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GENOME METHODS 

High-Throughput Microsatellite Analysis 
Using Fluorescent dUTPs for High-Resolution 

Genetic Mapping of the Mouse Genome 
Michael Rhodes, 1 Andrew Dearlove, 1 Richard Straw, 1 Supem Fernando, 

Andy Evans, ~ Marc Greener, ~ Tregaye Lacey, ~ Maria Kelly, ~ 
Keith Gibson, 1 Steve D.M. Brown, 2'3 and Chris Mundy 1 

1MRC Human Genome Mapping Project Resource Centre, Hinxton, Cambridge CB10 1 SB, UK; 2MRC 
Mouse Genome Centre, Harwell, Oxfordshire OX11 ORD, UK 

The use of fluorescent end-labeled primers has proved successful for rapid, semiautomated genotyping of 
microsatellite loci. However, custom synthesis is expensive and costs can be prohibitive when a wide range of 
markers is to be analyzed for only a few genotypings. This particularly applies to high-resolution genetic 
mapping in the mouse either in the construction of global maps or in the production of local high-resolution 
genetic maps for positional cloning. We demonstrate here the use of fluorescent dUTPs for cost-effective, 
high-throughput microsatellite genotyping in the mouse. This alternative to the use of fluorescent end-labeled 
primers for semiautomated genotyping is potentially applicable to the construction of linkage maps in other 
species. 

The use of fluorescent 5' end-labeled primers for 
rapid, semiautomated genotyping of human micro- 
satellite loci has been successfully proven (Reed et 
al. 1994) and subsequently employed for genome- 
wide scanning for disease loci (Davies et al. 1994). 
However, there are still a number of applications 
and situations in which this technology cannot 
readily be applied. For example, custom synthesis is 
expensive and the cost can be prohibitive when a 
wide range of markers is required for only a few 
genotypings. Nevertheless, the use of fluorescently 
labeled PCR products is at a premium because such 
PCR products can be rapidly and routinely geno- 
typed using automated detection systems and geno- 
typing software that has many advantages over con- 
ventional autoradiographic detection systems (Reed 
et al. 1994). 

Over 6000 microsatellite markers have been de- 
veloped for the mouse genome and mapped to in- 
termediate resolution (Dietrich et al. 1996). How- 
ever, the bulk of microsatellite marker genotyping 
in the mouse to date has employed conventional 
agarose- or acrylamide-based gel detection systems 
(Dietrich et al. 1992; Breen et al. 1994; Rowe et al. 
1994). Limited sets of fluorescent end-labeled prim- 
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ers are available commercially for genome scanning 
in the mouse. Nevertheless, constraints on the use 
of fluorescently labeled PCR products apply particu- 
larly to work on the genetic mapping of the mouse 
genome. Two practical applications can be envis- 
aged for mouse genome mapping where the use of a 
more cost-effective method for automated fluores- 
cent genotyping would pay dividends; both con- 
cern high-resolution genetic mapping. 

The first application is high-resolution genetic 
analysis of a specific chromosome region--for ex- 
ample, a region containing a mouse mutation. For 
positional cloning of a mouse mutation the first 
step is often to set up a large genetic cross segregat- 
ing the mutation of interest (Copeland et al. 1993; 
Brown 1994; Zhang et al. 1994; Dietrich et al. 1995; 
Gibson et al. 1995). The mutation may already be 
localized to a relatively small chromosome region 
bounded by two flanking markers. Analysis of all of 
the progeny from the large genetic cross with the 
flanking markers identifies an informative panel of 
mice recombinant between the flanking markers. 
This recombinant panel can be used for the high- 
resolution genetic mapping of the mutation of in- 
terest by the analysis of all markers, particularly mi- 
crosatellite markers, from within this region. The 
initial localization of a new mutation in the genome 
may be carried out using existing panels of available 
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fluorescent end-labeled primers. However, alterna- 
tive approaches must  be employed for the high- 
resolution genetic mapping of the mutat ion that 
uses all available microsatellite markers from the rel- 
evant region, few of which will be available as fluo- 
rescent end-labeled primers. 

The second major application is the construc- 
tion of genome-wide high-resolution genetic maps 
incorporating the bulk of microsatellite markers. 
Such genome-wide high resolution maps will have 
an impor tan t  role in aiding the construction of 
complete, robust, physical maps of the mouse ge- 
nome (Brown 1994; Dietrich et al. 1996). For ex- 
ample, the European Collaborative Interspecific 
Backcross (EUCIB) program employs a large inter- 
specific backcross between C57BL/6 and Mus spretus 
for high resolution genome-wide genetic mapping 
(Breen et al. 1994). From this backcross 982 progeny 
were produced and they have been analyzed for a 
variety of primary and secondary anchor markers 
across the genome. The anchor marker analysis 
identifies panels of recombinant  mice (as small as 
36) from every chromosome region that can be used 
for efficient high-resolution mapping of microsatel- 
lite markers. The EUCIB backcross provides a ge- 
netic mapping resource at 0.3-cM resolution, which 
corresponds to -0.5 Mb in the mouse genome. This 
high-resolution genetic mapping program clearly 
requires extensive genotyping with thousands of 
microsatellite markers, few of which are available as 
fluorescent end-labeled primers. 

In order to speed the process of high-resolution 
genetic mapping in the mouse genome, we have 
sought to devise methods for high-throughput  au- 
tomated genotyping that  are not  dependent  upon 
the availability of fluorescent end-labeled primers. 
We report  here the  use of f luorescent  dUTPs 
([F]dUTPs) for cost-effective, high-throughput  mic- 
rosatellite genotyping in the mouse. 

RESULTS 

Development of Methodology--Incorporation of 
[F]dUTPs into PCR Products 

Three [F]dUTPs are currently available: Rl10, R6G, 
and TAMRA (see Methods). We sought to explore 
their potential to label fluorescently microsatellite 
PCR products and their utility for mouse microsat- 
ellite genotyping. We have employed standard PCR 
reaction conditions for all microsatellites analyzed 
in order to ensure high-throughput  with a reason- 
able degree of success (see below) and have concen- 

trated on optimizing the incorporation of [F]dUTPs. 
It was found that simple addition of [F]dUTPs pro- 
vided sufficient incorporation into the PCR prod- 
ucts without altering previously optimized reaction 
conditions. The ratio of [F] dUTPs to dTTP was found 
to be critical to achieve the necessary incorporation 
of [F]dUTPs for reliable detection by ABI 377s or ABI 
373As (i.e., a signal-to-noise ratio exceeding 5). 
Generally, in arbitrary fluorescence units, noise was 
around 5 units and signal varied from 80 to 600 
units depending on the marker tested. The appro- 
priate concentrations of [F]dUTPs in the PCR reac- 
tions along with the [F]dUTP to dTTP ratio is given 
in Table 1. 

Development of Methodology--Genotyping 

In the majority of mouse genetic crosses employing 
inbred or relatively homogeneous strains, only two 
parental microsatellite alleles are segregating (see 
also below). [F]dUTP analysis of parental DNAs is 
first carried out in order to determine parental allele 
sizes for the subsequent allele calling of backcross 
progeny (see Methods). IF] dUTP PCR products of pa- 
rental or backcross DNAs are loaded onto either an 
ABI 377 or ABI 373 and analyzed via Genescan 
Analysis software version 2.02 and Genotyper ver- 
sion 1.1.1 (see Methods). Figure 1A provides an ex- 
ample of output traces from a single gel lane em- 
ploying all three [F]dUTPs and a total of eight mic- 
rosatellites loaded and scored for one backcross 
progeny mouse derived from EUCIB C57BL/6 • M. 
spretus interspecific backcross. Figure 1 details the 
parental allele sizes [(LB) C57BL/6; (LS) M. spretus] 
segregating and scored for each marker in the ex- 
ample shown (see also legend to Fig. 1A). Three dif- 
ferent microsatellite markers were analyzed for both 
the Rl10 (blue) and R6G (green) [F]dUTPs whereas 
for the third [F]dUTP (TAMRA, yellow) two micro- 
satellites were loaded. The stutter characteristic of 
microsatellites can be seen clearly (Fig. 1B) and can 

Table 1. PCR Conditions for Use of 
[F]dUTPs 

Final concentration Ratio of dUTP 
[F]dUTP in PCR reaction to dTTP 

R110 0.5 IJm 1:400 
R6G 1 IJM 1:200 
TAMRA 8 IJm 1:25 
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serve as an aid in differentiating 
real from false peaks. A 1-bp stut- 
ter was seen on the majority of 
markers. The vast majority of 
mouse microsatellites show large 
allele size differences, which  
lends itself to the technique of in- 
corporated [F]dUTPs and for this 
reason we did not optimize the 
PCR reactions to remove the 1-bp 
stutter. Nevertheless, Figure 1B 
also demonstrates that sufficient 
resolution can be achieved to 
score some microsatellite size 
variants separated by only 4 bp. 
All microsatellite size variants 
with >4-bp separation could be 
resolved. 

Throughput 

Multipooling of 6-9 samples is 
possible (see Fig. 1) and has al- 
lowed us to achieve a throughput 
of up to 324 genotypings per gel. 
Multiplexing of sixfold or more 
was routinely adopted for the 
mapping of backcross panels. A 
higher degree of mult ipooling 
would be possible if it were not 
for the fact that many of the pub- 
lished primers for mouse micro- 
satellite markers amplify prod- 
ucts in the 130- to 150-bp range 
(Dietrich et al. 1996). 

The Methodology Is Widely 
Applicable Across the Available 
Mouse Microsatellite Resource 

In order to demonstrate that this 
methodology is widely applicable 
across a large number of mouse 
microsatellite markers, we have 
used incorporated [F]dUTPs for 
the high-resolution mapping of a 
number of mouse chromosomes. 
The details and analysis of the 
h igh-resolu t ion  maps will be 
published elsewhere and are cur- 
ren t ly  available t h rough  the 
EUCIB World Wide Web site 
(ht tp: / /www, hgmp.  mrc. ac. uk/ 

A 
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Figure 1 Microsatellite genotyping using [F]dUTPs. Output traces generated 
using microsatellite genotyping employing [F]dUTPs. Samples were electropho- 
resed using an ABI Prism 377. DNA fragment sizing was carried out using Ge- 
nescan (version 2.02) and genotyping using Genotyper (version 1.1.1) (see 
Methods). Relative fluorescence is indicated on the y-axis and Genotyper pro- 
vides allele sizes to 1/100th of a base (x-axis). (A) Output traces generated from 
a single lane employing all three [F]dUTPs [(blue) R110; (green) R6G; (yellow) 
TAMRA] and a total of eight microsatellites (D5Mit305, D5Mit408, D5Mit135, 
D5Mit319, D5Mit185, D5Mit112, D5Mit308, D5Mit137). Highest peaks that fell 
within the expected size range as determined for the parental alleles LB (C57BL/ 
6) and LS (M. spretus) were selected (see Methods) and are shown. Microsatellite 
D5Mit308 does not amplify a M. spretus allele and is scored by presence or 
absence in progeny derived by backcrossing to M. spretus. 

Parental Allele Sizes LB LS 
D5MiT305 73 98 
D5Mit408 120 1 38 
D5Mit135 246 235 
D5Mit319 106 123 
D5Mit185 143 132 
D5Mit112 182 171 
D5Mit308 111 - -  
D5Mit137 150 118 

(B) Output trace indicating the separation of D6Mit9 alleles separated by only 
4 bp. Parental allele sizes are LB, 136, and LS, 140. A 1-bp stutter is readily 
apparent. The highest peaks within the defined size range have been selected. 
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MBx/Homepage.html). To indicate the efficacy of 
the methodology we report the success rate for 
mapping mouse chromosome 2 using the [F]dUTP 
methodology. 

All the existing mouse chromosome 2 microsat- 
ellite markers (Dietrich et al. 1996) were analyzed 
through the EUCIB backcross using [F]dUTPs bar 
two markers (D2Mitl and D2Mit11) that had origi- 
nally been incorporated in the EUCIB anchor map 
using more conventional technology (Breen et al. 
1994). Following determination of parental allele 
sizes (C57BL/6 and M. spretus), all variant microsat- 
ellites were analyzed through the relevant backcross 
panels using the [F]dUTP approach. A total of 330 
microsatellite markers were placed on the mouse 
chromosome 2 map using [F]dUTPs. This represents 
69.1% of the available markers (477 excluding the 
two anchors). Of the markers, 17 (3.6%) could not 
be analyzed as they failed to demonstrate a size vari- 
ant between C57BL/6 and M. spretus. And 130 
(27.3%) of the markers failed to amplify success- 
fully. However, as indicated above, because of the 
high-throughput requirements of the project, we 
did not return to optimize each primer pair and it is 
unlikely that the failure of these primer pairs reflects 
the use of the [F]dUTP methodology. Indeed, many 
of those markers that failed using [F]dUTP method- 
ology also failed using more conventional analyses 
(data not shown), such as 3sS labeling and enhanced 
chemiluminescence (ECL) (Vignal et al. 1993). 
Overall, 71.7% of mappable primers were added to 
the mouse chromosome map at first pass. Clearly, 
[F]dUTPs offered a high success rate for high- 
throughput genotyping in the mouse. 

Cost 

With the use of panels of 36 recombinant mice, we 
calculate total cost per reaction for [F]dUTPs as 
s ($0.78), representing around a fourfold saving 
on the purchase and use of 5' end-labeled primers. 

DISCUSSION 

This work has successfully demonstrated the use of 
[F]dUTPs as a method for cost-effective genotyping 
in the mouse. The method is demonstrably appli- 
cable for h igh- th roughput  genome-wide high- 
resolution genetic mapping as being followed by the 
EUCIB program. It should also be effective in rapid 
genetic analysis of microsatellite markers in the 
high-resolution mapping of specific chromosome 
regions and the fine genetic localization of muta- 

tions prior to physical mapping and positional 
cloning. 

The method is reliable as exemplified by the 
high success rate at first pass in using available 
mouse microsatellite markers from mouse chromo- 
some 2. Given the potential multiplexing, this ap- 
proach offers high throughputmup to 324 geno- 
types per gel run on an ABI. Depending upon PCR 
product sizes, this genotyping throughput could 
readily be increased. However, many  available 
mouse microsatellite primers amplify products of 
similar size in the 130- to 150-bp range (Dietrich et 
al. 1996). In any particular genotyping project, the 
redesign of primers may aid in achieving higher lev- 
els of multiplexing and higher throughput. 

We expect that the use of [F]dUTPs will be a 
valuable aid to the mouse mapper in speeding geno- 
typing. Nevertheless, the described methodology is 
potentially applicable to other species. In a number 
of mammalian species, for example, the rat (Jacob et 
al. 1995), the pig (Archibald et al. 1995), and the 
cow (Barendse et al. 1994), relatively dense micro- 
satellite maps have been generated. Additionally the 
use of microsatellites has been employed to con- 
struct a linkage map of the zebra fish (Postlethwait et 
al. 1994; Knapik et al. 1996). It may indeed prove 
cost-effective and useful for human genotyping. 
This will require that the current limit of resolu- 
t i o n - 4  bp--be improved. As indicated above, it will 
be necessary to further optimize the protocol to re- 
duce the 1-bp stutter characteristic. Overall, the use 
of IF] dUTPs should be useful for high-resolution ge- 
netic mapping in a wide variety of species. More- 
over, it may be used for rapid genome-wide scan- 
ning in species where end-labeled primer resources 
are not yet available. 

METHODS 

EUCIB Backcross Analysis 

Parental and progeny DNAs from the EUCIB backcross were 
used for both testing and production phases of high- 
resolution mapping using [F]dUTPs. The production of back- 
cross DNA and the initial anchor map has been described 
previously (Breen et al. 1994). The primary anchor map iden- 
tified relatively large panels of recombinant mice (-200 on 
average) in each interanchor interval. Subsequently, a variety 
of secondary and sometimes tertiary anchors have been ana- 
lyzed through the recombinant panels established by the pri- 
mary anchors, thus partitioning the recombinant panels into 
smaller sets. Recombinant panels of -36 animals have been 
established for every chromosome region. Microsatellites are 
analyzed through the appropriate recombinant panel DNAs. 
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Standard PCR Conditions 

Standard PCR conditions were employed throughout both for 
normal PCR and for PCR incorporating [F]dUTPs. PCR reac- 
tions conditions are: 10 mM Tris at pH 8.0, 50 mM KC1, 2 mM 
MgC12, 0.1% Tween, 0.2 mM dNTPs, 125 ng of each primer, 1 
unit AmpliTaq, 20 ng target DNA, total volume 20 1J1. Re- 
cently the reaction volume has been halved with no effect on 
PCR and a consequent further reduction in costs. Each reac- 
tion also contains one of three possible [F]dUTPs (Perkin 
Elmer, ABI) at varying concentrations: Rl10, 0.5 1aM; R6G, 1 
1aM; TAMRA, 8 lJM. The PCR reactions were cycled on a Perkin 
Elmer Cetus 9600 thermocycler at (94~ for 60 sec, 60~ for 
60 sec, 72~ for 30 sec) for 32 cycles followed by 72~ for 7 
min. 

Sample Preparation Prior to Gel Loading 

The finished reactions are pooled and purified using 500 l~l of 
7.5% Biorad P10, loaded into Millipore Multiscreen GV plates. 
Up to 801J1 of pooled reactions is spun at 800g and the eluent 
is collected (a typical pooling is a total of eight products in the 
three fluorophores; see above). The samples are then prepared 
for loading: 0.125 [Jl of 6-carboxy-X-rhodamine (ROX) 350 
(internal standard), 1.375 1al of deionized formamide to 50 
mM EDTA (5:1), containing blue dextran and 1 1al of sample. 
Prior to loading the sample is heated at 95~ for 2 rain. 

Gel Running 

The samples are run on an ABI Prism 377 automated gel se- 
quencer. Gels 0.2 mm thick, 4.25% acrylamide (19:1 acryl- 
amide to bis) were employed and run at 3 kV, 45~ with a 
36-cm well to read corresponding to 140 min run time for 350 
base units. 

Genotyping and Semiautomated Allele Calling 

Genotypes of both parental and backcross progeny DNAs are 
analyzed via Genescan Analysis (ABI) software version 2.02 
and Genotyper version 1.1.1 (ABI). Allele analysis is a two- 
stage process. For the first stage a sizing gel containing only 
parental samples is run. This gel provides parental allele sizes 
in order (1) to determine appropriate microsatellite pooling 
schemes and (2) to provide parameters (allele-size range) for 
autoscoring. DNA fragment sizing was performed using Ge- 
nescan (version 2.02). Gel tracking was corrected manually 
and sizing was carried out using the Genescan second order 
least squares method. The sizing curve derived from ROX 350 
standard peaks was checked manually for all lanes. Auto- 
mated allele calling was carried out using Genotyper (version 
1.1.1). Employing the data from the sizing gel the range for 
each allele is defined. Alleles were selected as the highest peak 
within the defined range and the presence or absence of pa- 
rental alleles scored. Data was exported as an ASCII file and 
entered into the EUCIB MBx database (Breen et al. 1994) using 
a batch entry program written in Tcl/TK. Automated allele 
calling was generally only employed for large panels of mice 
when defining anchor loci through large sets of backcross 
progeny. Otherwise, for the bulk of the mapping panels em- 
ploying 36 mice the fragment sizing was carried out as de- 
scribed above but allele calling was carried out manually (us- 
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ing the Genotyper display) followed by manual entry into 
MBx. 
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