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Abstract

In order to obtain a detection limit as low as possible for a quantitative enterovirus specific RT-PCR ELISA assay,
optimal reaction conditions, which give rise to the highest response, need to be determined. This was done by
investigating the influence of 13 factors, selected from RT and PCR, in a multivariate approach by means of a
well-balanced three-level screening design, derived from a three-level Plackett–Burman design. Optimal reaction
conditions could be determined by calculation and evaluation of the effects of the different factors on the response,
i.e. the measured absorbance of the ELISA detection. The method will be used to study a possible longitudinal
relationship between enteroviruses and the development of multiple sclerosis and juvenile diabetes. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Multiple sclerosis (MS) and insulin-dependent
diabetes mellitus (IDDM) or type I diabetes are
diseases with a diverse aetiology. It is generally
believed that the combination of a genetic predis-
position, an autoimmune response and an envi-
ronmental factor are necessary to initiate these
diseases and to play an important role in their

pathogenesis. Animal models exist and suggest
that a virus can trigger the diseases [1,2]. In both
cases enteroviruses, and in particular coxsack-
ieviruses B, are important candidates [3–5]. Lon-
gitudinal follow-up studies, in which not only the
presence of viral genome sequences will be deter-
mined but also their concentration (quantitative
aspect), might help in the elucidation of a possible
relationship between enteroviruses and these
diseases.

To perform these longitudinal studies, a quanti-
tative RT-PCR ELISA (reverse transcription-
polymerase chain reaction enzyme linked
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immunosorbent assay) method will be used. In
order to obtain a detection limit as low as possi-
ble, i.e. the ability to determine the lowest number
of viral particles in a given sample, optimal reac-
tion conditions for RT and PCR have to be
established. Determining optimal conditions for
PCR is commonly performed by optimising the
different reaction parameters one by one (one-
variable-at-the-time procedure). From this uni-
variate approach, valuable conclusions can
already be drawn, but one has to take into ac-
count that one variable can influence several oth-
ers, i.e. interactions occur, e.g. the concentration
of free Mg2+ ions in a PCR affects the dNTP
(deoxynucleotide) concentration, the DNA poly-
merase activity and the melting temperature (Tm)
of double stranded DNA and the primer/template
interaction [6]. Secondly, one also has to be aware
of the fact that the one-variable-at-the-time proce-
dure examines only a limited part of the experi-
mental domain, which means that on the one
hand, the finally found ‘best’ conditions will de-
pend on the starting conditions that were chosen
and on the other, that the real optimal conditions
will not necessarily be found. The global optimum
reaction conditions would only be attained by
investigating all possible combinations of factors
and their possible levels in the experimental do-
main. This means, for example, that for the evalu-
ation of n factors at three levels, there are 3n

possible combinations of variables, which is in
practice not feasible to perform when the number
of factors increases (in our study 13 factors were
examined). This limitation can be overcome by
using a multivariate approach in which all vari-
ables are changed simultaneously according to a
well-considered experimental methodology. Plack-
ett–Burman based designs have been proposed
for the screening of a procedure in order to
determine the influence of experimental factors at
three levels on the responses of the method [7].
The application of experimental design for the
optimisation of the polymerase chain reaction is
not entirely new. Cobb and Clarkson [8] used a
similar strategy, namely modified Taguchi meth-
ods, to determine reaction components that af-
fected the PCR-product yield. There is, however,
an important difference between their method and

our method. They used a semi-quantitative ap-
proach (gel electrophoresis/ethidium bromide
staining and densitometry) to detect the PCR-
products instead of a quantitative ELISA format.
For our study, a well-balanced three-level screen-
ing design, derived from an original Plackett–
Burman design was used. The factors and their
levels were selected based on a literature study
[6,9–12] and on our own experience. For each
factor examined, three levels were considered: a
nominal (level 0) and two extreme levels (levels
−1 and +1). The extreme levels were chosen
based on the extreme values described in the
literature. The nominal level was defined as being
centrally situated in the interval between the two
extreme levels. The aim of this study is to deter-
mine the most important factors on the formation
of PCR reaction products, in order to be able to
define experimental conditions leading to the
highest yield of these products. The influence of
the factors on the response of the method was
evaluated by calculating their effects and drawing
the corresponding effect plots. The best condi-
tions predicted from the effect plots then permits
the determination of a detection limit that is as
low as possible. Cobb and Clarkson [8], in con-
trast, were evaluating Taguchi’s signal-to-noise
ratios.

All experiments were performed with poliovirus
strain Mahoney, since this virus has been the most
extensively studied within the enterovirus genus.
The enterovirus specific primer pair and probe
that were used are able to detect all available
enterovirus prototypes (65 serotypes), since they
are situated within a segment of the genome with
absolute sequence conservation among all se-
quenced enteroviruses [13].

2. Materials and methods

2.1. Virus

Poliovirus strain Mahoney (type 1) was used as
a representative of the enterovirus genus. The
virus was grown, collected and purified by sucrose
gradient ultracentrifugation [14]. The concentra-
tion was determined spectrophotometrically, as-
suming A260

1% for virus being 81.6 [15].
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2.2. RNA isolation

Viral RNA (ribonucleic acid) was isolated by
the acid guanidinium thiocyanate-phenol-chloro-
form extraction method [16]. The RNA pellet was
dissolved in 20 ml of sterile RNase- and DNase-
free water (Sigma, St. Louis, MO) and RNA
concentrations were again measured spectropho-
tometrically, assuming A260

1% for RNA being 250
[15]. The genome number was then calculated
considering the molecular weight of poliovirus
[17]. Prior to RT-PCR, the RNA was diluted to
the appropriate concentration(s).

2.3. Primers and probe

The sequences of the enterovirus specific
primers and probe are situated in a 148 bp (base-
pairs) segment with absolute sequence conserva-
tion among all sequenced enterovirus serotypes in
the 5% untranslated region of the viral genome [18].
The downstream primer (5%-TTGTCACCA-
TAAGCAGCCA-3%) and the 3% DIG (digoxi-
genin)-labelled capture probe (5%-CCAAAGTAG-
TCGGTTCCGC-3%) are antisense to genomic vi-
ral RNA. The 5% biotin-labelled upstream primer

(5%-CGGCCCCTGAATGCGGCTAAT-3%) is sen-
se to genomic RNA. Both primers and probe were
purchased at Pharmacia Biotech (Uppsala, Swe-
den).

2.4. RT-PCR

Before reverse transcription, 1 ml of RNA of the
appropriate concentration was incubated at 65°C
for 5 min, followed by 5 min at 4°C (=pre-RT
step). The following components were then added
to the incubated RNA (the examined factors and
their levels can be found in Table 1; all values
correspond with final concentrations in the reac-
tion mixture): RNasin ([factor A] Units (U);
Promega, Madison), RT-buffer ([factor B]; Roche
Molecular Biochemicals, Mannheim, Germany),
dNTP mix (0.4 mM of each dATP, dCTP, dGTP
and dTTP (deoxy-adenosine-, cytidine-,
guanosine-, thymidine-triphosphate); Roche
Molecular Biochemicals), downstream PCR
primer (1 mM) and AMV (avian myeloblastosis
virus) reverse transcriptase ([factor C] U; Roche
Molecular Biochemicals). The mixture was ad-
justed to a volume of 10 ml with sterile RNase-

Table 1
Factors examined and their levels

LevelsFactors

10−1

10A 25RNasin concentration (U/reaction) 40
RT(c)RT(b)RT(a)Batch of RT bufferaB

2AMV-RT concentration (U/reaction) 10C 6
RT temperature (°C) 37 42 47D
RT incubation time (min) 30 60 90E

PCR(a)PCR(b)PCR(a)F Batch of PCR bufferb

G 1.5MgCl2 concentration in PCR buffer (mM) 2.5 3.5
H 2001000dNTP concentration (mM)

1.751.00 2.50DNA polymerase concentration (U/reaction)I
0.375–0.6 0.75–1.0Primer1-PCRJ 0.0–0.2

primer2-PCR (mM)
Pre-PCR heating incubation time (min)K 9 12 15

706050L Primer annealing temperature (°C)
Cycle number 25M 33 40

a Batches (a), (b) and (c) correspond with different manufacturing dates.
b Batches (a), (b) and (c) correspond with different manufacturing dates.
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and DNase-free water and incubated for [factor
E] min at [factor D]°C, 5 min at 95°C and 5 min
at 4°C. To the complete reverse transcription
mixture the following components were added to
perform a Hot-Start PCR: PCR-buffer ([factor F];
Perkin–Elmer, Foster City), MgCl2 ([factor G]
mM; Perkin–Elmer), dNTP-mix ([factor H] mM;
Roche Molecular Biochemicals), AmpliTaq
Gold® DNA polymerase ([factor I] U; Perkin–
Elmer) and the primers ([factor J] mM). The mix-
ture was adjusted to a volume of 40 ml with sterile
RNase- and DNase-free water and submitted to
the following thermal profile: [factor K] min at
95°C (pre-PCR heat step to activate the enzyme),
[factor M] cycles at 95°C for 30 s, [factor L]°C for
30 s and 72°C for 30 s, finally followed by an
elongation period at 72°C for 7 min (final elonga-
tion). All thermal profiles were performed using
an Amplitron II® (Barnstead/Thermolyne Corp.,
Dubuque) thermocycler. In each analysis, a no
template control was taken along with the sam-
ples to detect any form of contamination.

2.5. ELISA

All reagents were pre-incubated to the appro-
priate temperature. Incubation at 37°C was per-
formed under constant shaking, protected from
light. The detection of the 148 bp biotin-labelled
PCR products was performed according to Osse-
waarde et al. [18] and adapted as follows: to 20 ml
of undiluted PCR product 200 ml SSC solution
(saline sodium citrate=0.15 M NaCl plus 0.015
M sodium citrate; both Merck, Darmstadt, Ger-
many) with 0.5% Tween-20 (Sigma) was added
and the samples were mixed. Duplicate analysis
was performed by transferring twice 100 ml of this
mixture to different streptavidin-coated MTP (mi-
crotiter plate)-wells (Roche Molecular Biochemi-
cals). The plate was incubated at 37°C for 30 min
allowing immobilisation of the biotin-labelled
PCR products on the streptavidin-coated wells.
The plate was then washed four times with 200 ml
SSC solution at 37°C, filled with 100 ml 0.1 N
NaOH (Merck) and incubated for 10 min at room
temperature to allow denaturation of the double
stranded PCR product. After washing twice with
200 ml SSC solution at room temperature, hybridi-

sation was performed by adding 100 ml of 25
pmol/ml DIG-labelled probe in SSC solution with
0.5% Tween-20 and incubating at 37°C for 30
min. The plate was then washed twice with double
concentrated SSC solution with 0.1% SDS
(sodium dodecyl sulphate, Merck) and 3 M urea
(Merck) at 37°C for 5 min and twice with double
concentrated SSC solution at 37°C for 5 min.
Then, 200 ml of 35 mU/ml anti-DIG-peroxidase
(poly) Fab immunoglobulin fragments conjugate
(Roche Molecular Biochemicals) with 0.5%
Tween-20, 1% BSA (Roche Molecular Biochemi-
cals) and 0.5% gelatine (Merck) in PBS (phos-
phate buffered saline pH 7.4; Sigma) was added.
The mixture was incubated at 37°C for 30 min.
After washing four times with 0.05% Tween-20 in
PBS, 100 ml of ABTS® (2,2%-azino-di-[3-ethylben-
zthiazoline sulfonate (6)] diammonium salt) sub-
strate solution (1 mg/ml in ABTS® substrate
buffer, Roche Molecular Biochemicals) was incu-
bated at 37°C for 30 min. The signals were
quantified with an automated MTP-reader Elx800
(Bio-Tek® Instruments, Winooski) by measuring
the absorbance at 405 nm (reference filter 490
nm). In each analysis, a negative detection control
(20 ml of sterile RNase- and DNase-free water)
was taken along.

2.6. Experimental design

The well-balanced three-level design [7], derived
from an original Plackett–Burman design [19], is
presented in Table 2. In this particular design, 13
factors can be investigated at three levels in 27
experiments. These 13 factors and their levels
were selected considering several literature sources
[6,9–12] and personal experience in the field of
RT-PCR. The factors investigated were for the
RT part of the procedure: RNasin concentration
(factor A), batch of buffer (factor B), AMV-RT
concentration (factor C), RT temperature (factor
D) and RT duration (factor E) and for the PCR
part of the procedure: batch of buffer (factor F),
MgC12 concentration (factor G), dNTP concen-
tration (factor H), DNA polymerase concentra-
tion (factor I), primer concentration (factor J),
pre-PCR duration (factor K), primer annealing
temperature (factor L) and cycle number (factor
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Table 2
Three-level design for 13 factors derived from the original 27 experiments, three-level Plackett-Burman designa

ResponseFactorsExp
A405/490

B C D E FA G H I J K L M

−1 0 −1 0 1 01 0−1 1 −1 0 0 0 0.968
−1 −1 02 −11 0 1 0 0 1 −1 0 0 0.230

1 −1 −1 0 −1 0 11 03 0 1 −1 0 0.392
1 1 −1 −1 0 −1 04 11 0 0 1 −1 −0.002
1 1 1 −1 1 0 −1−1 05 1 0 0 1 0.313

−1 1 16 10 −1 −1 0 −1 0 1 0 0 0.600
0 −1 1 1 1 −1 −11 07 −1 0 1 0 −0.004
1 0 −1 1 1 1 −18 −11 0 −1 0 1 0.296
1 1 0 −1 1 1 10 −19 −1 0 −1 0 0.760
0 1 1 0 −1 1 110 11 −1 −1 0 −1 0.119
1 0 1 1 0 −1 1−1 111 1 −1 −1 0 0.413

−1 1 0 1 1 0 −112 11 1 1 −1 −1 −0.003
1 −1 1 0 1 1 0−1 −113 1 1 1 −1 −0.004

−1 1 −114 1−1 0 1 1 0 −1 1 1 1 0.066
−1 −1 1 −1 1 0 10 115 0 −1 1 1 0.280

0 −1 −1 1 −1 1 016 10 1 0 −1 1 0.232
0 0 −1 −1 1 −1 10 017 1 1 0 −1 0.174
0 0 0 −1 −1 1 −118 1−1 0 1 1 0 0.043

−1 0 0 0 −1 −1 11 −119 1 0 1 1 0.001
1 −1 0 0 0 −1 −120 10 −1 1 0 1 1.428
0 1 −1 0 0 0 −10 −121 1 −1 1 0 −0.005
0 0 1 −1 0 022 01 −1 −1 1 −1 1 1.122
1 0 0 1 −1 0 00 023 −1 −1 1 −1 −0.006
0 1 0 0 1 −1 024 0−1 0 −1 −1 1 0.740

−1 0 1 0 0 1 −10 025 0 0 −1 −1 0.273
0 −1 0 1 0 026 1−1 −1 0 0 0 −1 0.440

−1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1−1 −127 0.862

a The results of the design, after correction for negative detection and no template, are also shown.

M). The different factor levels can be found in
Table 1. The situation of the factors within the
RT-PCR procedure is already described higher.

The following effects were calculated for each
factor:

Ex(−1,0)=
%R(0)

N/3
−

%R(−1)

N/3

Ex(0,1)=
%R(1)

N/3
−

%R(0)

N/3

Ex(−1,1)=
%R(1)

N/3
−

%R(−1)

N/3

where Ex is the effect on the measured response
(R) for the change of a factor x from one level to
another; �R(i ) (i=0, −1, 1) is the sum of the
measured values associated with level i and N is
the number of design experiments. These calcu-
lated effects, which show the magnitude of the
influence of the change of a factor, can be visu-
alised in effect–plots (Fig. 1), where the be-
haviour of the response is estimated as a function
of the factor levels [20]. It can be remarked that
only two of the three above effects are indepen-
dent. The third effect is namely the sum of the
first two. However, this third effect was also
calculated for reasons mentioned further in the
text. A graphical interpretation to define impor-
tant effects was also performed, namely the draw-
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Fig. 1. Effect–plots of the 13 factors, selected from RT and PCR (Table 1), on the response A405/490 of the ELISA detection method:
(A) RNasin concentration; (B) batch of RT buffer; (C) AMV-RT concentration; (D) RT temperature; (E) RT duration; (F) batch
of PCR buffer; (G) MgCl2 concentration; (H) dNTP concentration; (I) DNA polymerase concentration; (J) primer concentration;
(K) pre-PCR duration; (L) primer annealing temperature; (M) cycle number. The effects Ex(−1,0) and Ex(0,1) are shown.
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ing of a normal probability plot [21]. In such a
plot (Fig. 2), non-significant effects, which belong
to a normal distribution with mean equal to zero
(i.e. no effect), tend to fall on a straight line
through the origin of the plot, while significant
effects that do not belong to this distribution (i.e.
effect"0) deviate from it.

3. Results and discussion

3.1. Experimental design

In order to assure a positive detection of the
PCR products, the design was performed by am-
plifying 106 enterovirus genomes and a corre-

Fig. 1. (Continued)
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Fig. 2. Normal probability plot of all effects Ex(−1,0), Ex(0,1)

and Ex(−1,1), calculated from the performed design. Important
effects, deviating from the straight line, are identified in the
figure.

is also given. From the normal probability plot
four effects are clearly important, namely the
effect of factor L (primer annealing temperature)
in the intervals (−1, 1) and (0, 1), factor J
(primer concentrations) in the interval (−1, 1)
and factor M (cycle number) in the interval (−
1, 1). However, in addition for the less important
factors, we tried to find, if possible, a physical
explanation for the observed effects.

3.1.1. RNasin concentration ( factor A, Fig. 1A)
Lower RNasin concentrations (level −1 (10 U)

and level 0 (25 U)) produce higher yields than a
high concentration (40 U). This can be explained
by a possible inhibition of the PCR at higher
RNasin concentrations. Taking into consideration
the cost of this reagent, the lowest concentration
being 10 U/reaction is preferable.

3.1.2. RT and PCR buffer batches ( factors B
and F, Fig. 1B,F)

Both RT and PCR buffer batches have no
meaningful effect. This was to be expected, since
the response of the PCR should not be dependent
on the lot of a certain reagent.

3.1.3. AMV-RT concentration ( factor C, Fig. 1C)
The optimum level of the RT enzyme is at level

−1, corresponding with the lowest concentration

sponding no template for each of the 27 experi-
ments. The results are shown in Table 2 (mea-
sured responses) and Table 3 (calculated effects)
and in Fig. 1 (effect–plots) and Fig. 2 (normal
probability plot). The factors that have an impor-
tant effect were determined graphically by inter-
pretation of the effect–plots and the normal
probability plot. Intermediately important effects
in the interval (−1, 1) between the levels, can be
considered negligible when considering only the
effects Ex(−1,0) and Ex(0,1). Therefore, effect Ex(-1,1)

Table 3
Calculated effectsa

Factors Effects

Ex(−1,1)Ex(0,1)Ex(−1,0)

−0.012RNasin concentrationA −0.176 −0.188
B 0.035Batch of RT buffer −0.046 0.081
C −0.141AMV-RT concentration −0.064 −0.077

0.014−0.0580.072D RT temperature
0.014 −0.209 −0.194RT incubation timeE

F 0.072−0.0840.157Batch of PCR buffer
−0.165−0.079 −0.244MgCl2 concentration in PCR bufferG

H −0.062dNTP concentration 0.075 −0.137
DNA polymerase concentration −0.210I 0.144 −0.066

J Primer1-PCR//primer2-PCR −250.0 −0.190 −0.440
Pre-PCR heating incubation time 0.0990.0930.006K
Primer annealing temperature −0.025L −0.467 −0.491
Cycle number 0.172M 0.120 0.292

a Bold numbers indicate most important effects.
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(2 U/reaction). Higher concentrations produce
lower responses (though not strikingly important).
As with the RNasin concentration, this effect is
not so important and could be explained in the
same way, namely by a possible inhibition of the
PCR. However, it is also possible that higher
enzyme concentrations cause enzyme inhibition of
the RT itself.

3.1.4. RT temperature ( factor D, Fig. 1D)
Contrary to our expectation and to the litera-

ture [9,22], the results do not show a clear temper-
ature optimum of the AMV-RT at 42°C. The RT
temperature does not seem to have an important
effect in the examined interval. No valuable expla-
nation for the difference with the literature can be
given.

3.1.5. RT incubation time ( factor E, Fig. 1E)
The incubation time of the RT reaction has

some effect. At longer incubation time (level +1,
90 min) there is a decrease in response compared
with the other two levels. For this effect we do
not have an explanation. Since there is very little
difference in result between 30 (level −1) and 60
min (level 0), 30 min could be preferred (gain of
time).

3.1.6. Mg2+ concentration ( factor G, Fig. 1G)
As expected, a meaningful effect can be seen for

the MgCl2 concentration, since the amount of free
Mg2+ can, according to the literature [6,9,11,12],
have a rather important effect on the specificity
and yield of PCR. Magnesium ions form a soluble
complex with dNTPs that is essential for dNTP
incorporation. They also stimulate DNA poly-
merase activity and increase the Tm of the double-
stranded DNA and the primer/template
interaction. The best level for this factor was
found at level −1, being 1.5 mM.

3.1.7. dNTP concentration ( factor H, Fig. 1H)
The amount of dNTPs added during the PCR

has no meaningful influence since the results are
not clearly higher than in the situation where no
dNTPs are further added (level −1). This can be
explained by the fact that dNTPs were already
added for the RT. From these results, we can

conclude that the amount added for RT is suffi-
cient for both steps of the procedure. The fact
that a low concentration of dNTP gives a satisfac-
tory response is beneficial, since high dNTP con-
centrations could lead to mispriming and
misincorporation, resulting in a reduced yield of
specific PCR product.

3.1.8. DNA polymerase concentration ( factor I,
Fig. 1I)

The AmpliTaq® Gold DNA polymerase con-
centration behaves rather strange. There is little
difference in the PCR yield between levels −1
and +1, being 1 and 2.5 U/reaction. However, at
level 0 (1.75 U/reaction), a considerably strong
decrease in response is observed relative to the
other two levels. For this phenomenon, no expla-
nation could be given. For economical reasons,
the lowest concentration is preferable.

3.1.9. Primer concentrations ( factor J, Fig. 1J)
The effect of the primer concentrations is

clearly significant. At the −1 level (lowest con-
centration), a maximal response is seen. This is in
agreement with the fact that higher primer con-
centrations could lead to mispriming and the for-
mation of primer–dimer artefacts that can
interfere with the specific reaction, dramatically
reducing the yield.

3.1.10. Incubation time of the pre-PCR heating
step ( factor K, Fig. 1K)

The incubation time of the pre-PCR heating
step, which is necessary to activate the Ampli-
Taq® Gold DNA polymerase enzyme, has no
significant effect, although 15 min (level +1)
leads to a somewhat higher response than the
other two levels. Since there is no difference be-
tween 9 min (level −1) and 12 min (level 0), we
can conclude that after 9 min the enzyme is
already sufficiently activated.

3.1.11. Primer annealing temperature ( factor L,
Fig. 1L)

The primer annealing temperature produces the
most significant effect of all 13 factors studied.
This could be expected since it is generally known
that the annealing temperature is the most critical
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factor in a PCR [6,11]. At a higher temperature
(level +1, 70°C) an obvious decrease in response
is seen compared with the other two levels, being
50°C (level −1) and 60°C (level 0). In order to
achieve the highest specificity and a satisfactory
product yield, the highest annealing temperature,
i.e. 60°C is to be preferred [6,12].

3.1.12. Cycle number ( factor M, Fig. 1M)
The cycle number appears also to be a clearly

significant factor. An increasing cycle number
leads to a higher response, which is quite logical
as a result of the exponential character of the
PCR. The best level in the examined interval
corresponds with the highest cycle number (level
+1, 40 cycles). At higher cycle numbers we have
to keep in mind that in the response a plateau,
which is independent of the initial amount of
template added, can be reached. This is certainly
to be avoided if one wants to perform quantita-
tive PCR. However, from our results we could
conclude that at a concentration of 106 en-
terovirus genomes the plateau-phase has not been
reached yet.

In summary, it can be said that the above
results clearly show meaningful effects for the
following three factors (in descending order of
importance): primer annealing temperature (opti-
mum at 60°C, occasionally at 50°C since similar
results are obtained), primer concentration added
for PCR (optimum: primer 1: 0 mM, primer 2: 0.2
mM), cycle number (optimum at 40 cycles) and an
intermediately important effect for the factor
Mg2+ concentration (optimum 1.5 mM MgCl2).
All other investigated factors seem to have little
or no effect. It has to be remarked that what is
called optimal in the above is not necessarily the
global optimal level of a factor, but it is the best
one of those evaluated. From the 27 experiments
of the executed design, only one was performed
with the four most important factors at their
optimal levels, namely experiment 20. It can be
observed in Table 2 that this experiment also in
practice gave the highest response. Five experi-
ments of the design also had relative high re-
sponse values, namely experiments 1, 9, 22, 24
and 27. These experiments were all performed at
the optimal values for the most important factor,

i.e. primer annealing temperature at 50 or 60°C,
but one or two of the other important factors
were at less favourite levels. Therefore, the subse-
quent experiments were performed according to
the conditions of experiment 20. When consider-
ing economics and speed of the assay as being
important, similar high responses can be predicted
under some specific conditions differing from ex-
periment 20. However, the two requirements fol-
lowing need to be fulfilled: the four important
factors have to be at their optimal levels and less
important factors can only be adjusted to a level
yielding equal responses as the level used in exper-
iment 20. In the case of our enterovirus specific
RT-PCR ELISA method, the following adjust-
ments can be made to reduce the cost of the
assay, the RNasin concentration and the Ampli-
Taq® Gold DNA polymerase concentration can
be reduced to the lowest concentration (level −
1), being 10 U (instead of 25 U) and 1 U (instead
of 2.5 U), respectively. Concerning the gain of
time, the following two factors can be adjusted:
RT duration (30 min (level −1) instead of 60 min
(level 0)) and duration of the pre-PCR heating
step (9 min (level −1) instead of 15 min (level
+1)).

3.2. Linear range and detection limit

Since our aim is to perform quantitative analy-
sis, it is important to determine the linear range of
the test, where quantification is possible. This was
done by analysing a log10 dilution series of en-
teroviral RNA over a broad range (100–108 en-
terovirus genomes) (Fig. 3A). Linearity is seen
over an :4 log interval (103–107 genomes), suit-
able for quantification. This experiment already
provided us with a first prediction of the detection
limit. It has to be remarked that in the domain of
PCR analysis, there is a lack of uniformity in the
way detection limits are defined, determined and
interpreted. In PCR ELISA different criteria for
the detection limit are used [23,24] and in most
cases, no criteria are even given on how reported
detection limits were obtained. From our point of
view, the definition of the detection limit must be
based upon statistics. It should correspond with
the lowest concentration level that can be deter-
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Fig. 3. Determination of the linear range and arbitrary detec-
tion limit (ADL) of the enterovirus RT-PCR ELISA. The
dilution series of enteroviral RNA were amplified according to
the conditions of experiment 20 of the design (Table 2). (A)
100–108 enterovirus genomes, (B) 103–104 enterovirus
genomes.

For this reason, the detection limit (:100
genomes) was determined based on experimental
results. Replicate experiments were performed and
a t-test was used to determine whether a given
concentration situated between 101 and 104

genomes is statistically different from the no tem-
plate results. For both the positive samples and the
no template, six samples were subjected to RT-PCR
and were analysed in duplicate. At the a=0.05
significance level, the signals corresponding with
concentrations ]1000 genomes are statistically
different from the no template (t=3.16 for 1000
genomes). This was not the case anymore for
concentrations 5100 genomes (t=1.59 for 100
genomes), tcritical=2.02 (one-tailed test). Thus, we
can state that our enterovirus specific RT-PCR
ELISA can be used to detect concentrations above
the detection limit of 1000 enterovirus genomes and
quantify concentrations above 4000 genomes, since
linearity is required for quantification. It has to be
remarked that if we would use less stringent criteria,
a lower detection limit could be predicted. Fini et
al. [23] define the detection limit as the genome copy
number that produces a signal 3 S.D. above back-
ground. Using this criterion, the detection limit for
our enterovirus specific RT-PCR ELISA would be
situated between 100 and 1000 genomes. According
to Ylikoski et al. [24], where the detection limit is
defined as twice the mean of the zero signal in the
hybridisation assay, the detection limit could even
be as low as one enterovirus genome. However, as
was demonstrated these predictive values have no
practical meaning.

In conclusion, we can say that the applied
experimental design has proven to be effective for
the investigation of the influence of the 13 factors
examined. In this way, it enabled us to generate
good reaction conditions for RT and PCR in a
non-blood matrix. The developed method will
result in the generation of quantitative and longitu-
dinal data of enterovirus genomes in the blood of
diabetes patients and their relatives and in blood
and cerebrospinal fluid samples of MS patients,
since tests (Lauwers et al., in preparation) have
already indicated that similar results are obtained
for these type of matrixes. These quantitative and
longitudinal data might then help in the elucidation
of the relationship between enteroviruses and

mined to be statistically different from the no
template control. In the first instance, the criterion
for a positive detection was arbitrarily set at the
concentration corresponding with a S/N (signal-to-
noise) ratio equalling 3 (S/N=2H/h, where h is the
amplitude range of the no template controls and H
the difference between the means of the samples
and the no template controls. In our case, using this
criterion, the detection limit would be situated
somewhere between 103 and 104 genomes. To
determine the detection limit more accurately, a
new dilution series was prepared within the more
narrow range of 103–104 genomes (Fig. 3B). Lin-
earity is seen for concentrations ]4000 genomes.
From this experiment we observed that if the above
predictive criterion is used, the detection limit is
estimated for a too low genome copy number. This
is due to the shape of the curve. Since there is no
linear descendance over the whole area, inappropri-
ate estimates for the detection limit are obtained.
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IDDM diabetes on the one hand and multiple
sclerosis on the other.
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