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Repeat expansion detection (RED) is a powerful tool for detection of expanded repeat sequences in the genome.
In RED, DNA serves as a template for a repeat-specific oligonucleotide. A thermostable ligase is used to ligate
oligonucleotides that have annealed at adjacent positions, creating multimers in a thermal cycling procedure.
The products are visualized after gel electrophoresis, transfered to a membrane and subsequently hybridized.
Multiple linear regression (MLR) and partial least square (PLS) techniques were used to reveal the most
influential factors in the amplification reaction and to identify possible interacting factors. Ligation temperature
proved to be the most important factor in the reaction: Temperatures far below the melting point of the
oligonucleotide increased the yield considerably. Higher cycle number resulted in a continuous rise in intensity,
indicating that the ligase remained active even after 700 cycles or 12 hr of cycling. In addition, the
concentration of ligase was found to be important. Using optimal parameters, a 5.5- and 3.2-fold increase in the
yield of 180- and 360-nucleotide products respectively was obtained. The improved sensitivity makes the method
more robust and facilitates detection of repeat expansions. This improvement may be particularly useful in
development of RED for diagnostic purposes as well as for nonradioactive detection of RED products. Based on
these results, a new protocol for the RED method was developed taking into account the risk of introducing
artifacts with increased enzyme concentrations and lowered annealing temperatures.

In the past few years, expansions of trinucleotide
repeats have provided a molecular explanation for a
number of genetic disorders, notably myotonic dys-
trophy (Aslanidis et al. 1992; Fu et al. 1992; Brook et
al. 1992) and Huntington’s disease (Huntington’s
Disease Collaborative Research Group 1993) as well
as several others (for review, see Lindblad and Schal-
ling 1996; Reddy and Housman 1997). A common
feature of these disorders is that they cause dysfunc-
tion of the central nervous system, with strong phe-
notypic variability even within families. Increas-
ingly severe phenotypes are observed in subsequent
generations, a phenomenon referred to as genetic
anticipation. There is evidence for genetic anticipa-
tion in other disorders including bipolar affective
illness (McInnis et al. 1993; Nylander et al. 1994;
Grigoroiu-Serbanescu et al. 1997), schizophrenia
(Asherson et al. 1994; Bassett and Honer 1994;
Thibaut et al. 1995), and familial hereditary tremor
(Chritchely et al. 1949; Jankovic et al. 1997). It is
possible that a number of these disorders are caused

by genes containing repeat sequences that may ex-
pand and lead to dysfunction. Trinucleotide disease
genes identified to date contain CAG/CTG, CCG/
CGG, GAA/TTC (see Reddy and Housman 1997)
and GCG/CGC (Brais 1998). It is possible that ex-
pansions resulting in disease may occur in other
motifs as a number of genes containing short but
polymorphic triplet repeats have been described
(Riggins et al. 1992). We have focused on optimiz-
ing detection of the most commonly occurring ex-
pansion (CAG/CTG) (Riggins et al. 1992; Lindblad
et al. 1994).

The repeat expansion detection (RED) (Schal-
ling et al. 1993) technique was developed to make
possible the identification of repeat expansions
from total genomic DNA without knowledge of
flanking sequences. RED has been used to detect
expansions in genomic DNA from patients with the
trinucleotide diseases myotonic dystrophy (Schal-
ling et al. 1993), Machado-Joseph disease (Lindblad
et al. 1996), and spinocerebellar ataxia type 7 (Lind-
blad et al. 1996). The technique has also been used
to map a new CAG/CTG expansion to chromosome
18 (RED-1) (Schalling et al. 1993), to detect four
other repeat sequence motifs that may expand
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(Lindblad et al. 1994), as well as to associate CAG/
CTG expansions with bipolar affective illness (Lind-
blad et al. 1995; O’Donovan et al. 1995, 1996; Oruc
et al. 1997) and schizophrenia (Morris et al. 1995;
O’Donovan et al. 1995, 1996). RED can also serve as
a tool in cloning of new trinucleotide repeat-
containing genes (Koob et al. 1998). In RED, the
presence of a long repeat in genomic DNA serves as
a template for a repeat-specific oligonucleotide. A
thermostable ligase is used to ligate oligonucleo-
tides that have annealed at adjacent bases. A large
pool of multimers can be generated by multiple
cycles of denaturation and annealing in a thermo-
cycling device. The products are separated by gel
electrophoresis, electroblotting, and subsequently
visualized by hybridization with a labeled repeat
probe complementary to the oligonucleotide used
in the RED reaction. An advantage with RED is that
it can detect expansions anywhere in the genome
even when the position of the locus is unknown. In
addition, the method can detect long repeated se-
quences that PCR often fails to amplify such as the
expanded allele in myotonic dystrophy.

In the present study, a multivariate optimiza-
tion technique (Ståhle and Wold 1988) was used to
make the RED method more sensitive and reliable.
Multivariate analysis was used because several vari-
ables may interact in the RED reaction. Multivariate
optimization permits identification of interacting
variables and makes it possible to reveal which vari-
ables have the greatest influence on reaction effi-
ciency. The interaction between variables is here
monitored through a response surface in which an
optimum can be detected as a convex plane in a
coordinate system (Fig. 1), based on a central com-
posite design (Fig. 2). The analysis identified a num-
ber of potentially important factors. These were
studied with respect to yield, stringency of amplifi-
cation and detection, and total time consumption.
Ligation temperature was identified as the most im-
portant single factor among reaction variables. As a

result of the optimization procedure we changed
the ligation temperature and increased the number
of cycles and the enzyme concentration compared
to the original protocol (Schalling et al. 1993).

RESULTS

Six factors that could possibly influence RED effi-
ciency were chosen manually (selection, Table 1).
An initial screening identified variation in ligation
temperature and cycle number as major factors in-
fluencing the yield of both 180- and 360-nucleotide
RED products (first two columns in Table 2). The
third factor in order of importance affecting 180-
nucleotide product synthesis was DNA concentra-
tion, whereas ligase concentration was more impor-
tant for 360-nucleotide products. Variations in oli-
gonucleotide concentration, ligation time, ligase
concentration for 180-nucleotide products did not
significantly influence the reaction yield. For 360-
nucleotide products, variations in ligation time,
DNA and oligonucleotide concentration did not
have a significant influence (Table 2).

In a second set of experiments, the four most
influential parameters identified in the initial
screening, columns marked 1–180 and 1–360
nucleotides in Table 2, were further analyzed. We
focused on finding the optimal values for the top
three of the four parameters at each RED product
size.

An increased yield was observed with decreas-
ing ligation temperature for all RED products [par-
tial least square (PLS) r = 10.64 and PLS r = 10.41
at P = 0.05 for 180- and 360-nucleotide products,
respectively (columns marked 1–180 and 1–360-
nucleotides]. There was also a correlation between
cycle number and product yield. An increased cycle
number gave a higher yield (up to 700 cycles). The
180-nucleotide product gave a maximum yield
when just above 1.0 µg DNA/sample were used.
Higher ligase concentrations (up to 29 U/sample)

Table 1. Computer-Assisted Value Selection for RED Optimization

Levels

Selection
Optimization

1–180
Optimization

1–360
Optimization

2 180/360

! + !a 0 +a !a 0 +a !a ! 0 + +a

Ligation temp. (°C) 75 85 72 80 88 72 80 88 57 60 65 70 73
Ligation time (sec) 20 60 40 40 3 10 20 30 37
Number of cycles 200 800 50 500 950 50 500 950 500
Enzyme (units) 5 25 15 1 15 29 7 10 15 20 23
DNA (µg) 0.5 2.0 0.2 1.25 2.3 1.25 1.25
Oligonucleotide (ng) 50 150 100 100 100
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Table 2. PLS Regression Analysis

X variables

Results of Selection Results of first (1) and second (2) optimization

1 and 2 (180 nt) 1 and 2 (360 nt)180 nt 360 nt 1 (180 nt) 1 (360 nt) 2 (180 nt) 2 (360 nt)

Ligation temp. 10.45 5 0.16 10.23 5 0.11 10.64 5 0.02 10.41 5 0.06 NS NS 10.22 5 0.04 10.18 5 0.02
Cycles 0.35 5 0.16 0.28 5 0.11 0.17 5 0.05 0.34 5 0.07 0.077 5 0.04 0.046 5 0.02
Enzyme conc. NS 0.24 5 0.11 0.20 5 0.07 0.32 5 0.07 0.10 5 0.09 NS 0.088 5 0.04
DNA conc. 0.22 5 0.16 NS NS NS
Oligo conc. NS NS
Ligation time NS NS 0.19 5 0.05 0.22 5 0.06 10.078 5 0.04 10.12 5 0.02
Temp. (2) 0.32 5 0.05 0.22 5 0.16 10.24 5 0.07 10.25 5 0.08 10.13 5 0.02 10.081 5 0.03
Cycles (2) 10.02 5 0.01 10.31 5 0.05 0.10 5 0.03 10.16 5 0.03
Enzyme conc. (2) NS 0.19 5 0.09 0.12 5 0.10 10.14 5 0.06 0.15 5 0.03
DNA conc. (2) 10.190 5 0.08 10.076 5 0.04
Time (2) 0.16 5 0.04 0.14 5 0.05 10.062 5 0.02 10.039 5 0.01
Temp. 2 cycles 0.09 5 0.04 10.11 5 0.07 10.10 5 0.08 NS 0.047 5 0.03
Temp. 2 enzyme

conc. NS NS NS 10.072 5 0.03
Temp. 2 DNA conc. NS NS
Temp. 2 time 10.11 5 0.06 NS 10.12 5 0.02 10.12 5 0.02
Cycles 2 enxyme

conc. 0.16 5 0.10 0.090 5 0.05
Cycles 2 DNA conc. 10.08 5 0.04
Cycles 2 time 0.089 5 0.05
Enzyme conc. 2 time NS 10.14 5 0.05 NS

Regression coefficients are given with the confidence limits at P = 0.05. (nt) = Nucleotides.
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increased the yield of larger products (360 nucleo-
tides) (PLS r = 0.20; P = 0.05) (Table 2). DNA con-
centration and the number of cycles were also
inter-related at 180-nucleotides (PLS r = 10.08;
P = 0.05), but in a negatively synergistic manner,
such that a lower DNA concentration required an
increased number cycles to maintain the same

amount of product (Table 2). In the 360-
nucleotide model, increased enzyme
concentration and cycle number had a
positive synergistic effect on yield (PLS
r = 0.16; P = 0.05) (Table 2). All experi-
ments run at 88°C, all experiments with
0.2 µg of DNA as well as all experiments
with a combination of ø0.5 µg of DNA
and ù85°C failed to generate any de-
tectable 180- or 360-nucleotide prod-
ucts. Based on this, all of the 15 out of
80 experiments that did not give a 180-
nucleotide product were excluded from
the data set. In analogy, 28 of 80 experi-
ments failed to produce 360-nucleotide
product and were excluded. In addition,
three 360-nucleotide outliers were de-
tected and subsequently excluded.

The cross-validation analysis indi-
cated that 80% of the variation of the
response (y) is predicted by our models
for both the 180- and 360-nucleotide
products. Results were analyzed both
with PLS and MLR (multiple linear re-
gression) methods, with approximately
the same result.

The new protocol optimized for product yield at
180- and 360-nucleotide product, respectively, was
compared with the original protocol (Schalling et al.
1993) in a separate experiment. The protocol opti-
mized for 360-nucleotide products gave the most
significant improvement with 5.5 (P < 2 2 10110)
and 3.2 (P < 2 2 1018) times more of the 180- and
360-nucleotide product, respectively (Fig. 3). This
protocol included a reduced ligation temperature
(72°C), an increased cycle number (950), and a
higher enzyme concentration (29 units).

A new set of experiments was defined to further
explore the domain outlined by the results from the
first design (columns marked 2–180 and 2–360
nucleotides in Table 2). In this set, ligation tempera-
ture (57°C–73°C), ligation time (3–37 sec) and en-
zyme concentration (7–23 units) were investigated.
A negative synergistic effect was seen between liga-
tion time and ligation temperature: A low tempera-
ture was more important for 180-nucleotide prod-
uct yield when a short ligation time was used. The
enzyme concentration and the ligation time also
interacted in a negative synergistic manner in the
formation of the 360-nucleotide (PLS r = 10.14;
P = 0.05) products. This was demonstrated by a
shorter ligation time requiring more enzyme. The
two sets of experiments defined above were super-
imposed onto each other and a larger domain in-

Figure 1 An example of a response surface plot illustrating the ef-
fects of variations in enzyme concentration and cycle number.

Figure 2 Distribution of the experimental points in a
factorial design. The corners in the cube represent the
+/1 levels in the design, the central point is in the
middle of the cube, and the 1a/+a levels should be at
the same distance from the central point.
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vestigated [columns marked 1 and 2 (180 nucleo-
tides) and 1 and 2 (360 nucleotides) in Table 2]. This
composite analysis showed the same synergism as
described above, but also revealed a positive syner-
gistic effect involving enzyme concentration and
cycle number for 180-nucleotide products (PLS
r = 0.09; P = 0.05).

The specificity of the reaction was tested using a
plasmid containing a 141-bp cloned repeat frag-
ment from a myotonic dystrophy patient. The plas-
mid was used with annealing temperatures span-
ning from 67°C–82°C. We observed no artifactual
band at a concentration of plasmid DNA equimolar
in repeat copy number to that of the amount of
genomic DNA normally used (1 µg) (not shown).
With more than two times the equimolar plasmid
DNA concentrations, 1–2 additional bands were
seen above the accurate 150-nucleotide band even

at 77°C and below. However, DNA from patients
with Huntington’s disease, containing a repeat with
known length, produced additional bands at tem-
peratures lower than 77°C. When genomic DNA
from cell line GM 10850 was used as a substrate, the
longest product observed remained 360 nucleotides
even with ligation temperatures as low as 57°C (not
shown).

The yield of RED products was investigated with
different blotting and hybridization procedures.
Dry capillary blotting (Sirugo et al. 1994 and M. Litt,
pers. comm.), wet capillary blotting (Hoefer News
1994), and electroblotting (Schalling et al. 1993)
were compared. Dry capillary blotting was found to
give the same yield of RED products as electrotrans-
fer with a reduced occurrence of artifacts (Fig. 4).
The transfer by wet capillary blotting is technically
difficult as the gel does not adhere to a wet filter
paper making the procedure prone to artifacts (Fig.
4). Hybridization in Amersham Rapid Hybe allowed
hybridization time to be shortened to 45 min with
similar results as previous overnight incubations.
The improved RED protocol is presented in Table 3.

DISCUSSION

We have optimized the RED method using a statis-
tical experimental design to pinpoint the factors
that exert greatest influence on the reaction. We
hypothesized that several factors could be interact-
ing in the enzymatic reaction, thereby affecting the
reaction yield. Accordingly, the multivariate ap-
proach allowed us to study the entire reaction sys-
tem in one set up. Using this approach, we avoided
the methodological pitfalls associated with a more
traditional approach, that is, changing one factor at
a time (Box et al. 1978).

The experimental design suggested ligation
temperature to be the most important factor in all
domains investigated. A lower ligation temperature
(57°C–77°C) than used previously, increased the
product yield. At a temperature >88°C no product
could be detected. Reactions containing a smaller
amount of DNA (0.5 µg/sample) yielded no product
at 85°C. Thus, more DNA is required for generation
of detectable amounts of product when stringent
conditions are used. This could be caused by less
complete annealing of the oligonucleotide. The cal-
culated Tm of the oligonucleotide used varies be-
tween 73°C with the OSP software (oligonucleotide
selection program, Hillier and Green 1991) and
86°C with the %GC content method. An alternative
explanation for the increased substrate requirement
would be reduced enzyme activity at high tempera-

Figure 3 Results of RED performed on DNA from cell
line GM 10 850. (A) A sample from the RED protocol
used prior to improvement. (B) A standardized RED
sample, i.e., a batch of pooled runs of the RED protocol
used in A, see under Quantitation. Because of evapo-
ration, the amount of sample applied to the electro-
phoresis gel was slightly smaller for individual runs (A)
than for pooled runs. Thus the amount of product is
slightly higher in lane B. (C) A RED sample from the
new protocol predicted to give a higher yield. It in-
cluded a low annealing/ligation temperature (72°C),
higher Ampligase concentration (29 units), and was
cycled cycled 950 times. We observed a 3.2-fold higher
yield of the 360-nucleotide band than an average RED
run with the protocol of Schalling and coworkers
(1993).
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tures. There is, however, evidence that the thermo-
stable enzyme used has a half-life >1 hr at 95°C (Epi-
centre Technologies).

In general, the specificity of the ligation is en-
hanced by performing the reaction at or near the Tm

of the oligonucleotide (Barany 1991). However,
when genomic DNA from cell line GM 10850 was
used as a substrate, the size of the longest product
neither increased nor decreased even with ex-
tremely low annealing/ligation temperatures
(57°C). One might argue that even at low tempera-
tures the ligation products generated from long
templates remains stable. However, longer artifac-

tual products were observed at temperatures <77°C,
when genomic DNA containing shorter expansions
were used as substrates. No shift in product forma-
tion was observed at low temperatures when an
equimolar concentration of plasmid DNA contain-
ing a 141-bp repeat was used. Perhaps extra bands
are produced more easily in the shorter size range,
because of the presence of multiple short loci in the
genome where ligations could occur. Alternatively,
loci containing imperfect repeats might serve as
substrates for ligation at a low annealing tempera-
ture. Both phenomena would increase the concen-
tration of 90- to 120-nucleotide products to such a
level that these products effectively compete with
the monomer in the RED reaction, resulting in ar-
tefactual size representation. These extra products
would also be generated from reactions using DNA
containing a repeat of several hundred nucleotides
as substrate. It is possible that the absence of extra
bands at low temperatures in DNA containing long
repeats is because the above mechanism contributes
only artefactual products <200 nucleotides in
length. A high DNA concentration in combination
with a low ligation temperature would increase the
likelihood that such short products would be re-
cycled in the ligation reaction.

There was a continuous rise in product yield up
to 700 cycles, indicating that the Ampligase is active
even after 12 hr of cycling time; subsequently, the
intensity leveled off. DNA concentration was not of
great importance in the broader model; however,
concentrations <0.2 µg/sample produced no detect-
able yield. Runs at a low number of cycles or at high
temperatures together with a fairly low DNA con-
centration (<0.5 µg/sample) produced a low yield or
no yield at all. Oligonucleotide concentration did
not significantly affect the reaction yield in the ex-
perimental domain that we explored. However, it is
likely that a severalfold decrease in oligonucleotide
concentration would affect the yield significantly.
Shorter ligation times appear to influence the yield.

Figure 4 The effects of various blotting and hybrid-
ization techniques on RED of DNA from cell line GM
10850 using a (CTG)10 oligonucleotide. (A) Electro-
transfer, 2 A for 40 min in 12 TBE. Prehybridization
and hybridization in Amersham Rapid Hybe for 30 min
and 45 min, respectively. The membrane was washed
for 20 min at room temperature and for 2 2 15 min at
60°C in 12 SSC, 0.1% SDS. Typical electroblotting
artifacts are shown (arrows). (B) Wet capillary gel trans-
fer. The completed gel was placed on top of a stack of
wet filter papers, overlaid with a sheet of wet mem-
brane, covered with another sheet of wet filter paper,
then topped with a stack of dry filter sheets and a
weight for 2 hr. (C) The DNA was transferred from the
gel onto a membrane by dry capillary blotting. A wet
(12 TBE) Hybond N+ membrane was placed on the
gel, overlaid with three dry 3M papers and a weight for
2 hr. Following UV immobilization the membrane was
prehybridized for 30 min and hybridized for 45 min at
60°C in CHURCH solution. Thereafter the same wash-
ing procedure were used as in A and B. (D) Dry capillary
blotting as described above in C. Hybridization and
washing conditions as in A and B.

Table 3. RED Protocol

Ligation temp. 77°C
Ligation time 20 sec
Denaturation temp. 94°C
Denaturation time 10 sec
Cycle number 500
Enzyme 15 units
DNA 1.0 µg
Oligonucleotide 100 ng
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A short ligation time in conjunction with a low an-
nealing/ligation temperature was observed to yield
more product, suggesting that the total time within
a temperature range during which oligonucleotides
may anneal and become ligated is of importance.
An inverse correlation was observed between liga-
tion time and enzyme concentration such that a
shorter ligation time required more enzyme.

In a set of preliminary experiments, we found
that the optimal buffer concentration varied from
one DNA sample to another. The use of microgram
amounts of DNA in 10-µl reaction volumes make
the DNA source or variations in the DNA isolation
procedure more important than in other amplifica-
tion reactions and problems encountered may be
analogous to those seen in restriction digests for
Southern blots. Buffer concentration may thus need
to be adjusted depending on DNA source and the
preparation method (data not provided).

In screening for expanded repeats in DNA from
patients we observed 120-nucleotide products in all
individuals (Lindblad et al. 1995). Because the hu-
man genome contains a high number of trinucleo-
tide repeats (Gastier et al. 1995), it is most likely that
products ø120 nucleotides result from annealing of
oligonucleotides to multiple CAG repeats in the ge-
nome where repeat size permits ligation of three or
four oligonucleotides. Ninety to 120 nucleotides
may be considered a lower limit in size for detection
of expansions using RED. This baseline could not be
lowered by varying the size of the oligonucleotide
used, leading to the conclusion that it is substrate
dependent.

From the GM 10 850 cell line we usually ob-
served strong 60-, 90-, 120-, 180-, and 360-
nucleotide products but much weaker 150- and 210-
to 330-nucleotide products. One possible explana-
tion for this pattern is that the cell line contains two
repeat expansions sized ∼180- and 360-nucleotides.
The reason that in particular the 180- and 360-
nucleotide products appear strong could be that the
sizes of the expanded repeats allow for a particularly
good fit of a certain number of oligonucleotides.
Such a correlation was indeed observed in a RED
study of repeat expansions in Machado-Joseph dis-
ease, in which PCR was used to identify the actual
repeat size (Lindblad et al. 1996b).

The trinucleotide disease group consist of sev-
eral disorders, analysis of which accounts for a sig-
nificant share of diagnostic DNA analysis. It is likely
that several disorders will be added to this group in
the future because a number of diseases for which
the genetic defect remains unknown show anticipa-
tion, a hallmark of repeat expansion disorders. The

RED method has proven useful both in the discov-
ery and diagnosis of repeat expansions. The novel
protocol presented here using multivariate statisti-
cal approaches is robust and hence a useful tool in
the search for, and cloning of, novel expansions. In
addition, it may prove useful when nonradioactive
automatic analysis systems are used. The new pro-
tocol may also facilitate the use of the RED tech-
nique with samples containing low amounts of
DNA.

METHODS

Sources of DNA and Oligonucleotides

Genomic DNA was prepared from the cell line GM 10 850
(Coriell, Camden, NJ) from individual 134402, Centre
d’Etude Polymorphism Humain (CEPH, Paris, France) using
a standard phenol/chloroform extraction method. This in-
dividual had earlier been shown to have a long CAG/CTG
expansion (Schalling et al. 1993) here represented by a 360-
nucleotide RED ligation product. Oligonucleotides were syn-
thesized and when appropriate, phosphorylated and FLPC-
purified by Pharmacia Biotech (Uppsala, Sweden). The RED
procedure was optimized using a 30-mer CTG oligonucleo-
tides.

RED Reaction Conditions

All reactions were performed on a GeneAmp PCR System 9600
(Perkin Elmer Cetus, Norwalk, CT). Reactions contained be-
tween 0.2 and 2.3 µg of genomic DNA, 50–150 ng of phos-
phorylated (CTG)10 oligonucleotide, and 1–29 units of Amp-
ligase (Epicentre, Madison, WI) with 12 the supplied Ampli-
gase buffer. Total reaction volume was 10 µl. For specific
amounts in each set of experiments see Experimental Design
and Multivariate Data Analysis. The cycling process always
started with a 5-min denaturation at 95°C, followed by 50–
950 cycles of ligation and denaturation. Ligation and dena-
turation were performed at 57°C–88°C for 3–60 sec and at
94°C for 10 sec, respectively.

Electrophoresis and Hybridization

RED products were heat denatured in a loading buffer con-
taining 50% formamide, bromphenol blue, and xylene cyanol
for 5 min prior to electrophoresis on a 6% polyacrylamide/6 M

urea gel. The gel was subsequently transferred to 3MM filter
paper (3MM, Maidstone, UK) and the DNA electrotransferred
to Hybond N+ membrane (Amersham, Little Chalford, UK)
using 2 A for 40 min in 12 TBE. Following the UV immobi-
lization, membranes were hybridized for 16 hr at 60°C to a
(CAG)10 oligonucleotide, that had been 38-end labeled using
terminal deoxynucleotidyl transferase (Bethesda Research
Laboratories, Bethesda, MD) and 32P dATP (NEG 012Z, NEN,
DuPont, Boston, MA) to a specific activity of 2–9 2 109 cpm/
µg. Membranes were washed in 12 SSC, 0.1% SDS for 2 hr at
60°C, and autoradiographed for 14 hr on Du Pont Reflection
(NEN, DuPont, NEF 495) X-ray film using an intensifying
screen.
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Quantitation

Membranes were exposed to PhosphorImager storage screens
and scanned with a Molecular Dynamics 400A PhosphorIm-
ager (Sunnyvale, CA), which gives quantitative measurement
of product yield (Johnston 1990). The PhosphorImager was
used to analyze 90-, 180-, and 360-nucleotide products. The
value for each band was given as the ratio of that band to the
corresponding band average, derived from three standardized
RED reaction runs, placed at intervals of 10 lanes on the same
gel.

Experimental Design and Multivariate Data Analysis

A statistical experimental design (Carlson 1992) was used to
optimize the RED method. The conditions for each experi-
ment were predefined and all experiments were carried out in
a random order. All the investigated variables were continu-
ous and easily adjustable from one experiment to another.
The model required two sets of experiments.

Screening for the Most Important Parameters
in RED

A fractional factorial two-level design (Box and Draper 1987)
was used to find the most influential among potentially im-
portant factors. An interval was defined for each factor based
on previous experience and on practical limitations such as
enzyme cost and DNA consumption. Two levels were chosen
for each factor: an upper (+ level) and a lower (1 level), brack-
eting the interval of interest. In a set of 16 experiments the
following seven variables were included: annealing tempera-
ture/ligation temperature; ligation time; number of cycles; en-
zyme, DNA, and oligo concentration (see Table 1, Selection).
Two to three of these variables were changed during each of
the individual runs according to a computer-generated sched-
ule (Box and Draper 1987).

Results were represented as points in a coordinate sys-
tem, with as many axes as there are variables, a multivariate
space. Just as when one fits a line to points in a two-
dimensional coordinate system, a hyperplane or a response
surface was fitted to the measured responses in the multivari-
ate space. A response surface (Carlson 1992) defines a surface
in the space spanned by (Y, X1, X2, X3, ..., Xk). The response
is represented as convex and concave planes near the maxi-
mum and minimum responses, respectively. As a result of the
interactions between different factors, this plane may appear
twisted. A part of the model, with two variables (X1 and X2)
and their response (Y) are presented in a three-dimensional
space (Fig. 1).

Optimization of Ligation Temperature, Cycle
Number, and Ligase and DNA Concentrations

The preliminary analysis revealed the four most influential
factors: ligation temperature, cycle number, and the concen-
trations of ligase and DNA. These parameters were then in-
vestigated with regard to the shape of the response surface
around and out (1a, +a) from the experimental domain in-
vestigated previously (see optimization 1, Table 1). The addi-
tion of 12 centerpoints to the central composite design gave
stronger orthogonality and thereby a more stable model. The
centerpoints also allowed an estimation of the variance of the
experimental error and made it possible to assess the presence
of curvature indicating a nonlinear response. A central com-

posite design was used for creation of response surfaces for
those four factors (see Fig. 2). The analysis focused on the
three most influential factors for the yield of 180- and 360-
nucleotide products, respectively (see Table 1). Another cen-
tral composite design was used to explore the experimental
domain outlined by the results from the first design (see op-
timization 2, Table 1). The two designs were partly overlap-
ping, making it possible to superimpose them and evaluate a
larger domain. In optimization 1, we also measured the yield
of the 180-nucleotide product in the model designed for the
360-nucleotide product (see Table 1; data not shown) and vice
versa. The results from this analysis were used only when
values from optimization 1 and 2 were combined (see last two
columns of Table 2).

Statistical Analysis

The response surfaces used in the present paper are polyno-
mial models describing the measured response (Y) as a func-
tional effect of the experimental variables (X1, X2, X3, etc.).
We used a Taylor polynomial model, an approximation of an
unknown function:

Y = b0 + Sbi Xi + SSbijXjXi + SbiiXi
2 + «

The model parameter b0 estimates the response when all vari-
ables are set to zero, that is, the measured response. The bi

coefficient is a measure of the linear dependence of the cor-
responding variable. A cross-product coefficient, bij, is an es-
timate of the effect of interaction between the effect variables.
Y is the measured response and X represents the different
variables. Square terms describe nonlinear influence of X on
the response and « is the unexplained variation or residuals.
The variables are normalized with the maximum value corre-
sponding to 1 and the minimum value to 11. Normalization
makes it possible to compare the effects of different variables.

The model parameters in our experiments were esti-
mated by multiple linear regression and partial least-squares
regression methods (Geladi and Kowalski 1986), which also
were used later for data analysis. The analysis allowed us to
study trends and to detect outliers (samples that did not fit
with the model). Cross validation (Wold 1978) was used to
assess the quality of each observation. Data from a small num-
ber of samples were then excluded from the data set. The PLS
or MLR model was then computed using data from the re-
maining samples and the Y-values of the removed values were
thereafter predicted from the model and compared with the
actual Y. Codex software (Codex 2.58, Sum IT System AB,
Solna, Sweden) was used to evaluate the design and for the
analysis of the responses.
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