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Batched Analysis of Genotypes 
C. LeDuc, P. Miller, J. Lichter, and P. Parry 

Sequana Therapeutics, Inc., La Jolla, California 92037 

Polymorphlc mlcrosatellite markers 
are widely used in molecular analy- 
ses. The range of allele sizes and the 
allele frequencies within a popula- 
tion are important characteristics of 
the marker. Their determination pre- 
viously has involved genotyping a 
large number of individuals. We have 
developed a technique for defining 
these characteristics by coamplifica- 
tion of many samples in a DNA pool. 
Groups of 32 and 42 DNA samples 
were genotyped and results were 
compared with those from individual 
genotype determinations. To im- 
prove the accuracy in the estimation 
of allele frequencies, arithmetic re- 
moval of stutter bands was carried 
out and the consistency of each 
marker was characterized. This ap- 
proach was also applied to a group 
of 94 individuals. All of the work 
has been done using nonradioactive 
methods. Potential applications of 
this technique are in population ge- 
netics, high throughput genotyplng, 
and loss of heterozygosity studies. 

M icrosatellite dinucleotide markers 
are proving to be very powerful tools in 
the identification of human disease 
genes. Dinucleotide repeats are highly 
polymorphic, (l'z) having up to 24 alleles, 
and can be amplified by using primers in 
the unique flanking sequences and PCR. 
Following amplification, products from 
several different loci can be multiplexed 
prior to electrophoresis. Using fluores- 
cently labeled primers, ABI 373a tech- 
nology, and GENESCAN software, up to 
24 PCR products, labeled with one of 
three different dyes, can be electro- 
phoresed together in a single lane of an 
acrylamide gel. ca) The process of apply- 
ing the amplified microsatellite frag- 
ment  to an acrylamide gel, followed by 
the analysis of peaks to determine allele 
size, is termed genotyping. 

Chromosome-specific sets of markers, 
allowing high density multiplexing, 
have been reported and used to perform 
whole genome scans for linkage analy- 
sis. (4) Sets of markers were chosen with 
reference to published reports such as 
CHLC ~s) and CEPH, ~6-8) which provide 
an allele size range (the difference be- 
tween maximum and minimum allele 
size, in base pairs) and a number of alle- 
les for a given marker. However, these 
ranges have been determined on a lim- 
ited number of individuals, ~6'7) and do 
not reflect the total number of potential 
alleles for each marker. This is particu- 
larly an issue when microsatellites are 
applied to a larger or more diverse pop- 
ulation than that in which the marker 
was initially characterized. We have de- 
veloped a method that will allow the de- 
termination of allele ranges on many in- 
dividuals using a small number of PCR 
reactions. This circumvents the need to 
generate large numbers of individual 
genotypes prior to designing multiplex 
sets of markers. The method is referred 
to as batched analysis of genotypes 
(BAGS). 

We have investigated the possibility 
of using the same approach to determine 
the number of occurrences of each allele 
in a population of coamplified DNA 
samples. An artifact typically generated 
by PCR amplification of microsatellites 
is shadow bands (when detected by au- 
toradiography) or stutter peaks (when 
detected by GENESCAN software). These 
are PCR products smaller than the major 
amplification product, generally by in- 
crements of the repeat unit, and each 
amplified allele typically shows these 
stutter bands. Determining the fre- 
quency of each allele in a population of 
coamplified DNA samples is confounded 
by these artifacts. We developed and ap- 
plied statistical methods to account for 
the stutter band. Accurate prediction of 
the allele frequencies was possible using 
I>32 coamplified samples. 

The combination of the above tech- 
niques allowed rapid characterization of 
a marker in a given group of DNA sam- 
ples. In addition to enabling the design 
of efficient multiplex sets for high 
throughput genotyping, there are appli- 
cations of this approach in the field of 
population genetics. The determination 
of allele frequencies in large popula- 
tions, among different ethnic groups 
and interspecifically, allows inference of 
ancestral relationships, evolution, and 
systematics/9) The issue of determining 
the number of alleles in a mixed popu- 
lation of cells is another potential appli- 
cation. The loss of heterozygosity (LOH) 
or change in allelic composition in a tu- 
mor sample may be detected without the 
need for extensive purification of the tu- 
mor material from surrounding tissue. 

MATERIALS AND METHODS 

PCR primer pairs were synthesized ac- 
cording to published sequences flanking 
polymorphic CA repeats/3) DNA ampli- 
fication was performed using the 
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PTCIO0 thermocycler (MJ Research, San 
Francisco, CA). The forward primer of 
each pair was labeled with one of three 
fluorescent dyes, FAM, HEX, or TET (Ap- 
plied Biosystems, Foster City, CA), to en- 
able detection. PCR was carried out in a 
final reaction volume of 20 ixl. Amplifi- 
cation occurred during 35 cycles each of 
94°C for 30 sec, 30 sec at the pr imer  spe- 
cific anneal ing temperature, followed by 
30 sec at 72°C. The reaction includes 0.75 
unit  of Taq polymerase (Perkin-Elmer 
Cetus, Norwalk, CT). PCR product was 
subjected to electrophoresis on an ABI 
373a, using a 12-cm well-to-read dena- 
turing 6% polyacrylamide gel, followed 
by analysis using Applied Biosystems 
GENESCAN 1.2 software. 

After amplif icat ion of a pool of DNA 
samples, the following method  was ap- 
plied to determine the number  of occur- 
rences of each allele in the DNA pool 
and the allele frequencies. The peak 
height  of each allele was measured and 
recorded. Each allele in this analysis is 
preceded by a stutter band. Because the 
main  stutter band is less intense and dif- 
fers in size by one repeat unit, the stutter 
peak height  was measurable for the 
smallest allele and for alleles separated 
from the next smaller by more than  one 
repeat unit. The stutter ratio (r) was cal- 
culated as the ratio of stutter peak height  
to smallest allele peak height. 

The peak heights of other alleles were 
biased by the stutter of adjacent alleles, 
which were one or more repeat units 
larger because the DNA of the stutter ar- 
tifact is aggregated into the signal of the 
allele. The stutter ratio was applied as a 
correction factor to derive an unbiased 
measure of height.  

The procedure for stutter band re- 
moval can be summarized as (1) the peak 
of the left-most allele (x) was measured; 
(2) the peak of the adjacent ( immedi- 
ately preceding) stutter band (y) was 
measured; (3) the ratio r=y/x was calcu- 
lated; and (4) peak heights were adjusted 
by mult ipl icat ion of the adjacent peak 
by r and subtraction of a correction. 

A first-order approximation,  using 
only a single term from the nearest 
neighbor, was applied in the initial cal- 
culations. The general solution can be 
found by solving a system of l inear equa- 
tions, by recursion (see Table 1). The ef- 
fect of the higher  order terms is a func- 
t ion of the size of r and the distr ibution 
of allele frequencies. The r was measured 
in a series of five replicates to as- 

TABLE 1 General Solution for 
Stutter Correction 

Let 

~1 = observed peak height at smallest 
allele 

al = actual peak height 
a2 = observed peak height at second allele 
a 2 = actual peak height 
a, = observed peak height nth allele 
an = actual peak height 
p = number of alleles 
r = stutter ratio 

Then, 

a l  = ¢~1 - -  r X a 2  

: a l  - -  r x [ a 2 -  r x a3 ]  

By recursion, 

P 

a.=~, ,+ ~ [(-1 m) xr  ~x~m] 
m = n +  l 

sess the stability of the stutter peak. Each 
amplif icat ion reaction was prepared sep- 
arately and the experiment  was repeated 
using two different microsatellite mark- 
ers. 

RESULTS 

In developing BAGS as a technique for 
genotyping, we have considered deter- 
mina t ion  of allele range, ability to esti- 
mate allele frequency, stutter stability, 
and other applications. These will be de- 
scribed in turn. 

Allele Range Determination 

The quality of the PCR product of each 
marker was determined according to the 
sharpness and density of the band on an 
agarose gel. Once the conditions for PCR 
amplif icat ion from a single DNA sample 
were established, those for coamplifica- 
t ion of mult iple  samples were defined. 
The DNA concentrat ion in the reaction, 
the reaction volume, and the amount  of 
PCR product loaded on the gel were var- 
ied systematically and, to have an accu- 
rate measure of peak height, the ampli- 
tude had to fall wi thin  the detection 
range of 50-4000 units on the ABI 373a. 
To assess the amplif icat ion efficiency, 
PCR reactions were also carried out using 
a range of 2-42 pooled and coamplified 
DNA samples, in increments  of four. 
Conditions under  which  the less-fre- 

quent  alleles were clearly detectable 
were established for the experimental  
markers. Once the amplif icat ion condi- 
tions were fixed, a series of comparisons 
between individual  and coamplif ied 
DNA samples were conducted. 

Each DNA sample was genotyped 
prior to pooling to determine the abso- 
lute range and number  of alleles wi th in  
the DNA pool. DNAs from 42 individuals 
were mixed and coamplif ied in a single 
20-~1 reaction, using a total of 20 ng of 
DNA. To test the amplif icat ion consis- 
tency, each exper iment  was replicated 
with four addit ional amplifications, with 
each one using the same DNA pool. The 
replicate PCR reactions were prepared 
separately and each amplif icat ion was 
performed in a different PCR machine .  
The electropherograms were analyzed by 
a consistent combina t ion  of manua l  and 
automatic methods using the GENES- 
CAN software. 

The results using the highly  polymor- 
phic marker D14S80 [GenBank data base 
accession no., Z1706, heterozygosity 
(het.) =0.83] are discussed. Forty-two 
DNA samples were pooled, coamplif ied 
by PCR (anneal ing temperature 56°C), 
and genotyped. Individual genotyping 
identified 10 different alleles at this site 
in this population. Using the BAGS 
method,  n ine  of these alleles were de- 
tected with an allele range of 133.52- 
155.09 bp (Fig. 1). In this case, the largest 
allele of 156.89 bp, which  occurs only 
once in the populat ion from a single, 
heterozygous individual,  is disguised by 
the preceding peak. To account for this 
in practice, 4 bp is routinely added to the 
upper end of the observed allele range. It 
is significant that the smallest allele was 
also present only once in the sample, 
from a single, heterozygous individual.  
This single allele on the low end of the 
distribution was detected by the BAGS 
procedure. 

Allele Frequency 

A statistical analysis was carried out to 
test the relationship between peak 
height  and the n u m b e r  of occurrences of 
each allele. Two markers were used to 
assess the sensitivity of the method,  
D14S80 and Dl lS903  (GenBank data 
base accession no., Z16529, het .=0.74;  
PCR anneal ing temperature 56°C). PCR 
quality was measured, as before, by the 
presence of a defined, single band  on an 
agarose gel. The two markers were se- 
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FIGURE 1 As increasing numbers of DNA samples were pooled and coamplified, the amount of PCR product loaded on the gel was varied to 
maintain detection of the rare alleles. The results using the primer D14S80 are illustrated. By loading 0.8 ~1 of PCR product the allele sized at 133.52 
bp, which occurs once in the population of 42 DNA samples (84 alleles), is detected. 

lected to differ in quality, with the first 
being a h igh quality primer, and the sec- 
ond, less so. In each case, 32 DNA sam- 
ples were coamplified. Three pools 
(3x32 samples) could process the DNA 
from a 96-well microtiter plate. 

Because the PCR product contains 
many  alleles, often separated by only 
one repeat unit, removal of the stutter 
bands was necessary to quantify the 
number  of occurrences of any one allele. 
This allowed measurement  of the fre- 
quency of each allele and mitigated 
against false-positive observations. The 
total number  of individuals in a pool was 
known, so the adjusted height  could be 
converted into absolute numbers  of in- 
dividuals by solving the simple linear 
equation, with a single unknown:  
Z[a(i) ×X] = Y, where Y= total number  in 
pool; a(i)= adjusted height  at allele i; 
and X= the conversion factor. 

The results were studied by regression 
and analysis of variance (ANOVA). The 
control for this analysis was that each 
DNA sample was genotyped individual ly 
using each of the markers, so that the 
absolute number  of occurrences of each 
allele in the populat ion was known. In 
the regression model,  this n u m b e r  was 
taken as the independent  variable, and 
the dependent  variable was the number  
predicted from adjusted peak heights. 
The regression provided an estimate of 
the number  of occurrences of an allele 
and a test of significance. ANOVA was 
carried out to determine the significance 
of the variability between replicates. 

The regression results are presented 
in summary form. The regression analy- 
sis for one replicate of D11S903 is shown 
in Figure 2, along with a plot of the num- 
ber of individuals against peak height. 

The predicted and observed numbers  of 
each allele are listed in Table 2. The re- 
gression was significant at P<O.001, with 
an R 2 of 0.852. 

Four replications of the experiment  
were performed, and the results of the 
regression analysis for each marker are 
summarized in Table 3. The R z is inter- 

preted as the percent of variance pre- 
dicted by the independent  variable. 
Dl lS903  shows greater variability attrib- 
utable to overloading the gels. In con- 
trast, the pattern of D14S80 was h ighly  
stable. 

The allele frequency estimates are 
summarized by plotting the predicted 

32.0 

28.0 

24.0 

20.0 

16.0 

12.0 

8.0 

4.0 

+ 

Y 
I I I I I I I I 

4.0 8.0 12.0 16.0 20.0 24.0 28.0 

predicted 

R squared = 85.2% 
sd = 4.16 with 6-2=4 df 

Source SS df  Mean Square F-ratio 
Regression 398.53 1 398.53 22.9 
Residual  69.46 4 17.36 

Var iab le  Coeff se t - rat io Prob 
Constant -11.42 5.38 -2.13 0o 101 
predicted ht. 0 .012 0.0025 4.79 0.009 

FIGURE 2 The regression of the number of alleles predicted by BAGS vs. the number observed by 
determining each genotype independently. 
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TABLE 2 Numbers of Individuals, 
Observed vs. Predicted 

Allele Observed Predicted 

a 30 26 
f 8 11 
e 8 6 
d 3 1 
b 18 19 
c 11 14 

numbers  of individuals at each allele. 
The graph shows the actual number ,  by 
individual PCR, in the foreground and 
the replicates in the adjacent plots. 
Marker D11S903 is shown in Figure 3a 
and D14S80 in Figure 3b. 

ANOVA was carried out to determine 
the variation between replicates, con- 
trolling for the variables of marker and 
allele number .  Statistical significance 
was obtained for Dl lS903  (Table 4) in- 
dicating s ign i fcan t  variation between 
replicates; this was the result of gel over- 
loading. The normal  operating range of 
the optical sensor was exceeded in some 
of the replicates and illustrates the im- 
portance of adjusting the quanti ty  of 
DNA loaded on the gel prior to these 
analyses. The more robust marker 
D14S80 did not  show a statistically sig- 
nificant difference between replicates 
(not shown). 

Consistency of the Stutter Band 
Within a Marker 

The purpose of this experiment  was to 
clarify the degree of stability of the stut- 

TABLE 3 Regression of Actual vs. 
Pooled Estimates, Five Replicates 

Marker R 2 Significance 

DllS903 0.83-0.98 P < 0.01-0,0001 
D14S80 0.89-0.91 P < 0.001 

ter pattern for any given marker. The fol- 
lowing analysis gave a confidence range 
for the stutter correction and the derived 
calculation of allele frequency. The pro- 
cedure was to perform five replicate co- 
amplifications of pooled DNA samples, 
with two markers, D14S72 (GenBank ac- 
cession no., Z16835, het. -- 0.76; anneal- 
ing temperature 56°C) and D1S228 (Gen- 
Bank accession no., Z16878, het. =0.82; 
anneal ing temperature 58°C). One 
marker was used to amplify two DNA 
pools of different composition, one of 32 
and one of 94 individuals. 

The stutter band is relatively stable 
wi thin  the replicates (Table 5), with a 
standard deviation of similar magni tude 
to that of the predicted allele frequency 
estimates (Fig. 2). The total amount  of 
stutter ratio is dependent  on the height  
of the adjacent allele. However, the 
number  of coamplified samples was as- 
sociated with an alteration of the stutter 
ratio, in the case of D14S72. Therefore, 
measurement  of the stutter ratio, for 
each DNA pool of different complexity, 
is suggested. 

Applications 

The BAGS method was applied to three 
subsamples from a populat ion survey 

TABLE 4 ANOVA of Marker Dl lS903  

Source 
Sum of Mean F 

df squares square ratio P 

Replicates 1 1014 1014 
Error 5 399.1 79.8 
Total 5 399.1 

12.7 0.02 

made up of Caucasians of more than  six 
different European ethnic groups. Figure 
4 shows the results of amplif icat ion of 
three h u m a n  DNA pools, each compris- 
ing 32 individuals, as amplif ied by 
D1S243 primers (GenBank accession no., 
Z16979; anneal ing temperature 60°C). 
The allele range was determined to be 
135-175 bp. It is interesting that there 
are differences in allele frequencies be- 
tween pools one and three, a l though no 
selection criteria were used in compos- 
ing the groups. 

Determining marker heterozygosity 
is especially important  in developing 
new markers for use in a genotyping 
project. (1~ The Hardy-Weinberg  distri- 
but ion allows prediction of heterozygos- 
ity using allele frequency, provided that 
the alleles are in equil ibrium. Previously 
this determinat ion was made by individ- 
ually genotyping 94 unrelated individu- 
als and a positive and negative control in 
a 96-well microtiter plate. The BAGS 
method  has been used to examine these 
individuals in 3, rather than  96, reac- 
tions and allows rapid determinat ion of 
those markers that are sufficiently het- 
erozygous to be useful for population- 
wide genotyping. 

b 
a 25 . 

20 
30 

15 
20 Number 

Number 1 

1 S5 

1 2 ~  / 8 2  Replicate 1 2 ~ ~ ~ 8 3  
- 4 5 ~ ' ~ . ,  N~ 7 Replicate 3 4 ~ " " " " ~ " ~  ~ $ 1  ~ 7 ~'f= $1 

Allele 5 Allele 8 
6 9 

FIGURE 3 Comparison of the predicted number of each allele amplified by Dl1S903 (a) and D14S80 (b). In each case, four replicate amplifications 
and analyses were performed and are compared to the absolute number of alleles in the study population. The replicates are shaded and the control 
is shown by the white ribbon. 
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TABLE 5 Stutter Band Stability 

Number of 
Marker DNA sampled pooled Stutter ratio 

Mean and 
standard deviation 

D14S72 32 

94 

DlS228 32 

0.256 
0.317 
0.248 
0.297 
0.274 

0.193 
0.199 
0.180 
0.203 
0.222 

0.375 
0.402 
0.366 
0.399 
0.412 

0.278 (0.029) 

0.199 (0.015) 

0.391 (0.019) 

D I S C U S S I O N  

This paper describes a method  for 
batched analysis of genotypes. The 
method allows the determinat ion of al- 
lele ranges for microsatellite markers by 
coamplification of a complex mixture of 
DNA samples. DNAs from 94 individuals 
have been coamplified. The number  of 
alleles and the range of allele sizes have 
been determined successfully. In addi- 
tion, we have been able to estimate the 
frequency of each allele in the popula- 
tion. The level of precision obtained was 
consistent with the characteristics of 
quantitative PCR. °°) Similar experi- 

ments  have been reported previously; 
for example, Pacek et al. (11) showed the 
results of the coamplification of 1000 
DNA samples with a tetranucleotide re- 
peat and a variable number  tandem repeat 
(VNTR) marker. They were able to make a 
prediction of the number  of occurrences 
of each allele in their population. How- 
ever, tetranucleotide repeat and VNTR 
markers do not generate complex stutter 
bands during amplif icat ion and so are 
simpler systems than the more frequent 
CA repeats. Darvasi et al. (lm statistically 
characterized the pooling method using 
dinucleotide repeat polymorphisms but  
were l imited by the stutter artifact. With 

stutter band  removal, we have contrib- 
uted to making the method  more useful 
with c o m m o n  dinucleotide repeats. 

Population and evolutionary genetics 
may particularly benefi t  from the ability 
to determine allele ranges and frequen- 
cies in species, and populat ions wi th in  
species, which  are as yet uncharacterized 
in this respect. Recently the utility of mi- 
crosatellite alleles in the construction of 
h u m a n  populat ion trees (13) has been 
shown. Genotyping individuals in a 
batch will l imit  the types of analyses pos- 
sible; for example, the pairwise compar- 
isons described by Bowcock et al. °3) are 
not possible. However, there is tremen- 
dous power to construct evolutionary 
trees based on the allele frequencies of 
several marker systems in a large num-  
ber of individuals from different popula- 
tions. 

This approach can also be used in spe- 
cies other than  human .  We have suc- 
cessfully used h u m a n  pr imer  pairs to 
amplify baboon DNA. Following optimi- 
zation of the amplif icat ion conditions, 
primers were used to amplify three sub- 
samples, each of 32 unrelated animals.  
On the basis of the BAGS results, we have 
identified microsatellite markers that 
have high heterozygosities. So, by per- 
forming 3 PCR reactions as opposed to 
96 we are able to include or exclude 
markers from a baboon genome wide 
polymorphic  marker set. 

Recently, Sheffield et al. (14) used a 
similar pooling approach in homozygos- 
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FIGURE 4 Three human DNA pools, each comprising 32 individuals, coamplified with primers at DIS243. The allele range is determined as 135-175 
bp. There are apparent differences in the frequencies of the alleles between pools 1 (blue) and 3 (red). 
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ity mapping of a rare autosomal reces- 
sive trait. Al though it incorporated a 
nonfluorescent  procedure and aggregate 
of only 12 individuals from one family, 
the utility of pool ing for linkage analysis 
requiring allele frequency (and allele 
sharing) data was demonstrated.  This 
method could also be used for the detec- 
t ion of allele associations in groups of 
individuals with c o m m o n  diseases. 
Comparing the allele frequencies in a 
populat ion of individuals with disease to 
the frequencies in an ethnical ly matched 
group of individuals wi thout  disease al- 
lows for the calculation of allelic associ- 
ation. With c o m m o n  diseases, the num- 
ber of individuals required to detect 
associations can be quite large. (ls-17) 
This technique will allow the rapid anal- 
ysis of large numbers  of individuals. 

Tumor development  is a multistep 
process that  depends on the accumula- 
t ion of mutat ions in multiple genes. If a 
tumor  is considered to be a popula t ion  
of cells, some of which differ in their ge- 
netic complement  from each other  and 
f rom the normal  surrounding tissue, 
then  the BAGS approach may be a simple 
and rapid means of looking for differ- 
ences in the genetic status at a given lo- 
cus. LOH is a c o m m o n  genetic aberra- 
t ion observed in tumor  samples. The 
laboratory techniques employed most 
commonly  in LOH studies depend on 
the separation of the tumor  from the sur- 
rounding tissue to allow extensive en- 
r ichment  of tumor  cells. (is) This partic- 
ularly arduous task may be avoided by 
using the analyses that  have been de- 
scribed above on the mixed popula t ion  
of tumor  and normal  cells. Hereditary 
nonpolyposis  coli is associated with a 
high frequency of variation in the length 
of microsatellite repeats, (19) which may 
be recognized using BAGS to detect a 
change in relative allele sizes, circum- 
vent ing the need for tumor  purification. 

BAGS is very efficient in terms of cost 
of materials, equipment  use, and time. 
Range determinat ion,  assessment of am- 
plification quality, and numbers  of alle- 
les are accomplished in a small number  
of reactions. Allele frequency determina- 
t ion shows promising results and may 
have significant applications. 
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