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REVIEW 

An Approach to 
High-throughput Genotyping 

Jeff M. Hall, 1 Carrie A. LeDuc, Andy R. Watson, and Alan H. Roter 

Sequana Therapeutics, La Jolla, California 92037 

Since the advent of DNA-based genetic typing, 
much effort in the field of human  genetics has 
gone into identifying greater numbers of markers 
of a highly informative nature. The generation of 
large numbers of such markers, particularly mic- 
rosatellite repeats, consisting of di-, tri-, and tet- 
ranucleotide motifs, has resulted in dense, ge- 
nome-wide marker maps (Cooperative Human 
Linkage Center 1994; Utah Marker Development 
Group 1995), the latest of which contains >5000 
microsatellite markers (Dib et al. 1996). These 
mapping resources have increased greatly our 
ability to perform genetic analysis of h u m a n  
populations and has allowed the field to begin 
the search for genes involved in complex, multi- 
factoral human  diseases such as diabetes, asthma, 
schizophrenia, and other polygenic illnesses. 

The result of these improved mapping tools 
has been the increased need for high-throughput  
methods for generating large numbers of human  
genotypes. For instance, a typical current human  
genetic disease mapping project might  involve 
applying 300 markers to scan the genomes of a 
popula t ion  of 500 individuals. This example 
would require 150,000 genotypes, an effort that 
until recently could have occupied a laboratory 
full-t ime for several years. H igh - th roughpu t  
methods allow an individual worker to produce 
5000 genotypes per week so that a 150,000 geno- 
type genome scan can be completed in 10 weeks 
by a team of three people. This article addresses 
the current status of high throughput  human  
genotyping using examples from the approaches 
our laboratory has taken in constructing a high- 
throughput  facility capable of generating >2 mil- 
lion genotypes per year. This review also consid- 
ers data management  issues that arise when using 
high-throughput  methods, common problem ar- 
eas in high-throughput  genotyping, and prob- 
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able future developments and improvements in 
these methods. 

Current Techniques in 
High-throughput Genotyping 

Input DNA 

DNA samples to be used in a genome scan must 
be uniform in nature and of high quality. Patient 
samples may be received in the form of fresh 
blood, frozen blood, cell lines, or previously ex- 
tracted DNA. For samples where DNA extraction 
is required, the extraction may be performed ei- 
ther manually or using an automated instrument 
such as the Genepure 341 Nucleic Acid Purifica- 
tion System (Applied Biosystems Division, Perkin 
Elmer, Foster City, CA). DNA extraction can be 
performed using organic solvents such as phenol 
and chloroform, as in a recently described single- 
tube isolation procedure (McIndoe et al. 1995) or 
using nonorgan ic  me thods  in commercia l ly  
available kits such as the ones from Gentra (Min- 
neapolis, MN), which rely on salt precipitations, 
or those sold by Qiagen (Chatsworth, CA), which 
utilize binding of the DNA to a resin contained 
within a spin column. Sequana has recently de- 
veloped a semiautomated robotic system using 
the Gentra reagents in a 96-well format on a 
Beckman Biomek 2000 platform (Fullerton, CA) 
that has increased the consistency and efficiency 
of DNA extraction from whole blood and from 
cell lines. 

Following DNA extraction, the DNA may be 
quantified using spectrophotometric or fluoro- 
metric methods (Ahn et al. 1996). We employ a 
sensitive double-stranded DNA-specific assay us- 
ing the intercalating dye Picogreen (Molecular 
Probes, Eugene, OR), which is read in a 96-well 
fluorometer, the Cytofluor II (Perceptive Biosys- 
tems, Framingham, MA). Finally, before under- 
taking a genome scan a quality control  step 
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should be implemented.  A small number  of the 
samples is subjected to genotyping with a panel 
of 10 test markers to be certain that  the DNA will 
amplify well and be readable in the fluorescence- 
based genotyping system. These procedures for 
purification and quality control of the sample 
DNAs can greatly reduce problems of variable 
genotyping performance that  would preclude 
high throughput  efficiencies during a genome 
scan. 

The most  widely used sample format  for 
high-throughput  genotyping is the 96-well plate. 
The majority of wells on the plate contain the 
various study subjects' DNA, and several wells at 
the end of each plate can be reserved for use as 
positive or negative controls. Before making the 
plates for genotyping, it is best to have the stock 
DNAs adjusted to a c o m m o n  concent ra t ion ,  
which facilitates delivery of an accurate volume 
by the dispensing robot. We use a Packard Mul- 
tiPROBE robot (Meridian, CT) to bring all the 
DNAs to a standard concentration of 4 ng/t,1. We 
dispense 5 ~1 of each sample from the 4 ng/>l 
stocks for a total of 20 ng of DNA to be used in an 
eventual PCR reaction volume of 20 ~1 per well. 
The 4 ng/~l stock DNAs can be dispensed using a 
96-channel pipetting robot such as the Robbins 
Micro Dispenser (Sunnyvale, CA). Theoretically, 
a genome scan using 300 markers can be done 
using 6 ~g of DNA. Our laboratory requires a 
m i n i m u m  of 20 ~g of DNA per sample, as follow- 
ing up presumptive linkages from a genome scan 
can require substantial additional genotyping to 
saturate the regions of interest. Once dispensed, 
the plates containing the study DNAs may be 
used in the wet state or dried down, which is a 
more convenient way to store large numbers of 
plates over time. It is convenient when possible 
to group the samples on a plate by family, as this 
can lead to easier allele calling later. 

Sample Tracking 

A robust system for the management  of sample 
identity and history is required for any high- 
throughput  laboratory. We have designed a sys- 
tem for sample labeling that uses preprinted, bar- 
code labels for all steps in the sample handling 
process. Blood vacutainers are affixed with bar- 
code labels in the field and duplicate labels are 
affixed to the accompanying data sheets. The bar 
code consists of a three-character study code (in- 
dicating the disease project) followed by a six- 
digit identifier. Once received at our facility, va- 
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cutainer bar codes are scanned into our LIMS sys- 
t em (Labora tory  I n f o r m a t i o n  M a n a g e m e n t  
System; see Data Management  section below). 
This process records the sample ID, date received, 
and any related information. During all subse- 
quent manipulat ions the sample maintains its 
unique bar code, which can be traced back to the 
LIMS data base. After robotic distr ibution of 
DNAs into 96 well plates, the plates are also la- 
beled with a bar code. Plate bar codes consist of a 
three-character study code, the letter P for plate, 
a two-digit template identifier (which specifies 
the plate template that  defines which patient  
DNAs are in which wells), and a four-digit plate 
identifier. Every PCR plate therefore has a refer- 
ence to a template that details the plate contents 
and a unique identifier that  allows the tracking of 
specific genotypes back to the plate. 

Microsateilite Markers 

As originally proposed (Botstein et al. 1980), a set 
of 300 evenly spaced markers can be used to map 
the entire human  genome at an average density 
of approximately 10 cM. The actual number  of 
markers needed in a genome scan depends on the 
strength of genetic signal one anticipates for a 
given disease, the number  of genes involved, and 
the number  of affected individuals available for 
typing (Lander and Schork 1994; Weeks and 
Lathrop 1995). It has been argued that by using a 
larger populat ion size, one may employ fewer 
markers (Elston et al. 1996); however, the ex- 
pense of ascertaining additional subjects and ac- 
quiring and typing their DNAs must  be consid- 
ered. For example, we estimate that  the cost for a 
single genotype is $1, so being able to decrease 
the total number  of markers in a genome scan 
from 300 to 200 would save $100 per individual 
typed. However, the cost to obtain the additional 
pat ients  required to compensa te  for the de- 
creased marker density can easily cost $100 or 
more per patient, a cost that  includes measuring 
phenotypes  as well as bleeding, mailing, and 
then extracting the DNAs. 

Sets of evenly spaced microsatellite markers 
covering the h u m a n  genome can be chosen from 
publicly available markers, but not all published 
markers are found to perform equally in all labo- 
ratories. Some individual  discr iminat ion and 
choosing may be required before an acceptable 
set of genome scan markers are found. Prese- 
lected fluorescent microsatellite marker sets that  
span the human  genome are available from sev- 
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eral commercial sources, including Research Ge- 
netics (Huntsville, AL), the ABI Divison of Perkin 
Elmer, and Genpak (Brighton, England). Often 
these have been optimized to run under similar 
PCR conditions, grouped to cover certain chro- 
mosomes, and/or grouped to give max imum cov- 
erage when mult iplexing the gel loadings. Al- 
though these markers have been screened for ro- 
bust performance,  individual laboratories still 
experience some difficulties in getting all the 
markers to work, and some fine-tuning of the 
PCR conditions is usually required. At Sequana a 
routine optimization process is run that tests all 
new markers at annealing temperatures from 54 ~ 
C to 64 ~ C and Mg § concentrations from 1 to 4 
mM to determine optimal amplification condi- 
tions. For particularly difficult markers we often 
rely on a " t o u c h d o w n "  PCR protocol, which 
starts at an annealing temperature of 66 ~ C and 
decreases at every other cycle by 1 ~ until 52 ~ C is 
reached and then continues for 10 cycles at 52 ~ C 
annealing temperature. 

Multiplexing Issues 

While multiplexing several markers during the 
actual PCR step is possible, it is often difficult to 
achieve uniform amplification across all of the 
multiple markers within a single PCR reaction. 
An additional amount  of primer design and reac- 
tion optimization is required to ensure that  mul- 
tiplexed primer sets actually work well together. 
Some advances incorporat ing the addit ion of 
common  tails to the marker-specific primers may 
allow more efficient PCR multiplexing (Shuber et 
al. 1995; Lin et al. 1996), but these methods have 
no t  been  appl ied  successful ly  yet  to h igh-  
throughput  fluorescent genotyping. In our labo- 
ratory we proceed with the amplification of the 
individual  markers,  followed by pool ing the 
products from the individual PCR reactions prior 
to electrophoresis. 

Individual markers for PCR are set up in a 
96-well format using a Packard MultiPROBE ro- 
bot, which can perform both the preparation and 
aliquotting of the PCR master mix. PCR is per- 
formed using the PTC-IO0 thermal cycler (MJ Re- 
search, Watertown, MA), and the amount  of PCR 
product from each marker is measured to calcu- 
late the optimal pooling amounts.  A Hamilton 
Micro Lab 2200 robot (Reno, NV) is used to pool 
the reactions from the various individual 96-well 
plates onto one master plate. This plate is dried 
down and the samples on it are resuspended 
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prior to electrophoresis in a loading buffer that  
contains a fluorescent size standard. 

There are now enough markers available for a 
genome scan to choose between using dinucleo- 
tide or tetranucleotide repeat markers. Dinucleo- 
tide repeat markers, primarily CA repeats, allow 
for sets that  can be very dense. In our own labo- 
ratory using dinucleotides we have successfully 
created multiplexing sets of up to 17 markers per 
lane, and others have reported multiplexing up 
to 24 markers in a lane (Reed et al. 1994). Tetra- 
nucleotide repeat markers cannot be as densely 
multiplexed, but they improve the discrimina- 
tion of alleles because of their wider spacing. Our 
own current genome scanning sets incorporate a 
50:50 mixture of di- and tetranucleotide repeat 
markers. For specific project applications other 
than genome scanning, such as the saturation of 
a small chromosomal region, it is necessary to 
generate new multiplexed marker sets specific to 
that  task. We have written a software program 
that facilitates the creation of such templates by 
using data base informat ion for each marker, 
such as the allele size range and fluorescent label, 
and then automatically creates optimal multi- 
plexed marker sets. 

Hardware Issues 

Currently DNA electrophoresis hardware that in- 
corporates software for the analysis of microsat- 
ellite markers is available from the ABI Division 
of Perkin Elmer, Li-Cor (Lincoln, NB), and Phar- 
macia (Uppsala, Sweden). We currently use ABI 
373 and 377 instruments. The run times needed 
on such instruments for markers in the 100- to 
500-bp size range are 3-6 hr each, so that  mul- 
tiple runs can be scheduled in a single day. Some 
groups have constructed their own instrumenta- 
tion to accomplish high-throughput  genotyping 
(J.L. Weber, D.A. Vaske, C. Blanchette,  D.E. 
David, C.A. Christenson, and T.L. Rusch, pers. 
comm.). No commercial instrument  is available 
yet that  can run 96 samples simultaneously, so 
the products of a single 96-well plate are run on 
three sequencers. Although the majority of auto- 
mated genotyping is done using direct fluores- 
cent genotyping  on DNA sequencing instru- 
ments, there are groups that employ multiplexed 
PCR and gel separation of markers followed by 
transfer of the nonlabeled products to a mem- 
brane and repeated probing of that  membrane 
with multiplexed sets of labeled probes (L. Dou- 
cette-Stamm, M. Wang, R. Patel, D. Blakely, H. 
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Yu, J. Carulli, T. Keith, J. Harris, P. Richterich, and 
J. Mao, pers. comm.). This procedure involves 
scoring autoradiograms or the imaged output  
from the hybridized probes (Ginns et al. 1996), 
which can be facilitated using imaging instru- 
ments such as the Fluorimager (Molecular Dy- 
namics, Sunnyvale, CA). It is also possible to em- 
ploy the method of incorporating a radioactive 
primer in the PCR step, followed by gel electro- 
phoresis and autoradiography in high-through- 
put genotyping. The disadvantage in this method 
is the loss of multiplexing capacity that is af- 
forded with mult icolor  systems. However, in 
mapping efforts where allele sizes can be prede- 
termined, such as the mouse genome project (Di- 
etrich et al. 1996), the density of markers per lane 
may be optimized to increase greatly the multi- 
plexing capacity. 

Data Management 

A number  of data management  issues are en- 
countered in high-throughput  genotyping for a 
large disease mapping project. The data manage- 
ment  system employed must allow the import of 
raw data from the laboratory, the processing of 
that raw data to generate finished genotypes, er- 
ror analysis and correction of the finished data 
(which requires the ability to go back to the raw 
data), the compilation of all data, and export in a 
finished form to suitable programs for genetic 
analysis. The example given earlier in this review 
of a typical human  disease mapping project gen- 
erating 150,000 genotypes over a lO-week period 
would correspond to data processing on approxi- 
mately 5 gigabytes of electronic data. Managing 
the data for 10 such projects involves processing 
1 gigabyte of new data per day. One of the chal- 
lenges of high-throughput  genotyping is to cre- 
ate an informatics environment  that can support 
such a large data flow efficiently. 

Ne~o~ 

The amount  of new data per day generated in 
h i g h - t h r o u g h p u t  geno typ ing  does not  flow 
evenly throughout  a 24 hour period. The data 
flow is dependent  on the periodic delivery of 
newly generated data from the genotyping in- 
struments. This can correspond to surges of 100 
to 350 megabytes of data during a 10-min period 
several times a day. During these periods the data 
surge of about 6 megabit/sec can be 60% of the 
capacity of a standard 10 megabit/sec Ethernet 
network. At this collision rate the network effi- 
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ciency of data transfer is reduced dramatically, 
and the standard Ethernet connection can create 
a bottleneck. Other genome laboratories have in- 
stalled standard Ethernet networks (Adams et al. 
1994), as the faster Ethernet equipment has be- 
come available only recently. Sequana has ad- 
dressed this problem by installing both standard 
10 BaseT Ethernet cabling and fiber optic cabling 
as part of our network infrastructure. Such a net- 
work can support higher data transfer speeds in 
conjunction with upgraded computers to sup- 
port these speeds. 

Data Base 

It is advisable to employ a central facility for stor- 
ing all the information related to the research 
activities involved in the high-throughput  effort. 
Such a system can store all relevant information 
from a study, including phenotype data, pedigree 
structures, DNA sample information, genotypes, 
and any information culled from any of the steps 
involved in the entire high-throughput  process. 
A custom LIMS has been built to centralize data 
storage for all of our research activities. We store 
all genotype data in LIMS, including the raw elec- 
tropherogram data. Data automation and analy- 
sis tools interact directly with the LIMS data base 
for their input (I) and output (O), which simpli- 
fies software application development by gener- 
alizing I/O mechanisms. The Sybase Database 
Management System has become a standard in 
the genome communi ty  for public data bases, 
such as the Genome Data Base, the Genome Se- 
quence Data Base, and the National Center for 
Biotechnology Information, as well as for the 
support of high-throughput  laboratories such as 
the Institute for Genome Research (Fleischmann 
et al. 1995) and the Cooperative Human Linkage 
Center (Murray et al. 1994). Our LIMS uses a 
Sybase data-base management  system (Emery- 
ville, CA) and runs on a two-processor Sun Sparc- 
Station 1000 (Mountain View, CA) with a 30- 
gigabyte RAID data storage system. This standard 
configuration allows incremental performance 
tuning and hardware upgrades as needed. We use 
both Unix and MacOS clients to access the LIMS 
data-base server. The Macintosh clients support 
in-house software that simplifies interacting with 
LIMS, and the Unix clients provide around-the- 
clock reliability for automated processes. Client- 
server configurations are quite common and pro- 
vide a foundation for software development in 
some informat ics  groups (J.M. Gill II, pers. 
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comm).  Genotype data is stored in LIMS with a 
number  of boolean flags that  indicate the status 
of each genotype as it moves th rough  the auto- 
mated system. At any point  in time, a scientist 
can query LIMS to determine the status of a spe- 
cific genotype or a genome scan. 

Automated Data processing 

High- th roughput  genotyp ing  requires that  the  
geno typ ing  ins t rument s  be available cont inu-  
ously for the next  run as soon as the prior run is 
complete.  Since the software tha t  comes with 
mos t  g e n o t y p i n g  i n s t rumen t s  is des igned for 
analysis on the ins t rument ,  this creates the need 
to move the newly collected data off the  instru- 
m e n t  for analysis elsewhere. Different groups 
have solved this problem in different ways. One 
opt ion  is to dedicate two Macintosh computers  
to each au toma ted  sequencer  (R. Gibbs, pers. 
comm.).  This allows the data collection on the 
second computer  while the first is being used for 
data analysis. Other  laboratories have replaced 
the Applied Biosystems Division, Perkin Elmer 
data collection software complete ly  (Golden et 
al. 1993) by designing their own data collection 
and analysis software. We have removed all of 
the analysis componen t s  from the ABI instru- 
m e n t  and installed them on our dedicated com- 
puta t ion  servers. We have wri t ten a MacOS ap- 
plication that  runs on the ins t rument  computer  
along with the ABI data collection software and 
u p o n  comple t ion  of the gel data collection as- 
signs the gel a un ique  run identifier and then  
moves the data to a centralized file server where 
it waits for the computa t ion  server for processing. 

Processing of the raw data from the genotyp-  
ing i n s t r u m e n t  involves  the  ident i f ica t ion  of 
lanes, extraction of the signal from each lane, 
identif icat ion of the sample and size s tandard 
peaks, and calculat ion of the base-pair size of 
sample peaks. These funct ions have been inte- 
grated in most  existing genotyping  software into 
a semiau tomated  system. These systems allow 
the scientist to review the results of the auto- 
matic  analysis. In some laboratories, the ABI/PE 
Genotype  software package is used for semiauto- 
mated  h igh- th roughput  allele calling (Reed et al. 
1994). We use Genotyper  as a semiau tomated  
tool for the f ront-end steps of allele identifica- 
tion, specifically for the demult iplexing of each 
gel lane. The process of demult iplexing involves 
ident ifying the one or two peaks corresponding 
to alleles for each marker in each size range and 
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color of a lane. To accomplish this, we set up 
templa tes  co r respond ing  to each mul t ip lexed  
marker set. The template  contains category defi- 
ni t ions of the size range and color of each marker 
in the set. It also contains a macro that  automates  
the identif ication of the correct peaks for each 
marker. For semiautomated  demult iplexing,  Ge- 
nescan results are loaded into the appropriate  
worksheet  template  and the macro is run. This 
identifies the peaks and generates an ou tpu t  table 
in an appropriate format for import  into LIMS. 
After review of the results, the output  table is 
saved to disk and impor ted  into the LIMS system. 

Allele Calling and Hendei Checking 

Allele calling is the  process of assigning the same 
single character code to every microsatellite allele 
with the same base-pair size. Because experimen- 
tal error leads to a _0 .5-bp  spread around the 
actual base-pair size, it is necessary to use statis- 
tical analysis to determine the allele categories. 
Once the correct size bins are de termined the al- 
lele codes can be assigned automatical ly  by a soft- 
ware program. Once allele codes have been as- 
signed they  can be checked for non-Mendel ian  
behavior  in the nuclear or extended families, and 
errors may  be detected and corrected before the 
data is sent on for analysis. Mendel  checking in 
the h igh - th roughpu t  set t ing requires a frame- 
work for evaluating and correcting erroneous al- 
lele calls. For example, we have wri t ten a software 
program tha t  brings together  on a single com- 
puter all of the data needed for Mendel  checking 
and correction. An initial check is made of each 
marker for non-Mendel ian  inheri tance.  W h e n  a 
problem is identified in a family all the  relevant 
genotypes are presented wi thin  the context  of 
that  family pedigree, facilitating the identifica- 
t ion  of the  geno types  t ha t  caused the  non -  
Mendel ian inheri tance problems. In cases where 
the allele calls may  be in question, clicking on a 
pedigree member  queries LIMS and displays the 
e lec t ropherogram trace tha t  gave rise to tha t  
member ' s  genotype.  This allows visual examina- 
t ion of the peaks and their  calls. The peak calls 
can be adjusted easily with this tool, and the al- 
lele in error can be recalled. 

Common High-throughput Genotyping Problems 

Stutters and Plus A Problems 

Two problems tha t  are experienced frequent ly  
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with microsatellite markers, particularly the di- 
nucleotide repeat type, are stuttering or shadow 
bands (a leading ladder of minor products pre- 
ceding the primary allele peak) and "plus A" (the 
addition of an extra A, at the 3' end of the am- 
plified product). Both of these artifacts can cause 
difficulties in allele calling, particularly when 
analyzing dinucleotide repeats on heterozygous 
individuals with two alleles of close sizes. It has 
been proposed that by characterizing the stutter 
bands and incorporating that information in the 
allele calling analysis, it may be possible to 
achieve more accurate discrimination and calling 
of closely spaced alleles (Perlin et al. 1995), but 
this technique is still experimental. Plus A can 
cause splitting of the electropherogram peak, par- 
ticularly when the addition is only partial. This 
problem does not occur with all markers, and 
may be intermittent even for a marker that does 
experience this artifact. The addition of this extra 
base seems to be influenced by the sequence at 
the 3' end of the PCR product and by the PCR 
conditions, particularly the post-PCR holding 
temperatures and time length, although neither 
of these variables accounts for the entire prob- 
lem. It has been proposed that the post-PCR 
addition of T4 polymerase can correct this prob- 
lem by removing the extra A but this treat- 
ment still leaves some plus A products uncor- 
rected for certain markers (Ginot et al. 1996). It 
is most efficient to optimize the PCR conditions 
for each marker to push for either complete 
addition or lack of addition of the extra base, 
such as the recently described "PIG" tailing ap- 
proach, in which a specific seven-base tail added 
to the reverse primer resulted in nearly 100% ad- 
enylation of the PCR products (Brownstein et al. 
1996). 

Quality Issues 

When undertaking high-throughput genotyp- 
ing it is important that high quality be main- 
tained at the same time high quantity is achieved. 
It is possible to define the level of accuracy and 
reproducibility in a high-throughput genotyp- 
ing environment. Reproducibility can be deter- 
mined by running replicates of samples with 
known genotypes. In our laboratory a collec- 
tion of 12 markers run in duplicate on 268 in- 
dividuals yielded 35 allele discrepancies out of 
the 6432 alleles called, for an irreproducibility 
rate of 0.55%, or 1 in 180 alleles. Actual er- 
rors in the genotyping data can occur at vari- 
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ous stages and are less easily identified. Men- 
del checking can be quite effective at revealing 
many errors but is dependent on the samples 
in question belonging to families with suffi- 
cient structure to detect such problems. Both 
null alleles (Tamaki et al. 1992; Callen et al. 
1993) and new alleles (Smith et al. 1990) exist 
in human populations, and it is often difficult 
to distinguish a genotyping error from either of 
these. In a genome scan, null alleles will re- 
sult in loss of information but not errors in the 
analysis, while patients exhibiting new alleles 
will be discarded from the analysis if the data 
are amenable to being checked for agreement 
with Mendelian inheritance patterns. Analy- 
tical approaches have been proposed that exam- 
ine errors that are not obviously wrong using 
Mendelian inheritance (Ehm 1996), but these 
methods are dependent  on having adequate 
family structure; as studies move to sib-pair 
analysis and TdT (Transmission disequilibrium 
Testing) there will be a certain level of errors 
resulting from null and new alleles that will 
go undetected. Some level of PCR failure is to 
be expected, and in our laboratory the aver- 
age percent of missing genotypes is 2% for high- 
quality markers. These have been monitored over 
time in a variety of our studies and do not re- 
sult from specific samples not amplifying con- 
sistently, but are truly random and probably 
represent the possibility of random failures at 
each step in the process. 

PCR Contamination 

The issue of PCR contamination must be dealt 
with in the high-throughput environment. We 
follow the procedures recommended by Kwok 
and Higuchi (1989). DNA to DNA and primer 
to primer cross-contamination during the ma- 
nipulation of the genomic DNA samples and 
during PCR set up by the robotic pipettor are 
avoided by multiple water rinsing of the pipet- 
ting probes. Internal tests at Sequana (results not 
shown) have shown this to provide a sufficient 
template dilution effect to prevent production 
of detectable PCR product in control negative 
wells. A 10% bleach rinse is also used periodi- 
cally to degrade remaining DNA (Hayatsu et al. 
1971). The plates are capped following reaction 
setup and for thermal cycling. These caps are 
not removed until the plates are in a separate 
post-PCR processing area. Post-PCR sample pro- 
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cessing is carried out  using robotic pipettors used 
only  for pipet t ing PCR products, with mult iple 
water  r insing be tween samples. By separat ing 
physically the areas for reaction set up and post- 
PCR handl ing  and providing each area with de- 
d ica ted  p ipe t t i ng  systems,  we have  obvia ted  
the need for more complex con tamina t ion  avoid- 
ance measures such as the use of UTP-uracil- 
N-glycosylase-containing systems (Longo et al. 
1990). 

A Case Study 

An example of h igh- th roughput  genotyping  ap- 
plied to a specific project is a genome scan un- 
dertaken at Sequana on an Amish popula t ion  in 
which diabetes was present  as the polygenic dis- 
ease of interest. This s tudy consisted of 268 pa- 
t ient  samples to be genotyped with 290 markers, 
for a total of 77,720 genotypes. The pat ient  blood 
for this s tudy was collected over the course of 6 
m o n t h s  and arrived at our facility at the rate of 
10-15 bloods a week. For efficiencies of scale, 
these samples were extracted in batches along 
with samples from other  disease studies coming 
in at the same time. Upon comple t ion  of the 
DNA extraction of the entire popula t ion  for this 
study, the samples were arranged into three 96 
well plates, wi th  each plate conta ining a posi- 
tive contro l  DNA [a Centre  d 'Etude du Poly- 
morph i sme  Humain  (CEPH) family member] and 
a negative well conta in ing only  water. An ini- 
tial 180 replicates conta in ing 20 ng per well of 
pat ient  DNA were made of each of the three mas- 
ter plates and dried down for immedia te  use. A 
small number  of the initial ba tch  of replicate 
plates was tested with a panel of 10 microsatel- 
lite markers to be certain tha t  the plates and 
DNA were of sufficient qual i ty .  The mater ia l  
passed tha t  qua l i t y - con t ro l  step, wi th  all 10 
markers amplifying on greater t han  90% of the 
samples. Further replicates were made as required 
during the course of the scan, in batches of 100 at 
a time. 

The g e n o t y p i n g  began wi th  a set of 290 
markers arranged into 40 mult iplexed sets, with 
an average densi ty  of 7.25 markers per set. These 
markers had been chosen by the following crite- 
ria: All had a po lymorph i sm informat ion  conten t  
(PIC) greater t han  0.7; the  markers covered the 
h u m a n  genome at an average densi ty of 15 cM; 
and there were no gaps larger t han  30 cM. The lab 
work for the initial amplif ication and gel analysis 
of all 290 markers on the replicates made from 
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the three 96-well plates was done by three people 
and took 8 weeks to complete.  The average t ime 
for PCR and gel analysis was two days per multi-  
plex set per technician,  but  two concurrent  sets 
could be staggered one day apart and run at the 
same time, which resulted in higher throughput .  
Upon comple t ion  of the first pass with the 40 sets 
of 290 markers each of the three master plates 
was examined for any  markers among  the 290 
that  had failed on that  plate. We found an aver- 
age of 1 in 10 markers r andomly  failed on a plate 
as a result of h u m a n  error, poor PCR, or poor 
resolution on the sequencing gel. That  failure 
was r andom across the three master plates, there- 
fore plate-specific fill-in sets were designed to 
complete the 290 markers needed for each plate. 
The densi ty of markers in these fill-in sets was 3.5 
markers per set on average, a number  that  was 
constrained by the fact that  these markers had 
already been opt imized to fit in the initial sets 
and could not  be packed as densely in the cus- 
tom-designed fill-in sets. A further m o n t h  was 
required to generate these fill-in data. 

At this poin t  letter alleles were assigned for 
each marker  from the genotypes  for all three 
combined  plates. After the allele-calling process 
was completed for each marker, a program was 
run to check the Mendel ian inheri tance of each 
marker in the families in this study. Using the 
output  from the Mendel checking program, the 
original gel files and genotyping  data for all of 
the individuals from any pedigrees that  showed 
Mendel errors were re-examined. Obvious geno- 
typing errors that  could be corrected, such as mis- 
called peaks, missed peaks, and lane tracking er- 
rors, were edited and those corrections were put  
into  the  data base. Individuals  for w h o m  no 
obvious errors in the genotyping  could be iden- 
tified were " tu rned  off" in the data base--i.e.,  
the data was left in the raw data files but  was 
flagged to not  be used in any subsequent  genetic 
analysis. The process of allele calling took an av- 
erage of 5 min  per marker, and Mendel  edit ing 
(correcting of any Mendel  errors) took an addi- 
t ional 30 min  per marker. Allele calling and Men- 
del checking/edi t ing for all 290 markers took one 
technician a m o n t h  to complete.  In summary,  
the entire process of genotyping  this popula t ion  
of 268 individuals  wi th  290 markers  took 10 
months :  6 m o n t h s  to collect and  process the 
sample DNAs, 3 mon ths  to generate all the raw 
genotypes, and 1 m o n t h  to clean up and edit the 
final genotype data so that  it was ready for link- 
age analysis. 
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Outline of the High-throughput Geno- 
typing at Sequana Therapeutics 

Bloods are received and each sample is labeled 
with a unique bar code. 

The DNA is extracted from the blood samples, 
and all of the DNAs for a study are assembled 
into 96-well master plates. 

The DNA concentrations are measured using a 
96-well fluorometer and the DNA concentra- 
tion of all the samples is adjusted to 4 ng/l~l. 

Multiple replicate plates are made from each 
master plate, with 20 ng of DNA in each well. 
These replicated plates are dried down for stor- 
age. A small number of plates is tested for qual- 
ity assurance with a panel of 10 markers before 
a genome scan is begun. 

PCR of individual markers is performed on the 
dried-down 96-well plates. These markers have 
been chosen previously and arranged to form 
multiplexable sets for analysis on a fluorescent 
sequencer. 

The PCR products are measured from each 
plate and the products from 10-12 plates are 
pooled together at the appropriate relative 
concentrations. Loading dye containing a size 
standard is added to each well. 

The pooled multiplexed markers from a single 
96-well plate are run on three ABI 373 instru- 
ments (32 wells per instrument). The gel file 
output from each ABI is sent to the LIMS data 
base. 

The gels are checked for correct tracking and 
size standard calling. Genescan and Genotyper 
programs are run. 

when a given marker has been run on all 
plates, the letter alleles are defined and the 
data is checked for correct Mendelian inherit- 
ance patterns. 
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Future Developments 

Improvements to current genotyping methods 
are likely to be made in the short term by incre- 
mental improvements to the microsatellite meth- 
ods and in the long term by the use of single 
nucleotide polymorphism typing. 

Short-term Developments 

Higher density microplates (384 wells) for PCR 
should increase the throughput  of thermal cy- 
cling and should also reduce reagent costs by al- 
lowing reaction volumes as low as 2 ~l. Such mi- 
crovolume PCR reactions may be performed in 
capillaries or on miniaturized sample handling 
formats. Multicapillary electrophoresis systems 
(Wang et al. 1995) will reduce dramatically the 
labor costs associated with pouring and loading 
slab gel machines as well eliminate the labor as- 
sociated with the lane retracking necessary when 
using slab gels. Improvements in dye chemistries 
have been proposed recently. Problems with cur- 
rent dyes such as spectral overlap and different 
quan tum yields are being addressed by newer 
dyes such as the energy transfer dyes (Ju et al. 
1996), which also require less PCR product per 
lane, allowing use of smaller-volume PCR reac- 
tions. Increases in the numbers of dyes available 
and decreased spectral overlap will allow denser 
multiplexed sets of markers. Finally, robotic inte- 
gration of 96-channel pipettors, high-density 
thermal cyclers, and, eventually, 96-channel cap- 
illary electrophoresis should allow 24-hr fully au- 
tomated robotic operation with high data quality 
and minimal sample manipulation errors. 

Long-term Improvements 

Single nucleotide polymorphism (SNP) typing, 
also known as biallelic marker typing, has been 
proposed as a method that eventually may re- 
place microsatellite markers. Biallelic markers are 
more easily automated, give less ambiguous re- 
suits than microsatellites, and allow for easier 
data processing and analysis. All of these features 
come with the tradeoff of SNPs being substan- 
tially less informative than microsatellite mark- 
ers. However, by increasing the density of SNP 
markers and by using SNPs with reasonable poly- 
morphism content, this lack of information can 
be compensated for. The utility of typing known 
mutations using these methods for diagnostic use 
or for association studies has been demonstrated; 
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however ,  the  power  to detect  l inkage  u s ing  a 
h i g h - d e n s i t y  SNP g e n o m e  scan has  no t  yet  been  
shown.  Use of phys ica l ly  close clusters of SNPs to 
form hap lo types  m a y  improve  the  in fo rmat ive -  
ness  of  t h i s  m e t h o d .  W i t h  severa l  t h o u s a n d  
m a p p e d  SNP markers,  g e n o m e  s c a n n i n g  m a y  be 
carried out  on  DNA array chips  (Fodor et al. 1993) 
g iven  the  requisi te  assay deve lopmen t .  Scaling up 
cu r ren t  m i c r o p l a t e  m e t h o d s  ( D e l a h u n t y  et al. 
1995) offers an  a l ternat ive  approach.  

Conclusion 

H i g h - t h r o u g h p u t  g e n o t y p i n g  has  b e c o m e  rou- 
t ine  in  a smal l  n u m b e r  of laboratories,  a n d  this  
review has  a t t emp ted  to give an  overview f rom 
one  such loca t ion  on  the  cur ren t  status of the  
m e t h o d s  involved .  By r u n n i n g  one  96-well  plate  
per day  w i th  10 markers  a single t e c h n i c i a n  can  
per fo rm - 1 0 0 0  genotypes  per day. Al lowing  for 
data  m a n a g e m e n t  a n d  analys is  t ime,  m u c h  of 
w h i c h  can  be accompl i shed  in  b e t w e e n  wet lab 
processes, a s ingle t e c h n i c i a n  can  produce  5000 
geno types  per week. The use of robotics for m a n y  
of the  wet  lab procedures  in  h i g h - t h r o u g h p u t  
g e n o t y p i n g  allows the  labora tory  pe r sonne l  to 
spend  >50% of the i r  t ime  do ing  data  process ing 
a n d  analysis .  Skilled pe r sonne l  w h o  have  exper- 
tise w i th  robotics and  LIMS type data  analysis  are 
n e e d e d  for h i g h - t h r o u g h p u t  g e n o t y p i n g ,  a n d  
such pe r sonne l  are no t  a b u n d a n t  in  the  current  
work force. The cost per geno type  as es t imated  by  
ours a n d  o ther  laboratories  can  be in  the  range of 
$1 per genotype,  a n d  if PCR v o l u m e  can  be re- 
duced  in  the  future tha t  cost wou ld  be decreased. 
The typical  cost to set up  a h i g h - t h r o u g h p u t  labo- 
ratory w i th  a m i n i m u m  of three g e n o t y p i n g  in- 
s t rumen t s  a n d  incorpora t ing  robotics a n d  infor- 
mat ics  c o m p o n e n t s  is >$500,000. Such a cost, al- 
t h o u g h  p r o h i b i t i v e  to t h e  average  a c a d e m i c  
laboratory,  is w i t h i n  the  budge t  of a core facility. 
Cur ren t  h i g h - t h r o u g h p u t  g e n o t y p i n g  is semiau-  
tomated ;  a ful ly  a u t o m a t e d  procedure  could  in- 
crease t h roughpu t ,  decrease cost, a n d  m i n i m i z e  
errors tha t  i nev i t ab ly  result  f rom h u m a n  sample  
h a n d l i n g .  

M a n y  of the  cur ren t  h u m a n  gene h u n t s  in- 
volve  c o m p l e x  p h e n o t y p e s  (diabetes, schizophre-  
nia,  cardiovascular  diseases), a n d  the  n u m b e r s  of 
geno types  requi red  to m a p  the  genes invo lved  
will  be m u c h  h ighe r  t h a n  efforts in  the  past  on  
s i m p l e r  g e n e t i c  diseases.  O n l y  b y  e m p l o y i n g  
h i g h - t h r o u g h p u t  m e t h o d s  will  it be possible to 
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iden t i fy  the  genes invo lved  in  these types of dis- 

eases. 

Note Concerning Software 

Several types of software mentioned in this paper were 
written at Sequana. This software is being considered for 
commercial release, but is not currently available. Inter- 
ested parties should contact the authors at Sequana for 
more details on the future release dates and availability of 
this software. 
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