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1 Introduction
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Single-strand conformation polymorphism analysis
of candidate genes for reliable identification of
alleles by capillary array electrophoresis

We investigated the reliability of capillary array electrophoresis-single strand con-
formation polymorphism (CAE-SSCP) to determine if it can be used to identify novel
alleles of candidate genes in a germplasm collection. Both strands of three different
size fragments (160, 245 and 437 bp) that differed by one or more nucleotides in
sequence were analyzed at four different temperatures (18°C, 25°C, 30°C, and 35°C).
Mixtures of amplified fragments of either the intron interrupting the C-terminal WRKY
domain of the Tc10 locus or the NBS domain of the TcRGH1 locus of Theobroma cacao
were electroinjected into all 16 capillaries of an ABI 3100 Genetic Analyzer and ana-
lyzed three times at each temperature. Multiplexing of samples of different size range is
possible, as intermediate and large fragments were analyzed simultaneously in these
experiments. A statistical analysis of the means of the fragment mobilities demon-
strated that single-stranded conformers of the fragments could be reliably identified by
their mobility at all temperatures and size classes. The order of elution of fragments
was not consistent over strands or temperatures for the intermediate and large frag-
ments. If samples are only run once at a single temperature, small fragments could be
identified from a single strand at a single temperature. A combination of data from both
strands of a single run was needed to identify correctly all four of the intermediate
fragments and no combination of data from strands or temperatures would allow the
correct identification of two large fragments that differed by only a single single-
nucleotide polymorphism (SNP) from a single run. Thus, to adequately assess alleles at
a candidate gene locus using SSCP on a capillary array, fragments should be <250 bp,
samples should be analyzed at two different temperatures between 18°C and 30°C to
reduce the variability introduced by the capillaries, data should be combined from both
strands and both temperatures, and undenatured double-stranded (ds)DNA molecular
weight standards, such as ROX 2500, should be included as internal standards.

Keywords: Candidate genes / Capillary array electrophoresis / Single-strand conformation poly-
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frequently in noncoding regions, are present in coding
regions of the genome as well. In plants, SNPs in candi-

Single-nucleotide polymorphisms (SNPs), both as single
base substitutions and single base pair insertion/dele-
tions (indels), are the most common sequence differences
found between alleles. For example, in the human ge-
nome there are approximately one-and-a-half million
SNPs (http://www.ncbi.nlm.nih.gov/SNP). They occur on
average once every 1000 bp, and, although found more
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date genes have been found at a frequency of one every
139 bp [1]. The frequency, stability, distribution, and
presence within coding regions make SNPs attractive as
markers for detecting intraspecific sequence diversity.
Potential applications of SNP-based markers include
developing saturated genetic maps, mapping ESTSs,
detecting the genetic associations of phenotypes con-
trolled by multiple loci, studying genetic diversity, and
screening for disease susceptibility [2].

Methods have been developed for high-throughput
detection of SNPs but these methods require a priori
knowledge of the SNP being assayed or sequence infor-
mation surrounding the SNP [3, 4]. Typically, SNP dis-
covery requires either an extensive investment in gen-
erating sequence information from genetically unrelated
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individuals, or data-mining sequence information avail-
able from genomic and/or EST sequencing projects. This
is an effective strategy for organisms with well-character-
ized genomes, i.e., human and Arabidopsis, or when large
EST libraries have been created from genetically distinct
individuals.

Our research involves tropical plants that are minor crops
in the US such as Theobroma cacao, which produces
cocoa beans used for the production of chocolate. Typi-
cally, their genomes are not well characterized, the
genetic diversity of collections is based predominantly on
phenotypic data, and few or no large, well-defined popu-
lations, families, or inbred lines exist. An efficient method
for SNP discovery and characterization in such organisms
would be one that (i) reliably and reproducibly detects
polymorphisms based solely on mobility; (i) can be
accomplished on a high-throughput platform; (iii) can be
performed at different temperatures to capture the
majority of polymorphisms; and (iv) can automate the
identification of alleles from mobility data.

A method readily applied to detect novel polymorphisms
without a priori knowledge is single-strand conforma-
tional polymorphism (SSCP). SSCP is a sensitive, eco-
nomical procedure that indirectly detects sequence dif-
ferences to a single base in amplified DNA fragments of
the same length [5]. Polymorphisms are detected as
alterations of mobility induced by nucleotide (nt) differ-
ences that cause stable changes in conformation of the
ssDNA. Although the exact identity of the polymorphism
cannot be determined, SSCP can be employed to detect
and map unknown polymorphisms as they are codomi-
nant and can be as robust as other sequence specific
markers. Because of their frequency of occurrence, they
can be employed for fine mapping [6, 7], candidate gene
analysis [8, 9], and estimation of allele frequencies in
populations [2]. SSCP has been used successfully in
plants to identify sequence polymorphisms without se-
quencing [10].

Initially developed for polyacrylamide gel electrophoresis,
SSCP has been adapted to capillary electrophoresis (CE)
[11, 12] and now to capillary array electrophoresis (CAE)
[13-16] allowing the high-throughput analysis of hundreds
of samples in a short time period. The application of
SSCP to CAE has been relatively straightforward with the
exceptions of (i) establishing a convenient internal stan-
dard to control for capillary-to-capillary and run-to-run
variations in allele mobility at different temperatures and
(i) overcoming the limitations of readily available software
to allow automated analysis from mobility data alone.

To account for capillary-to-capillary and run-to-run varia-
tions in standard fragment analysis performed by CAE,
molecular weight (MW) standards of known lengths,
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which are labeled with a different fluorescent dye than the
sample, are coelectrophoresed with each sample. The
mobility of the size standards is used to assign an MW to
the sample and this data is directly imported into available
software, e.g., Genotyper (Applied Biosystems), for auto-
matic allele determination.

Under the conditions employed for SSCP, the mobility of
the ssDNA is not linearly related to the logarithm of its
MW, thus the mobility of individual fragments cannot be
reliably predicted or linked with size [17]. Several
approaches have been developed to account for capil-
lary-to-capillary and run-to-run variations for CE- and
CAE-SSCP [18, 19]. Typically, commercially available
MW standards are added and denatured in the same
manner as the samples. For a single run in one capillary,
the scan number is assigned to each MW peak and
these values are then used to normalize the mobilities of
the samples in all capillaries and runs. In addition, alleles
of known sequence composition are often added to each
sample [20, 21]. Such internal standards do reduce the
amount of variability in mobility across capillaries and
runs. However, for loci with large numbers of alleles,
allele determination must be done manually based upon
pattern differentiation or mobility differences as com-
pared with the internal control, and cannot be readily
automated. For loci with a limited number of mutations
where all alleles can be run as internal standards, auto-
mation of allele calling is possible [21]. Several articles
[19, 11, 14] stress the need to vary the temperature of
the analysis to be able to detect all alleles because
alleles may display identical mobilities at one tempera-
ture but different mobilities at another. Since ssDNA mo-
bility is strongly and inconsistently affected by tempera-
ture, mobilities for the internal standards are also differ-
ent at each temperature. Thus, data from samples
cannot be readily combined or compared from two dif-
ferent temperatures, unless allelic internal standards are
used [21].

The research described here was undertaken to deter-
mine if CAE is a reliable and reproducible method to
detect sequence polymorphisms in organisms with little
available sequence information. We investigated if dsDNA
MW standards could be used to reliably and reproducibly
assign mobility values to single-stranded sample frag-
ments and allow the alignment of samples at different
temperatures. We also investigated the effect of the size
of the fragments (160, 245 and 437 nt) on reliably identi-
fying SNPs. The small fragments are a mixture of cloned
alleles of the WRKY domain of the Tc10 locus and the
medium and large fragments are a mixture of cloned
alleles of the NBS domain of the TcRGH1 locus of T.
cacao. We measured the mobility of the ssDNA of both
strands of the three size classes in each capillary of a 16-

CE and CEC
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capillary array at four different temperatures (18°C, 25°C,
30°C, and 35°C) with three runs at each temperature. We
performed a statistical analysis of the mobility data to
determine the 95% confidence limits to distinguish
alleles. We also estimated the amount of variance due to
allele, capillary and run at each temperature. Finally, we
investigated under which conditions (size, strand and
temperature) all alleles could be identified by a single
measurement at a single temperature.

2 Materials and methods
2.1 DNA samples

Three cloned alleles of the WRKY domain for the Tc10
locus of T. cacao L. were used to generate the small PCR
fragments (1, 2, 3). Four cloned alleles of a portion of the
resistance gene homologue RGH1 from T. cacao [13]
were used to generate the medium (A, B, D, E) and large
PCR fragments (F, G, |, K). GenBank accession numbers
for each of the cloned alleles are given in Table 1.

Table 1. Alleles and primers used to generate fragments

Electrophoresis 2005, 26, 112-125

2.2 Amplification of cloned alleles

The Tc10 clones were amplified as described in [22],
generating the small fragments of 160 bp in length. The
RGH1 clones were amplified as described in [13], gen-
erating the medium fragments of 245 bp and large frag-
ments of 437 bp in length, respectively. The medium
fragments and large fragments were amplified from the
same cloned templates. The primers generating the me-
dium fragments were nested within the primer sites of the
large fragments. Primers for amplification were labeled
differentially to identify each strand and are given in
Table 1. The number of SNPs differentiating each PCR
fragment is given in Table 2.

2.3 SSCP conditions

Samples were analyzed on an ABI 3100 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). All runs were
conducted on a 36 cm, 16-capillary array containing 5%
GeneScan with 10% glycerol in 1 x Tris-borate-EDTA
(TBE) as polymer and 1 x TBE as running buffer. Injection

Genbank Alleles Fragment  Size PCR PCR primers
accession product  Name
(bp) Fluorescent label
Sequence
AY331168 WRKY 10.1 1 TcWRKY10for
AY331169 WRKY 10.2 2 6FAM
CCCTTCACCTAATTGTTCAGGA
Small 160
AY331170 WRKY 10.3 3 TcWRKY10rev
HEX
CCCTCAAATCATGGGATGCT
AF402697 RGH1_3 A TcRGH1for245
AF402709 RGH1_4 B HEX
AF402720 RGH1_2 D GCTGTTGTCTCTCAGACTCC
Medium 245
AF402729 RGH1_6 E TcRGH1rev245
6FAM
TGAAGTCGTGTTGTCAGAAG
AF402697 RGH1_3 F TcRGH1for437
AF402709 RGH1_4 G 6FAM
AF402720 RGH1_2 I CATGGCAAAAGAAGTTGGAAAG
Large 437
AF402729 RGH1_6 K TcRGH1rev437
HEX
CATCAATCAATTCACTGTGGC
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Table 2. Number and position of SNPs

Size Frag- SNPs Total No.
ments Position and change of SNPs
1and2 695 (G/A) 1
Small 1and3 700 (C/A) 1
2and 3 695 (G/A), 700 (C/A) 2
AandB 223 (T/C), 241 (G/A) 2
AandD 223 (T/C) 1
. AandE 175 (G/T), 223 (T/C), 241 (G/A) 3
Medium g ondp 241 (G/A) 1
BandE 175 (G/T) 1
DandE 175 (G/T), 241 (G/A) 2

Fand G 223 (T/C), 241 (G/A), 322 (C/T), 4
324 (AIT)

Fandl 223 (T/C)

Fand K 175 (G/T), 223 (T/C), 241 (G/A), 4

Large 326 (T/C)

Gand! 241 (G/A), 322 (C/T), 324 (A/T)

GandK 175 (G/T), 322 (C/T), 324 (A/T), 4
326 (T/C)

landK 175 (G/T), 241 (G/A), 326 (T/C) 3

—_

w

The positions of the SNPs are indicated from the clones nt
sequence and not from the PCR fragments.

was for 22 s at 1 kV and electrophoresis was at a con-
stant voltage of 15 kV. The electrophoretic runs were
conducted at four temperatures: 18°C, 25°C, 30°C, and
35°C. These temperatures were chosen as 18°C is the
lowest temperature the ABI 3100 can achieve and 30°C
was the lowest temperature that the ABI 310 could
achieve which allowed us to compare our current results
with previous results from the ABI 310. Each amplifica-
tion product was diluted 1:400 with distilled water,
denatured at 95°C for 5 min and snap-cooled on ice.
Equal volumes of the amplification products and unde-
natured ROX 2500 internal standards (Applied Biosys-
tems), also diluted 1:400 in distilled water, were com-
bined in a 1.5 mL Eppendorf tube and gently mixed.
Twenty pL of this mixture was added to each of 16 wells
in a 96-well plate so that, for each electrophoretic run,
the identical sample was injected onto all 16 capillaries.
Initially, the fragment from each allele was run individu-
ally at each temperature to determine the mobility and
pattern of the individual DNA strands. Based upon these
results, the amplification products were combined to
give approximately equal intensities of fluorescence into
three sample sets: (1) the small fragments (1, 2, and 3)
representing the three Tc10 WRKY alleles; (2) the medi-
um fragments A and D and large fragments F and |
representing RGH1_2 and RGH1_3 alleles, respectively;
and (3) the medium fragments B and E and large frag-
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ments G and K representing the RGH1_4 and RGH1_6
alleles, respectively. Each set of samples was electro-
phoresed three times at each temperature for a total
number of 36 runs.

2.4 Data analysis

GeneScan 3.1 (Applied Biosystems) software was used to
analyze all runs with the Large Fragment Analysis option
enabled. The local Southern method was used for all
alignments. The ROX 2500 MW standard peaks were
assigned either their actual MW or a pseudoMW to align
the data. The actual MW is the size, in bp, of each stan-
dard peak, based upon a comparison with the profile of
the ROX 2500 standards, run undenatured at 30°C on 3%
GeneScan polymer, supplied by the manufacturer
(Applied Biosystems, product information). The pseu-
doMW was generated by the standard method currently
used to analyze CE-SSCP (Applied Biosystems, GeneS-
can product information). A single sample file (data from
one capillary) from each temperature was chosen and a
value assigned to each molecular weight standard peak
based upon the scan number of that peak for that run.
These assignments were used as a “size standard” to
analyze all the sample files run at the same temperature.
Enabling the Large Fragment Analysis Update (Applied
Biosystems) allowed the actual scan number to be
applied to each peak. The MW standards were divided
into two size ranges to analyze the data: (1) the
55-1199 bp range for the small and medium-length PCR
fragments, and (2) the 1740-14 097 bp range for the large
PCR fragments. In the 55-1199 bp range, MW values
were not applied to two standard peaks, the 508 bp and
554 bp peaks, for alignment purposes. The 554 bp
standard produces an odd shaped peak with a large
shoulder, that, when included as a standard, often result-
ed in the incorrect assignment of MW to the surrounding
standard peaks. The 508 bp standard peak is described
as migrating anomalously in the product literature
(Applied Biosystems) due to the presence of a hairpin
loop (Lisa M. Davis, personal communication). Additional
decisions regarding assigning values to the standard
peaks based upon the empirical data are described in
Section 3.2. The aligned data was imported into Genoty-
per (Applied Biosystems) to facilitate the production of
the data tables. The individual single-stranded product
peaks were placed into categories by their order (peak 1,
peak 2) and by the dye used to label them (6-hexachloro-
fluorescein, HEX, represented as green, 6-carboxy-
fluorescein, 6FAM, represented as blue). For each indi-
vidual product peak three values were collected: the MW,
in bp, as determined from the MW of the internal standard
peaks, the pseudoMW as determined by assigning the
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scan number to the internal standard peaks, and the raw
data point (rawDP), the unprocessed scan number for
that peak in that particular electrophoretic run. Tables of
data were created and exported to Microsoft Excel. Scan
number can be converted into retention time using a
conversion factor of ~6.25 scans per s.

2.5 Statistical analysis

The statistical analysis was conducted by group: small
(160 bp), medium (245 bp), large (437 bp) fragments and
by temperature. The factors “fragment”, “capillary”, and
the “fragment-by-capillary” interaction were considered
to be fixed effects while the factors “replication”, “repli-
cation-by-capillary”, and “replication-by-fragment” were
considered to be random effects. All effects and interac-
tions of interest were determined a priori. The statistical
model used to analyze each group can be written as fol-
lows:

Y=]J.+A|+RJ+CK+AR”+RCJK+ACKJ+8”k

where p is the experimental grand mean, A, is the effect
of the i fragment, R; is the effect of the /" replication,
C, is the effect of the k™ capillary, ARy is the interaction
of the ™ fragment with the /™ replication, RCy, is the
interaction of the ji" replication with the k™" capillary, AC;,
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is the interaction of the " fragment with the k™" capillary,
and gy is the error term. Proc Mixed of Statistical Anal-
ysis Software (SAS) was used with restricted maximum
likelihood (REML) fitting of variance components from
model-based random effects and least-squares estima-
tion of fixed effects [23]. The least-square means state-
ment was used to obtain estimates of fragment means,
standard errors, and confidence intervals. For statistical
testing of allele mean comparisons, the Bonferroni
adjustment was used to correct the error term for mul-
tiple mean comparisons. In cases where data from a
single capillary within a run was missing or had obvious
outliers, an average of the results from the other capil-
laries was used in place of outliers or missing data to
balance the data set. The complete dataset is available
upon request.

3 Results

3.1 Electrophoretic mobility of the undenatured
molecular weight standards

Figures 1 and 2 show the relative retention time of the
undenatured ROX 2500 internal standards in the two dif-
ferent size ranges (55-1199 bp, Fig. 1 and 1740-

T
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Figure 1. Electropherograms of
undenatured ROX 2500 internal
standards, 55-1199 bp range.
Stars (*) indicate MW standard
peaks not assigned values for
alignment purposes. The tem-

perature is indicated above
the electropherogram. Electro-
pherograms are aligned by scan
number which appears at the top
St of the figure. Scan number can
EE‘W be converted to retention time

1000 |
500 using ~6.25 scans/s as a con-
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cence units.
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14 097 bp, Fig. 2) over the four temperatures used in this
study (18°C, 25°C, 30°C, 35°C). The mobility of the dsDNA
decreased (the retention time increased) as the tempera-
ture decreased. Regression lines from a plot of the loga-
rithm of the assigned MWs to the standard peaks versus
the scan number at each temperature (Fig. 3) have high R?
values between 0.976 and 0.984. Thus, the undenatured
dsDNA MW standards migrated in a predictable manner
under SSCP conditions, and could be used to assign MW
values to the ssDNA.

3.2 Assignment of values to undenatured
molecular weight standard peaks

3.2.1 Assignment of molecular weights

The ROX 2500 internal standard consists of 28 frag-
ments ranging from 55 to 14 097 bp (Applied Biosys-
tems, product information). From 55-1740 bp, the elec-
trophoretic profile of the undenatured MW standards at
each temperature was identical to the profile provided by
Applied Biosystems although different polymers, tem-
peratures, and instruments were used: 3% Genescan at
30°C on an ABI 310 Genetic Analyzer (product literature)
versus 5% Genescan with 10% glycerol at 18°C, 25°C,
30°C, or 35°C on an ABI 3100 Genetic Analyzer (this
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MW range in which the standard
peaks showed temperature-de-
pendent mobility anomalies. For
details, see Fig. 1.
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O25°C y=1.2450x - 1.7227; R® = 0.9764
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Figure 3. Plot of assigned MW in In bp versus scan
number at different temperatures for undenatured ROX
2500 internal standards. Retention time can be calculated
using ~6.25 scans/s.
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study). The assignment of MW sizes to the standard
peaks from 55 to 1199 bp was unequivocal across all
temperatures (Fig. 1).

For the higher MW standards (1740-14 097 bp range), the
assignment of MW size for the 2026-2499 bp range was
problematic at all temperatures. At all temperatures test-
ed, the electrophoretic profiles of the higher MW stan-
dards were not identical with one another, nor were they
identical with the profile presented in the product litera-
ture. The electrophoretic profile at 30°C (Fig. 2) most
closely resembled the product literature. The higher per-
centage polymer (5% Genescan) did allow better resolu-
tion of the three fragments between 4547 and 5117 bp at
all temperatures. However, the fragments from 2026 to

EQe = m m m m w o mw  w

wo | 1 3
o | 18 °C

L A

N

2 30°C

- 1 3
= 35°C
| 2

n_ A A j\

Figure 4. Effect of temperature on mobility of the single
strands in relation to the internal standard. Shown are the
electropherograms for the forward strands of the small
fragments. The individual fragments are indicated by
number. The electropherograms have been aligned by
size (bp) which appears at the top of the figure to allow
alignment across all four temperatures. Values on the left
vertical axis are relative fluorescence units.

25°C
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2878 bp exhibited variable mobilities at each tempera-
ture. At different temperatures, different fragments dis-
played identical mobilities (Fig. 2). In the product litera-
ture, the fragments of 2026, 2180 and 2483 bp have
essentially identical mobilities while the next fragment
separated by baseline is 2499 bp. Thus, two fragments
differing by 16 bp (2483 and 2499) are easily resolved, but
three fragments differing by >400 bp (2026, 2180 and
2483) are not. The assignment of the correct MW to the
correct peak was equivocal within this range.

Ininstances where two peaks overlapped, the smaller MW
value was assigned to the peak. For example, the 2026
and 2180 bp standards showed coincident mobilities at
25°C, and the peak was assigned a value of 2026 bp
(Fig. 2). Because of uncertainty in correct assignment at
any temperature, the 2483 bp fragment peak was not
labeled with a value for alignment purposes. At 30°C and
35°C, this led to the miscalling of the surrounding peaks. At
these two temperatures, a value of 2200 bp, the “approx-
imate size” of the peak as determined from plotting its
mobility versus the regression line obtained at that tem-
perature, was applied (Fig. 2, 30°C and 35°C). Additionally,
the 14 097 bp standard peak was low and broad at all
temperatures, and the peak was absent in more than half
of the electropherograms at 35°C. The absence of the
14 097 bp standard peak prevented the analysis of the
large fragments (F, G, H, and I) that migrated between the
5117 bp and the 14097 bp standards at 35°C. The
assignment of actual MWs to the standard peaks made it
possible to align and directly compare samples electro-
phoresed at different temperatures (Fig. 4).

3.2.2 Assignment of pseudomolecular weights

The assignment of a pseudoMW was readily accom-
plished across both size ranges for all temperatures. For
the 1740-14 097 bp range, the pseudoMW values were
easily assigned, because each individual peak did not
need to be identified with a “correct” value, but only that
the same peak across all samples was labeled with the
same value. As the pseudoMW values were derived from
the mobility of the undenatured standard peaks within a
single temperature and these mobilities differed at the
different temperatures, samples electrophoresed at dif-
ferent temperatures could not be aligned or directly com-
pared when analyzed by pseudoMW.

3.3 Elution order of individual fragments

Each fragment was electrophoresed individually at each
temperature to characterize the mobility of each strand
and the data summarized in Table 3 as the order of elu-
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Table 3. Resolution of fragments in order of elution at
different temperatures by different scoring

methods
Size Strand T (°C) rawDP? Mw?®) pseudoMW®
Small  Reverse 18 1<2<3 1<2<3 1<2<3
25 1<2<3 1<2<3 1<2<3
30 1<2<3 1<2<3 1<2<3
35 1<2<3 1<2<3 1<2<3

Medium Forward 18 A=D<B=E A=D<B=E A=D<B=E

Reverse 18 A=D<B=E A=D<B=E A=D<B=E
Forward 25 E<B<A<D E<B<A<D E<B<A<D
Reverse 25 E=B<D<A E=B<D<A E=B<D<A
Forward 30 E<B<D=A E<B<D=A E<B<D=A
Reverse 30 E=B<D<A E=B<D<A E=B<D<A
Forward 35 E=B<D=A E<B<D<A E<B<D<A
Reverse 35 E=B<D<A E=B<D<A E=B<D<A
Large  Forward 18 K<F=I<G K<F=I<G K<F=I<G
Reverse 18 G=I=F<K G<I<KF<K G<I<KF<K
Forward 25 K<G<F<I K<G<F<I K<G<F<I
Reverse 25 GLIKF<KK  G<IKF<K G<I<F<K
Forward 30 K<G<F=l K<G<F=l K<G<F=l
Reverse 30 G<IKK=F G<IKK<F G<I<K<F

a) Fragment peaks were scored by the scan number
without correction by internal MW standards.

b) Fragment peaks were scored by correction with inter-
nal dsDNA MW standards that had been assigned their
fragment length.

c) Fragment peaks were scored by correction with inter-
nal dsDNA MW standards that had been assigned their
scan number.

=, fragments could not be distinguished by Genotyper
and have identical mobilities or the means were not
different at the 95% confidence limit.

<, fragments could not be distinguished by a single
measurement due to overlap of ranges of mobility
values but the means were different at the 95% con-
fidence limit.

<, fragments could be distinguished by a single meas-
urement and the means were different at the 95%
confidence limit.

tion. The small fragments showed marked variability in mo-
bility across the four temperatures (Fig. 4). However, the
order in which the forward and reverse strands eluted was
consistent over all four temperatures (Table 3). Each reverse
strand produced a single peak that was easily distinguished
by mobility, and, when the fragments were combined, was
resolved from the others at all four temperatures (Fig. 4).
Each of the forward strands produced a pattern of two
peaks, representing two stable conformers (data not
shown). When the three fragments were combined togeth-
er, the pattern produced by the forward strands was com-
plex, many of the peaks overlapped with one another, and
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correct automated assignment of the peaks to each frag-
ment (allele) was difficult at each temperature. Thus, the
forward strands for the small fragments were uninformative,
and were not included in further analysis.

The patterns and mobilities of the medium and large
fragments across the temperatures were also complex.
Unlike the small fragments, the order in which the forward
and reverse strands of the medium and large fragments
eluted was not consistent either with one another at a
single temperature nor was the order of elution main-
tained across the four temperatures (Table 3). For exam-
ple, the order of elution for the forward strands of medium
fragments A and D at 25°C is different than the reverse
strands at the same temperature and different than the
forward strands at 30°C. At every temperature, the order
of alleles of the forward and reverse strands of the large
fragments was different. In addition, the order of the
reverse strands was different at 25°C and 30°C.

3.4 Mobility as a function of nucleotide
differences

For the small fragments, 2 and 3 differed by two SNPs
(Table 2) but were much closer in mobility at 30°C than
were 1 and 3 which differed by only one SNP (Fig. 4). For
the medium fragments, A and B differ by two SNPs and
yet were closest in mobility at 25°C (forward strand: 486.5
and 484.3 bp MW), while fragments A and D, differing by
one SNP, were quite different in mobility at 25°C (forward
strand: 486.5 and 509.1 bp MW). For the large fragments,
F and K differed by four SNPs while F and | differed by
only one. However, at 25°C for the reverse strands, the
difference in the mobilities of | (5238 MW) and F (5401 MW)
was much greater than F and K (5474 MW).

3.5 Statistical analysis and contributions to
variance

3.5.1 Pairwise comparison of the allele mobility
means

To determine if fragments could be reliably distinguished
by their mobility, with or without using undenatured
dsDNA as MW standards, the 95% confidence limits for
the means of the values for fragment peaks analyzed
were calculated. The mobilities of the forward and reverse
strands are presented as the MW (as determined from the
MW in bp of the undenatured standards), the pseudoMW
(based upon assignment of scan numbers from a single
run to the undenatured standards), and the datapoint (the
raw, unanalyzed scan number for the samples). A sample
of the dataset is given in Table 4 for the four medium-size
fragments at 25°C.
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Table 4. Summary statistics for medium fragments at 25°C
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Strand  Frag- N Variable Lower 95% Upper95% CV Maximum Mean Minimum  Std. dev.
ment CL for mean CL for mean
rawDP 6511.65 6525.05 0.354 6566 6518.35 6470 23.07
A 48 MW 563.51 564.39 0.268 566.74 563.95 559.88 1.51
pseudoMW  6599.50 6602.41 0.076 6610.27 6600.96 6587.91 5.01
rawDP 6457.80 6468.90 0.296 6510 6463.35 6423 19.11
B 48 MW 545.75 546.43 0.214  548.23 546.09 542.54 1.17
Reverse pseudoMW  6532.38 6535.04 0.070 6542.02 6533.71 6521.83 4.58
rawDP 6460.82 6474.18 0.356 6516 6467.50 6419 23.00
D 48 MW 549.50 550.28 0.245 552.32 549.89 546.35 1.35
pseudoMW  6547.55 6550.29 0.072 6557.51 6548.92 6536.99 4.73
rawDP 6457.80 6468.90 0.296 6510 6463.35 6423 19.11
E 48 MW 545.75 546.43 0.214  548.23 546.09 542.54 1.17
pseudoMW  6532.38 6535.04 0.070 6542.02 6533.71 6521.83 4.58
rawDP 6186.21 6194.87 0.241 6214 6190.54 6161 14.90
A 48 MW 485.64 487.30 0.588 491.64 486.47 479.51 2.86
pseudoMW  6263.53 6271.70 0.225 6293.42 6267.62 6236.58 14.08
rawDP 6186.03 6196.05 0.279 6232 6191.04 6155 17.25
B 48 MW 483.98 484.68 0.250 486.46 484.33 481.04 1.21
Forward pseudoMW  6253.17 6257.01 0.105 6266.81 6255.09 6237.63 6.60
rawDP 6294.32 6304.97 0.291 6334 6299.65 6261 18.34
D 48 MW 508.48 509.75 0.428 512.93 509.11 503.34 2.18
pseudoMW  6374.79 6380.54 0.155 6394.84 6377.66 6351.40 9.90
rawDP 6153.71 6163.87 0.284 6201 6158.79 6122 17.49
E 48 MW 477.86 478.53 0.239  480.13 478.20 475.08 1.15
pseudoMW  6220.62 6224.15 0.098 6233.03 6222.39 6205.34 6.08

CL, confidence limit
Std. dev., standard deviation

Pairwise comparisons of the fragment means at the
95% confidence limits were performed and are sum-
marized in Table 3. For the small fragments, the means
of fragment mobilities were distinct from one another at
the 95% confidence limit at any temperature, using any
size assignment method (MW, pseudoMW, or rawDP)
(Table 3). For the medium and large fragments, when-
ever the fragment peaks could be resolved by Genoty-
per, the means of the fragment mobilities were signifi-
cantly different at the 95% confidence level using either
the MW or the pseudoMW values assigned to the
peaks but not the rawDP (Table 3). For the medium
fragments, all four could be discriminated by the mo-
bility of the forward strands only at two temperatures,
25°C and 35°C. For the reverse strands, fragments B
and E had coincident mobilities at every temperature.
For the large fragments, the mobility of the forward
strands was sufficient to discriminate among the four
fragments only at 25°C, while the mobility of the
reverse strands could discriminate the four fragments
at 18°C, 25°C and 30°C.
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3.5.2 Coefficient of variation of mobility values

For the small fragments, the coefficient of variation (CV)
was always greatest for the rawDP, with the MW next
greatest, and pseudoMW the least at all temperatures.
There was no correlation between an increase in temper-
ature and an increase in the CV. For the medium and large
fragments, the pseudoMW CV was always the least but
no other consistent correlation was observed.

3.5.3 Analysis of variance for allele, capillary
and replication

The relative contribution to observed variance by each
factor was calculated in terms of percent from compo-
nents for random effects and from sums of squares for
fixed effects (Figs. 5-7). For the small fragments (Fig. 5),
fragment differences were responsible for greater than
97% of the variance over all the temperatures when mo-
bilities were assigned using the MW or pseudoMW, and



Electrophoresis 2005, 26, 112-125

1000 rmme e ——— -y _ _
99.0 =0

- S
98.0 A
87.0
%_ﬂ 0‘ - Q
95.0 S~ B
94.0 -
930
920

7.0
6.0
5.0
4.0
3.0
20
1.0
0.0

Percent Variance

18 25 30 35
Temperature (°C)

=3 -Fragment Molecular Weight
— = -Fragment Pseudo Molecular Weight
== «Fragment Raw Datapoint

—¥— Capillary Molecular Weight
—&— Capillary Pseudo Molecular Weight

~[1~ Capillary Raw Datapoint

—&— Replication Molecular Weight

—#— Replication Pseudo Molecular Weight
—+— Replication Raw Datapoint

Figure 5. For small fragments (WRKY 1,2,3), each fac-
tor’s contribution to the percent variation for each method
of scoring is given at each temperature. Methods of
scoring are described in Section 2.5.

greater than 90% for the rawDP. Contributions due to the
capillary were negligible for the small fragments at any
temperature when scored with the MW or pseudoMW.
For the medium fragments (Fig. 6), fragment differences
accounted for greater than 97% of the variance at 18°C,
25°C and 30°C for the MW and pseudoMW values, but at
35°C only contributed to 90% of the variance observed,
with greater than 5% due to capillary-to-capillary varia-
tion. For the rawDP, contributions to variance due to the
capillary was less than 5% at 18°C and 25°C but
increased to 48% at 35°C, which was greater than the
contribution due to the fragments (Fig. 6). For the large
fragments (Fig. 7), the same trends as with the medium
fragments were observed. The fragment contributed
greater than 85% of the variation observed at the three
temperatures when scored with either the pseudoMW or
the MW with an increase in the variance due to the cap-
illary at the higher temperatures. For all size fragments at
all temperatures, the contributions to the variance by
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Figure 6. For the medium fragments (A, B, D, E), each
factor’s contribution to the percent variation for each

method of scoring is given at each temperature. Methods
of scoring are described in Section 2.5.

replications were significant (P > 0.05), but accounted
for a minor amount, less than 1%, of the total variation
noted.

3.5.4 Capillary-to-capillary variation

As the capillary-to-capillary variation was the second
largest effect on the variance at 30°C for the large
fragments, the capillary means were calculated for
MW, pseudoMW and rawDP and a pairwise compar-
ison performed to determine if specific capillaries con-
tributed predominantly to the variation noted. No con-
sistent differences among the capillaries were noted
(Fig. 8). In addition, capillary-to-capillary variation was
not consistent on a particular capillary over all tem-
peratures, runs, or between groups of runs (data not
shown).
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tor’s contribution to the percent variation for each method
of scoring is given at each temperature. Methods of
scoring are described in Section 2.5.
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3.6 Resolution of alleles based on a single
measurement

As few biochemists or geneticists would ever measure
any value 48 times, we have attempted to determine if
alleles could be resolved by their mobilities after a single
measurement. To this end, we have calculated both the
mean and the range of values in Table 4. An example is
presented here to determine if, from the mobility data, all
four medium fragments could be discriminated by a sin-
gle measurement independent of which capillary ran the
samples. Because the order of elution of alleles cannot be
predicted, the allele assignments to the mobilities were
developed from the individual clone mobility data. For the
forward strand (green), the range of calculated MW and
pseudoMW values for D does not overlap with the range
from any other allele. In addition, B can be distinguished
from E and allele A from D and E. The only two fragments
that could not be discriminated by their mobilities due to
overlap of the ranges are A and B. However, the data from
the reverse strand show that A can be distinguished from
B, D or E and that there is no overlap in the range of the
values. Thus, by considering the data from both strands,
all four fragments can be resolved with a single measure-
ment.

Table 3 is a summary of the ability of the fragments to be
resolved by a single measurement. For the small frag-
ments, the MW and pseudoMW were able to identify
alleles at all temperatures for the reverse strand. RawDP
was not capable of distinguishing all alleles at 18°C, 30°C
and 35°C. For the medium fragments, as discussed
above, data from both strands must be combined to
identify all four fragments. No identification would be
possible if fragments were measured a single time at
18°C. Combining of data for both strands for single
measurements would identify all four alleles for pseu-
doMW at 25°C, 30°C and 35°C and for MW at 25°C and
30°C. RawDP could not be used to identify all four alleles
at any temperature even if strand data is combined. For
large fragments, all four fragments cannot be dis-
tinguished by a single measurement at any temperature,
by any method or by combining strand data because F
and | cannot be reliably resolved.

4 Discussion

4.1 Use of undenatured dsDNA molecular
weight standards

A primary concern with the use of CAE with SSCP is the
choice of a suitable internal MW standard. We investi-
gated the use of commercially available dsDNA MW
standards (ROX 2500) which vary in size from 55 bp to



Electrophoresis 2005, 26, 112-125

14 097 bp. The ROX 2500 MW standards provide a means
to compare SSCP runs between temperatures when the
actual length in bp are assigned to the peaks. This meth-
od is only useful in the range from 55 to 1199 bp which is
suitable for single strands of fragments 155 and 245 bp in
length. The correct assignment of length values to the
larger fragments is not possible due to fusion of peaks,
anomalous migration, and reduction and broadening of
the largest fragment peaks to a point where they are not
reliably detectable. The clearest evidence of this was that
the CV for raw datapoint was often smaller than that for
the MW in the range from 1740 to 14 097 bp, especially
when the datapoint values were over 9000. Application of
the MW to the internal standards allowed comparison of
mobilities across temperatures. The pseudoMW gave a
smaller CV than the MW but does not allow direct com-
parison across temperatures.

4.2 |dentifying novel alleles from mobility data

Our interest is in using this SSCP method to develop mo-
lecular markers from candidate genes and ESTs that can
be used to estimate genetic diversity in a germplasm
collection. Hence, we would like to use this method with-
out knowing in advance the mobilities of all the possible
alleles, but rather to discover alleles by measuring their
mobilities. In addition, we wanted to use the currently
available commercial software to automate the calling of
alleles at any locus to make high-throughput analysis
practicable. Several problems arose during the investi-
gation that have complicated but not prevented the use of
this method to characterize germplasm collections.

(i) 1t is clear that the mobility of ssDNA under SSCP con-
ditions is inconsistent and cannot be predicted for either
strand at one temperature from information gathered at
another temperature. It would be tempting to conclude
that reducing the length of the fragment would address
this difficulty, but because only three alleles of the small
fragments were analyzed, consistency of allele order over
both strand and temperature cannot be concluded.
However, we are currently developing a software method
to describe alleles for heterozygotes by their mobilities
from both strands and from different temperatures, with-
out regard to allele order. Initial treatment of the data from
the cocoa germplasm collection suggests that this can be
accomplished using either MW or pseudoMW.

(i) We assumed that fragments differing by only a single
SNP should be the most difficult to separate. This
assumption was important because it deals with the trade
off between short fragments that may contain fewer SNPs
but are easier to resolve and long fragments that may
contain more SNPs but may be more difficult to resolve if
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only a single SNP is present. With the current expense of
fluorescently labeled primers, it is important to capture
the greatest amount of diversity in a locus with a single set
of primers. For the large fragments, differentiating frag-
ments that differed only by one SNP (F and I) was not
possible from a single measurement at any temperature-
dye combination. Thus, increasing the fragment length to
437 nt from 245 nt decreased the resolution of the meth-
od.

(iiiy A unique advantage of SSCP is to be able to collect
data at several different temperatures for the same frag-
ments. However, as the temperature was raised, the
amount of variance due to the capillaries increased for all
sizes of fragments investigated (Figs. 5-7). At the lower
temperatures, the fragments remain in the capillary for a
longer period and greater diffusion may be expected to
lead to broader peaks. The effect was exactly the oppo-
site. Although the fragments travel faster at high tem-
peratures, less stable conformations of ssDNA or
increased diffusion due to the higher temperature may
have produced the greater capillary-to-capillary variation.
Because there was no consistent alteration of mobilities
detectable due to the capillary, small differences in capil-
lary physical properties may not be important in this var-
iation.

Although the fragments were retained on the capillaries
longer at the lower temperatures, their mobility increased
in relation to the mobility of the undenatured double-
stranded MW standards. Thus, at the lowest temperature,
18°C, the product peaks had the lowest apparent MW
(Fig. 1) suggesting that increased stability of the ssDNA
conformation increases mobility. However, at 18°C, the
medium and large fragments that differed by a single SNP
had identical mobilities. At 35°C, the ssDNA conformers
for all size fragments ran closer together. In addition, for
the higher MW range, the 14 097 bp fragment was often
undetectable at 35°C. Thus, both 18°C and 35°C are not
appropriate temperatures for analysis.

4.3 Reliability of mobility measurements

Our primary concern was to determine if ssDNA mobilities
under SSCP conditions were consistent across the capil-
lary array so that we could automate the scoring of alleles
similar to that for microsatellite loci. Our data demon-
strate that wherever two peaks could be detected by
Genotyper, the means of those measurements would
allow accurate assignment of the allele. This assignment
could be done using the MW or the pseudoMW for all size
fragments at all temperatures, and the rawDP for the
small fragments reverse strand at all temperatures. Al-
though mobilities for a particular strand at a particular
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temperature could not be predicted, each strand had a
definable and reliable mobility at each temperature.
Therefore, in analyzing mobility data from a germplasm
collection, we may conclude that strands with altered
mobility represent novel sequences and, hence, novel
alleles, without having to sequence each allele. Thus, for
highly replicated measurements, all alleles for all size
fragments could be identified even if they differed by only
a single SNP.

The range of mobility values for each strand at each tem-
perature across all capillaries and replications was ana-
lyzed to determine if an allele could be reliably identified
after a single run. Our criterion was that alleles could be
reliably identified if there was no overlap of ranges. In this
analysis, for the small fragments, (160 nt) a single run at
any temperature in any capillary should provide a reliable
means to assign an allele based solely on the calculated
MW or pseudoMW mobility of the fragment. For the inter-
mediate-size fragments, all four fragment means could
only be resolved at 25°C for the forward strand. However,
at 25°C for the forward strand, A and B (which were not
coelectrophoresed in our experiment) were almost indis-
tinguishable by mobility and could not have been reliably
identified by a single measurement. However, combining
of data from both strands at 25°C was sufficient to resolve
all the medium fragments with a single measurement. In
addition, it appears that combining data from different
temperatures should be the best method to define novel
alleles by their mobilities. Because the order of alleles
may change between temperatures, it will be necessary
to compile datasets of mobilities for individuals homo-
zygous at a locus and use these combined mobilities to
identify the initial set of alleles. These allele descriptions
can be subtracted from the descriptions of heterozygous
individuals to allow the identification of novel alleles with-
out knowing the order of elution a priori. We are currently
developing software to automate this process.

As seen from our data for intermediate and large frag-
ments, there are numerous examples where alleles can-
not be separated on a particular strand or temperature. B
and E coelectrophoresed at all temperatures for the
reverse strand. Thus, it becomes essential to combine
data for both strands and two temperatures to avoid
misidentifying heterozygous individuals as homozygous.
This should increase the sensitivity of this method to allow
detection of every allele. We are currently comparing the
estimation of genetic diversity in a germplasm collection
using this method and microsatellite analysis.

For the large fragments, combining data over two tem-
peratures does allow G and K to be distinguished from
each other and from F and |. However, there is no tem-
perature-strand combination that would allow a com-
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pletely reliable (i.e., the ranges of the values from the
control experiment do not overlap) assignment of F or | to
a homozygotic individual by a single measurement or by
combining measurements at two different temperatures.
Thus, unless F and | were present as a heterozygote (as in
the control experiment where they can be correctly iden-
tified when coelectrophoresed), homozygotes of either F
or | could be misidentified. For the large fragments,
increased numbers of SNPs do not improve resolution
and fragments differing by a single SNP are not resolved
by combining measurements at two different tempera-
tures. Therefore, we do not recommend using fragments
of 437 nt or greater to estimate genetic diversity in germ-
plasm collections.

4.4 Recommendations

To adequately assess alleles at a candidate gene locus
using SSCP on a capillary array: fragments should be
<250 bp, samples should be analyzed at two different
temperatures between 18°C and 30°C to reduce the
variability introduced by the capillaries, and undenatured
dsDNA MW standards, such as ROX 2500, should be
included as internal standards. For each sample, either
the actual MW of the internal standard or a pseudoMW
should be used to estimate the mobility of the ssDNA
alleles. Data should be combined from both strands and
both temperatures to completely resolve all alleles at the
locus. Multiplexing of samples of different size range is
possible, as intermediate and large fragments were ana-
lyzed simultaneously in these experiments. Slight chan-
ges in polymer solutions and changing of capillary arrays
also has an effect on absolute mobilities of ssDNA, even
when normalized (data not shown). Therefore, when pos-
sible, loci should be analyzed using the same polymer
solution and capillary array.
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