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Abstract Temperature gradient capillary electropho-
resis (TGCE) is a high-throughput method to detect
segregating single nucleotide polymorphisms and InDel
polymorphisms in genetic mapping populations. Exist-
ing software that analyzes TGCE data was, however,
designed for mutation analysis rather than genetic
mapping. Genetic recombinant analysis and mapping
assistant (GRAMA) is a new tool that automates
TGCE data analysis for the purpose of genetic map-
ping. Data from multiple TGCE runs are analyzed,
integrated, and displayed in an intuitive visual format.
GRAMA includes an algorithm to detect peaks in
electropherograms and can automatically compare its
peak calls with those produced by another software
package. Consequently, GRAMA provides highly
accurate results with a low false positive rate of 5.9%
and an even lower false negative rate of 1.3%. Because
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of its accuracy and intuitive interface, GRAMA boosts
user productivity more than twofold relative to previ-
ous manual methods of scoring TGCE data. GRAMA
is written in Java and is freely available at http://
www.complex.iastate.edu.

Introduction

Dense genetic maps provide a means to link genes to
their corresponding functions and facilitate a wide range
of genetic manipulations of agricultural species. One lim-
itation to generating dense genetic maps is the level of
detectable polymorphisms in the mapping populations.
Single nucleotide polymorphisms (SNPs) and small
InDel polymorphisms (IDPs) typically occur at higher
frequencies than do other types of polymorphisms.
Unfortunately, most technologies for detecting SNPs
and IDPs require prior knowledge of the sequences of
the polymorphisms, data that are not readily available
for many experimental organisms. Hsia et al. (2005)
described how TGCE can be used to reliably and sensi-
tively detect SNPs and IDPs within mapping popula-
tions even in the absence of prior knowledge regarding
the specific sequences of these polymorphisms. The
resulting segregation data can then be used to create
high-density genetic maps.

Temperature gradient capillary electrophoresis
(TGCE) detects polymorphisms by virtue of its ability to
distinguish between homoduplex and heteroduplex
DNA molecules. A genetic marker amplified via PCR of
template DNA from an individual organism is denatured
and then allowed to reassociate before being subjected to
TGCE. If the assayed organism was homozygous for the
genetic marker in question then only homoduplex mole-
cules will be detected via TGCE. If the individual was
heterozygous for the genetic marker then both homodu-
plex and heteroduplex molecules will be detected via
TGCE.

The ability of TGCE to detect SNPs and small IDPs
makes it equally useful for detecting genetic variation
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between two different alleles in a mapping population.
Analyzing data from a mapping population is, however,
more complex than simply identifying which DNA sam-
ples contain heteroduplex molecules as in the case of
mutation detection. To gather mapping information,
amplified PCR products from each member of a bi-
parental mapping population are mixed with each
progenitor line separately before being denatured and
subjected to TGCE. Useful types of mapping population
can be produced by a collection of recombinant inbred
(RI) lines (Bailey 1971; Burr and Burr 1991) or by the
Double Haploid technique (Sulima et al. 2000; Bariana
et al. 2006). This paper reports the results based on the
intermated B73xMo17 (IBM) maize RI population (Lee
et al. 2002).

Let the two original parental lines of the RI mapping
population be line 1 and line 2. If heteroduplex molecules
are discovered in the mixture of an RI and line 1, then
that RI likely carries the allele inherited from line 2 at
this genetic marker. If, however, heteroduplex molecules
are discovered in the mixture of the RI and line 2, then
the RI likely carries the allele inherited from line 1. Here,
simply marking samples that carry heteroduplex mole-
cules has no straightforward meaning unless the progeni-
tor line mixed with is also identified. The same issue
arises for samples in which homoduplex molecules are
discovered. The conclusions drawn from detecting
homoduplex molecules in a well are different depending
on with which of the original progenitor lines the RI line
is mixed.

To obtain mapping data two duplicate microtiter
plates are prepared. Each well contains the amplifica-
tion product for a single genetic marker from a different
RI line. The first and second plates are then mixed with
the amplification products from lines 1 and 2, respec-
tively. This set up allows a single control to be selected
and the results can be interpreted the same way for
every well on a given plate. The expectation is that no
heteroduplex molecules will be present in one mixture
when present in the other. Hence, to improve the accu-
racy of mapping scores, it would be desirable to be able
to compare the results from both mixtures for a partic-
ular RI line. This is not easily accomplished using exist-
ing software.

Genetic recombinant analysis and mapping assistant
(GRAMA) is a software tool that has been developed
specifically for using TGCE data to perform analyses of
genetic mapping populations and to generate mapping
scores that can be used as input to genetic mapping pro-
grams (Lathrop and Lalouel 1984; Curtis and Gurling
1993; Lincoln et al. 1993; Stam 1993; Mester et al. 2003).
GRAMA allows the user to view all relevant data simul-
taneously and automates accurate decisions to be made
as to the allelic content of an RI line for a particular
genetic marker (or if it is undeterminable). This article
focuses on the GRAMA tool; the biological findings of
the GRAMA application on a maize genetic mapping
project using TGCE data has been previously reported
in Hsia et al. (2005).
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Materials and methods

Peak calling

A major functionality required of any tool that is to ana-
lyze TGCE data is electropherogram analysis. It is
important to detect in each well after renaturation has
taken place whether only homoduplex molecules are
present or whether both homoduplex and heteroduplex
molecules are present. As described in Hsia et al. (2005),
this leads to the formation of single peaks in the electro-
pherograms generated from wells where only homodu-
plex molecules are present and the formation of multiple
peaks in the electropherograms generated from wells
where both homoduplex and heteroduplex molecules are
present. Humans can easily identify the generated peak
patterns when observing a graph. However, for a com-
puter to automatically detect peaks without user inter-
vention, generic rules must be established that work for
the majority of situations. The rules that have been
adopted for the peak identification algorithm in
GRAMA are based on changes in the slope of a trace
graph from point to point.

Each electropherogram has a baseline from which the
peaks arise. This baseline is not completely flat. In fact, it
can be quite uneven due to noise and other factors. In
addition, the baseline may be oriented around a signifi-
cantly different value on the y-axis in different regions of
the graph though this deviation is typically a gradual
change. The deviation of the baseline and the noise in the
electropherograms cause inaccuracies if the simple tech-
nique of height above the baseline is employed to iden-
tify peaks. Many noise peaks observed tend to be sudden
spikes in the electropherograms as opposed to the
smooth curves that are typically observed and expected
for legitimate peaks. The GRAMA algorithm employs a
technique that only identifies smooth curves as possible
peaks. The algorithm also is able to cope with the shift-
ing baseline problem because the fact that in general a
baseline exists is sufficient for the algorithm to operate
properly.

Moving from left to right along the electrophero-
gram, if the beginning of a peak is encountered, the slope
of the graph between consecutive pairs of trace points
will begin to increase. The region of the graph in which
the slope between consecutive points is increasing is said
to be concave upward. At some point while continuing
from left to right, the slope between consecutive points
will cease to increase and begin to decrease. The region
of the graph where this occurs is said to be concave
downward. The maximum point of the peak should
occur in this area barring imperfections in the shape of
the peak. Continuing from left to right, the slope between
consecutive points will begin to increase again resulting
in another concave upward region. At this point the
maximum value of the peak has already been encoun-
tered. This increase in slope must occur so the curvature
of the peak can eventually reconverge with the baseline.
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The points where the change in slope switches from
increasing to decreasing or from decreasing to increasing
are called inflection points. These features can be seen in
Fig. 1.

The initial step of the GRAMA algorithm is to locate
all of the inflection points. The algorithm searches the
graph from left to right checking the slopes between con-
secutive pairs of points. When the graph switches from
being concave upward to being concave downward,
GRAMA marks this as the potential beginning of a
peak. Then when the graph switches from being concave
downward to being concave upward, GRAMA marks
this as the potential end of a peak.

The idea is that for every peak the maximum point
should occur between the beginning of a peak and the
following end of a peak. Because of this, GRAMA stores
the maximum point in each of these intervals. However,
bumps or ridges on the surface of the peak will cause
changes in concavity, yielding inflection points that are
not true beginnings and endings of peaks. An example of
this is shown in Fig.2a. To combat this problem
GRAMA “slides” the beginning and ending markers
along the graph to the left and right, respectively. The
slope on the left side of the peak will be positive so the
left marker is allowed to slide left until it encounters a
sufficiently large negative slope (< —maximum height of
tallest peak x 2%). By allowing the marker to continue
sliding left even after encountering a small negative
slope, minor bumps on the peak are ignored. After this

inflection inflection
point point
I I I |
concave concave concave
upward downward upward

Fig. 1 A peak consists of a concave upward region followed by a
concave downward region then followed by another concave up-
ward region. The points at which the peak switches from concave
upward to concave downward or concave downward to concave up-
ward are called inflection points

process, the beginning marker should be in a location
that is the very beginning of the peak. The ending marker
is adjusted via a similar process. When the inflection
points are flanking a bump or ridge on the peak, either
the beginning or ending marker will not be able to slide
far as it will be sliding toward the maximum point of the
peak.

Once the sliding has completed, the GRAMA peak
detection algorithm checks whether the peak flanked by
each pair of markers is tall enough to be considered rele-
vant. This is controlled by a sensitivity value set by the
user. Irrelevant markers are then removed. The final step
is to remove beginning and ending marker pairs that are
flanked by the other marker pairs. As mentioned, marker
pairs flanking bumps and ridges are not able to slide
along both sides of a peak, but marker pairs that actually
flank the maximum point of the peak can slide along
both sides of the peak. The end result is that markers
flanking bumps or ridges are well contained within the
interval defined by the beginning and ending markers
that flank the maximum of the peak. Therefore these
internal markers are removed. The electropherogram
from Fig. 2a is shown again in Fig.2b after GRAMA
processing. The effectiveness of the GRAMA peak call-
ing algorithm is quite obvious.

Data conversion

Genetic recombinant analysis and mapping assistant
obtains the electropherogram data from the TGCE sys-
tem made by Spectrumedix LLC (State College, PA,
USA; http://www.spectrumedix.com). The vendor soft-
ware Revelation™ produces a report including all of the
unedited calls along with the data for the electrophero-
grams from all of the capillaries. By utilizing this infor-
mation GRAMA can accurately reproduce the
electropherograms for each run. For a particular genetic
marker there will typically be two or three runs in order
to capture all necessary data: one run where the RI DNA
is mixed with parent 1 DNA and another run where the
RI DNA is mixed with parent 2 DNA. An optional third
run containing only unmixed RI DNA can be used to
detect heterozygous markers, but it is optional when the
mapping population is expected to be homozygous at a
marker location.

Genetic recombinant analysis and mapping assistant
requires two Revelation report files, also called score
files, for both of the DNA mixtures. GRAMA automati-
cally transforms the Revelation mutation scores to “1”
or “2” to represent the original progenitor a particular
RI resembles at a particular genetic marker. If the Reve-
lation score file for a third unmixed plate is also loaded,
its scores are also transformed. In this case, it is simply
noted whether heteroduplex molecules are formed in
each well, indicating that the RI line DNA may not be
homogeneous and may invalid the results from the two
mixture plates. In addition to reading and translating
Revelation score files, the electropherograms for each
capillary and plate combination are analyzed at the same


http://www.spectrumedix.com
http://www.spectrumedix.com

eoce

File Tools

Fig. 2 a The initial step of the
GRAMA peak determination
algorithm is to locate all of the
inflection points. The red lines
indicate possible peak begin-
nings and the blue lines indicate
possible peak endings. As can be
seen from this figure, this step
alone is not enough to correctly
determine where peaks are actu-
ally located. b After the GRA-
MA peak sliding algorithm,
only the beginning and ending
peak indicator lines flanking ar-
eas where the algorithm has
determined that a relevant peak
exists are shown
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time. As mentioned GRAMA uses its own peak determi-
nation algorithm to analyze each electropherogram and
count the number of peaks. The criteria for the scoring
are the same as when transforming the Revelation calls.

Genetic analysis

After data processing, GRAMA displays a main win-
dow, which summarizes all of the data collected and cal-
culated about each of the RlIs for a particular genetic
marker. There is one column group for each of the two
plates containing DNA mixtures and another column
group for the unmixed data if present. Each of these col-
umn groups contains four subcolumns. The first subcol-
umn is the Revelation score column. This reports the
Revelation score as translated from the score file pro-
vided. The second subcolumn is the GRAMA score col-
umn. The GRAMA score column reports the score that
GRAMA calculated by using its own peak determina-
tion algorithm. A third subcolumn reports the score

T T T T
740 750 770 780

automatically determined for an RI on a particular plate.
The user can edit this column to correct a score if neces-
sary. The fourth and final subcolumn is the Well column.
Clicking on any cell in this column pops up the electro-
pherogram for the RI on the corresponding plate.

Immediately following all column groups are two
more columns that contain consensus calls. Consensus
calls are calls automatically generated from the scores of
each plate. The Consensus 1 column contains detail con-
sensus scores that provide insight into how the joint
plate scores determined them. The Consensus 2 column
contains simplified scores that are intended to be used as
the input for a genetic mapping program. They simply
indicate from which inbred line the genetic content for
the RI was most likely originated.

More information can be gained from this main win-
dow then is initially displayed. As mentioned, when a
user clicks on any cell in the Well columns, an electro-
pherogram will appear. An example is shown in Fig. 2b.
Red and blue lines indicate the detected beginning and
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ending of a peak. These indicators allow the user to see
clearly how GRAMA arrived at its scoring decision. By
clicking on any cell in the Capillary label column, the
user can obtain a “horizontal” view allowing the simul-
taneously comparison of all electropherograms of a par-
ticular capillary for all of the plates. Similarly, by
clicking on the Well column heading for any of the
plates, the user can see a “vertical” view showing all
electropherograms for that plate. These views allow the
user to identify potential abnormal scores and correct
them accordingly. The details of these functionalities are
described in the user manual, which comes with
GRAMA. Once the user is satisfied with all plate scores,
the consensus scores are finalized, and all data for this
particular genetic marker can be output to a spreadsheet
program or a database. Results from multiple genetic
markers can then be collected and formatted for input to
a genetic mapping program.

Experiment design

Several experiments were performed to specifically inves-
tigate the accuracy of the GRAMA and Revelation peak
determination algorithms. These experiments were per-
formed using several hundred IDPs that exist between
two inbred lines of maize (B73 and Mol7) and that can
be detected via TGCE. These polymorphisms (genetic
markers) were discovered using the procedure described
in Hsia et al. (2005). Each of these genetic markers was
used to amplify each of the RI lines from the intermated
B73xMol7 (IBM) population (Lee etal. 2002). The
inbred lines B73 and Mol7 were designated as lines 1
and 2, respectively. The TGCE data were analyzed using
both the Revelation and GRAMA software packages.
Each mapping score was also manually evaluated by
experienced users of the TGCE system.

Statistics were gathered from 529 different genetic
markers. Since each microtiter plate contains 96 wells,
529 markers provide 50,784 mapping scores. For 37 of
the 529 genetic markers, an unmixed plate (RI amplifica-
tion products only) was also analyzed. So for 37 genetic
markers, three plates were run and for the remaining 492
markers only two plates were run. Hence, a total of
105,120 electropherograms were evaluated by both pro-
grams.

Results and discussion
Single call correctness

The first property analyzed was the abilities of Revela-
tion and GRAMA to distinguish between wells contain-
ing homoduplex and heteroduplex molecules. The scores
produced by both software packages were compared to
those assigned by experienced TGCE data curators that
were assumed to be correct. In this analysis, if the data
curator was unable to determine a well containing

homoduplex or heteroduplex molecules, then the results
are not included because a computer program is not
expected to score correctly under the circumstance.

Revelation incorrectly scored a well containing
homoduplex molecules as containing heteroduplex mole-
cules 2,162 times. A total of 51,739 wells were scored as
containing homoduplex molecules by data curators for
those wells that Revelation scored. Thus, Revelation had
a 4.2% false positive error rate. GRAMA incorrectly
scored a well containing homoduplex molecules as con-
taining heteroduplex molecules 3,180 times. For those
wells where GRAMA attempted to make a call, data
curators scored the well as containing homoduplex mole-
cules 53,989 times. Thus, GRAMA has a 5.9% false posi-
tive error rate. The difference in the total number of wells
containing homoduplex molecules as scored by the two
programs is due to the fact that Revelation can catego-
rize a well as undeterminable. Thus, there were 2,250
times where GRAMA attempted to make a call but Rev-
elation did not. The accuracy of GRAMA'’s peak deter-
mination algorithm on wells uncalled by Revelation will
be discussed later.

Revelation has a 1.3% false negative rate on the sam-
ple set. False negatives occur when the peak determina-
tion algorithm fails to identify heteroduplex molecules
and scores the well as containing only homoduplex mole-
cules. There were 621 wells out of 48,698 that were
scored as containing heteroduplex molecules by data
curators but Revelation scored incorrectly. GRAMA’s
false negative rate was very similar at 1.3%. For a total of
48,877 wells that GRAMA attempted to score, GRAMA
incorrectly classified 630 wells as containing only homo-
duplex molecules while data curators classified them as
containing heteroduplex molecules. The difference in the
total number of wells that were scored between the pro-
grams again results from the fact that Revelation scored
some wells as undeterminable while GRAMA attempted
to score all wells. Out of the 2,458 instances where Reve-
lation did not make a call and GRAMA did, GRAMA
made the correct call 2,376 times. Therefore, GRAMA
has a 96.7% accuracy rate on wells that Revelation opted
not to score.

Combined call correctness

Wells uncalled by either Revelation or GRAMA are not
included in the combined call analysis since they always
trigger involvement by a data curator. For the 100,408
wells in the sample set that were automatically processed,
94,561 were scored correctly by both GRAMA and Rev-
elation, or about 94.2%; 3,077 were scored correctly by
Revelation but not by GRAMA; and 2,119 were scored
correctly by GRAMA but not by Revelation. Thus, the
two algorithms disagreed on about 5.2% of the wells.
Among those, Revelation made correct calls 59.2% of the
time, while GRAMA was correct 40.8% of the time. The
number of wells where both algorithms made the same
mistake is 651. This is only 0.6% of the total number of
wells included in this study.



From the above results, it can be seen that both algo-
rithms are very accurate in distinguishing between wells
containing homoduplex molecules and wells containing
heteroduplex molecules and, in turn, alerting the user of
possible mistakes made by one of the algorithms. By
comparing the results from multiple plates together, the
ability to detect mistakes and flag them for the data cura-
tor are further improved. For a pair of mixture plates,
the expectation is to find homoduplex molecules in one
plate and heteroduplex molecules in the other for a par-
ticular RI. Because a particular RI typically carries only
one allele of a given marker (i.e., it is homozygous), the
scores for both mixtures should match; if that is not
the case the data curator should be alerted. Since one of
the mixture plates should only contain homoduplex mol-
ecules and both algorithms have very low false positive
error rates on this, it is highly unlikely that mistakes will
not be discovered and flagged for manual inspection by
GRAMA.

Combined call with plate coupling correctness

The sample contains 50,784 mapping scores. Of these
Revelation made a mistake for both mixtures 23 times.
GRAMA made a mistake for both mixtures 28 times.
What is interesting, however, is that these mistakes did
not occur for the same RI and genetic marker combina-
tion. For each of the 23 cases where Revelation made a
mistake for both mixtures, GRAMA was able to cor-
rectly score at least one of the mixtures, so this inconsis-
tency was brought to the attention of a data curator. In
the same way by correctly scoring at least one of the mix-
tures Revelation was able to bring to the attention of a
data curator 28 mistakes by GRAMA. There were no
cases in which both Revelation and GRAMA scored
both mixtures incorrectly for the same RI and genetic
marker based on all the data analyzed.

More efficient user operation

By flagging all potential mistakes, it may seem as if this
approach would create more work for the user. Never-
theless, it was found that for 76% of the mapping scores
both algorithms agreed for all mixtures (and the
unmixed plate if included), and the final scores agreed for
both plates. Thus, more than three-fourth of the time a
data curator can simply accept the results of GRAMA’s
combined analysis and quickly move on to mapping
scores that have been flagged. We have observed a
greater than twofold increase in productivity by using
GRAMA to conduct genetic recombinant analysis as
opposed to using a spreadsheet-based manual method.

Conclusion

To generate a high-density genetic map it is essential that
the needed mapping statistics be gathered as efficiently
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and accurately as possible. TGCE is beneficial as poly-
morphisms between two different alleles can be detected
with no prior knowledge of the sequence (Hsia et al.
2005). The GRAMA software package described in this
paper was developed specifically for the high-throughput
analysis of TGCE mapping data. GRAMA has its own
peak determination algorithm and also combines scoring
results produced by Revelation, the TGCE vendor sup-
plied software. Because each program uses different
methods to make scoring decisions, when they agree, it is
likely that both are correct. In addition, results from
both parental mixtures are included, and each algorithm
makes one call for each mixture. Thus, there is a four-
way check on whether a given mapping score is correct.
If any of the four calls disagree with the rest, a data cura-
tor is alerted to perform an inspection of the data. This
observation concurs with the experimental study, which
demonstrates that GRAMA indeed has a very low-error
rate. Because of the many checks and balances built into
GRAMA'’s automatic analysis process, nearly all poten-
tial mistakes are brought to the attention of a data cura-
tor. Through usage analysis we also found that GRAMA
significantly improved user productivity over previous
spreadsheet methods by more than twofold. We thus
conclude that the combination of the TGCE method and
the GRAMA software package is an important advance
toward the goal of producing high-quality dense genetic
maps efficiently for genome sequencing and functional
genomics.
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