci, which were used for chromosomal assignment
using somatic cell hybrid clones and/or linkage analyses.
Twenty nine allelic forms of 16 biochemical loci, 9 restric-
tion fragment length polymorphism (RFLP) loci, three coat
color loci and one mutant locus (Table 2) were also typed
in the seven backcross sets. Three loci AGT, REN and
SCN2A were typed with both RFLPs and STMSs. The
segregation patterns in the backcross progeny of the micro-
satellite loci and other markers were first analyzed with
“GENE-LINK” (MONTAGUTELLI 1990). More detailed two
point and multipoint analyses were subsequently performed
using the “LINKAGE” and “GMS” programs (LATHROP and
LALOUEL 1984; LATHROP et al. 1988) with genotypes from
all nine crosses. The GMS programs permits testing of a
large number of alternative orders, including all permuta-
tions of four adjacent loci and higher order permutations
involving closely linked groups of loci, during map construc-
tion. Anchor markers were chosen based on the criterion
that the relative placement of these loci was unchanged
within 100:1 odds of the best supported order.

Chromosomal assignment of genes: In this study, 18 rat
X mouse somatic cell hybrid clones, segregating all individ-
ual rat chromosomes were used. The clones were developed
by fusing Sp2/0-Agl4 myeloma of BALB/c mice origin
with lymphocytes of a male ACI/N rat. The panel of seg-
regation of rat chromosomes and assignment of biochemical
genes using the clones has already been reported (YASUE,
SERIKAWA and YAMADA 1991). DNA samples were prepared
from all somatic cell hybrid clones and from the parental
Sp2/0-Agl4 myeloma cells. The rat-specific amplification
products for the microsatellite regions were examined in
each hybrid clone, and compared to the known segregation
pattern of individual rat chromosomes in this panel. In this
manner, it was possible to assign most microsatellites to a
particular chromosome according to the most concordant
segregation pattern.

RESULTS

Development of rat microsatellites: One hundred
and seventy-four “unique” loci, each of which contains
at least 20 uninterrupted bases of a repeat of mono-
to tetranucleotides were extracted from the GenBank
and EMBL data bases. Of 364 STMSs, 196 (53.8%)
were dinucleotides repeats, 42 were tri- and 91 were
tetranucleotide repeats (11.5% and 25.0%, respec-
tively; for a more detailed description of the results
of this search, see BECKMANN and WEBER 1992).

Table 1 lists locus names and mnemonics for these
sequences and locus symbols. The latter were desig-
nated following the mouse (HILLYARD et al. 1991;
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TABLE 2

A list of 29 additional loci used for linkage analysis

Locus symbol Locus name Chr. (LG)® Analysis Reference
ACO1 Aconitase-1 510 Enzyme, electrophoresis 1,2
AGT Angiotensinogen 19 RFLP 3
AHD2 Aldehyde dehydrogenase-2 511 Enzyme, electrophoresis 2
AMY] Amylase-1 2t Enzyme, electrophoresis 4
B Brown 5(1D) Coat color 2
C Albino 1M Coat color 5
ES2 Esterase-2 195 (V) Enzyme, electrophoresis 6,7
ES3 Esterase-3 195 (V) Enzyme, electrophoresis 6,7
ES6 Esterase-6 8 (VII) Enzyme, electrophoresis 8
FH Fumarate hydratase 13 (X) Enzyme, electrophoresis 9
GC Group specific component 14 (V1) Protein, electrophoresis 10
GDC1 a-Glycerophosphate dehydrogenase-1 8t Enzyme, electrophoresis 11
H Hooded 14 (VI) Coat color 12
HAOI Hydroxyacid oxidase-1 36 aIv) Enzyme, electrophoresis 2,13
HBB Hemoglobin §-chain 1) Protein, electrophoresis 14
INS1 Insulin-1 1 RFLP 15,16
LAPI Leucine aminopeptidase 1(1) Enzyme, electrophoresis 17
MBP Myelin basic protein 18 RFLP 18,19
NKR Neuromedin K receptor 2 RFLP 20
PEP3 Peptidase-3 13 (X) Enzyme, electrophoresis 21
PG1 Urinary pepsinogen-1 (XIn) Enzyme, electrophoresis 22,23
PGD Phosphogluconate dehydrogenase 5 Enzyme, electrophoresis 24, 25
REN Renin 13 RFLP 26
RT1 Major histocompatbility 20 (IX) RFLP, cell surface antigen 27, 28
SCN2A Sodium channel 11, « 3 RFLP 19
SPAT Serine:pyruvate aminotransferase 9 RFLP 29
SVP1 Seminal vesicule protein-1 3t av) Protein, electrophoresis 13, 30
TCP1 t-Complex 1 RFLP 19
ZI Zitter 3% Behavior 13

@ Chr, Rat chromosone number; (LG), classical linkage group.

b Newly assigned to the chromosomes from the linkage analysis in this study.

Underlined loci which contain microsatellites were typed with both RFLP and STMSs. Reference 1, ADAMS et al. 1984; 2, CRAMER,
MOWERY and ADAaMs 1986; 3, MoORI ¢t al. 1989; 4, M1zuNO and Suzukt 1978; 5, FRENCH, ROBERTS and SEARLE 1971; 6, WoOMACK 1973; 7,
YAMADA, NIKAIDO and MaTsuMoTO 1980; 8, PRAVENEC, KREN and KLIR 1987; 9, CRAMER, BLANKERT and PAuL 1985; 10, BENDER, CLEVE
and GUNTHER 1981; 11, ERIKSSON et al. 1976; 12, MOUTIER, TOYAMA and CHARRIER 1973; 13, YAMADA ¢t al. 1989; 14, BrRpICKA 1968; 15,
SOARES et al. 1985; 16, MORI et al. 1992a; 17, VAN ZUTPHEN ¢t al. 1985; 18, GOLDNER-SAUVE et al. 1991; 19, YASUE ¢t al. 1992; 20, MORI et
al. 1992b; 21, WoMAcCK and CRAMER 1980; 22, CRAMER 1981; 23, HAMADA et al. 1987; 24, CARTER and PARR 1969; 25, YosHIDA 1982;
26, PREVENEC ¢t al. 1991; 27, LoBEL and CRAMER 1981; 28, PALM 1971; 29, MoRI et al. 1992c¢; 30, GAssERr 1972,

LyoN and KirBY 1991) or human nomenclatures
(MCALPINE et al. 1991), when the homologous loci
are known, or from the gene name as found in the
data bases. The human genetic localization data were
retrieved by M. CHIPPERFIELD from GDB (Genome
Data Base, W. H. Welch Medical Library, Baltimore,
Maryland). Six randomly cloned STMSs used in this
study are also included.

Design of primer sequence and condition of PCR
analysis: Of 172 primer sets tested, 134 amplified
specific products for 118 loci and were available to
map them on particular chromosomes (Table 1). More
than one primer set were used for 15 loci, which were
designed to analyze more than one microsatellite re-
gion or to find different polymorphic STMSs in the
microsatellite region. The average length of PCR
products for these loci in the strains examined was
150 base pairs with a range of 78-455.

Suitable PCR conditions for each primer set were

selected by varying Mg®* concentration (1-3 mm) and
annealing temperature (50°, 55° or 60°). The opti-
mal conditions for 119 primer sets are listed in Table
3.

All STMS:s yielded, upon PCR amplification, prod-
ucts corresponding to a single locus, with two excep-
tions: LSN and A2UG. Two products with different
sizes were generated by the LSN primer set: the
smaller product (assigned to chromosome 12 as
LSNR) disappeared when the annealing temperature
was changed from 55° to 60°, indicating a related
fragment of the larger products, presumed to be
structural gene (assigned to chromosome 1 as LSN).
As for A2UG, only the shorter products were found
to be polymorphic.

Chromosomal assignment: DNAs from 18 hybrid
clones, segregating all of the individual rat chromo-
somes, were used as templates for PCR amplification.
The presence or absence of specific PCR product in



710 T. Serikawa et al.

TABLE 3
Size polymorphism of 119 STMSs for 107 loci and the PCR conditions

Annealing
Primer temp. Mg* No. of Length variation of the PCR-product among 8 inbred rat
Chr. Locus symbol name (°C) (mm) alleles strains
1 BSIS R151 50 2 2 IS, TM > ACI, BN, F344, SHR, WTC, ZI
CALM3 R94 60 2 1
CEAR R100 55 1 2 IS, SHR, WTC > ACI, BN, F344, TM, ZI
CYPBE R37 55 1 1
CYPE R136 55 1 1
DBPCEP R93 55 1.5 1
IGF2 R152 50 1.5 3 SHR, WTC > ACI, F344, 1S, TM, ZI > BN
KAL R33 55 2 4 ACI, F344, SHR, ZI > TM > BN, IS > WTC
LSN R119 60 1 3 SHR, WTC > ACI, BN, F344, TM, ZI > IS
MYL2 R161 50 1.5 4 BN > IS > ACI, SHR, TM, Z1 > F344, WTC
PBPC2 R50 55 1.5 3 ACI, SHR > TM > BN, F344, IS, WTC, ZI
PKC R158 55 1 2 ACI, BN, F344, SHR, TM, ZI > IS, WTC
SECR R84 55 1 1
SHDL R81 55 1.5 1
TON R146 55 1.5 2 ACI, BN, F344, SHR, TM, ZI > 1S, WTC
2 CPB R132 50 1 4 F344, TM, Z1 > ACI, SHR > 1S > BN, WTC
FGA R123 55 2 3 ACI > BN, F344, TM, ZI > IS, SHR, WTC
FGG R1 55 1.5 3 ACIL, IS, SHR, TM, WTGC, ZI > F344 > BN
R14 55 1 2 ACI, BN, F344, IS, SHR, WTC > TM, ZI
FST R2 60 1 2 F344, 1S, SHR, TM, Z1 > ACI, BN, WTC
HTRIA R125 55 2 2 ACI, BN, IS, SHR, TM, WTC, Z1 > F344
MTI1PB R106 55 2 3 ACI, BN, SHR > F344, TM, ZI > 1S, WTC
PFLG R124 55 2 1
PKL R35 55 1.5 2 BN, F344, IS, SHR, TM, WTC, ZI > ACI
R48 55 1 2 BN, IS > ACI, F344, SHR, TM, WTGC, ZI
R49 55 1 3 ACI > IS > F344, BN, SHR, TM, WTC, ZI
PRLR R157 50 1 2 ACI, SHR, WTC > BN, F344, 1S, TM, ZI
3 CAT R29 55 1.5 3 SHR > ACI, BN, F344, TM, WTGC, ZI > IS
VD R53 55 1
PCK R45 55 1 1
R57 55 1
PTP R156 50 1.5 1
SCN2A R69 60 3 IS > BN, TM, WTC, Z1 > ACI, F344, SHR
Svsap R142 55 1.5 4 BN, TM > SHR > IS > ACI, F344, WTC, ZI
4 A2M R76 55 1.5 3 ACI, F344, 1S, SHR, TM, ZI > WTC > BN
AMPP R105 50 2 3 BN > F344, 1S, SHR, TM, ZI, WTC > ACI
CPA R31 55 1.5 2 BN, F344, IS, SHR, TM, WTC, ZI > ACI
ENO2 R19 55 1 1
R20 55 1.5 6 WTC > ZI > F344, IS > ACI > BN > SHR, TM
FABPI R122 55 2 4 IS, TM > BN, F344, SHR, WTC > ZI > ACI
IL6 R88 55 2 4 ACI, TM, WTC > IS, ZI > F344, SHR > BN
KCPVD R17 55 1 1
NPY R12 55 1.5 4 SHR > ACL IS, TM, WTC, ZI > F344 > BN
R13 55 1 3 BN, TM, ZI > F344 > ACI, IS, SHR, WTC
PTHLH R153 55 1 3 IS, TM, ZI > ACI, F344, SHR, WTC > BN
SPR R15 55 L.5 4 SHR > BN, F344 > IS, TM, ZI > ACI, WTC
TGFA R148 60 1 2 BN, F344, SHR, TM, WTC > ACI, IS, ZI
TRY! R155 60 2 3 BN > IS, SHR, TM, WTC, Z1 > ACI, F344
5 A2UG R44 55 1 3 ZI1 > ACI, BN, F344, SHR, TM > IS, WTC
R67 55 1 1
GLUTB R25 55 1.5 4 ACI, TM > F344, 1S, SHR > WTC, ZI > BN
PND R39 55 1 2 ACI, BN, F344, SHR, TM, ZI > IS, WTC
R59 55 1.5 3 ZI > ACI, BN, F344, SHR, TM > I§, WTC
6 CKB R99 50 1.5 5 BN > F344, SHR, TM > ACL, ZI > WTC > I8
IGHE R54 55 1 2 ACI, SHR, TM, ZI > BN, F344, 1S, WTC
R63 60 1 4 SHR > ACI, TM > IS, F344, ZI1 > BN, WTC
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TABLE 3—Continued

Annealing
Primer temp. Mg?* No. of Length variation of the PCR-product among 8 inbred rat
Chr. Locus symbol name (°C) (mm) alleles strains
7 ELAl R116 55 1.5 2 ACL IS, WTC > BN, F344, SHR, TM, ZI
IGF1 R129 50 1.5 2 TM > ACI, BN, F344, 1S, SHR, ZI, WTC
LALBA R77 55 1 1
MYC R51 55 1.5 3 BN, Z1 > F344, IS, TM > ACI, SHR, WTC
R75 55 1.5 2 ACI, F344, SHR, TM, WTC > BN, IS, ZI
PERF R159 55 1 3 BN, F344, WTC, ZI > ACI, SHR, TM > IS
8 ACPH R90 55 2 4 BN > ACI > F344, SHR, TM, WTC, ZI > IS
APOC3 R102 55 2 3 F344, 1S, TM, Z1 > BN, SHR, WTC > ACIl
MYLCIV R109 60 1 4 F344, 1S, SHR, WTC > BN > TM, ZI > ACI
PKATA R46 55 1 2 ACIL BN, IS, WTC, ZI > F344, SHR, TM
RBP2 R97 55 1 2 IS, Z1 > ACI, BN, F344, SHR, TM, WTC
THY! R149 55 2 2 ACI, BN, IS, SHR, WTGC, Z1 > F344, TM
TPM R79 55 2 3 IS > ACI, BN, F344, TM, WTC, ZI > SHR
9 CRYG R27 55 1 3 ACI, BN, F344, TM > IS, ZI > SHR, WTC
R28 55 1 3 IS > ACI, BN, TM > F344, SHR, WTC, ZI
INHA R112 55 2 1
10 ABP R56 55 1 3 ACI, BN, IS, ZI > F344, SHR, WTC > TM
ADRAIB R92 55 1 2 IS > ACI, BN, F344, SHR, TM, WTC, ZI
AEP R126 55 2 3 ACIL BN, SHR, TM, Z1 > IS, WTC > F344
ASGR R10 55 1 2 TM > ACI, BN, F344, IS, SHR, WTC, ZI
GH R3 55 1.5 5 BN, IS, SHR > F344, WTC > ZI > TM > ACI
MYHSE R6 55 1.5 3 SHR > F344, TM, WTC > ACI, BN, IS, Z1
NGFR R7 55 1.5 3 ZI > BN, F344, IS, SHR, TM, WTC > ACI
PPY R65 55 1.5 2 ACIL BN, IS, ZI > F344, SHR, TM, WTC
S§YB2 R144 50 1 3 ACI, BN > F344, SHR, TM, WTC, ZI > I8
11 CSPMO2 R107 55 1 2 ACI, IS > BN, F344, SHR, TM, WTC, ZI
PKCS R121 50 1 1
SMST R22 50 2 2 F344, IS, SHR, TM, WTC, ZI > BN, ACI
TKG R150 50 2 2 SHR, TM > ACI, BN, F344, IS, WTC, ZI
12 MDH2 R120 55 1.5 2 ACI, F344, SHR, IS, TM, WTC, Z1 > BN
PLANH R137 55 1.5 3 BN, SHR, ZI > ACI, IS, TM, WTC > F344
13 LCA R52 55 1 1
TRAGGL R147 55 1 1
14 AFP R43 55 1.5 5 TM > BN, ZI > ACI, WTC > IS > F344, SHR
ALB R40 55 2 3 ACI, F344, TM, WTC > IS, SHR > BN, ZI
CSNA R101 55 1 4 ACI, F344, WTC>SHR > BN, IS, ZI > TM
GCK R130 55 2 2 F344 > ACI, BN, IS, SHR, TM, WTC, ZI
IGFBP R113 55 2 3 BN, SHR > F344, IS, WTC > ACI, TM, ZI
16 MBPA R108 55 1.5 3 IS, WTC > ACI, F344, SHR, TM, ZI > BN
17 ACRM R103 50 1.5 4 BN, F344, TM > WTC > ACI, SHR, ZI > IS
HHITTS R115 55 2 2 ACI, BN, F344, SHR, TM, WTC, ZI > IS
PRL R23 55 1 2 BN, WTC > ACI, F344, IS, SHR, TM, ZI
RPL35P R118 60 1 2 ACI, BN, F344, IS, SHR, WTC, ZI > TM
18 ADRB2 R30 50 2 3 ACI, BN, TM, ZI > F344, SHR > I§, WTC
GJAl R98 55 2 4 ACI, F344, WTC > SHR, Z1 > BN, IS > TM
GRL R36 55 1 1
NGFI R18 55 1 1
OLF R66 55 1 2 TM, Z1 > ACI, BN, F344, IS, SHR, WTC
TILP R154 50 1.5 3 BN, IS, SHR, WTC > ACI, ZI > F344, TM
TTR R138 50 1.5 4 ACL IS, SHR > TM > Z1 > BN, F344, WTC



712
TABLE 3—Continued

T. Serikawa et al.

Annealing
Primer temp. Mg?* No. of Length variation of the PCR-product among 8 inbred rat
Chr. Locus symbol name °C) (mM) alleles strains
19 AGT R60 55 3 1
CTRB R135 55 1.5 2 BN, IS, SHR, TM, WTC, ZI > ACI, F344
HEOXG R117 55 2 2 ACI, F344 > BN, IS, SHR, TM, WTC, ZI
HP R114 55 1 3 IS > ACI, BN, SHR, TM, WTC, ZI > F344
TAT R89 55 L.5 3 F344, Z1 > ACI, IS > BN, SHR, TM, WTC
uce R143 55 1 3 BN, F344, IS, SHR, TM > ACI, Z1 > WTC
20 TNF R145 55 1.5 4 WTC > ACI, IS, ZI > BN, F344, TM > SHR
X AR R47 55 1 2 ACI, BN, F344, SHR, TM, Z1 > IS, WTC
CBPI R80 60 2 2 BN, F344, IS, SHR, TM, WTC > ACI, Z1
R96 55 1.5 2 BN, F344, 1S, SHR, TM, WTC > ACI, ZI
MYcs R160 50 2 2 SHR, WTC > ACI, BN, F344, 1S, TM, ZI
PFKFB R87 55 1 3 WTC > ACI, BN, F344, IS, TM, ZI > SHR
PRPS2 R9I1 55 1.5 4 F344, TM, ZI > IS, SHR, WTC > BN > ACI

Chr., Rat chromosome number. Length variation was resolved by analysis using 4% agarose gel electrophoresis.

hybrid clones was examined and compared with that
of a reference panel for segregation of rat chromo-
somes (YASUE, SERIKAWA and YaMapA 1991). Al-
though, in some cases, DNA segments were amplified
also in myeloma Sp2/0-Agl4 (background DNA),
determination of the presence or absence of rat spe-
cific DNA segments was usually possible from the
length difference. However, chromosomal assign-
ments for primers R28 (for CRYG locus), R29 (CAT),
R50 (PBPC2), R63 (IGHE), R155 (TRY1) and R231
(MTI1PA) were not possible, and they were, therefore,
assigned by linkage analysis. For eight genes assigned
to chromosomes 16, 18 and 20, 100% concordance
was not apparent. Rat chromosome 16 could not be
cytogenetically visualized in clone YS03, even though
the specific PCR products were generated in this
clone. Likewise, rat chromosomes 20, 18 and 16 could
also not be detected in clones YS11, YS15 and YS18,
respectively, but their specific DNA products were
generated in each clone. This discordance was also
seen in a previous study using the same clones and it
is considered to be due to the translocation of rat
chromosome segments to mouse chromosomes (YA-
SUE, SERIKAWA and YAMADA 1991; YASUE et al. 1992).
DNA segments generated from the remaining primers
were assigned to chromosomes with 100% concord-
ance (Table 1).

Polymorphism: Polymorphic differences, presum-
ably due to variation in length of the microsatellite
regions, were examined among eight inbred strains of
rats, for 119 STMSs loci (Table 3). Of these, 81.5%
(97/119) were found to manifest size variability be-
tween the eight strains tested. The allelic state of these
loci is summarized in Table 4, which also shows the
influence of motif size. Only two of the mononucleo-
tide repeats were tested, and neither was found to be
polymorphic. Polymorphic repeat sequences were de-

tected for all other repeats (see Table 4 for their
distribution).

Linkage analysis: Linkage analysis of polymorphic
microsatellite loci was performed with data from seven
backcrosses, in which 29 other polymorphic loci were
also typed (Table 2), and the WKY X SHRSP F,
populations (HILBERT et al. 1991). Three loci AGT,
REN and SCN2A were analyzed with both STMSs
and RFLPs, in which discrepancy between the typing
data was not found. Recombination frequencies were
estimated independently in each of the crosses. As no
significant differences in the orders of loci were found
when results from the different crosses were com-
pared, the data were then combined. Initially, linkage
groups were determined without taking account of
chromosomal assignments. Two markers were as-
signed to the same linkage group when their pairwise
LOD score was more than 3. Only one discrepancy
was found between chromosomal assignments ob-
tained by this criterion and the results of the somatic
cell hybrids: although the ACE locus exhibited a LOD
score of 3.1 with a single marker on chromosome 5
(PGD), it was assigned to chromosome 10 from the
somatic cell hybrid panel. ACE also exhibited close
linkage (LOD score >5) to six other markers assigned
to chromosome 10, which confirmed the results of the
somatic cell hybrid panel. In particular, the maximum
LOD score was 26.9 between ACE and GH, and 23.0
between ACE and NGFR.

Multipoint analyses were performed to determine
the best supported order within each linkage group,
and to estimate recombination fractions between ad-
jacent markers (Table 5). A subset of markers which
did not vary within odds 100:1 of the best supported
order were chosen as anchor points (underlined loci
in the table) for the genetic map.
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TABLE 4

Distribution of STMSs by alleles and motif repeat size

No. of alleles®

Motif type 1 2 3 4 5 6 Total
Mono 2 0 0 0 0 0 2
Di 6 27 27 13 3 1 77
Tri 6 7 4 1 0 0 18
Tetra 8 3 5 3 0 0 19
Di + tri 0 0 1 0 0 0 1
Di + tetra 0 1 0 1 0 0 2

Total 22 38 37 18 3 1 119

% The number of STMS alleles was resolved in a comparison
among eight different inbred rat strains on 4% agarose gel electro-
phoresis.

DISCUSSION

A substantial number of candidate genetic markers
were extracted from public sequence data bases for
development of microsatellite polymorphism in the
rat genome, sufficient to provide a good starting point
for the elaboration of a rat genetic map. Although
these data bases contain an inherent bias in favor of
protein-coding sequences, this bias did not affect the
search for microsatellites, as a large number of can-
didates were found. Microsatellites of 20 bases or
more of uninterrupted repeats (WEBER 1990) were
PCR-formatted and analyzed in this study. The fol-
lowing three aspects were examined: (i) the informa-
tiveness of each candidate marker, (ii) its chromosomal
assignment using a panel of rat X mouse somatic
hybrids, and (iii) the generation of a linkage map.

To monitor the informativeness of each of these
candidate genetic markers, we determined the num-
ber of alleles per STMS that could be resolved in a
comparison among eight different rat inbred strains
on agarose gel electrophoresis. (It should be noted
that due to the separation method used, the number
of microsatellite alleles determined in our study is
certainly likely to be underestimated, since minor size
differences would not have been noticed.) As ex-
pected, STMSs were found to be highly polymorphic
in rats just as was previously demonstrated for mice
(LOVE et al. 1990) and humans (e.g., WEBER 1990),
and that variability is dependent on the nature of the
microsatellite (i.e., motif: Table 4 or length and motif:
Table 6). None of the mononucleotide repeats tested
in this study proved to be polymorphic. STMSs be-
longing to the “AC” motif family were especially abun-
dant and almost all were polymorphic, with as many
as six alleles. Among the other dinucleotide repeats,
those based on the motif “AG” were also highly poly-
morphic, although they were found less frequently
than “AC.” In addition, tri- and tetranucleotides re-
peats were also observed to be polymorphic. These
represent a convenient source of genetic markers,

since they are common (~30% of all microsatellites)
and since the larger variations in allele sizes can sim-
plify their interpretation.

WEBER (1990) previously reported that the number
of alleles of “AC” STMSs in humans is correlated with
the number of bases in the repeat. We therefore
examined the potential variability of each rat STMS
as a function of total repeat size (see Table 6). This
suggested that dinucleotides in rats tend to be variable
once a threshold size of at least 20 bp has been
reached. This observation can also be extended to
other repeat motifs. Yet, the threshold is not the same
for all motifs, e.g., tri- and tetranucleotides seem to
require a longer stretch of uninterrupted repeats than
dinucleotides, more than 30 and 40 bp, respectively.
This suggests that STMSs which contain more than
10 repeats of each motif (di-, tri- or tetranucleotides)
have a high probability of being polymorphic.

Linkage analysis relies on the use of polymorphic
markers, in contrast to interspecific somatic cell hy-
brid panels. All sequence tagged sites, whether poly-
morphic or not, can, theoretically at least, be chromo-
some assigned, provided the rat and mouse homolo-
gous PCR-products yield distinct bands in the gel. In
this manner, 112 microsatellite-containing loci were
assigned to a particular chromosome with one or more
loci assigned to all chromosomes except for 15 and Y
(Table 1). The chromosome assignments, as deter-
mined by the use of interspecific somatic hybrids, were
confirmed and extended by linkage analyses. The
remaining six loci (see underlined chromosome num-
bers in Table 1), for which it was difficult to determine
the chromosome by the clone panel, were also as-
signed to specific chromosomes from the linkage data.
Only one of the markers showing a two-point LOD
score superior to three (Z,.x = 3.14) was discordant,
while about half of the 35 showing values intermediate
to 2 and 3 proved to be erroneous (data not shown).
Multipoint analyses allowed ordering of the linked
markers on this map. Marker sets whose orders re-
mained unaltered within odds of 100:1 while descend-
ing through the likelihood of possible orders were
chosen to provide a framework of anchor points
(underlined loci in Table 5) for future mapping. Sex-
averaged map distances were calculated. It should be
pointed out, though, that as a result of the nature of
the crosses analyzed (seven backcrosses with the F; as
female parent, and two F; crosses), map distances are
likely to be biased toward female map distances. In
the current map, summing distances between all
linked markers on all 24 linkage groups and adding
10 cM for each singleton, and assuming an additional
10 cM coverage at the extremities, one can already
account roughly between 50 and 70% coverage of the
2400 cM rat genetic map.

Altogether 24 linkage groups were identified, 10
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TABLE 5
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Order of 142 loci on rat chromosomes and their homologs in mice and humans

Rat Mouse Human
Linkage group with Recombination
Chr. (classical group) Locus name fraction Locus Chr. Locus Chr.
1 1 TCP1 Tep-1 17 (8) TCP1 6425-q27
0.00
CEAR CEA 19q13.2
0.11
PKC Phec 7(3) PRKCG 19q13.4
0.12
2B1
0.06
CYPE Cyp2a, -b 7(7) CYP2A, -B 19q13.2
0.09
TON
0.00
KAL Kal 7 (22) KLK1 19q13.3
0.26
LAPI
0.05
88} C [4 7 (41) TYR 11q14-q21
0.03
BSIS
0.08
@D HBB Hbb 7 (49) HBB 11p15.5
0.16
MYL2
0.00
MTIPA MTICP, MT1DP 16q13
0.00
LSN
0.13
IGF2 Igf-2 7 IGF2 11pl5.5
0.03
PBPC2 PBP Unassigned
NL INS1 Ins-1 6
ND CALM3 CALM3 19
ND CYPBE Cyp2a, -b 7(7) CYP2A, -B 19q13.2
ND DBPCEP
ND SECR
ND SHDL
2 2 AMY! Amy-1, 2 3(68)
0.10
PKL Pk-1 3(3) PKLR 1921
0.01
P9KA
0.05
FGG Fgg 3(59) FGG 4q28
0.00
FGA FGA 4q28
0.30
cpB
0.23
PRLR PRPL 5pl4-pl3
0.10
FST
0.14
MTIPB MTICP, MT1DP 16q13
NL NKR
ND HTRIA HTRIA 5cen-ql1
ND PFLG
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Rat Mouse Human
Linkage group with Recombination
Chr. (classical group) Locus name fraction Locus Chr. Locus Chr.
3 3 SCN2A SCN2A 2q22-q923
0.21
CAT Cas-1 2 (40) CAT 11p13
0.24
{Ivy HAOI Hao-1 2(56)
0.08
(Iv) zI
0.31
(Iv) SvPl1 Svp-1 2(67)
0.08
SVs2pP
0.12
PCK PCK1 Unassigned
ND 1vD VD 15q14-q15
ND PTP Ptpa 2 (#6)
4 4 CPA ' Cpa 6 (15) CPAl 7932-qter
0.09
TRYI Try-1 6 (20) TRY1 7q32-qter
0.14
NPY Npy 6 NPY 7pter-q22
0.00
FABPI Fabpl 6(32) FABP1 2pll
0.13
TGFA TGFA 2pl3
0.04
SPR
0.07
AMPP
0.25
A2M A2M 12p13.3-p12.3
0.04
ENO2 ENO2 12p13
0.05
PTHLH Pthih 6 PTHLH 12p12.1-p11.2
NL IL6 -6 5(11) iL6 7p2l-pl4
ND KCPVD KCNAL -2, -5 12
5 5A (1) ACO! Aco-1 4(22) ACO! 9q22-q32
0.13
A2UG
5B GLUTB Glut-1 4(52) GLUTI, -5 1p35-p31.3,
1p31
0.26
(I11) AHD2 Ahd-1 4(59) ALDH! 9q21.1
0.07
PND Pnd 4(67) PND 1p36
0.07
(In PGD Pgd 4(65) PGD 1p36.3-p36.13
NL A8
NL (I1) B b 4 (35)
6 6A (VIII) IGHE Igh-7 12 IGHE 14q32.33
0.11
CKB Ch-3 12 (64) CKB 14932.3
NL D3
7 7A MYc Myc 15 (18) MYC 8q24
0.17
E5
0.23

IGF1I Igf-1 1061 IGF1 1223




TABLE 5—Continued

Rat Mouse Human
Linkage group with Recombination
Chr. (classical group) Locus name fraction Locus Chr. Locus Chr.
7B ELAI Ela-1 15 (48) ELAI 12
0.00
PERF
ND LALBA LALBA 12q13
8 8A THY1 Thy-1 9 (24) THY1 11q22.3-q23
0.04
APOC3 APOC3 11q23-qter
8B (VII) ES6
0.12
TPM TMPI Unassigned
8C PKATA ACAA 3p23-p22
0.05
GDC1
0.06
ACPH Apeh 9 APEH 3p21
0.00
MYLC1V Myle 9 (70) MYL3 3p21
0.15
RBP2 RBP2 3pll-qter
9 NL CRYG Cryg-1 1(30) CRYGI 2q33-q35
NL SPAT AGXT 2q36-q37
ND INHA Inha 1 INHA 2q33-qter
10 10 MYHSE Mpyhs-e 11(37) MYH3 17pter-pl1l
0.03
ABP Abpa, g 7 (10)
0.00
ASGR Asgr-1, -2 11(24,42) ASGR!I 17pter-pl2
0.00
SYB2 Syb-2 11 SYB2 I7pterpl2
0.20
NGFR Ngfr 11(55) NGFR 17q21-q22
0.07
PPY PPY 17pll.1-qter
0.00
AEP
0.12
ACE DCP1 17q23
0.02
GH Gh 11(68) GH1, -2 17q22-q24
ND ADRAIB ADRAIB 5q23-q32
11 11 SMST Smst 16 (19) ST 3q28
0.02
TKG KNG 3q26-qter
ND CSPMO2
ND PKCS
12 12A PLANH PLANH1 7q21.3-q22.1
0.03
MDH?2 Mor-1 5(74) MDH2 7p13-q22
12B LSNR
0.07
H4
13 13 (X) FH FH 1q42.1
0.33
REN Ren-1 1(48) REN 1q32
0.18
X) PEP3 Pep-3 1(49) PEPC 1925
ND LCA Ly-5 1(55) CD45 1q31-q32
ND TRAGGL TRE, TRN Ip36, 1p36.1
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Rat Mouse Human
Linkage group with Recombination
Chr. (classical group) Locus name fraction Locus Chr. Locus Chr.
14 14A (VD) H
0.10
(V) GC Ge 5 GC 4q12-q13
0.09
CSNA Csna 5(39) CSN1 Unassigned
0.02
AFP Afp 5 (46) AFP 4qllql3
0.00
ALB Alb-1 5 (46) ALB 4ql1-q13
14B GCK GCK Unassigned
0.02
IGFBP IGBP1 7pl3-pl2
16 NL MBPA
17 17 ACRM CHRM3 Iq41-q44
0.08
F4
0.09
PRL Prl 13 PRL 6p22.2-p21.3
NL RPL35P
ND HHITTS
18 18 GRL Gril-1 18 (21) GRL 5q931-932
0.10
ADRB2 Adrb2r 18 ADRB2 5q931-q32
0.07
OLF
0.03
GJAI 016 GJAl 6ql4-qter
MBP Mbp 18 (57) MBP 18q22-qter
ND TTR TTR 18q11.2q12.1
ND NGFI
ND TILP
19 i9 HEOXG
0.13
V) ES2 Es-1 8(33)
0.07
uce UCP 4q28-q31
0.07
V) ES3
0.00
HP Hp 8 {(46) HP 1622.1
0.09
TAT Tat 8 (46) TAT 16g22.1
0.02
CTRB Ctb-1 8 (46) CTRB 16q23-q24.1
NL AGT Agt 8 (64) AGT 1q42-q43
20 20 (IX) RT! H-2 17 (19) HLA 6p21.3
a.13
TNF Tnfa, Tnfb 17 (19.5) TNFA, TNFB 6p21.3
X 21 CBPI
0.08
PRPS2 PRPS2 Xp22.3-p22.2
0.06
MYCS
0.03
PFKFB PFKFB1 X
NL AR Ar X (39) AR Xql1.2-q12

Chr., Chromosome number. NL, No linkage, although it was analyzed for linkage relationship. ND, Not used for linkage analysis.
Underlined loci are anchor markers, in which the order does not change with odds > 100:1. Mouse Chr. (cM), Chromosomal location (with
centimorgan from centromere) of candidate genes of the mouse homologue. Human Chr., Chromosomal location of candidate genes of the
human homolog. Mapping information of mouse and human genes was retrieved from GDB, HGM11 (MCALPINE e¢ al. 1991) or Mouse
Genome (HILLYARD et al. 1991; LYoN and KIrBY 1991).
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TABLE 6

Total repeat size of microsatellites and number of alleles

No. of STMS with size of microsatellite (bp):

Motif type No. of alleles® 20-24 25-29 30-34 35-39 40-44 45-49 =50
Mono 1 1 1
Total i 1
Di 1 1 1 4
2 1 1 3 2 2 4 14
3 1 2 5 5 14
=4 1 6 3 7
Total 2 1 3 6 13 13 39
Tri 1 3 1 2
2 4 1 1 1
3 2 1 1
=4 1
Total 7 1 1 2 1 1 5
Tetra 1 6 1 1
2 1 1
3 1 1 1 1 1
=4 2 1
Total 7 2 2 1 1 3 3

4 The number of STMS alleles was resolved in a comparison among eight different inbred rat strains on 4% agarose gel electrophoresis.

groups were composed of 2 loci and 12 singletons
were left (shown as no linkage (NL) in Table 5). Sixty
five loci, which consist of 58 microsatellite-containing
loci (marked with N in Table 1 including two loci for
LSN) and seven additional loci (marked with asterisk
in Table 2) were newly assigned on the rat chromo-
somes, while assignment of the remaining 81 genes
was confirmed, except for PGl (no linkage) and
PBPC2. (It was mapped to chromosome I by linkage
analysis, although it has been previously reported to
be located on chromosome 5; ZHANG et al. 1988.) It
is also interesting to note that INS1 has been shown
by in situ hybridization, to map to the distal tip of
chromosome 1, and provides thus a good telomeric
anchor marker (MoR1 et al. 1992a). Absence of linkage
of INS1 to any of the tested markers therefore implies
that this part of chromosome I has not been covered
yet, despite of the “long” linkage group. Three clas-
sical linkage groups (LG) were newly assigned to a
particular chromosome: LG-1V to chromosome 3, LG-
V to chromosome 19 and LG-VII to chromosome 8.
Assignment of six classical linkage groups previously
reported was confirmed as follows; LG-I to chromo-
some 1, LG-II to chromosome 5, LG-VI to chromo-
some 14, LG-VIII to chromosome 6, LG-IX to chro-
mosome 20, and LG-X to chromosome 13.

The wide distribution of microsatellites throughout
the genome, combined with their high degree of
polymorphism, makes these systems an attractive
source of genetic markers. The highly variable nature

of these markers might raise some concern in genetic
studies, if as a result of hypermutability they would
also often be unstable. However, after having scored
over thirteen thousands genotypes in the offspring in
this study, there were only two loci (CPB and CYPE)
for which PCR products were detected whose length
differed from the expected parental sizes (data not
shown). These results suggest that microsatellite loci
show remarkable stability, and are highly suitable for
linkage studies.

Markers from this map are likely to be of general
utility in a large number of genetic studies in rat.
Furthermore, in contrast to maps based on “random”
DNA markers, the current map presents the interest
of placing a number of gene tags on the rat genetic
map. An important advantage of a gene map is its
utility in reverse genetics through the candidate gene
approach. In addition, these markers can also serve,
through comparative mapping, as reference points
across species.

Hence, the mapping coordinates of the homologous
rat, mouse and human genes, when available, were
compared (see Table 5). In rat chromosome I, 2, 3,
4, 5, 10, 14 and 19, gene orders on chromosome
correlated to those of homologous loci on mouse
chromosome 7, 3, 2, 6, 4, 11, 5 and 8 with some
exceptions. The human homologs were located on
two or three different chromosomes, except for rat
chromosome 10, in which the human homologs were
located only on chromosome 7. This knowledge can
have immediate applications.



Rat Gene Mapping Using STMS 719

Indeed, in some instances, flanking markers can be
inferred from the conservation of synteny groups
between rats, mice or humans. As some microsatellites
also appear to be conserved between closely related
species such as mice and rats (STALLINGS et al. 1991),
mouse microsatellite loci may be available as PCR-
primer source for the unknown rat loci and vice versa.
Thus, rat genes for which the mouse or human hom-
ologs have not been mapped yet, could be informative
to identify and map the homologous genes and con-
tribute to the construction of a detailed genetic map
in these species. Comparative gene mapping should
thus contribute to the identification and localization
of genes of interest.

As an illustration of the power of such an integrated
approach, this strategy was used, upon incrimination
of a defined section of the rat chromosome 10 as
being involved in the regulation of arterial blood
pressure, (i) to identify in the corresponding human
region a candidate gene, ACE, (ii) to derive primers
flanking a mouse microsatellite in this locus, and (iii)
to develop a PCR-formatted STMS for the rat ACE.
Thereby we were able to confirm that rat ACE is
confined within the suspected chromosomal region
and is thus a candidate locus for the phenotype studied
(HILBERT et al. 1991). A similar approach was fol-
lowed by JACOBS et al. (1991).

To sum up, PCR-formatted STMSs have numerous
known attractive genetic advantages, some of which
can be seen in this study. These include, (i) their being
often polyallelic (more than two alleles) and thus often
genetically informative, (ii) their abundance, (iii) their
widespread dispersion throughout the genome, (iv)
their presence in the vicinity of protein-coding genes,
providing excellent markers for them as well as means
to generate a genetic map of loci associated with
known genes.

In conclusion, mapping using STMS extracted from
the public data bases proved to be a very powerful
methodology. In this work, we attempted to lay the
foundations for an informative genetic map. The
numbers of microsatellite markers will undoubtedly
increase, as a result of the growing data bases or as
targeted search for such loci will continue. It is there-
fore to be expected that rat gene mapping will make
rapid progress and a high resolution rat genetic map
will be constructed in very near future. This could
prove to be essential for the full utilization of rat as a
genetic model for the study of polygenic inheritance.
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T.S. and J.S.B., and XAVIER MONTAGUTELLI for GENELINK. This
work was supported by the Association Frangaise contre les Myopa-
thies, the French Ministry of Research and Technology and the
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