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Ultrasensitive Detection of Genetically Modified Maize DNA by
Capillary Gel Electrophoresis with Laser-Induced Fluorescence
Using Different Fluorescent Intercalating Dyes
VIRGINIA GARCIA-CANAS, RAMON GONzALEZ, AND ALEJANDRO CIFUENTES

Institute of Industrial Fermentations (CSIC), Juan de la Cierva 3, 28006 Madrid, Spain

In this work, four different fluorescent intercalating dyes are compared for the ultrasensitive CGE—
LIF detection of DNA from transgenic maize in flours. The fluorescent intercalating dyes compared
are YOPRO-1, SYBR-Green-I, Ethidium bromide (EthBr), and EnhanCE. For all the four dyes optimum
concentrations are established, and efficient separations of DNA fragments ranging in size from 80
to 1000 bp are obtained. The comparative study demonstrates that SYBR-Green-lI and YOPRO-1
provide better limits of detection (LODs) than EnhanCE or EthBr (i.e., LODs are, respectively, 700,
1000, 11300, and 97400 zmol, calculated for a 200-bp DNA fragment). Separations using YOPRO-1
are faster than those using SYBR-Green-l (30 min vs 47 min for the analysis of the 80—1000 bp
DNA fragments). Also, separations using YOPRO-1 are more efficient than those using SYBR-Green-I
(e.g., 2.4 x 108 plates/m vs 1.6 x 10 plates/m, respectively, calculated for the 200-bp fragment).
Also, buffer depletion and cost per analysis are worse with SYBR-Green-I than with YOPRO-1.
Therefore, YOPRO-1 was selected as the preferred intercalating dye. Using this fluorescent compound,
analysis time reproducibility for the CGE—LIF separation of the DNA fragments is determined to be
better than 1.7% (% RSD, n = 10) within the same day, and better than 1.9% (% RSD, n = 30) for
three different days. Moreover, the fluorescence signal obtained using this dye is shown to vary linearly
with the DNA concentration in the range studied, i.e., 1—500 ng/uL. It is demonstrated that by using
this method 0.01% of transgenic maize can be detected in flour by direct injection of the PCR-amplified
sample.

KEYWORDS: DNA,; capillary gel electrophoresis; polymerase chain reaction; transgenic maize; Bt maize;
GMOs; LIF.

INTRODUCTION GMOs could be detected by either polymerase chain reaction

Commercial use of transgenic plants and other genetically (PCR), for direct detection of the transgenic DNA, or im-
modified organisms (GMOs) has raised several ideological and Munological methods, for detection of the cognate proteins
ethical issues during the past few years. The debate is especialllimited to tissues in which the transgen is expressed). Because
intense, for several reasons, in the case of the so-calledOf their better reliability and sensitivity and the higher stability
“transgenic foods”. In the European Union, the competent of DNA over proteins, PCR methods are usually preferred for
authorities have dictated regulations, such as the Novel FoodGMO detection. Although the PCR technique is very sensitive,
Regulation (258/97/CE) for labeling of GMO-containing food- it is not quantitative in its traditional form, in which the final
stuff, and the Directive 49/2000, which restricts the need for amplification product is detected by semiquantitative traditional
labeling to products containing GMOs above certain percent- electrophoretic techniques. Currently, quantification of DNA is
ages. Because labeling as “GMO containing” could severely accomplished either by real-time quantitative PCR (2, 3) or
affect the marketing of food products, the development of competitive quantitative PCR (4, 5).
quantitative methods for transgenic DNA detection becomes a Real-time quantitative PCR allows for the simultaneous
necessity to successfully control compliance of product labeling amplification and quantification of the target DNA. In this
with the above-mentioned regulations. With the increasing method quantification is based on the kinetics of the amplifica-
number of GMOs that are being developed for food applications, tion. However, these methods are not yet well-developed for
the ability to detect several transgenes in a single reactionthe simultaneous detection of several transgenes.
becomes an important additional feature for any detection  1q gygain quantification, competitive PCR uses amplification
method (1). targets that are similar but distinguishable from the transgene,
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phoretic techniques. The combined use of PCR and capillary

Garcia-Cafias et al.

Table 1. Sequence of the Primers Used in PCR Reactions

gel electrophoresis (CGE) seems to be a good alternative for
the detection of transgenic organisms in foods, based on DNA
analysis (6, 7). In combination with competitive quantitative
PCR, CGE analysis could allow for the accurate detection and
amplification of several transgenes, as an alternative to con-
ventional and real-time quantitative PCR. However, UV detec-
tion in CGE lacks sensitivity and generally can be applied only
to samples with concentrations down to 8 (8). The use of
laser-induced fluorescence (LIF) in CGE improves dramatically
both the limit of detection and linear dynamic range obtainable
compared with that of UV detectio®). Basically, there are
two procedures to supply fluorescence to DNA fragments when
excited with an A laser (usuallylex= 488 nm). The first one

is based on covalently binding the DNA molecules with a
derivatizing agent (frequently containing fluoresceib){12).

The second one uses intercalating dyes (for double-strande
dsDNA) added to the buffer as e.g., ethidium bromide (EtBr),
thiazole orange (TO), oxazole yellow (YO), or their correspond-
ing homodimers, that form stable fluorescent complexes when
bound to dsDNA fragmentd8—17). Several works have been

accession
primer sequence number  position
crylA(b)-V5 5'-GATCGGCAACTACACCGACCAC-3' 141419 597-618
crylA(b)-V6 5'-TTGGTGTAAATCTCGCGGGTCAG-3' 141419  787-809

SS-S
MSS-A

5'-TCAACATCCGTGGATTGCATC-3' AF023159 933-954
5'-TTCAGGGAAATCATCAGTTAATTGC-3" AF023159 1166-1142

DNA Extraction. To prepare samples, maize grains (transgenic and
conventional) were milled to a fine powder separately using two
grinders, and then mixed at several transgenic percentages (0.01, 0.5,
and 1%). DNA purification was carried out by the SDS/proteinase K
method modified from referenc@). Homogenized samples (3 g) were
incubated at 37C overnight in 10 mL of extraction buffer (1% SDS,
100 ug/mL proteinase K, 50 mM TRISHCI (pH 8), and 20 mM

0EDTA). The suspension was centrifuged for 10 min at 5000 rpm. The

supernatant was extracted with 1 vol phenol and subsequently with 1
vol chloroform/isoamyl alcohol (24:1). The aqueous phase was
transferred to a new tube and mixed with 0.1 vol 3 M sodium acetate
at pH 4.8. Then, the mix was overlaid with 2.5 vol 100% ethanol. The

two phases were mixed carefully by gentle agitation with a glass bar

published comparing the advantages and drawbacks of differentuntil the DNA was spooled. DNA was immediately transferred to a

intercalating dyes used in capillary electrophoredi8—24).
However, their application has been usually reduced to the
separation of standard DNA fragments (25—26). Moreover,
studies about other figures of merit different from LOD or
resolution (e.g., separation reproducibility, buffer depletion, or
linear detection range) are rarely found in these wo22s 26.
The goal of this work is to develop an ultrasensitive CGE

method, using laser-induced fluorescence (LIF) to detect DNA

new microcentrifuge tube containing 5@Q of TE buffer.

PCR Conditions. A test fragment of the modifiedrglA(b) gene
(GenBank accession number 141419) was amplified using primers
crylA(b)-V5 andcrylA(b)-V6 (Table 1). Amplification of a fragment
of the maize starch synthase gehdll (GenBank accession number
AF023159), used as a control for DNA quality and amplificability,
was performed with primers MSS-S and MSS-Pable 1). Reaction
mixtures contained 1xAmpliTag Gold reaction buffer, 2 mM Mgl
0.25 mM dATP, 0.25 mM dCTP, 0.25 mM dGTP, 0.5 mM dUTP, 3

from transgenic maize previously amplified by PCR. To do this, ;M each primer, 1L template DNA, and 2.5 U of AmpliTaq Gold
a comparative study of four different intercalating dyes used in polymerase. The following thermal parameters were used for each

CGE-LIF is accomplished. The advantages and drawbacks of
each dye are discussed. Once the optimum €QE procedure

is found, its figures of merit are determined. The usefulness of
this method is demonstrated by detecting very low contents of
transgenic maize in food.

MATERIALS AND METHODS

Chemicals.All chemicals were of analytical reagent grade and used
as received. Tris[hydroxymethyllaminomethano (TRIS), sodium dodecyl
sulfate (SDS), guanidine hydrochloride, and ethylenediamine tetraacetic
acid (EDTA) from Sigma (St. Louis, MO), 2-hydroxyethy! cellulose
(HEC) (Mw,y, 90000) and poly(vinyl alcohol) (PVA) (Mw 50000)
from Aldrich (Milwaukee, WI), Proteinase K, RNAse A from Roche
(Barcelona, Spain), chloroform from Scharlau (Barcelona, Spain),
isoamyl alcohol from Merck (Darmstadt, Germany) and phenol from
LabClinics (Madrid, Spain) were used. SYBR-Green-l, YOPRO-1 (both
from Molecular Probes, Leiden, Holland), EthBr from Sigma-Aldrich
(Madrid, Spain), and LIF EnhanCE (Beckman Instruments, Fullerton,
CA, concentration not supplied) were added as intercalating dyes to
the CE running buffers at the different concentrations indicated. Buffers
were stored at #C and warmed at room temperature before use.
Distilled water was deionized by using a Milli-Q system (Millipore,
Bedford, MA).

The test sample was DNA 100-bp ladder from Biotools (Madrid,
Spain). This sample was diluted to a final concentration ranging from
1 to 500 ng/uL in PCR reaction buffer (see below).

Conventional maize and BT-176 transgenic maize were a gift of
Syngenta Seeds S. A. (Zaragoza, Spain). Oligonucleotides were
synthesized at Centro de Investigaciones Biolégicas (Spanish Council
for Scientific Research, Madrid, Spain). AmpliTaq Gold polymerase,
including reaction buffer and Mgglwas from Perkin-Elmer (Madrid,
Spain). Deoxynucleotides were from Amersham Pharmacia Biotech
Europe GmbH (Barcelona, Spain). Uracil DNA glycosylase and DNA
glycosylase inhibitor were purchased from New England Biolabs
(Beverly, MA).

amplification: crylA(b), first denaturation 10 min at 9&, 40 cycles
(1 min at 95°C, 30 s at 66'C, 30 s at 72C), terminal elongation 10
min at 72°C; starch synthase, first denaturation 10 min at'@540
cycles (1 min at 95C, 30 s at 58C, 30 s at 72C), terminal elongation
10 min at 72°C.

Before cycling, the tube was incubated with 1 unit of Uracil DNA-
glycosylase at 37C for 10 min. After PCR amplification, 1 unit of
Uracil glycosylase inhibitor was added to the reaction tube to stop any
residual glycosylase activity and prevent product degradation.

Capillary Electrophoresis Conditions. The analyses were carried
outin a PACE-MDQ (Beckman Instruments, Fullerton, CA) equipped
with an Ar+laser working at 488 nm (excitation wavelength) and 520
nm (emission wavelength used for SYBR-Green-lI, YOPRO-1, and
EnhanCE), or 590 nm (emission wavelength used for EthBr). Bare
fused-silica capillaries with 7am i.d. were purchased from Composite
Metal Services (Worcester, England). Injections were made at the
cathodic end using Npressure of 1 psi for a given time (1 psi
6894.76 Pa). The PACE-MDQ instrument was controlled by a PC
running the 32 Karat Software, both from Beckman.

Before first use, any uncoated capillary was preconditioned by rinsing
with 0.1 M HCI for 30 min. Between injections, capillaries were rinsed
using 0.1 M HCI for 4 min, 1% PVA for 2 min, and separation buffer
for 4 min. PVA brings about a neutral coating of the capillary wall
that allows achieving reproducible separations reducing the electro-
osmotic flow @). At the end of the day, the capillary was rinsed with
deionized water for 5 min and stored overnight with water inside.

To calculate the LOD, a 100-bp DNA ladder (containing 3.34hg/
of the 200-bp fragment) was injected using N2 pressure (1 psi) for 12
s. Under these conditions, the noise signal was measured, and the
quantity of the 200 bp fragment (i.e., LOD) required to obtain a signal
equal to 3 times the noise signal was determined.

RESULTS AND DISCUSSION

Comparison of the Four Dyes: SYBR-Green-l, YOPRO-
1, EthBr, and EnhanCE. It is known that concentration of
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Figure 1. Fluorescence signal/noise ratio vs intercalating dye quantity determined for the 400-bp peak. In all cases a 100-bp DNA ladder was injected
for 12 s at 1 psi at the following total concentrations: @ 400 ng/uL; A 100 ng/uL; M 10 ng/uL; € 1 ng/uL. Separation conditions were as follows:
uncoated fused silica capillary with 50 cm of total length, 40 cm of effective length, and 75 um i.d; separation voltage, —15 kV; running buffer, 20 mM
Tris, 10 mM ortophosphoric acid, 2 mM EDTA, and 4.5% HEC at pH 7.3 containing different quantities of (A) SYBR-Green-l, (B) YOPRO-1, (C) EthBr,
and (D) EnhanCE. LIF detection (Aex = 488 nm, Aem = 520 nm for A, B, and D, and A = 590 nm for C).

intercalating dye is important for obtaining an optimum
fluorescence signal from the dye—dsDNA complexes (23).
Therefore, a first study about this point was carried out by
preparing separation buffers containing different quantities of
intercalating dyes and injecting the 100-bp dsDNA ladder at
total concentrations of 1, 10, 100, and 400 uig/ As an
example Figure 1 shows plots of the fluorescence signal/noise
ratio vs the concentration of the four dyes for the fragment of
DNA of 400 bp (similar behavior was observed for the rest of
the fragments of the DNA ladder, vide infra). As can be seen,

to the lowest DNA concentrations. Thus, for DNA concentra-
tions of 10 ngil and 1 ngkL, the fluorescence signal/noise
ratio increases up to a concentration of dye of 500 nM for
YOPRO-1 and a dilution of 1000/1Gor SYBR-Green-I, and
then it levels off at higher dye concentrations. In addition, it
could be seen that these two dyes (SYBR-Green-I and YOPRO-
1) provide fluorescence signal/noise ratios much better than
those of EthBr (DNA detection at these low concentrations is
not achieved with this dye) and EnhanCE. Also, at these low
DNA concentrations, SYBR-Green-| provides slightly better

the fluorescence signal/noise ratio depends on the type of dyefluorescence signal/noise ratios than YOPRO-1.

and DNA concentration, increasing in all cases with the
concentration of DNA. Also, it can be sedfidure 1A andB)

These results on the effect of the concentration of both dye
and DNA on the fluorescence signal/noise ratio allowed us to

that the most favorable fluorescence signal/noise ratio is obtainedoptimize of the separation conditions of the-80000 bp DNA

by using SYBR-Green-l and YOPRO-1 (note the different
y-scales used ifigure 1).

From Figure 1 it can also be deduced that, except for the
400 ng/uL DNA sample, there is an optimum concentration of

fragments for the four dyes. As shown kigure 2, it was
possible to obtain a good separation of the 11 DNA fragments
using the 4 intercalating dyes without detrimental effect of the
intercalating dye on the electrophoretic performar&&. (Under

each dye for which the fluorescence signal/noise ratio reachesthese optimal conditions a complete study of different figures

a maximum or a plateau value independently of the DNA
concentration (e.g., 500 nM for YOPRO-1 and EthBr, a dilution
of 1000/10 for EnhanCE or SYBR-Green-l). This happens for
all dyes and DNA concentrations except for the sample
containing 400 ng/L of DNA injected in a buffer containing
SYBR-Green-l Figure 1A) or, in a less extent, containing EthBr

of merit (namely LOD, analysis speed, buffer depletion,
efficiency, and cost) of the four dyes was carried out, and the
results obtained are shown irable 2. Thus, the LOD using
SYBR-Green-l was slightly better than that obtained with
YOPRO-1 (700 vs 1000 zmol, respectiveligble 2) and much
lower than those attained using EnhanCE (11300 zmol) and

(Figure 1C). In these two cases an unexpected increase of theEthBr (97400 zmol). However, cost and analysis speed are better

fluorescence signal/noise ratio is obtained. In a previous work,
the linearity in fluorescence intensity versus DNA concentration
was demonstrated for SYBR-Greendl}. However, in that
study only concentrations of DNA up to 30 pd/ were used.

using YOPRO-1 than using SYBR-Green-| (Table 2). More-
over, the buffer depletion induced by the high electric fiedy (
and the separation efficiency are also favorable to YOPRO-1
(Table 2). Despite the slightly better LOD obtained with SYBR-

Therefore, some cautions have to be taken when using SYBR-Green-I, the rest of the figures of merit clearly indicate the
Green-l and high DNA concentrations. Logically, this point is convenience of using YOPRO-1. This dye was, therefore,
not a big concern because the most interesting applications relateselected for the next experiments.
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Figure 2. Separation of a 100-bp DNA ladder with CGE—LIF using an uncoated fused silica capillary with 50 cm of total length, 40 cm of effective length,
and 75 um i.d; separation voltage of —15 kV; running buffer of 20 mM Tris, 10 mM ortophosphoric acid, 2 mM EDTA, and 4.5% HEC at pH 7.3. Injection
for 12 s using N, pressure (1 psi) of (1) 80 bp, (2) 100 bp, (3) 200 bp, (4) 300 bp, (5) 400 bp, (6) 500 bp, (7) 600 bp, (8) 700 bp, (9) 800 bp, (10) 900
bp, and (11) 1000 bp. (A) EthBr and 100 ng/uL of DNA injected; (B) EnhanCE and 100 ng/uL injected; (C) YOPRO-1 and 10 ng/uL of DNA injected;
and (D) SYBR-Green-l and 10 ng/uL of DNA injected. LIF detection (Aex = 488 nm, Aem = 590 nm for A; and Aem = 520 nm for B, C, and D).

Table 2. Characteristics at the Optimum Concentrations of the Four
Fluorescent Intercalating Dyes Used in This Work (All Conditions
Same as Those in Figure 2)

Table 3. Reproducibility of Migration Times of the DNA Fragments of
100, 300, and 500 bp Using Uncoated Capillaries for the Same Day
and Three Different Days (All Conditions are the Same as Those in

Figure 2C)
LOD?  analysis time®  buffer renewal® efficiencyd  coste
SYBRGreen 700 47 after3runs 1600000  0.25 100 bp 300 bp 500 bp
YOPRO-1 1000 30 after5runs 2400000  0.04 tw (Min) %RSD  ta (Min) %RSD  ty (Min) %RSD
EnhanCE 11300 29 after 4 runs 2400000 0.29
EthBr 97400 34 afersuns 2700000 0003 sameday (n=10) 168 12 220 17 258 15
three days (n=30)  16.9 14 22.1 19 25.9 1.7

a Limit of detection in zmol for the 200 bp fragment. ® Analysis time in min for
separation of the DNA fragments from 80 to 1000 bp. ¢ Calculated for 2 mL of
running buffer. ¢ Number of theroretical plates per meter of column for the 200 bp
peak of Figure 2. ¢ Cost per run in US dollars.

magnitude (i.e., from 1 to 500 ngl of total DNA). For

example, for the 200 bp peak the linear dependence was given

by the equation (obtained after least-squares fitting) 4.14
Reproducibility of this CGE-LIF procedure using YOPRO- 1 0.40x, wherex is the peak height angis the fluorescence

1, an uncoated capillary, and commercially available polymers signal, with a regression factor= 0.995 (n= 6).

in the running buffer §, 7) was good. IMable 3, the %RSD These values demonstrate that the method proposed is

values for the same day and three different days obtained forsensitive, reproducible, and efficient, and can be used with

the DNA fragments of 100, 300, and 500 bp peaks are given. confidence for the quantitative analysis of GMOs in foods. To

As can be seen, high reproducibility was obtained in all cases, demonstrate that, detection of transgenic maize addition in

with %RSD values up to 1.7 within the same day and 1.9 for conventional maize powder was carried out via PCR amplifica-

three different days (i.e., the worst case). Moreover, the tion of a DNA fragment corresponding to tloeylA(b) gene

efficiency achieved was up to 3.2 1(° plates/m calculated  and subsequent analysis by this CGE—LIF method.

for the DNA fragment of 700 bp ifrigure 2C (peak 8). Also, Detection of Different Percentages of Genetically Modified

it could be seen that the fluorescence intensity of DNA Maize by CGE—LIF. To check the quality of the DNA

fragments complexed with YOPRO-1 increased linearly as a extracted from transgenic maize and its suitability for PCR

function of DNA concentration over nearly 3 orders of amplification, a starch synthase gene fragment of 234 bp was
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Figure 3. CGE-LIF electrophoregrams obtained for the PCR amplification
reactions using the following: (A) 0.01% transgenic maize DNA and the
primer pair MSS-S/MSS-A (Table 1); (B) 0.01% transgenic maize DNA
and the primer pair crylA(b)-V5/crylA(b)-V6; (C) conventional maize DNA
and the primer pair crylA(b)-V5/crylA(b)-V6. Samples were injected for
12 s using N, pressure (1 psi). Other conditions were as in Figure 2C.

Figure 4. CGE-LIF electrophoregrams obtained for PCR amplification
reactions using the primer pair crylA(b)-V5/crylA(b)-V6 (Table 1) and DNA
from flours containing the following: (A) 1% of transgenic maize; (B) 0.5%
of transgenic maize; and (C) 0.01% of transgenic maize. Samples were
injected for 12 s using N, pressure (1 psi). Other conditions were as in
Figure 2C.

DNA sample required to include at least one molecule of
transgene would probably avoid the amplification.

In future works, the development of competitive PCR
reactions to accurately estimate the percentage of transgenic
maize in commercial samples will be addressed by PCRE—

LIF. The use of multiplex PCR reactions and CGE—LIF to
simultaneously detect and quantify several transgenic sequences
in a given sample will then be studied.

selected as marker and amplified using the primers indicated
in Table 1. Figure 3A shows the CGE—LIF electrophoregram
obtained for the injection of the PCR amplification reaction of
this starch synthase gene fragment amplified from transgenic
maize DNA. The good signal obtained for this amplicon
supports the suitability of the extracted DNA for PERGE—

LIF analysis. Similar results were obtained after injecting the
PCR amplification reaction of the starch synthase gene fragment
amplified from conventional maize DNA (not shown). A
transgenic maize specificrylA(b) 213 bp fragment was
amplified from both 0.01% transgenic and conventional maize  CGE, capillary gel electrophoresis; LIF, laser-induced fluo-
DNA using the primersrylA(b)-V5/crylA(b)-V6 of Table 1. rescence; PCR, polymerase chain reaction; EthBr, ethidium
These two amplified DNA samples (i.e., from transgenic and bromide; LOD, limit of detection; HEC, hydroxyethylcellulose;
conventional maize) were injected, and the electrophoregramsTRIS, tris[hydroxymethyllaminomethano; GMO, genetically
of Figure 3B andC were obtained. As can be seen, the PCR  modified organism; ELISA, enzyme-linked immunosorbent
CGE-LIF method allows the detection of maize containing assay, EDTA, ethylenediamine tetraacetic acid; PVA, poly(vinyl
transgenic organism$-igure 3B) and its differentiation from alcohol); SDS, sodium dodecyl sulfate.

conventional maizeHigure 3C). No peak could be observed

for conventional maize DNAKigure 3C) in the region where LITERATURE CITED
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