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Fig. 5.:Retinal histology in kci/kci rats.. Vertical retinal cross
sections from a heterozygous (A) and a homozygous (B)
KCI mutant rat at 16 weeks of age. Each layer is labeled:
ganglion cell layer (GCL), inner plexiform layer (IPL),
inner nuclear layer (INL); outer plexiform layer (OPL);
outer nuclear layer (ONLY), and the layer of rods and cones
(LRC). No anatomic defects were noted in the hormozy-
gous rat. Bar=50 um.

KClI rat showed abnormal morphologies or organizations
of hair cells in the inner ear. Considering the importance
of rats in the development of clinical treatments and
diagnoses, and new drugs, the Pcdhl5-deficit KCI rat

has potential to serve as a good animal model for UDHIE
and DENB23,
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morphisms that. have: been proven: to- influence: gene functions are
called functional polymorphisms. [t is significant'to: know: the distri=
bution of functional polymorphisms in. the rat, widely used in animal
models for: human diseases. In this study, we assessed: 16 functional
polymorphisms consisting of 3 coat color and: 13 disease-associated
genes in: 136 rat strains, ds a part of the genetic. profiling program of
the National Bio Resource Project for the Rat (NBRP-Rat). Polymor-
phisms of Cdknla, Fegr3: Grpl0Q. Lss.and FdftI; which were proven
to: function 1 prostale. tumorigenesis; - glomerulonephritis. hyperpha-
gia, and cholesterol biosynthesis. were shared among: various inbred
strains. These: findings: indicated that: most rat strains harbored: the
disease-associated alleles and suggested that many unidentified func
tional polymorphisms might exist in inbred rat strains. The functional
polymorphisms shared in inbred strains were also observed within
outbred stocks available commercially. Therefore, this imphes that
experimental plans based on either rat inbred strains or outbred stocks
need to be carefully designed with a full understanding of the genetic
characteristics of the animals. To select the most suitable strains: for
experiments, the NBRP-Rat will periodically improve and update the
genetic profiles of rat strains.

rat resource: National Bio Resource Project; disease model: sinple
nucleotide polymorphisin

THE LABORATORY RAT (Rattus norvegicus) is an indispensable
tool in experimental medicine and drug development. 1t i$ used
extensively as a model organism for studying normal and disease
processes in humans because of our extensive knowledge of rat
physiology and the large number of rat models that mimic human
diseases. In drug development. rats are ceritral to determination of
drug efficacy and toxicity before human clinical trials.
Recently. alarge set of genomic tools and information on
the rat genome such as the rat genome draft sequences (0). the
large-scale single nucleotide polymorphism (SNP) haplotype
map (STAR project), and the Phenome Project (11, 13) have
been developed. allowing us to identify genes responsible for
nonogenic as well as polygenic traits in rat models. Because
these mutations have been proven to function.in the pathogen-
esis of diseases. they are also called functional polymorphisis.
Recently, the assessment of functional polymorphisms by PCR
has demonstrated some not to be unique to the strain in which
they were initially identificd but to be shared by several rat
strains (9. 16; 22). Furthermore, some functional polymor-

Article published: online before print. See web.site for date of publication
(hup://physioleenomics.physiology.org).
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phisms were also found in outbred colonies at various allcle
frequencies (9, 22).

The National Bio Resource Project for the Rat (NBRP-Rat)
is one of the largest resource centers for the rat (18). More than
200 mbred strains have been deposited so far in the NBRP-Rat
and are maintained as liveé animals or cryopreserved embryos.
The NBRP-Rat offers. comprehensive data sets on the strains
deposited that are useful for the design of experiments. for
genetic analysis: (14): With the  growing number of genes
identified as causative in rat disease models. the genetic pro-
files of the deposited rat strains for these functional polymor-
phisms need to be updated.

In this study, to further improve the genetic profiles of the
strains deposited in the NBRP-Rat; we examined rat strains for
known functional polymorphisms such' as discase-associated
and’coat color alleles. Because coat color mutations: are in-

volved.in organclle trafficking. signal transduction, and differ-:

entiation (20), it is also important to know how prevalent coat
color mutations are in the established inbred strains. We also
investigated how prevalent these polymorphisms are among
commercial colonies of outbred rats. and we discuss contro-
versial points in the use of outbred stocks.

MATERIALS AND METHODS

Animals. A total of 136 inbred rat strains were examined. Genomic
DNA samples of 14 strains were obtained from the NBRP-Rat in
Japan and those of 22 strains from commercial breeders or holders of
the strains. L

Eleven outbred colonies were examined. Outbred rats from each
colony were purchased in bulk from the following commercial breed-
ers. CriCD(SD) (12 = 31). Crj:CD(SDIGS (1= 31), CritWHGIN/
BRL/HamIGS (2 = 31). and Crp:Wistar (1 = 31) outbred rats were
from Charles River Laboratories Japan (Yokohama. lapan). BrlHan:
WIST (1= 32).Jcl:SD (n = :32). and JcL Wistar (n = 32) outbred rats
were from CLEA Japan (Kawasaki, Japan). Sle:SD (n = 32} and
Sle:Wistar (7 = 32) outbred rats were trom Japan SLC (Hamamatsu:
Japan). lar:Long-Evans (n = 30) and Kwl:Long-Evans (1 = 30) were
from the Institute for Animal Reproduction (Kasumigaura, Japan) and
Kiwa Laboratory Animals (Wakayama, Japan). Genomic DNA was
preparcd from tail biopsy specimens.

Animal care and experimental procedures were ‘approved by the
Animal Research Committee of Kyoto University and were conducted
according to the Regulation on Animal Experimentation at Kyoto
University. :

Genaotyping. Sixteen functional polymorphisms were picked up by
searching the literature (Table 1). They comprised 3 coat color genes
and 13 disease-associated genes. PCR primer sequences and methods
for the detection of functional polymorphisms are listed in Table 2.
Genotyping of Fdftl or lan5 was performed by the direct sequencing
of the PCR products. PCR products were treated with ExoSAP-IT
(Amersham Biosciences) to digest single-stranded DNA and excess
primers. Cycle sequencing was. performed with BigDye Terminator
Ready Reaction Mix version 3.F according (o the. manufacturer's
instructions (Applied Biosystems). PCR samples were purified with
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Table 1. Functional polymorphisms examined in this study

Phenotype Causative Gene Type of Mutation Representative Straing Origin Reference
Nonagouti (a) A 19-bp Deletion in exon 2 BN, F344 10
Analbuminemia Alb 7-bp Deletion at splicing donor site in jutron H' NAR wion Jel:'SD 4

Insulin-dependent diabetes mellitus KDP ' Cbib
OTL I (Iddm/kdpl)

Nonsense miitation at ¢odon ‘455 (R455X) KDP

Long-Evans 26

Cholecystokinin A recepror Cckarl 6.8-kb Deletion spanning the promoter region, - OLETF Long-Evans 21
- exon I, and exon:2.
QTL for insulin’ resistance, defeciive fatry. Cd36 Deletion spanning the region hetween exon 4 SHR/Crl Kyo:Wistar 7.8
acid metabolism and of Cd36 and exon 5 of Cd36:ps2
hypertrighceridemia in SHR :
Prostate cancer suscepibility 2 (Pcs2) Cdknla 119-bp: Insertion in the promoter region BUE 25
UPL rat cataract {Uca) Cox30 Missense mutation at codon 340 (R340W) UPL Crj:SD 23
Crescentic: glomerulonephritis 1 (Crgnl) Feagr3 Gene: duplication LEW, BN, IS g i
Cataract SCR 2 (Cats2) Fdftl Missense mutation at codon 196 (1196K) SCR SHR X fatty 15
Diabetes mellinis OLETF QTL 1 (Dniol) = Gprl0 Point mutation at translation initiation codon OLETE Long-Evans 22
Lymphopenia (Lyp) lan5/Gimap5 - 1-bp Déletion resulting in frameshift BBDP Wistar Furth 12
Cardaract. SCR I lethal (Cats 1) Lss 12-bp Deletion"in exon 15 SCR - SHR X fatty . 15
Cataract SCR- 1 (Carsl), Q48R Lss Missense mutation at codon 481 (Q481R) SCR SHR X fatty 15
Cataract SCR 1 (Caisl), DI3ON soiLss Missense mutation at codon 139 (D130N) SCR SHR X fatty' 15
Pink-eved dilution (p} P/Oca2 Deletion spanning exon 17 and exon 18 RCS. KHR 9
Ruby (r} Rab38 Point mutation at translation initiation codon TM; LE/Stm, LEC, FH Long-Evans 17

P i v ¥
Origin, possible rat colony where the muitation arose.

CleanSEQ  (Agencourt Bioscience) and then loaded into ‘an. ABI
PRISM 3100 genetic analyzer (Applied Biosystems).

RESULTS

Disease-related functional polymorphisms shared among
rat strains. Six disease-related functional polymorphisms were
common among rat strains. The distribution of alleles of each
functional polymorphism is listed in Table 3. .

When a common origin of the polymorphism is postulated,
it-would be expected that all strains that carry the polymor-
phism would cluster in the same branch of the rat phylogenic
tree. ‘To test this hypothesis, we analyzed the distribution
of each discase-related allele with the distribution of the
strains on the phylogenic tree made by the NBRP-Rat with
132 inbred rat strains (http://www.anim.med.kyoto-u.ac.jp/nbr/
phylogenetictree.htm). The SCR-type (K) allele of Fdfr] only
clustered in a branch that contained Wistar-Kyoto (WKY) and
spontaneously hypertensive rat (SHR) substrains (Supplemen-
tal Fig. S1).! The remaining alleles distributed throughout the
phylogenic tree (data not shown). '

Functional polyinorphisms unique fo strain in which muta-
tion has been identified. Seven mutant alleles that were uniquie
to the original strain included the 7-bp deletion at the splicing
donor site in the Alb gene in the NAR strain, the nonsense
mutation at codon 455 (R455X) of the Cblb gene in the KDP
rat, the 6.8-kb deletion spanning the promoter region, exon 1,
and exon 2 of the Cckarl gene in the OLETE rat, the deletion
spanning the region Cd36 and Cd36-ps2 in the SHR/Ctl
strain. the missense mutation at codon 340 (R340W) of the
Cox50 gene in the UPL rat, the frameshift mutation of the
lan5 gene in the BB rat, and the 12-bp deletion in exon 15
of the Lss gene in the SCR strain (2,4, 12, 15, 21, 23, 26)
(Table 4). These mutations might have significant effects so
that the mutation itself worked as a selective marker in estab-
lishment of the strain and cxaggerates the clinical phenotype of
these strains.

! The online veision of this article contains supplemental material.

Coat color mutations. P and Rab38 are causative genes for
the Pink-eyed dilution (p) and Ruby () in the rat (9, 17).
Genotyping of P and Rab38 could not detect any strains other
than those described to carry these mutations (9, 17). The
functional polymorphisni at the A locus (agouti or nonagouti)
was evaluated in the albino rat strains, Among 91 albino rat
strains, 11 had the A/A genotype, 79 had the a/q genotype, and
1 was heterozygous (Tablc 4).

Survey of functional pobymorphisms. commonly shared. in
inbred strains in commercially available outbred stocks. Be-
cause most inbred rat strains are descended from  outbred
colonies, we speculated that functional polymorphisins ‘coni-
mon among inbred strains could be observed in various outbred
rat colonies. We then surveyed 6 disease-related polymor-
phisms and 3 coat color mutations found in niltiple strains in
a total of 344 outbred rats from 11 stocks available commer-
cially.

Five functional polymorphisms and two coat color mutations

showed different allele frequencies from colony to colony, but

any prevalence of the Fdftl mutation or the ruby mutation
could not be found (Table 5). In the colonies of Slc:Wistar and
Kwl:Long-Evans, all functional polymorphisms - examined
seemed to be genetically fixed to homozygosity for single
alleles, even if the sample size was only 32 or 30.

DISCUSSION

Our study revealed that most rat strains harbored the mutant
alleles that were already identified and whose effects were
relatively large (Table 3). These mutant alleles distributed
throughout the strains and were found in outbred rat stocks;
except for the Fdftl missense mutation. These findings sug-
gested that the mutant alleles examined in this study - were
already present in the ancestral outbred rats of the modern
inbred strains ‘and then fixed during establishment of the
strains. The Fdftl missense allele, which was clustered ona
particular branch of the phylogenic tree but not found in the
outbred rats, might occur in the Wistar-related strains keptiin
Japan and be inherited by the SHR strains. It is likely' that
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Table 2. PCR printers for genotyping

Gene Syvinbol Priraer Nunie Forward Primer (3& =37}

Reverse Primer (37— 1) Methods

A agouti-M&N

Ally rAlb_int9del-F&R

Chlb Cblb-RFLP-F&R

Cckarl rCekar_ DEL-F&R
rCekar: WT-F&R

Cd36 1Cd36_Del-F&R

Cdknla Cdknla_d'-F&R

Cox30 rCx50-4F&R

Fegrd rFegroexond-F&R

Fdftl rFdftl SNP-F&R

Gprio rGiplO_SNP-1&2

LanS/Gimapy l]dl‘ﬂ X 3del-F&R

Lss

Lss s 3

P/Oca2 P- i 57892
P-91&92

Rab38 Rab38EXI-F&R

Length polymorphism
Length polymorphism
RFLP (Tagl)
Presence or abseiice
Presence or abseiice
Presenice or absence
Length polymorphism
RFLP. {Acil)

Length polymorphism
Sequencing

RELP (NlallD)
Sequencing

Length polymorphism; RFLP(Aval)
RFLP (Bccl)
Presence or absence
Presence or absence
RFLP (Fokh)

ot

GAGAG

functional polymorphisms can be divided: into. two categories:
those that existed before the establishment of many rat strains
and those that occurred after many strains were produced: The
later polymorphism might help us to speculate on the genotype
of the strains that are in the same branch of the phylogenic tree.

The prevalence of the disease-related polymorphisms anong
different inbred strains raises concern about using rat strains as
models for diseases such as prostate cancer. cxpcrimental
glomerulonephritis, and obesity. Cyclin-dependent kinase in-
hibitor ‘1a (Cdknla), also called p2l, is a tumor suppressor
gene and considered a good candidate for onc of the prostate
cancer susceptibility genes. The 119-bp msertion was associ-
ated with high Cdknla expression in the rat prostate; which
might imply resistance to prostate cancer in the BUF/NacJcl rat
(24, 25). The insertion was shared in 49 strains including the
prostate cancer-resistant BUF/Naclcl; but not in 92 strains
including the prostate cancer-susceptible ACUNJIcl. Interest-
ingly. BUF/Mna. a substrain of the BUF rat, did not share the
inscrtion. These findings suggested that both insertion-positive
and -negative strains should be employed in carcinogenicity
tests of a chemical for the prostate.

Fegr3-related sequence (Fegi3-rs) has been identified as a
determinant of macrophage overactivity and glomerulonephri-
tis in . WKY. Rats carrying the Fcgr3-is gene in addition to
Fegr3 showed resistance to m'tcrophacre -dependent mesangial
¢ell damage and glomerular necrosis in experimentally indueed
nephrotoxic nephritis (1). Fegr3-rs was shared in 79 strains

including the glomerulonephritis-resistant LEW strains. but not
in 56 strains including  the . glomerulonephritis-susceptible
WKY strains. In humans, the copy numbers of FCGRIB, a
paralog of Fegr3, varied from zero to six and were associated
with susceptibility to systemic autoimmunity (5). In this study.
we could assess the presence or absence of Fcgr3-rs, but not
the actual copy number in the rat genome. It would be worth
surveying the copy numbers of Fcgr3-rs in rat strains and
evaluating the association of copy number with macrophdue
overactivity and glomerulonephritis.

Gprl0 encodes the receptor for prolactin-releasing peptide
(PrRP) and has been identified as a determinant of hyperphagia
leading to obesity and dyslipidemia in.the OLETE rat (22). The
translation  initiation . codon  mutation (ATG-to-ATA) was
shared inseveral strains: 45 strains had ATA/ATA. and 95 had
ATG/ATG. Among the 136 strains genotyped in this study, 85
were phenotyped for body weight in males at 10 wk of age in
the Rat Phenome Project (13). The average body weights of the
Grjpl0-mutant strains (1. = 31) were significantly higher than
those of the wild-type straing (n = 54). 282.2 * 50.1 vs.
247.6 = 45,0 g (means = SD, P < 0.001). Furthermore, it has
been described that body weights of outbred rats carrying the
Gprl0 mutation were significantly greater than those of wild-

type rats (22). These findings suggested a significant role for

the Grpl0 gene in the control of body weight in the rat.
Genotyping of the functional polymorphisim could also nom-
inate a potential candidate gene for the existing mutant strain.

Table 3. Disease-related functional polvmorphisms shared among rar stains
Functional Polymorphism Genotype Pheniotype N of Strains (%) Representative: Strain
119-bp fusertion in the promoter region of Cdkinla Negative Low expression of Cdknla 86.(63) ACI/NJel
. Positive High expression ol Cdknla 49 (36) BUF/Naclel
Gene daplication ol Fegrd (Fegri=rs) Negative High macrophage activity 53(39) WKY:
Positive Low macrophage activity 719(58} LEW
Missense mutation: at codon: 196 of Fdfi I {1196K} ATA ey : 107:¢79) ACI
: AAA(Lys) Low FDFTT activity 2921 SCR
Point mutation’ at vansiation initiation. codon of Gprio ATG (Met) 89.(65) BN
ATA (Tle) Hyperphagia 45(33) OLETF
Missense inutation’ at codon 139 of Lss (D139N) GAT (Asp) 72{33) ACH
AAT (Asn) Low LSS activity 62 (46} SCR
Missense mutation at codon 481 of Lss (Q481R) CAA(GIm) 62 (46} ACI
CGA (Arg) Low LSS activity 72(53) : SCR
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Table 4. Genotypes of funictional polymorphisms in 137 rat strains

Strain Name NBRP No. Source of Genomic DNA A Cdknla’ Fegr3-rs: . Fdfil GiplQ Lss DI39N. Lss Q481R P Rab38
ACI/NHok 0033 NBRP-Rat + A L A B A A + +
ACI/NJcl NA CLEA Japan + A L A B A A + +
ACI/NKyo 0001 NBRP-Rat + A L A B A A + +
ACUNKyo-Lysi®s-8¥0 - 70002 NBRP-Rat + A L A B A A + +
ACI/NMna 0203 NBRP-Rat + A L A B A A + +
ACI/NSIe 0158 NBRP-Rat + A L A B A A + +
ACIS 0034 NBRP-Ra{ + A L A B A A + +
Al 0145 NBRP-Rat a A L A B A A + +
ALB 0035 NBRP-Rat a B L A B S S + r
AMI . NA NBRP-Rat a A W S B S S + +
BB/WorTky 0030 NBRP-Rat a A L A B A A + +
BN/I 0037 NBRP-Rat a A L A B A A + +
BN/2 0038~ NBRP-Rat a A L A B A A + +
BN/fKtsSic 0165 Japan SLC a A L A B A A + +
BN/fMailHok ‘0036 'NBRP-Rat a A L A B A’ A + +
BN/Katholiek/Kts 0164 NBRP-Rat a A L A B A A + +
BN/Seac NA KYUDO a A L A B A A + +
BN/SsNHsd NA Harlan Sprague Dawiey a A L A B CA A + +
BN/SsNSIc 0149 NBRP-Rat a A L A B A A + +
BUF/Mna 0200. - NBRP-Rat a A L A B S S + +
BUF/NacJcl NA CLEA Japan a B L A (o) S S + +
DA/Slc 0157 - NBRP-Rat + A L A B A A + +
DahlS/Seac NA KYUDOQ a B L A het A A + +
DMY/Kyo :.0003 . NBRP:Rat. a B W S o} A A + +
DON/Kyo 0004 - NBRP:-Rat a A W A O S S + +
DOP 0093 © 'NBERP-Rat a het L A B A A + +
DRH/Seac 0078 - NBRP-Rat a B L A O A A + +
EXHC/Seac 0082 . NBRP-Rat a B W A B A A + +
F344/DuCriCrj NA CLEA Japan a B E A B HA A + +
F344/NSlc 0156 - NBRP-Rat a B L A B A A + +
F344/N-Whpnr/Kyo 0083 NBRP-Rat a B L A B A A + +
F344/Snk ' NA ' Sankyo a B L A B A A + +
F344/Stm 0140 NBRP:-Rat a B L A B A A + +
FH/HamSle 0161 = NBRP-Rat a B L A [e) A A + T
GAERS 0285 NBRP-Rat a A L A B A A + +
GK/Sle 0147 NBRP-Rat a A W S (o) A S + +
GRY/Kyo 0368 NBRP-Rat a A L A 0 S S + +
Gunn/Sle-jlf 0148 = NBRP-Rat a B L A0 S S + +
HAA 0242 NBRP-Rat a A L A B A A + +
HOB 0085 NBRP-Rat a B L A B A A + +
HTX/Kyo 0006 NBRP-Rat a A L A B S S + +
HWY/Sic 0152 NBRP-Rat + A L A o A A + +
ICR 0290 NBRP-Rat a B L S B S N + +
IER 0291 . NBRP-Rat a B L S B S S + +
IEW 0292 - NBRP-Rat a B L A B S S + +
IS/Kyo 0008 - NBRP-Rat + A L A o S S + E
IS/Kyo-Tik 0009 NBRP-Rat + A L A (6] S S + +
KB/Oda 0306 NBRP-Rat + A L A 0 S 5 + +
KDP 0026 . NBRP-Rat a A L A B S S + +
KHR/Kyo 0007 . NBRP-Rat a A W A B A A p +
KMI 0029 NBRP-Rat a B W A B A A p +
KND 0027 NBRP-Rat a A L A B S S + +
KYN 0040 NBRP-Rat a B W A B S S + +
KzZC 0028 - -NBRP-Rat a A L A o S S + +
RZ-Lepi 0032 NBRP-Rat + A L A [s" A A + +
LAA 0243 NBRP-Rat a ‘B nd A [0} S S + +
LE/Stm 0139 'NBRP:-Rat a B W A B: A A + ¥
LEA/Hkm 0244 NBRP-Rat + A W A [of A A + ¥
LEA/Hok 0041 NBRP-Rat: +oA W A 0 A A + +
LEA/T] 0050, - NBRP-Rat. + A nd A &) A A + +
LEC/Cyj NA Charles River Laboratories Japan + A W A B A A + r
LEC/Hok 0042 NBRP-Rat + A w A B A A + ¥
LEJ/HEKm 0245 NBRP-Rat a B L A [0) A A + +
LEJ/Hok 0043 . NBRP-Rat a B L A 0 A A + +
LETO NA Otsuka Pharmaceutical a A L A B S S + +
LEW/Jms 0103 NBRP-Rat a A L A O A A + +
LEW/Seac NA KYUDO a B L A [0} A A + +
LEW/SsNSic 0150 77 NBRP-Rat a B L A [e] A A + +
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Strain, Name NBRP No. Source of Genomic DNA A Cdknla:” Fegiders: " Fdftl . Grpl0: Lsy DII9N Lss Q481 P Rabis

MD 0143 NBRP-Rat het A het A het het het + +
MES 0160 - NBRP-Rat a A L A B A A + +
M-SHRSP/Ta NA Kyoto University a A W S B S S + +
NAR/Sle 0153 NBRP-Rat a B L A @) S S + +
NE 0286~ NBRP-Rat a B L A B A A + +
NER/Kyo Q010 NBRP-Rat + B L A [0) A A H
NIG-1IT 0044 NBRP-Rat + A L A B A A + +
ODS/Shilcl NA CLEA Japan a B L N B A S + +
ODS/Shilcl-odiod NA CLEA Japan a B L S B A S + *+
QLETE NA Otsuka: Phanaceutical a A L A o} S S + +
OM/NSIe 0162 NBRP-Rat a A L A B A A + +
Opacitas Rat 0101 - NBRP-Rat a A L A0 A A + +
PV(/Seac 0080 NBRP-Rat a B W A B A A + +
RCS/Kyo 0011 NBRP-Rat a A L A B A A p +
RC:Tg 0166 NBRP-Rat a B L A B A A + +
RICO/Ngs 0220 NBRP-Rat a A W A B S S + +
SCR NA Kiwa Laboratory Animals a A W S B S S + +
SDJ 0045 - NBRP-Rat a A W A B S S + +
SDT/icl NA CLEA Japan a A L A [0} A A + +
SER/Kyo 0012 . 'NBRP-Rat +.00B w S o} S S + +
SHR/Hem 0257 NBRP-Rat a A W S B S S + +
SHR/fzm 0193 - NBRP-Rat a A W A B S S + +
SHR/Kyo 0013 NBRP-Rat bt A W A B S S + +
SHR/Kyushu NA Kyoto University a Al W A B S S + +
SHR/NCtj NA ' Charles River Laboratories Japan a A W A B S S + +
SHR/Nig 0142 NBRP:Rat a A W S B ‘S S + +
SHR/Ta 0236 NBRP:Rat a A W A B S S + +
SHR2/Dunicr 0448 NBRP-Rat a A W S B S S + +
SHR3I/Dmer 0449 “NBRP-Rat a A W A B S S + +
SHR4/Dmcr 0450 . NBRP-Rat a A W A B S S + +
SHRSP/Ezo 0J46  NBRP-Rat a A W S B S S + +
SHRSP/Hos NA  Japan SLE a A W S B S S + +
SHRSP/Izm 0194 - NBRP-Rat a A W S B S S + +
SHRSP/Ngsk 0144 - NBRP-Rat a A W S B S S + +
SHRSP/Ta 0237 NBRP-Rat a A W S B S S + +
SHRSPATsb/Ta 0238 NBRP-Rat : a A W S B S S + t
SHRSP3/Dmer 0452 . NBRP-Rat a A W S B S S + +
SHRSR/Ta 0239 -~ NBRP-Rat a A N A B S S + +
THE 0270 NBRP-Rat =~ - a A W A B S S + +
TLE 0271 NBRP-Rat a A W S Q S S + +
TM/Kyo 0014 NBRP-Rat a A L A B S S + r

TO 0046 NBRP-Rat + B W “A B S S + +
TO/Hkm 0246 NBRP-Rat , + B W A B S S + +
TRM/Kyo 0015 NBRP-Rat H B W S Q S S + +
TRMR/Kyo (016 - NBRP-Rat a B W S 0O S S + +
UPL 0217 - NBRP-Rat a A nd A B A A + nd
VF/Kyo 0022 NBRP-Rat a B W S [0} S S + +
W/Kyo 0017 . NBRP-Rut + A L A B A S + +
WAG/RijKyo 0018 NBRP:Rat a A L A B A A + +
WBN/KobSle 0155 NBRP-Rat a B L A B A A + +
WFE/Kop 0259 NBRP-Rat a A L A O A A + +
WIAR 0284 NBRP-Rat a A |5 A [0} A S + +
WKA/Seac 0079 NBRP-Rat a B W A B S S + *
WKAH/HkmSI¢ 0154 NBRP-Ruat * A L A B A S + +
WKAH/Hok 0047 - NBRP-Rat + A L A B A S + +
WKY/Ez0 0378 NBRP-Rat * B W A B A S + +
WEKY/Hem 0258 NBRP-Rat a B W A (o} S S + b
WKY/Tzm 0195 NBRP-Rat i B W A O S S + +
WEKY/NCrj NA Charles River Laboratories Japan a B W S o} A S + +
WKY/NMna 0203 . NBRP-Rat a B W S o} A S + +
WKY/Ta 0240 NBRP-Rat a B W S O S S + *
WKYO/Kyo 0019+ NBRP-Rat a B W S o} S S + *
WNA/Num 0092 NBRP-Rat a A L A B S S p F
WS/Sle NA Japan SLC a A L A0 B het het * +
WT. 0219 NBRP-Rat a A & A O A A + =+

Continued
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~ Table 4.—Continued

RAT FUNCTIONAL POLYMORPHISMS

Strain Name Source of Genomic DNA

NBRP No. A Cdknla Fegr3-is Fdfil GrplQ Lss DI3ON Lss Q481R P Rab38
WTC/Kyo 0020 " NBRP-Rat a B W S e} S S + +
ZI/Kyo 0024 NBRP-Rat +oUA L A O S S + +
ZIMY/Kyo 0025 NBRP-Rat + B ‘L A [¢] S S + +
Subtotal of strains carrying wild-type allele” +;29 A3 86~ W:53 . A: 107 B; 89 A 72 A 620+ 132 +:129
Subtotal of strains carrying miitant allele.  a: 106 Bi49. . L1;79 $;29:0745 862 S;72 0 pid 6
Subtotal of sirains hetemzygous het: I het; 1" het; 1. het; 0 het; 27 het: 2 het: 2 het; 0 het: 0

NA. hot assigned; nd, not determined owing to the low quality of the genome: het; hetérozygous.

Lss (lanosterol. synthase) ‘and Fdftl (farnesyldiphosphate far-
nesyltransferase) function in the cholesterol biosynthesis path-
way and are: determinants for hereditary cataracts in. the
Syumiya Cataract Rat (SCR) (15). Both functional polymor-
phisms of Lss, D139K and Q481R, reduce LSS activity ‘and
comprise the miajor susceptibility allele for cataracts, CarsiS:
The functional polymorphism of Fdft1; 1196K; reduces FDFT1
activity and is likely to be a strong candidate for the second
major susceptibility allele for cataracts, Cats2%. In this study;
we demonstrated that the Lss mutations and the FdftI mutation
are shared by 23 inbred strains that include not only the SCR
but also the Thara Cataract Rat (ICR) strain. The ICR strain
displays bilateral cataracts by 4 mo of age. and the two
causative loci were identified as Cafil on chromosome § and
Cati? on chromosome 15 (27). Interestingly, Cari? modified the
timing of the onset and was mapped between DI5SRar52 (32.8
Mb in the Celera Rat Map) and DI5Rat20 (52.4 Mb), where
Fdftl was also mapped (37.1 Mb). Thus it is reasonable to
consider Fdftl as a potential candidate for Cuzi. '

We showed that disease-related alleles have penetrated dif-
ferent outbred stocks available commercially (Table 5). Be:
cause these alleles have been proven to function in the patho-
genesis of prostate cancer, nephritis, obesity, or cholesterol
biosynthesis, one should pay attention to the usage of outbred
rats especially in such experiments. Although the p mutation
was found only in four strains, several outbred colonies har-
bored the p mutation at allele frequencies of 0.05-1.00 (Table
5). Besides having a critical role in controlling tyrosinase
processing and melanosome biogenesis, P protein might mod-
ulate arsenic sensitivity and intracellular glutathione metabo-
lism when expressed in the yeast (19). Considering the exten-

sive utility of the rat in toxicological testing and the prevalence

of the p mutation in commercial stocks, it would' be: worth
examining sensitivity to arsenicals and other metalloids in rats
with or without the p mutation. .

The genetic makeup of outbred colonies can be affected by
historical events such as directional selection and bottlenecks;
leading to reduced variation, and genetic drift, mutation; and
genetic contamination, which result in genomic differences in
individual colonies (3). Thus it is important to recognize that
genetic characteristics of outbred colonies tend to change over
time. Our genotyping resulis suggested the occurrences of such
genetic alterations in the ‘main outbred colonies that are cur:
rently in use. For example, Crj:CD(SD); Jcl:SD, and SI¢:SD rat
colonies share a common origin, the SD rat calony of Charles
River Laboratories of the United States (data ‘sheets. from
Charles River Laboratories Japan, CLEA Japan, Japan SLC),
but they showed different allele frequencies for several func-
tional polymorphisms (Table 5). Although the years when the
founders of each colony were imported were different (Crj:SD
in 1975, Sle:SD in 1968, and Jel:SD in 1964), genetic charac-
teristics seemed to have altered during the more than 30 years
since their separation from the original stock. Considering the
possible genetic alteratiois of the outbred stock, excellent
reproducibility of animal experiments with outbred stocks, for
example, for determining sensitivities to substances or for
examining physiological parameters, would not be expected.
Thus experimental plans based on outbred stocks need to be
fully justified to avoid wasting animals and funding.

In this study, we inventoried 16 functional polymorphisms
in 136 rat strains and also examined their distribution in several
outbred stocks. This study has resulted in a useful catalog of
the distribution of disease-related alleles in commonly used rat
strains. The finding that 6 of the 13 disease-associated poly-

Table 5. Allele frequencies of functional polymorphisms in commercially available outbred Stocks

Fdft] Giplo Lss DI3ON . Lss O481R P Rab38

A S B0 4 s A s

A Cdknla Fegid-rs®

Qutbred. Stock No. of Rats’ 1/ + a A B b ab
Crj:WI(GIX/BRL/Han)IGS 31 0.84 016082 0.18 0.13 087
Crj:Wistar 31 .61 039 0.61 039 003 097
Jel:Wistar 32 006 094 072 028 078 022
Slc:Wistar ‘ 32 0.00 ' 1.000.00 1,00 6.00 100
BriHan:WIST 32 0.64 036 0.72 028 0.00 091
Crj:CD(SD) 31 0.00. 1.00 031 069 0.00 1.00
Crj:CD(SD)IGS - 31 0.10 090 0.60 040 0.00 1.00
Jel:SD 32 0.00. 100 048 0.520.00. 1.00
Sle:SD 32 0.00 - 1.00 048 052 0,00 1.00
Iar:Long-Evans 30 0.00 1.00 1.00. 0.00 023 077
Kwl:Long-Evans 30 0.00 - 1.00.-0.00: 1.00-1.00 :0.00

1.00: 000 0.23 077 002 098 002 098 042 0.581.00: 0.00
1,00 -0.00 021 0.79. 079 021 0.79 021 1.00 0.00 7100000
100 0.00 0.94: 006 061 039 061 039 000 100 1.00 0.00
100 0,00 1.000.00 100 000 1.00 000 1 -00:-0.00° . 1.00. . 0.00
1.00.-0.00 045 055 0.00 1.00 600 100 067 0:33::1.00.0.00
1.00 10.00 031069 032 068 032 068 100 0.00::1.00:0.00
£00.0.00 0.63. 0.370:58 1042 058 042 1.00 000 1.00 000
1.00-:0.00./0.02 0.98 044 056 031 069 095 0.05:1.00. 0.00
1.00.0.00-1.00. 0.00 1.00:°0.00 1:00 000 1.00 0.00:::1.00--.0.00
1.000.000 0.00 1.00 037 063 033 067 1 .00:-0.00:1.00 - 0.00
1.00.0.00-0.00. 1.0 1:00° 0.00 1.00 000 .00 0.00 - 1.00:: 0.00

Crj,:Charles River: Laboratories Japan: Jel, CLEA Japan: BriHan, BRL Hannover; Slc. Japan: SLC; Tar. Institute for Animal Reproduction: Kwl; Kiwa
Laboratory Animals. *Allele frequencies of the Fegr3-rs locus could not be determined; because the homozygote for the insertion could ot be distinguished from

the heterozygote by the standard PCRy.
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RAT FUNCTIONAL POLYMORPHISMS 211

morphisms are shared between different strains is important for
experimental design, because this principle is likely to hold
true for many other uncharacterized functional polymorphisms.
To help research interests to select the most suitable strains for
their experiments. the NBRP-Rat will periodically improve and
update the genetic profiles of rat strains.
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SNP and haplotype mapping for genetic analysis in

the rat

The STAR Consortium”

The laboratory rat'is one of the most extensively studied model
organisms. Inbred laboratory rat strains originated from limited
Rattus norvegicus founder populations, and the inherited
genetic variation provides an excellent resource for the
correlation of genotype to phenotype. Here, we report a survey
of genetic variation based on almost 3 million newly identified
SNPs. We obtained accurate and complete genotypes for a
subset of 20,238 SNPs across 167 distinct inbred rat strains,
two rat recombinant inbred panels and an F; intercross. Using
81% of these SNPs, we constructed high-density genetic maps,
creating a large dataset of fully characterized SNPs for disease
gene mapping. Our data characterize the population structure
and illustrate the degree of linkage disequilibrium. We provide
a detailed SNP map and demonstrate its utility for mapping of
quantitative trait loci. This community resource is openly
available and augments the genetic tools for this workhorse of
physiological studies.

The unique power of the laboratory rat resides in the extensive
biological characterization of a wide range of inbred strains representing

S\ models for common human diseases (see URL 1 in URLs section of
=8 Methods below). Although the rat is primarily known as a physiological

model; there has been a steady increase in the use of the rat in genetic
and genomic studies over the last decadel. The genome of the Brown
Norway rat (BN/NHsdMcwi) has been sequenced, but, as a sequence of
a single inbred rat strain, it provided little insight into the genetic
variation that is responsible for the wide range of disease phenotypes,
drug resistance or variability in toxicology responses in the different rat
strains.. At present, genetic variability in the rat genome is usually
assayed using a limited set of microsatellite markers!™% A dense set of
polymorphic markers, for which SNPs provide the most cost-effective
solution, would transform the genetic toolkit available for rat biologists.

The breeding history of rat strains, in common with that of many
other laboratory animals, is known to have a complex genesis®, with a
number of unknown relationships in the formation of the laboratory
strains.. In addition, strains often carry: the same designation but
substrains are not necessarily identical because in a number of cases
breeding stocks were distributed before the line became inbred, with
varying physiological consequences®’. Thus it is important to have
detailed marker information available on any specific substrain, The

presence of a number of recombinant inbred lines (RI)-—in particular
the. HXB-BXH. sets, derived from the BN-Lx/Cub and SHR/Ola
parental strains and the FXLE-LEXE sets, derived from the F344/
Stm and the LE/Stm strains—and the presence of both congenics and
consomics provides a rich set of renewable genetic resources available
for rat biologists to examine the variation of phenotypes between
different genotypes.

To study genome-wide genetic variation, we initiated the genetic
dissection of the ancestral segments making up the most commonly
used rat inbred lines, and we developed a comprehensive open
resource of validated SNP markers for essentially any strain combina-
tion. We provide extensive maps of strain distribution patterns (SDPs)
for the two largest rat recombinant inbred (RI) strains, estimations on
linkage disequilibrium, and haplotype structure in the rat genome and
evaluate the use of correlation between phenotype and ancestral
sequence origin across many inbred strains required to facilitate the
identification ‘of underlying alleles. ‘This study provides a set of
permanent resources for rat genetics (SNPs; SDPs and genetic
maps), immediately facilitates more statistically powerful analysis on
the RI strains and provides insight in the genesis of the different rat
strains available to researchers today.

RESULTS :
Polymorphisms in the rat genome and generation of a SNP map
We generated a SNP. map of the rat genome containing about
3 million distinct SNPs mapped to the draft genome sequence, at
an average density of approximately one SNP per 800 bps. Three
distinct sources of DNA sequencing reads were used for automated
computational SNP discovery (Table 1}: (i} shotgun sequence gener-
ated from the four strains SS/Jr, WKY/Bbb, GK/Ox and SHRSP/Bbb,
all ‘widely used in disease mapping experiments in crosses and
congenic strains; (ii) genome-wide shotgun sequence at x1.5 cover-
age of the outbred Sprague-Dawley rat generated by Celera; and (iii}
BAC end sequences from the F344/Stm rat, which is also widely used
in genetic studies. For the Sprague-Dawley rat, approximately 14% of
the SNPs were heterozygous on the basis of evidence from overlapping
aligned sequencing reads. Beécause of the relatively low coverage, this'is
an underestimate of the heterozygosity in this strain. As expected by
the relatively low sequencing coverage, we observed that homozygous
SNPs were supported  on' average by fewer aligned reads than

“The complete lists of participants and affiliations appear at: the end:of the article, Correspondenice should be addressed to. N.H. (nhuebner@mdec-berlin.de).
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Table 1 Number of sequericing reads and detected SNPs per strain

Source Number of reads Non-redundant SNPs
- STAR éhotgun sequehce 249,525 128,976

(SS/Jr: 56,639)2
(WKY/Bbb: 32,601)
(GK/Ox: 16,838)2
(SHRSP/Bbb: 28,332)2

Celera Sprague-Dawley 7,990,225 2,650,525

génome-wide shotgun sequerice

F344 BAC end sequence 344,064 196,812

Total 2,976,313

© 2008 Nature Publishing Group http:/fwww.nature.com/naturegenetics

" genolyped in 167 laboratory rats. Reticulation in

eNumber of SNPs before rermoval of redundancy.

heterozygous SNPs, which leads to a systematic underestimation of the
true heterozygosity in this strain,

To assess the utility of the SNPs for rat genetics we genotyped a
subset (7 = 20,283) iri 167 inbred strains and two RI panels of 31 and
33 strains and tested a subset (n = 9,691) in 89 F, animals. The allele
frequencies of SNPs across the inbred strains were approximately
evenly distributed between 3% and 50%. We assayed seven 1,536-plex
assays that could be run on the Illumina BeadLab station (10,752
SNPs). In parallel, we developed a 9,691-SNP rat targeted genotyping
panel (called the ‘10K panel’) to be run on an Affymetrix platform (see
Supplementary Methods online). The rationale behind. this separa-
tion was to evaluate the appropriate technology for efficient SNP
genotyping in the rat. These genotyping tools now are commercially
available from Illumina and Affymetrix, respectively. The two panels
together yielded 20,283 validated SNPs. We genotyped 1,057 SNPs
with both platforms in 231 rats as a control, with a concordance of
99.8%. Furthermore, we constructed separate phylogenetic trees using
data from each genotyping platform and found that the clustering was
very stable; even for those nodes that are not supported by a high
bootstrap value (Supplementary Fig. 1 online).

Annotation of putative functional SNPs from inbred strains
We predicted the functional effects of 325,788 SNPs. This analysis was
restricted to SNPs derived from the five inbred strains used in the SNP

d iscovery (SS/]r, GK/Ox, SHRSP/Bbb. WKY/Bbb and F344/Stm). We
excluded the large set of SNPs identified from the outbred Sprague-

Dawley rat. This ensures that all predicted :
functional consequences can be tested experi-
mentally in stable inbred strains, eliminating
the uncertainty that a particular animal may
not: carry the described allele because of
incomplete inbreeding of the colony. We
estimated: the selective pressure on amino

Figure 1 Phylogenetic neighbor-net network
constructed from 20,283 polymorphic positions

the center of the network likely reflects genetic
heterogeneity of the ancestral rat population,
The group of WKY-related strains shows a
complex pattern of relationships, due probably to
incomplete inbreeding of stocks before they were
disseminated to various faboratories and
subsequently inbred to completion. The network
also shows presence of residual inter-isolate
variation within SHR, LEW, BB; WKY, LE, GK
and BN inbred strains.
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acid- replacement ' mutation' for- all' residues with Nonsynonymous
coding SNPs (1 = 1,160) by calculating the omega value, or ratio of
nonsynonymous/synonymous substitution rates®. We. identified: 56
SNPs with omega: values lower: than 0.1 (Supplementary: Table 1
online), which is indicative of a likely effect in protein function; seven
of these lie in rat orthologs of human disease genes: involved: in
hereditary diseasés or cancer. These include the gene ALDH?, involved
in acute alcohol intolerance, the gene. PCCB, involved in propionic
acidemia, the cancer gene AFF4 (AF4/FMR2 family member 4) and
the proto-oncogene tyrosine kinase receptor ret precursor (RET):
Further,: 324 SNPs are predicted to disrupt the normal pattern of
splicing, and 57 SNPs-and 63 SNPs, respectively, create a_potential
donor splice site (GT) or potenitial acceptor splice site (AT). Finally, we
assessed the potential effect of the SNPs on transcriptional and post:
transcriptional regulation. One thousand' nineteen SNPs in promoter
regions map into conserved transcription factor binding sites and 568
SNPs map into DNA triplexes'. One hundred thirty-two SNPs in 3’
UIR regions affect microRNA targets (Supplementary Table 1).

Phylogenetic relationships among rat strains

It is unclear from documented information how ancestral subspecies,
strains and individual rats have contributed to shaping the genomes of
the modern laboratory rat strains!. Considering the many rounds of
inbreeding and interbreeding that most likely took place; a complex
evolutionary history can be expected. Therefore, we chose to visualize
the interstrain relationship and genetic proximity in a phylogenetic
network!? rather than a tree (Fig. 1). The observed strain relationships
agreed very well with the known history of rat strains and supported all
significant clusters of strains previously recognized in analysis of
microsatellite markers®, The reticulation around the center of the
network may reflect extensive genetic heterogeneity of the ancestral
tat population. The network revealed a complex breeding history of
WKY-related rat strains, corroborating the notion that breeding stocks
of several strains (WKY, SHR, SHRSP) were distributed before the line
became inbred®’. The Brown Norway (BN) rats were placed as the
most diverged strain, which might be explained by the SNP ascertain-
ment bias, because the BN genome sequence was used as a reference
sequence for SNP discovery. However, the separation of BN is also
supported by microsatellite data™!? and a study that used different SNP
panels'®. The inclusion of wild and outbred rats into the phylogenetic
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analysis resulted in their branching from the reticulate center and not
outgrouping of BN or non-BN rats. Within non-BN strains, we defined
ten- clusters of ‘strains. that evidently shared breeding history; these
clusters were highly supported as monophyletic groups on a traditional
phylogenetic tree (Supplementary Fig. 1).

An important issue for: studies that involve inbred rats is their
degree of inbreeding and the variation between substrains: that are
maintained at different laboratories. Previously it has been shown that
BN and DA inbred substrains obtained fromi different locations harbor
genetic differences!®, Our dataset included multiple substrain samples
and confirmed the presence of variation between substrains. This
effect was most pronounced in LE (29% of genotyped variable sites
were: different in the' pairwise. substrain comparison), WKY (up: to
19%); LEW. (13%), SHR (11%); BB (10%), PKD (5%) and, to a lesser
degree, in GK (1%) and BN (0.6%) inbred strains. These observations
indicate that, at least for 'some inbred: strains, the use of different
substrains may have a significant effect on the outcome and reprodu-
cibility of experimental results.

Estimations on linkage disequilibrium and haplotype structure in
the rat genome ,
g Although the ‘genotyped panel of markers is: not dense enough to
support conclusive evaluation of linkage disequilibrium (LD) structure
and a complete haplotype map, it can be used for obtaining the
estimates on haplotype length and its comparison with that of other
organisms. Using 15,901 SNPs with minor allele frequency of >5%
among all genotyped samples, we defined the haplotype blocks as
adjacent SNPs lacking historical recombination!®. Using Haploview!?,
a total of 837 blocks were detected, encompassing 19% of SNPs and
covering about 12% of the rat genome, with an average block size of
411 kb. These included 323 blocks of only two SNPs, but these blocks
~were relatively small and in total covered less than 2 Mb. In contrast,
=z the average size of the 514 blocks: that contained three or more SNPs
& was 665 kb, The observed block structure completely disappeared
& upon permutation of SNP positions and was relatively stable when the
©  number of substrains or density of markers were randomly reduced by
10% (Supplementary Fig. 2 online). If we extrapolate from the current
l-,T.i data, we estimate that it will require another 50,000 to 75,000 SNPs to

Jlwww.nature.com/naturegenetics

ature Publishing Group htt,

efine the remaining haplotype structure comprehensively.
=" We compared rat haplotype structure with unpublished mouse
haplotype data from the Broad Institute (see URL 2 below). We
balanced the mouse and rat sets to contain the same number of strains
(n = 38), SNP density (6.4 kb1) and inter-SNP distance distribution.
Under the same criteria for haplotype block partitioning, the extent of
LD was larger in laboratory mice, where haplotype blocks covered a
larger fraction of the genome (35% compared to 12% in the rat),
contained a higher proportion of informative markers (56% versus
21%) and had a greater average size (648 kb versus 388 kb). The direct
comparison of LD decay profiles in rat and mouse (Supplementary
Fig. 3 online) further substantiated this notion. On the other hand,
linkage disequilibrium in the rat was larger than that in cow, for which
haplotype blocks cover only 2.2% of autosomes!’. Although LD in rats
was:less pronounced than that in mice, it still extended over hundreds
of kilobases, unlike LD in humans or across dog breeds, for which the
correlation coefficient 72 drops below 0.1 at 100 kb'® 2%, These results
suggest that the breeding histories of laboratory rats and mice are
qualitatively different. However, there are also considerable differences
inextent of LD and complexity of phylogenetic relationships when rat
and mouse laboratory populations are compared. In the mouse, large
LD blocks can be recognized that reflect ancestral contributions from

different subspecies!’-1%, whereas there is no such evidence in the rat. At

the same time, the phylogenetic relationships among groups of rats are
hard to deduce (Supplementary Fig: 1), reflecting more divergent
genetic background ‘of a rat founder population. Comparison of LD
between rat and  mouse showed that the size of haplotype blocks in
syntenic regions showed small, but significant; correlation (% = 0.18),
consistent with: the: previously observed: correlation between murine
(mouse ‘and rat) recombination rate and fine LD structure?>?%. Olfac-
tory ‘genes were the only gene class overrepresented in rat LD, blocks
(P < 107%). Twenty-one distinct gene clusters harboring about one-
third: (n'= 325) of all olfactory genes were located in LD blocks longer
than 500 kb. The same phenomenon was observed in mice (130 genes;
P-< 107 for blocks exceeding 2 Mb), suggesting an increased selective
pressure on rodent genes involved in sensory perception of smell.
Notably,: we identified 939 interchromosomal SNP . pairs . in- full
linkage disequilibrium. These SNPs were heavily shifted: toward low
minor-allele frequencies, with only 38 and 4 of them having minor-
allele frequencies larger than 0.1 and 0.15, respectively. More detailed
inspection revealed that, besides being rare, the vast majority of these
variants were private to branches of the phylogenetic tree (for example,
many of them were restricted to the SHR + WKY + GK cluster). Thus,
perfectly correlated SNPs on different chromosomes are unlikely to
result from epistatic effects or genome assembly errors, but are miore
likely to represent a shared physical genomic structure (that is, genetic
background). It should be mentioned that imperfect but significant
pairwise correlation (2 > 0.5) was observed among about 0.2% of the
interchromosomal SNP. pairs. The highly correlated subset disappeared
almost completely when SNP alleles were randomized and could thus
reflect epistatic interactions as well as ancestral relationships. '

Prospects for genome-wide association mapping using inbred rat
strains

One hundred of the most diverse inbred rat strains were evaluated by
simulation for their potential for genome-wide association mapping
of quantitative trait loci (QTL). The method originated in the mouse
genetics community??, where it has generated much discussion’®,
From our simulations, we found that the threshold for genome-
wide significance varied depending on the extent and nature of the
genetic component of the phenotypic variance. For example, the
genome-wide threshold for significance when there was no. genetic
component to the phenotypic variance was logP; .., = 4.1, close to the
Bonferroni estimate of 4.3. In contrast, for an infinitesimal model in
which many small-effect QTL, in total accounting for 50% of the total
variance, were distributed uniformly across the genome, there was a
median logP,, = 21.5; that is, much higher. For a single major QTL
explaining 50% of the variance, the genome-wide maximum coin-
cided with the true position in 31% of simulations; and there was a

“local maximum exceeding the genome-wide null threshold of sig-

nificance at the true QTL in 51% of simulations and within 1 Mb of
the true position in 91% of cases. However, there was a median
10gP a2 = 14.3; which lies between the two thresholds above, and, on
average, 72 putative QTL exceeded the null threshold of 4.1. Finally,
for a realistic complex trait scenario of ten 5% QTL, there was a
median logP,.c = 9.96, and the median number of putative QTL
exceeding 4.1 was 1,412. Thus, there were a very large number of false
positive QTL, and consequently each true QTL was close to a putative
QTL. Supplementary Table 2 online gives the numbers of putative
QTL identified at different thresholds and illustrates the problem of
balancing true and false positive rates. For example, a threshold of
8 limits the number of putative QTL to only twice the number of true .
QTL, but the majority of putative QTL locations do not coincide with
the true locations at this threshold. :
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Construction of a rat genetic map using an F, cross and
récombinant inbred lines

We typed a total of 20,283 SNPs in two independent. panels: of
recombinant inbred (RI) strains derived from SHR and BN-Lx rats
(HXB-BXH) (1 = 31) and from F344/Stm and LE/Stm rats (FXLE-
LEXF) (n = 33), and we typed 9,691 SNPs in 89 progeny of an F; cross
between BN/Par and GK/Ox rats (GK: x BN). These populations have
been ‘used- for mapping complex phenotypes for metabolic syn-
drome?®, expression QTL (eQTL)2 and metabonormic traits?”; and
extensive phenotype characterizations as part of the Japanese phe-
nome project (see URL 3 below and ref. 28). In addition, genotype
analysis in F, rats enabled assessment of the reliability of heterozygous
genotype calls.

Genetic map construction was initially carried out in the GK x BN
Py cross with the JoinMap program as previously: described?. This
approach has the advantage that prior knowledge of markers’ physical
order is not required for calculating genetic distances, More than 8,400
microsatellite and SNP markers have now been mapped in this cross
anid SNP typing has significantly improved the resolution of the genetic
maps (Supplementary Table 3 online). Following genotype verifica-
tions, we confirmed the existence ‘of strong distortion of segregation
previously reported in chromosomes 3, 4, 9 and 13 (ref. 2). Alignment
of genetic and physical maps showed the general agreement of marker
order and distance (Supplementary Fig. 4 online). However, we
identified. regions (from 1 SNP to 8 Mb) where SNP-based genetic
maps were inconsistent with the current rat genome assembly draft.

We then repeated genetic mapping in this cross and both panels of
RI strains using the R and R/QTL software packages?%0 integrating
SNP ‘genotype and physical map data, resulting in 16,543 SNPs
mapped. Data were initially filtered to remove markers containing
genotyping errors (for example, absence of segregation in the cohort
despite apparent allele vatiation in the parental strains) and blocks of
adjacent SNPs with identical segregation patterns were collapsed into
SDPs. Maikers that generated suspiciously large map distances were
remoyed, using criteria derived from the approximately linear rela-
tionship of genetic and physical distances. Details of the typed markers
and mapped positions are given in Supplementary Table 4 online and

map and the draft genome assembly (Fig. 2). In particular, genetic
mapping in all three panels identified a p11-centromeric segment of
chromosomie 1 that has been wrongly assembled in the pl4-telomeric
region of chromosome 17. Genetic mapping data suggested further

URL 4 below and the resulting maps in Supplementary Figure 5
fonline. We found strong evidence of discreparicies between the genetic

intra- and interchromosomal relocations in regions of chromosomes
2, 4, 11, 12, 14, 17. Known conflicts between rat genome assemblies,
provided by BCM and Celera (see. URL 5 below), indicated the
relocation in the p14 region of chromosome 17, supporting the Celera
assembly, and one conflict on chromosome 9 was resolved favoring
the BCM assembly (data not shown). The other conflicting mapping
results require further independent verifications.

When we set out to construct a genetic map for the X chromosome
based on the physical order of markers, we detected several unlinked
markers, which rendered the mapping impossible. In-depth investiga-
tion of these linkage breaks revealed that they occurred on contig
boundaries ‘(Supplementary Table 5 online). We rearranged the
fragments of the chromosome resulting from splitting the contigs
that were not linked (lod score < 2) in the order that generated the
smallest average recombination fraction in the three populations
(Supplementary Fig. 6a online). Using the resulting matker positions,
we constructed three genetic maps (Supplementary Fig. 6b), sum-
marized in Supplementary Table 4.

Figure 2 Identified discrepancies between rat genome assembly and genetic
maps. Rearrangement of the physical map according to genetic mapping
information. Data from each cohort is color coded (red, FXLE-LEXF; green,
HXB-BXH; blue, GK x BN). Outer circle, positions of informative SNPs for
each cohort. Bars in the inner circle, conflicts in the genetic map. Arrows,
relocation, according to minimal recombination fraction, of SNP markers
that had extreme genetic distances compared to their physical distance from
adjacent markers. For black lines. all crosses support the rearrangement;
lime green, HXB-BXH and F5 cross support the rearrangement; orange,
unresolved genomic conflicts.

SDPs for mapping quantitative traits in rat recombinant inbred
strains

We carried out quantitative trait mapping for a subset of 74 traits that
were measured in the FXLE-LEXF panel of 33 RI strains’! and their
parental progenitors F344/Stm and LE/Stm as patt of the Japanese Rat
Phenome Project?®, Of the 20,283 SNPs tested, 28.5% (5,778) were
polymorphic between the parental strains, with 1,033 distinct SDPs
across the 33 RI strains. In total, we identified 250 significant QTL

(false discovery rate < 0.05) for 74 phenotypic parameters (see

Supplementary Table 6 online and URL 2 below). Although we
detected loci previously reported for 4 number of fraits (for example,
cholesterol levels; Supplementary Fig. 7 online); most of the signifi-

 cant linkages were new; as most of the phenotypes assessed here have

not been mapped in the rat previously (Supplementary Table 6). The
number of SDP identified by the current SNP map increased more
than. threefold over the existing microsatellite-based map!® and
determined 3,766 recombination events for the 33 RI strains, This
resulted in a marked improvement of genome wide coverage and
greater QTL mapping resolution. Our results demonstrate that this RI
resource, historically generated to study genes involved in tumorigen-
esis, 1s applicable to the detection of physiological and behavioral traits
and risk factors for complex diseases.

Accessibility of the data

The complete set of newly reported SNPs and the entire set of
genotypes across all rat strains are publicly accessible, through
Ensembl (see URL 7 below) and other web sites (Supplementary
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Note online). The BioMart tool provides a particularly flexible inter-
face to this data, whereby both genomic position queries and gene list
queries can be used: to select a set of SNPs that are polymorphic
between two strain combinations. The new SNPs are fully integrated
with SNPs from other sources on Ensembl overview displays such as
ContigView: A tool to: seléct subsets of SNPs is available (see URL 8
below), as is.visualization of polymorphisms along chromosomes (see
URL 9).-To facilitate access to the data in the context of further

information; the data represented here has been integrated in other

databases, namely the Rat Genome Database (RGD; see URL 1) and
GeneNetworks (see- URL 10). Finally, data presented for functional
assessment of the SNP. consequience type is comprehensively available
(see URL 11).

DISCUSSION

We present a comprehensive study of genetic variation in the labora-
tory rat in order to ‘accelerate its.use as a model of human complex
diseases. To this end, we have identified approximately 3 million SNPs
and predicted the functional effects of 325,788 of them. This brings a
far richer genetic toolkit to this common toxicology and physiology
model mammal, and the presence of pre-typed renewable genetic
resources, such as RI lines, provides a resource in which any pheno-
typic assay available on rat can be augmented by a genotype scan,
provided the assay can be performed on the RI panel. The functional
analysis of SNPs is in its infancy, but already provides a useful priority
list of potential functional variants for further testing, in particular
when combined with other data, such as eQTL.

We genotyped 20,283 selected SNPs that were distributed evenly
across the genome in 167 inbred strains and 64 recombinant inbred
lines; resulting in a community resource of validated polymorphic
markers for any strain combination. These strains represent founders
of crosses with more than 90% of the rat QTL reported in the
literature, and thus this resource will serve as a valuable tool for
functional genomics and facilitate positional cloning of QTL and the
identification of causal variants.

Our analysis of the evolutionary history of the rat based on these
data showed that there were ten clusters of straings sharing breeding

© 2008 Nature Publishing Group http://lwww.nature.com/naturegenetics

‘;1—.' history and that the Brown Norway strain separated phylogenetically.

from all other strains. Our first-generation haplotype map of the
laboratory rat showed the genomic history of genomic segments and
miay allow for the imputation of genotypes in other strains with
sparser genotype and sequence data. Notably, our study showed
different extents of LD in populations of laboratory mice and rats.
Moreover, the phylogenetic relationships inferred from the genotype
data suggested a more complex origin and relationships between rat
strains than between mouse strains. Theoretically, applying correlation
between phenotype and ancestral sequence origin across many inbred
strains could enable the identification of genomic regions that are
likely to contain the responsible genes. However, our simulations
showed that genome-wide association mapping using 100 inbred rat
strains is only practicable for single large-effect QTL, and even in these
contexts it is not guaranteed to. identify the QTL location. Never-
theless, the method does show promise for single large-effect eQTL.
Moreover, knowledge of phylogenetic relationships between strains
may help in the selection of informative strains for further phenotypic
characterization. .

The genetic maps that were generated from RI panels and an F,
cross showed that the draft genome sequence is largely correct, but did
also reveal several regions that need further investigation. In addition,
we provided a high-resolution map. of the contribution of ancestral
genomic segments for every individual strain in two rat recombinant

inbred panels: The utility of such information was illustrated by
mapping QTL for 74 phenotypic parameters in one of these RI panels

(FXLE-LEXE).

The: availability of robustly assayed SNPs and renewable genetic
resources provided here constitutes the next step for the genetic toolkit
for the rat. The rat is extensively used in many biological assays, and
lowering the cost and other barriers for the application of genetic tools
to.this organism provides many synergies between the vast range of
existing ‘working assays on this organism and a powerful genetic
toolkit. We ‘expect ‘that this resource will lead in the future to the
resequencing of key strains, the discovery of more genetic associations,
and their. final resolution to a molecular: variant, leading to a new
avenue to research human disease.

METHODS
Animals. We used 167 inbred rat strains that covered the diversity of the most

* commonly used strains in research. Tissue was provided by researchers from

the rat community and DNA extraction was performed at the MDC. The list of
strains with designation and ILAR code can be found at the web page of the
STAR consortium (see URL 4: below). Also, most of the strains are listed in
RGD {see URL 1). For most of these strains, QTL data are available, In our
analysis we captured strains that encompass about 90% of the rat QTL reported
in:the RGD (see URL 1). The sets of recombinant inbred strains and the F;
cross:are described in the Supplementary Methods, :

Genomic shotgun fragment sequencing. Shotgun libraries of a single male rat
for each of strains $S/Jr, WKY/Bbb; GK/Ox and SHRSP/Bbb were constructed
by sonication of 15 g of genomic DNA. Fragments between 800-2,000 bp in
length were subcloned into pUCI8 and clones were sequenced from both ends
using BigDye terminator chemistry (v3:1) and ABI3730 sequencers (Applied
Biosystems). Further information on base calling methods is available in the
Supplementary Methods. :

BAC library construction and end sequencing, The RNBI rat BAC library was
produced by cloning partially Sacl-digested genomic DNA isolated  from
peripheral lymphocytes of a male rat of strain F344/5tm into the pKS145
vector’2, The BAC library, consisting of 172,800 clones, was used for BAC-end
sequencing. BAC DNA extractions were performed using the PI-1100 plasmid
isolator (Kurabo); and BAC clones were sequenced using BigDye terminator
(v3.1) sequencing kits and ABI 3730 sequencers {Applied Biosystems). Raw
sequence data were base-called by KB Basecaller. All sequences were submitted
to the DNA Databank of Japan. BAC clones are available from the RIKEN
BioResource Center DNA bank {see URL 12 below).

SNP calling. SNP discovery used the SSAHAsnp algorithm®. Briefly, this
procedure aligned the sequencing reads above to version 3.4 of the rat genome
assembly. We apply several flters on alignment quality and neighborhood
quality standard, which is defined by the PHRED score of the variant base and
surrounding bases.

SNP. selection and genotyping. For Illumina GoldenGate, genotyping was
carried out using the GoldenGate protocol in a fully automated BeadLab™*,
Samples were processed in 96-well plates. For Affymetrix Targeted Genotyping,
genotyping was carried out using the GeneChip Scanner 3000 Targeted
Genotyping System protocol from Affymetrix, originally described as MIP
technology?>30,

Data was subjected to stringent quality control procedures: eliminating
samples and SNPs that did not reach sufficiently high call rates. All SNPs with
more than 10% heterozygous genotypes in' the inbred strains were removed
from the analysis in the final dataset. Also, SNPs with a call rate below 90%
were dropped. Our conclusive dataset of 20,283 SNPs comprised 99.2% of all
SNPs genotyped, with an overall success rate of 98.7%, covering the genome
with an average distance of 130 kb. More information about the genotyping
design is given in the Supplementary Methods.

Computing functional predictions. We estimated selective pressure by calcu-
lating the omega value as previously described®. Transcription factor binding
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sites (TFBSs) in the upstream region of the genes were identified by scanning
the promoter region with the MatScan and JASPARS?” collection of matrices,
Next, we identified the TFBSs conserved: betwveer species (human and rat)
using meta-alignments®®. Finally, we identified the SNPs that mapped into the
conserved TFBSs (1,019, These SNPs are considered to have a putative effect in
the expression of the gene:

Phylogenetic  structure predictions. We used - the genotype information,
encompassing 20,283 genome positions from 167 inbred strains, to determine
the phylogenetic relationships among the strains; For building a split network;
we used the NeighborNet method with uncorrected p-distances implemented
in Splitstreed.8 software!2, We also produced more traditional tree-like struc-
ture calculated by MEGA4 package®® using the neighbor-joining method with
uncorrected p-distances and bootstrap test with 1,000 replicates.

Linkage disequilibrium and haplotype structure; We used Haploview 3.32
software!® to estimate haplotype block structure in rat and mouse laboratory
strains. Custom Perl scripts ‘were -written to allow selection. of SNPs and
identification of the most genetically divergent rat strains; to facilitate: SNPs/
strains randomization or random removal and to calculate LD decay profiles.
These scripts are available from authors upon request. Functional analysis of
overrepresentation of gene ontology terms for genes located in high LD regions
was done with gProfiler web-server’0, Further information on haplotype
analysis is given in the Supplementary Methods.

Genetic map constructions and QTL analysis. Genetic mapping in the GK x
BN F; cross was carried out with JoinMap as previously described?, We then
used an automatic construction procedure for the genetic map of the HXB-
BXH and FXLE-LEXF RI populations and the GK X BN ¢ioss fom SNP
markers and. the physical map positions of the SNPs. Next e used the
empirical observation. of larger number of recombinations between markers
with increasing physical distarice for an automated reconstriction of the map,
The procedure involved systematically evaluating the removal of markers that
generate suspiciously large distances in the map. The criterion to call an interval
suspicious was defined by a linear model. The model was defined by a user-
specified intercept, which is the minimal genetic distance at which distances are
considered for removal, and a slope that was computed chromosome-wise

an initial genetic map was estimated for all markers using the order defined by
the physical map. Then all map distances greater than the 95% quantile were
removed and the slope was defined as the sum of the temaining genetic
: distances over the sum of physical distances between markers. The algorithm
@perfomed these steps for each chromosome: (i) compute the initial map based
\ on the physical order of markers; (ii) estimate the linear model; (iii) while the
size of the genetic map is reduced, evaluate the size of the genetic map when
removing: candidate markers and select the marker leading to the minimal
map size.
For QTL mapping in LEXF-FXLE RI strains, calculations were performed
with. WinQTL Cart version 2.5 (see URL 13 below). Composite interval

© 2008 Nature Publishing Group http:/fwww.nature.com/naturegenetics

from the data. We set this threshold to 3 ¢cM. In order to determine the slope,

Note: Supplementary information is available on the Natiire Geretics website.
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in rats

To the editor:

Although' ‘the ' laboratory rat
is increasingly being used ‘as a
mammalian model in: biomedi-
cal research, no technology exists
thus: far for the production of in
vivo genetically engineered muta-
tions equivalent to knockout or
knock-in mice because of the
lack of development of functional
embryonic stem cells in this spe-
cies: Rat spermatogonial stem cells
may possibly have greater potential
use for genetic engineering to pro-
duce gene-targeted rats™. The use
of somatic cell nuclear transfer to
develop cloned rats as an alternative
to using embryonic stem cells has
also been reported?; but it seems
to be a very difficult technique to
la.’ perform. At present, N-ethyl-N-

© 2008 Nature Publishing: Group  http://www.nature.com/naturegenetics

nitrosourea (ENU} mutagenesis
=" followed by a screening method to
detect single-nucleotide substitu-
tions within the targeted gene seems
to be the most promising technol-
ogy in rats, as previously reported
by several groups**©. The screening
protocol, however, either a yeast-
based screcning assay’? or a high-
throughput  resequencing-based
screening technique’, is expensive.
In ‘addition, gene-driven ENU
mutagenesis approaches in rats are
nota very efficient use of resources
because most of the rats generated

are usually discarded within a few -

weeks or months afier the targeted
genes have been screened owing toa
lack of reliable sperm conservation
and rederivation technologies.

We have developed a new; effi-
cientapproach that combines two
methods: a high-throughput, low-

An ENU-induced mutant archive for gene targeting

00000000 006000 Mix |eeeecosee
00000000 60060006¢ soese000
00000060 806000 coso00c0e
00060000 600000 0¢
00000000 6000000
00000000 600000¢
000006000 00000000
00000000 60000000
60600000 00000000
00000000 6600000
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60000000 00086820
N=96 N=96 N=24
DNA templates PCR Mu transposition = Aulomated capillary.
: reaction electrophoresis
2h 20°C, 10 min 2h
Cc
209
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Fluorescence signal strength
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Figure 1 Screening assay for ENU-mutagenized rats. (a) Detection of single-nucleotide mismatches by Mu
transposition. Tre Mu transpososome is a complex of Mu-end DNA and MuA transposase {blue circles). The Mu-end
DNA fragments are labeled at the 5’ ends {red asterisks). The mismaiched DNAs (X'and Y) are targeted by the Mu
transpososome: to generate two reaction products: (thick lines)..(b) Schematic of the MuT-POWER high-throughput
DNA screening method for ENU-mutagenized G1 rats. Genomic DNA of G1 rats is extracted and pocled by a factor
of eight for PCR. Targeted genomic regions are amplified by PCR for 2-3 h. PCR.products are then mixed with: Mu
transposase labeled with four different fluorophores (blue, green, yellow, red), and incubated at 20.°C for 5 min.
Thereafter, Mu reaction products are mixed to form one sample, The resulting reaction mixtures are separated by
capillary electrophoresis on an automated sequencer. (c). Transposition reaction products are easily visualized es two
positive peaks by Gene-Mapper software. The mutations are then confirmed: by sequencing each DNA from the eight
G1rats’in the pool.
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cost screening assay that uses the phage Mu
transposition reaction and intracytoplasmic
sperm injection (ICSI) for the recovery of the
rare heterozygous genotypes from our newly
generated frozen sperm repository; the Kyoto
University Rat Mutant Archive (KURMA)
(Supplementary Fig. T online). Phage Ma
transposition shows a strong target site pref-
erence for all single-nuclestide mismatches®.
The process involves in vitro cleavage of the
mismatch target site by the Mu transposo-
some, which is a complex of Mu-end DNA and
MuA: transposase, followed by rejoining of the
3° ends of the Mu-end DNA to the target site
(Fig. 1a). Despite the unknown mechanisn
respansible for Mu transposition; this method
has several advantages when used for detect-
ing single-nucleotide substitutions. Using the
pre-formed transpososome, the reaction starts
with only a few components and requires only
5 min. The length of the DNA target varies
from a dozen bases to 4 few kilohases, and
labeled Mu-end DNA eliminates the need to
label individual target DNA. Finally, this Mu
transposition reaction can be combined with
DNA pooling and therefore facilitates an effi-
cient screening approach for mutagenized ani-
mals, termed MuT-POWER (Mu Transposition
POoling method With sequencER) (Fig. 1b).
In the analysis, the pooling of DNA samples
for thousands of first generation (G1) offspring
of ENU-mutagenized rats allows a reduction in
the number of PCR samples to one-cighth of
the original number. Mu transposition reac-
tions are carried outat 20.°C for 5 min in a 96-
well plate. The use of multicolor labels on the

Mu-end DNA allows a further reduction, by.

a factor of four, in the number of electropho-
resis samples to be analyzed on an automated
capillary sequencer. Mismatch DNA is clearly
detected as two peaks of cleaved targeted DNA
captured by the labeled Mu-end DNA (Fig. 1c).
- MuT-POWER screening of the 1,735 G1
KURMA samples permitted us'to identify ten
mutations thus far, including missense; silent
and intronic mutations (Supplementary Table 1
online).  The MuT-POWER technology,

therefore, is a’ powerful' tool for detecting
ENU-induced mutations, owing to its cost
etfectiveness, time efficiency and ease of appli-
cation compared to other protocols57,

ICST technology? is very useful for producing
an archive of cryopreserved ENU-mutagenized
sperm that allows the screening of any targeted
gene atany time in the future, Our sperm freez-
ing protocol is very simple to perform, even
for alarge number of G1 samples. The mutant
sperm archive is stored in'a ~80 °C freezer of
a liquid nitregen tank. Possible fertility prob-
lems of ENU-mutagenized rats are alleviated
by ICSL A preliminary injection experiment of
such frozen sperm into 234 oocytes from F344
females resulted in the successful recovery of 56
live rats (23.9%) ( Supplementary Table 2 and
Supplementary Video 1 online), demonstrat.

ing the ability of ICSI technology under these

circumstances; thus far, we have been able to
rederive all detected mutants by ICSI. k
We conclude that our systemnatic approach
of gene-driven ENU mutagenesis and the
rapid screening for DNA mismatches, comple-
mented by ICSI of archived frozen rat sperm
for the recovery of living heterozygous rats
(Supplementary Fig. 1) is cost and resource
efficient. The KURMA sperm archive has
been deposited at the National Bio Resource
Projectfor the Ratin Japan (http//www.anim.
med kyoto-w.ac,jp/nbr);, and it is open to any.
interested researcher worldwide. The miutation
frequency in KURMA was 1 mutation per 3.7
Mb (unpublished data); which is lower than
that usually obtained in the motse (1 mutation
per 1-1.5 Mb)19, probably becatise of the lower
dose of injected ENU (two injections of 40 mg
per kilogram body weight; see Supplementary
Methods online). The number of G1 DNA and
sperm samples has already expanded to 5,000,
which increases the possibility of finding muta-
tions in a wide variety of genes. Future expan-
sion of the archives, together with potential
improvement of the screening protocols, will
provide an efficient platform for the generation
of any kind of allelic variation or missense or
null mutation (knockeut). This would allow

~ CORRESPONDENCE

the production of rat models of himan dis-
eases, including cancer, hypertension; diabetes
and various diseases for which the mouse has
proven to be less useful.
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The rat is an important system for modeling human disease.
Four years ago, the rich 150-year history of rat research was
transformed by the sequencing of the rat genome, ushering

in an era of exceptional opportunity for identifying genes

and pathways underlying disease phenotypes. Genome-wide
association studies in human populations have recently
provided a direct approach for finding robust genetic
associations in common diseases, but identifying the precise
genes and their mechanisms of action remains problematic.
In the context of significant progress in rat genomic resources

IMedical Research Council Clinical Sciences Centre and Imperial College
London, Du Cane Road, London W12 0NN, UK. *University of Missouri,
1600 E. Rollins Road; Columbia, Missouri 65211, USA. *The Hubrecht
sve, Listitute, Uppsalalaan 8, 3584 CT Utrecht, The Netlierlands. 'University
@of Glasgow, 126 University Place; Glasgow G12.8TA, UK. *European
>=% Bioinformatics Institute, Hinxton, Cambridge CB10 15D, UK. ‘Wellcome
Truist Centre for Human Genetics, Roosevelt Drive, Oxford OX3 7BN,
UK. “Medical College of Wisconsin, 8701 Waterfown Plank Road,
Milwaukee, Wisconsin 53226, USA. 3University of Wisconsin-Madison,
1400 University Avenue, Madison, Wisconsint 53706, USA. 9Mayo Clinic,

© 2008 Nature Publishing Group http://www.nature.com/naturegenetics

200 First Street, Rochester, Minnesota 55905, USA. "Karolinska Lustitutet,

17177 Srockhalin, Sweden. ''Max-Delbriick Center for Molecular
Medicine, Robert-Rossle-Strasse 10, 13092 Berlin, Germany. ?Kyoto
University, Sakyo-ku, Kyoto 606-8501; Japan. 13 University of lowa, 375
Newton Road, lowa City, [owa 52242, USA, HUniversity of Edinburgh,
Edinburgh, Scotland EH16 4T], UK. "Karolinska Hospital, Karolinska
Institutet, 17176 Stockliolm, Sweden. !*lustitute of Plysiology, Czech
Acadenry of Sciences and Centre for Applied Genoniics, Videriskd 1083, 142
20 Prague 4, Czech Republic. Institute of Biology and Medical Genetics,
Charles University, Albertov 4, 128 00 Prague 2, Czech Republic. 1¥Center
for Molecular Genetics and Genomics, University of Nebraska Medical
Center, Oniaha, Nebraska 68198, USA. P Universitélibre de Bruxelles, Rue
Profs Jeener & Brachet, BE-6041 Gosselies (Charleroi), Belgivan. *Baylor
College of Medicine, 1 Baylor Plaza, Houston, Texas 77030, USA.

e-mail: TLA. (taitman@csc.mre.ac.uk) or H.L . (jacob@nciv.ed). :

Published online 28 April 2008;/ doi:10.1038/ng. 147 s

Progress and prospects in rat genetics:

Timothy ] Aitman!, John K Critser?, Edwin Cuppen?, Anna Dominiczak?, Xose M Fernandez-Suarez?,
Jonathan Flint®, Dominique GauguierS, Aron M Geurts’, Michael Gould®, Peter C Harris?, Rikard Holmdahl',
Norbert Hubnerll, Zsuzsanna Izsvak!!, Howard J Jacob?, Takashi Kuramoto!2, Anne E Kwitek!?, Anna Marrone!,
Tomoji Mashimo!?, Carol Moreno’, John Mullins'?, Linda Mullins!4, Tomas Olsson!?, Michal Pravenec'®!7,
Lela Riley?, Kathrin Saar!l, Tadao Serikawa!?, James D Shull'®, Claude Szpirer!?, Simon N Twigger’, Birger Voigt

12

over the past decade, we outline achievements inrat gene
discovery to date, show how these findings have been
translated to human disease, and document an increasing pace
of discovery of new disease genes, pathways and mechanisms.
Finally, we present a set of principles that justify continuing
and strengthening genetic studies in the rat madel, and further
development of genomic infrastructure for rat research.

The laboratory rat (Rartus norvegicus) has been used as an animal
model for physiology, pharmacology, toxicology, nutrition, behavior,
immunology and neoplasia for over 150 years (reviewed in ref. 1),
Because of 1ts size, ease of manipulation and breéding characteristics,
it remained the preferred choice for most of these fields throughout
the twentieth century, while the mouse became the leading mammal
for experimental genetics. However, since the development of the first
inbred rat strain by King in 1909 (ref. 2), over 500 inbred rat strains
have been developed for a wide range of biochemical and physiologi-
cal)phenotypes and different disease models.

The US National Institutes of Health (N1H), realizing the potential
of rat models in understanding basic biology and human health and
disease, launched the Rat Genome Project in 1995; followed by the Rat
Expressed Sequence Tag (EST) Project in 1997. These two programs,
tunded by 13 institutes and centers at NIH, produced a variety of basic
genomic resources and provided powerful tools to link to and capital-
ize upon the data and resources in ather model systems and humans:
In 1999, the US National Heart, Lung and Blood Institute convened
ameeting to discuss the opportunities needed to take full advantage
of rat models and to define priorities. The mecting recognized the
need to build the rat rescarch community and create a rat genome
database, and also made four major recommendations, listed in order
of priority as shown in Box 1.

Since 1999, the community of investigators using rats as genclic
models has grown and matured through its coordinated activities
and the collective investments leveraged from funding agencies in
the European Union, Germany, Great Britain, Japan and the United
States. All of the recommendations of the 1999 meeting have been
exceeded, with the exception of site=specific gene targeting, which is
the ongoing focus of intensive investigation. The resources and infra-
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structure generated have been instrumental in accelerating the pace
of biological research in the rat, in driving disease gene discovery in
the rat model and in translating these discoveries to related diseases
in humans: .

In this article; we highlight the successes since the 1999 meeting
and note where more infrastructure is needed. We then discuss the
impact of advances in human genetics for continuing genetic studies
in the rat and conclude with a vision for the future of rat research in
the immediate post-genome era:

New genome resources

In-the last decade, there has been an extraordinary increase in rat
genomic resources, including the generation of 2 comprehensive 7.5x
séquence of the Brown Norway (BN) rat genome; an increase from
5,000 genetic markers to millions of SNPs between different rat strains
and from 93,000 ESTs to more than 800,000 ESTs and 5,000 anno-
tated rat gene sequences; development of new methodologies for high-
throughput genotyping and expression profiling; and constriction of
extensive database services in the Rat Genome Database (RGD).

Rat genome sequence. The goal of the genomic sequencing proj-
ect was to develop a high-quality draft of a single strain. The Brown
Norway strain { BN/NHsdMcwi) was selected as the reference strain
because itis a well characterized inbred strain and is the founder strain
for several important genetic panels, including the BXH/HXB recombi-
nant inbred panel®* and the $8.BN and FHIH:BN consomic panels®. The
Brown Norway genome was sequenced with what was, at the time,anew
strategy that combined a variety of sequencing and mapping resources
(bacterial artificial chromosome (BAC) end sequences, whole genome
shotgun (WGS) sequence and BAC fingerprintmap) along with a new
genomie assembly program, Atlas. These combined approaches resulted
in a draft sequence of the rat genome in which individual contigs are
mostly of finished quality®. The draft sequence enabled the first detailed
three-way sequence comparison between mouse, rat and human, pro-
viding new information regarding gene and genome evolution’,

Since the initial publication, the genome sequence has been upgraded

© once by replacing the draft with the available finished sequence from

targeted BACs (~55 Mb). By using newer versions of the Atlas assembly
g:.’ software developed since the original assembly® and combining unique
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sequence data from a WGS-only assembly with the data from the WGS
plus BAC assembly, including additional finished BACs, a new assembly
of the rat genome will be completed in 2008.
Given the new and increasinigly inexpensive sequencing technologies
“ available and the need in the community to sequence other commonly
used inbred strains, further shotgun sequencing of more strains at the
2X to 4x level would provide a substantial increase in the number of
known SNPs and copy number variants (CNVs). A pilot 2X sequenc-
ing of the spontaneously hypertensive rat (SHR) genome, using mas-
sively parallel paired-end sequencing, is at present being carried out
by European investigators in the European Union—funded EURATools
consortium, When combined with other techniques such as optical

PERSPECTIVE

mapping®, and applied to other commonly tised strains, these resources
will significantly enhance and further accelerate progress of genetics
research in the rat; i

Genetic markers, linkage maps and microarray resources. Since the
publication of the first microsatellite maps of the rat'®1, the collection
of genetic markers has progressively increased'?-'%. In this issuc, the
STAR consortium reports an additional survey of genetic variation,
based on three million SNPs identified from a variety of sources and
strains!6, This consortium also selected a subset of 20,000 SNPs that
were used 10 genotype a panel of over 300 inbred stiains and Dybrid ani-
mals, This has led to the creation of a large dataset of well characterized
SNPs for quantitative trait locus (QTL) and disease gene mapping, and
has allowed the construction of new high density genetic maps. As dis-
cussed in the accompanying manuscript!6, the data further charactorize
the population structure, illustrate the degree of linkage disequilibrium
and present an initial haplotype structure of the rat genome. These
community resources are openly accessible and significantly augment
the tools available for genetic studies of physiological and disease phe-
notypes in the rat. While the SNP discovery program is continuing
within the United States and within the European Union EURATools
consortiuny, the studies also demonstrate the clear need to extend fur-
ther the collection of SNPs and markers for saturation genotyping and
generation of a detailed haplotype map of the rat genome;

In g similar vein to advances with genetic maps, a recently updated
cytogenetic map was constructed from G-banded prometaphase
chromosomes. This map contains 535 individual bands, considerably
improving the previous ideogram and enabling its better use for inter-
pretation of biological data!?,

Commercial rat microarray platforms have been built by Affymetrix,
Agilent and Illumina that query expression of up to 31,000 genes at
the whole transcript level, or 850,000 exon clusters on the Affymetrix
exon arrays. Agilent and NimbleGen have built tiling microarrays
for comparative genome hybridization or expression analysis, with
up to:350,000 sequences represented, and conimercial platforms for
rat microRNA analysis have been developed by Ambion, Solexa and
Exiqon. Upgrades (o these technology platforms will be needed if the
benefits of improvements in the genome assemblyand annotation; and
sequences from additional strains, are to be realized fully.

Database development. RGD (httpi//regd.mew.edu) was established
inSeptember 1999 to focus on the rat genome and its resources in con-
junction with the principal genome databases: the US National Center
for Biotechnology Information (NCBI}); University of California; Sarita
Cruz (UCSC); Ensembl; and Mouse Genome Informatics (MGL). RGD
supports the rat research community through comprehensive curation
and nomenclature assignment for the coniplete rat gene catalog (posi-
tion, protein identifiers, ontologies for function and pathways, links
to expression and phenotypes), microsatellite markers, QTLs and rat
strains. RGD also provides tools for data mining, analysis and presen-
tation. As described in the accompanying paper by Twigger eral.15,all
rat QTLs and associated QTLs from mouse and human—including

NATURE GENETICS [ VOLUME 40| NUMBER 5 | MAY-2008

517



