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The disorders of folate metabolism caused by methyl-
enetetrahydrofolate reductase (MTHFR) gene poly-
morphisms may lead to several disease states includ-
ing coronary heart disease, venous thrombosis, and
several types of cancer. We have developed a real-time
multiplex single-tube polymerase chain reaction pro-
cedure on the LightCycler for the detection of the two
most commonly occurring variants, 677C>T and
1298A>C, in the MTHFR gene. An improved probe
design, based on the nearest neighbor model for nu-
cleic acid-probe duplex stability, resulted in a better
separation (�Tm � 10°C) of melting peaks of the wild-
type and mutant alleles than that by the existing
method (�Tm � 3°C) for specimens heterozygous for
the 1298A>C polymorphism. Of the 333 blood speci-
mens analyzed by this procedure, we did not find any
samples that gave ambiguous results. The specimens
with homozygous mutation for one polymorphism
were of the wild type for the other variant. The assay
was validated by the comparison of the genotyping
results of 50 blood specimens from the LightCycler
polymerase chain reaction with the conventional re-
striction fragment length polymorphism procedures.
There was 100% concordance of the test results ob-
tained by the two techniques. This assay is reliable,
economical, and can be performed by less trained tech-
nologists compared with the procedure performed by
the conventional restriction fragment length polymor-
phism technique. (J Mol Diagn 2007, 9:345–350; DOI:

10.2353/jmoldx.2007.060035)

More than a dozen single nucleotide polymorphisms
(SNPs) have been reported in the human methylenetet-
rahydrofolate reductase (MTHFR) gene, but the two
most commonly occurring variants, 677C�T (refSNP
ID: rs1801133, A222V) and 1298A�C (refSNP ID:
rs1801131, E429A), have been linked to the disorders
of folate metabolism. Mild hyperhomocysteinemia,
caused by a reduction in the enzymatic activity of
MTHFR as a result of these polymorphisms,1–10 may
lead to arterial thrombosis, atherosclerosis, and coro-
nary heart disease. These genetic defects have been
linked to several types of cancer, namely, colorectal,11

gastric,12 esophageal,13 and cervical.14 Furthermore,
677C�T and 1298A�C polymorphisms have been re-
ported to be associated with adverse drug interactions
in patients treated with methotrexate, the most widely
used drug for the treatment of rheumatoid arthritis15

and for the prevention of graft-versus-host disease.16

Hyperhomocysteinemia, caused by the 677C�T vari-
ant, has also been reported to increase neural tube
defects.10 It has been shown that individuals with the
homozygous mutation, 677TT or 1298CC, or com-
pound heterozygotes are at a higher risk of folate me-
tabolism disorders.8 –10

Several polymerase chain reaction (PCR)-based
methods have been used for the detection of genetic
abnormalities. The original protocols used restriction
fragment length polymorphisms (RFLP) in which PCR
products are digested with restriction enzymes fol-
lowed by gel electrophoresis. Enzymes HinfI and MboII
have been used for the detection of 677C�T6 and
1298A�C10 SNPs, respectively. The latter enzymatic
digestion method suffers a drawback of specificity,
and it has been reported8,9 that a silent mutation
1317T�C creates a restriction pattern almost identical
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to that created by the variant 1298A�C. Digestion of
PCR products, amplified with another set of primers
with enzyme Fnu4HI, has been recommended8 to dis-
tinguish between the two possibilities. The recently
reported17 multiplex PCR assay for the detection of
677C�T and 1298A�C polymorphisms in the MTHFR
gene used RFLP technique similar to that used earli-
er.6,10 In addition to the time-consuming multiple steps
after PCR in the above procedures, there may be tech-
nical problems caused by partial digestion with restric-
tion enzymes that may make it difficult to interpret
electrophoretic patterns.

The advent of the real-time PCR technology has en-
abled the detection of amplification products after each
PCR cycle so that the time-consuming manipulations af-
ter PCR used in the conventional RFLP procedures could
be eliminated. In the LightCycler (Roche, Indianapolis,
IN) PCR used in this study, two fluorescently labeled
oligonucleotide probes, one of which spans the mutation
site (sensor or mutation probe), hybridize in tandem to an
internal sequence of the amplified fragment resulting in
fluorescence resonance energy transfer between the two
fluorophores. In the successive PCR cycles, accumula-
tion of the target sequence results in an increased fluo-
rescent energy that is measured by the instrument. When
the temperature of the reaction mixture is slowly in-
creased, the sensor probe melts off and the two fluores-
cent dyes are no longer in close proximity, resulting in a
decrease in fluorescence. The temperature at which the
probe dissociates depends on whether a mismatch is
present, with a mismatch yielding a lower melting tem-
perature (Tm).

To our knowledge, only one report18 has described a
multiplex LightCycler PCR for the simultaneous detec-
tion of 677C�T and 1298A�C polymorphisms in the
MTHFR gene. However, when we tried to set up the
assay in our laboratory using their protocol, a consid-
erable overlap was observed in the melting peaks of
the wild-type and homozygous mutant alleles for het-
erozygous specimens. This difficulty prompted the
present study, and by redesigning hybridization
probes, we were able to achieve an excellent separa-
tion of melting peaks that enabled a positive and reli-
able determination of the genotypes.

Materials and Methods

DNA Extraction

Genomic DNA was extracted from 200 �l of peripheral
blood by QIAamp DNA mini blood kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions
except for the final elution volume (100 �l instead of 200
�l) with PCR-grade water prewarmed at 60°C. DNA con-
centrations were not routinely measured.19,20 This study
was approved by the institutional review board at the
Georgetown University.

PCR Primers and Probes

Oligonucleotide primers and hybridization probes were
obtained from Sigma-Proligo (St. Louis, MO). The se-
quences of oligonucleotides are summarized in Table 1.
The probes were designed using the MeltCalc software
(MeltCalc Software, Göttingen, Germany).21,22 The soft-
ware uses the nearest neighbor model and an algorithm
to select probes that are most destabilized by the poly-
morphism of interest.

Real-Time PCR Protocol

PCR reactions were performed in a final volume of 10 �l
containing 1� LightCycler master mix hybridization
probes from Roche Diagnostics, magnesium chloride
(3.5 mmol/L), 677-primer mix (677F/677R, 0.5 �mol/L of
each), 1298-primer mix (1298F/1298R, 0.5 �mol/L of
each), 677-probe mix (677-HP1/677HP-2, 0.2 �mol/L
each), and 1298-probe mix (1298-HP1/1298-HP2, 0.2
�mol/L each). Water (2 �l; Roche) was added to make up
the volume to 8 �l per assay. Template DNA (2 �l, con-
centration as eluted from the extraction columns, see
above) was pipetted into LightCycler capillaries (Roche)
containing 8 �l of master mix. Each test run included a
reagent blank, in which template DNA was replaced with
PCR-grade water. Capillaries were capped, centrifuged
briefly at 1000 � g and placed into the LightCycler in-
strument (maximum 32 capillaries per run) with the soft-
ware version 3.5. The amplification protocol was as fol-

Table 1. Oligonucleotide Primers and Probes

Name Sequence (5� to 3�) Source (reference)

Primer 677F 5�-CGAAGCAGGGAGCTTTGAGGCTG-3� 20
Primer 677R 5�-AGGACGGTGCGGTGAGAGTG-3� 6
Primer 1298F 5�-CTTTGGGGAGCTGAAGGACTACTAC-3� 10
Primer 1298R 5�-CACTTTGTGACCATTCCGGTTTG-3� 10
Probe 677-HP1 5�-TGACCTGAAGCACTTGAAGGAGAAGGTGTC-3�-FLU 20
Probe 677-HP2 LCRed640–5�-CGGGAGCCGATTTCATCAT-3�-PHO 20
Probe 1298-HP1 5�-GTGAAGCAAGTGTCTTTGAA-3�-FLU This study
Probe 1298-HP2 LCRed705–5�-TCTTTGTTCTTTACCTCTCGGGAGAACC-3�-PHO This study
Probe FLU1298 5�-AAGGAGGAGCTGCTGAAGATGTGGGGGGAGGAGCT-3�-FLU 18
Probe LC1298 LCRed705–5�-ACCAGTGAAGAAAGTGTCTTTGA-3�-PHO 18

GenBank accession no. U09806.
FLU, fluorescein; PHO, phosphate.
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lows: one cycle of 30 seconds at 95°C followed by 45
cycles consisting of denaturation at 95°C for 0 seconds,
annealing at 52°C for 10 seconds, and extension at 72°C
for 10 seconds at a transition rate of 20°C/second. The
emitted fluorescence was measured at the end of the
annealing phase in each cycle. The amplification cycles
were followed by a melting cycle, in which DNA was
denatured at 95°C for 0 seconds, cooled to 38°C using a
rate of 20°C/second, and held for 60 seconds. The tem-
perature was then raised to 72°C with a ramp rate of
0.1°C/second during which the decline in fluorescence
was continuously monitored. All analyses were per-
formed with color compensation using reagents from
Roche Diagnostics. The test results from the LightCycler
multiplex PCR for both polymorphisms were confirmed by
RFLP/PCR using restriction enzymes HinfI and MboII
(both from New England BioLabs, Boston, MA) as de-
scribed previously.6,10

Results

The process of the selection of hybridization probes for
the detection of 1298A�C polymorphism is illustrated in
Figure 1, A–C. The thermodynamic calculations based on
the nearest neighbor model,22 showed that the probe
1298-HP2 when hybridized to the wild-type anti-sense
strand (Figure 1A), resulted in a shift (�Tm) of 9.8°C
between the melting peaks of the duplexes formed with
the wild-type and mutant alleles. The values of the cal-
culated �Tm, based on the other sequences considered,
ranged from 4.2 to 7.2°C (Figure 1B). The probes
FLU1298 and LC1298 (Figure 1C, Table 1) used earlier,18

corresponded to a �Tm of 3.1°C (Table 2). We also cal-
culated the melting temperatures of the probe-target du-
plexes for the 1317T�C polymorphism (Figure 1A). The
Tm values for the wild-type and the mutant alleles were
68.0°C and 65.5°C, respectively.

The melting-curve analyses of the PCR products, after
color compensation for the crosstalk caused by the si-
multaneous presence of the hybridization probes labeled
with LCRed 640 and LCRed 705 in the same tube,
showed that the melting peaks of heterozygous mutations
for both polymorphisms were composites of the wild-type
and mutant allele peaks, separated by �8°C for 677C�T
(Figure 2A) and �10°C for 1298A�C (Figure 2B) poly-
morphisms. Melting peaks, generated by the hybridiza-
tion probes used previously18 (Figure 2C) were sepa-
rated by �3°C, and there was a considerable overlap
between the homozygous wild-type and homozygous
mutant alleles. The values of the melting temperatures,
observed and predicted from the nearest neighbor cal-
culations,21,22 are summarized in Table 2.

Analysis of 50 random specimens by RFLP showed
100% concordance between the results obtained by the
two techniques for both polymorphisms (data not shown).
Although there was a possibility of generating false-pos-
itive results8 in the detection of 1298A�C polymorphism
by the RFLP, we did not observe this difficulty in our
patient population. The distributions of the MTHFR geno-
types, determined by the multiplex LightCycler PCR pro-
cedure in 333 blood specimens are summarized in Table
3. Among the heterozygotes, 24 patients (7.2%) were

Figure 1. Probe hybridization schemes. A: MTHFR 1298A�C detection (this
study) using the probe of the mutant sense strand sequence. The position of
the rare MTHFR 1317T�C mutation is also shown. B (boxed): All four
possibilities to detect the MTHFR 1298A�C polymorphism with hybridization
probes are presented. The resulting mismatch and �Tm for the top ranking
probe of each kind chosen by the MeltCalc software are also given. C:
MTHFR 1298A�C detection18 using a probe of the wild-type sense strand
sequence. The rare MTHFR 1317T�C is downstream of the probe position.

Table 2. Probe Characteristics: Comparison between New Genotyping Probes and the Old Probe Set18

Detection probe: hybridization to the
sequence of MTHFR
polymorphic alleles

Tm (SD, °C)
Observed

Tm (°C)
Predicted†

�Tm (°C)
Observed

�Tm (°C)
Predicted Figure

677-HP2: wild type (677CC) 62.0 (0.2) 61.9 2A
677-HP2: mutant (677TT) 53.9 (0.2) 51.6 8.1 10.3 2A
1298-HP1: wild type (1298AA) 48.0 (0.3) 48.8 2B
1298-HP1: mutant (1298CC) 58.4 (0.3) 58.6 10.4 9.8 2B
LC1298: wild type (1298AA) 63.1* 62.1 2C
LC1298: mutant (1298CC) 60.2* 59.0 2.9 3.1 2C

Tm and SD values are mean of 10 test runs on different days. The sequences of the probes are given in Table 1.
*Sequences of probes used were from Nakamura and colleagues18; values of SD are not given because of the small number of samples analyzed.
†Nearest-neighbor calculations were performed using the MeltCalc software21,22 parameterized with 250 mmol/L sodium equivalents and 0.2 �mol/L

hybridization probe concentration.
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heterozygous for both polymorphisms. We did not find
any specimens that had a homozygous mutation for both
polymorphisms. Specimens with a homozygous mutation
for one polymorphism were of the wild type for the other
variant.

Discussion

In this LightCycler multiplex PCR, two regions spanning
the nucleotides 677 and 1298 of the MTHFR gene were
amplified simultaneously by using two sets of primers in
one tube. The sequence of the mutant sense strand for
the detection probe for 1298A�C polymorphism, when
hybridized to the wild-type anti-sense strand (Figure 1A),
resulted in a greater destabilizing C��T mismatch (�Tm

9.8°C) as compared with the other sequences resulting in
A��G, T��C, and G��A mismatches shown in Figure
1B. The most stable mismatch (A��G) resulted (Table 2)
when the sequence of the forward wild-type strand (Fig-
ure 1C) was chosen for the probe as was done earlier.18

Such mismatches cause a considerable overlap between
the melting peaks of the wild-type and mutant alleles
(Figure 2C) and are unsuitable for genotyping assays. A
close agreement between the observed and the pre-
dicted melting temperatures (Table 2) showed that the
theoretical model is reliable in the selection of the optimal
choice of sequences of the hybridization probes that
accounted for an improved resolution of the melting
peaks (Figure 2B) in the present study.

The perfect agreement of the genotyping results of 50
random samples by the multiplex LightCycler PCR and
conventional RFLP procedures showed that the real-time
PCR technique with fluorescence resonance energy
transfer probes could be used with confidence for the
determination of the MTHFR gene polymorphisms. When-
ever restriction enzymes or hybridization probes are used
to identify a particular sequence change, there is always
some risk of other sequence alterations occurring at the
recognition site that may misidentify polymorphisms as
mutations that are not related to disease states (false
positives).8,23,24 In the LightCycler PCR assays, different
mismatches between the target and detection probe se-
quences would destabilize the target-probe duplex to
different extents, depending on the nearest neighbor en-
vironment and the position of the mutation site relative to
the probe.22 Thus, melting-curve analysis of PCR prod-
ucts can detect other gene variants within the region of
the probe-binding site that may not be detected by the
traditional RFLP/PCR protocols.23,24 The National Center
for Biotechnology Information reference SNP cluster re-
port (http://www.ncbi.nlm.nih.gov/projects/SNP/) demon-
strated the presence of MTHFR 1317T�C SNP in African
and Hispanic populations. It seems to be absent in a
population of European descent. This silent genetic vari-
ant also creates an MboII restriction site with an electro-
phoretic pattern almost identical to MTHFR 1298A�C
genotyping8 that can lead to erroneous hybridization
probe-based genotyping if it significantly affects the

Figure 2. A: Melting-curve analysis for the determination of 677C�T poly-
morphism; primers and probes used: 677F, 677R, 677-HP1, and 677-HP2. B:
Melting-curve analysis for the determination of 1298A�C polymorphism;
primers and probes used: 1298F, 1298R, 1298-HP1, and 1298-HP2. C: Melt-
ing-curve analysis for the determination of 1298A�C polymorphism; primers
and probes used: 1298F, 1298R, FLU1298, and LC1298.

Table 3. Distribution of MTHFR Genotypes in 333 Blood Specimens

Wild type Heterozygotes Homozygotes Wild type Heterozygotes Homozygotes

677CC 677CT 677TT 1298AA 1298AC 1298CC
184 124 25 180 129 24
(55.2%) (37.2%) (7.5%) (54.0%) (38.7%) (7.2%)
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binding of the probes. The thermodynamic calculations
allowed us to conclude that this variant would not affect
our assay because the anchor probe will only be desta-
bilized from the calculated Tm of 68.0 to 65.5°C. This
provided an adequate margin to ensure that the anchor
probe binding occurred during the sense probe melting
because it has a calculated Tm of 58.6°C (Table 2).
However, the results from both techniques, especially
RFLP, should be interpreted with caution to eliminate
erroneous test results that may cause a misdiagnosis of
patients.

LightCycler PCR results of 333 blood specimens
showed that individuals with a homozygous mutation for
one of the above polymorphisms had the wild type for the
other variant. This is supported by previous studies,10,25

which indicated that the 677C�T and 1298A�C muta-
tions occur in trans positions in the MTHFR gene, al-
though in rare cases the genotype combinations 677TT/
1298AC and 677CT/1298CC have been reported.8,26

In multiplex PCR methods, more than one target is
amplified in one tube, which allows the performance of
several assays simultaneously in a single PCR run. These
assays are economical and faster than conventional sin-
gle PCR assays and are highly desirable for use in clin-
ical laboratories.19 The development of real-time PCR
techniques has made these assays even more valuable
because the results of multiple assays can be monitored
simultaneously in multichannel instruments.

Although genotyping by RFLP is reliable, the proce-
dure is time-consuming because of numerous manual
steps with an increased risk of errors in every step. Inter-
pretation of results on gels may sometimes be impaired
by technical problems, such as incomplete digestion of
PCR products with restriction enzymes and the occur-
rence of nonspecific electrophoretic bands. Furthermore,
this technique is generally unsuitable for multiplex PCR
assays because of the complex or interfering electro-
phoretic patterns of more than one restriction enzyme
used in the same digestion mixture. In the LightCycler
method, amplification and genotyping by melting-curve
analysis are performed in one sealed capillary tube elim-
inating the need for restriction enzyme digestion and gel
electrophoresis. The risk of technologist-related prob-
lems, including the risk of contamination, is considerably
reduced and reliable test results can be obtained. The
capillary reaction vessels used in the LightCycler are
made of plastic and glass and can break during insertion
into the sample carousel. To overcome this difficulty, the
capillaries were inserted into the sample carousel and
then the master mix and DNA samples were added with
the subsequent centrifugation step. Because of the high
surface-to-volume ratio, heat transfer is rapid, and the
delay during the temperature change (increase from 72
to 94°C) is sufficient for denaturation. Only 10 seconds
are required for annealing and extension steps in the
LightCycler PCR cycles. Analysis of 20 blood specimens
by LightCycler PCR can be accomplished in �1 hour
compared with 6 hours required by the conventional
RFLP technique. This leads to a substantial reduction in
the turn-around time. In a detailed cost analysis including
reagent costs, consumables, and labor, the LightCycler

PCR compares favorably to the RFLP procedure because
the high reagent costs are offset by the savings in the
technician time.

Conclusions

The newly developed multiplex LightCycler PCR proce-
dure, for the genotyping of 677C�T and 1298A�C
MTHFR polymorphisms is rapid, reliable, and economi-
cal. Because it is a primarily automated assay, less
hands-on time is required compared with the conven-
tional RFLP assays. Our findings emphasize that the use
of a well-discriminating detection probe (high �Tm) is
essential for the design of robust assays. Nearest neigh-
bor calculations facilitate the detection of the possible
influence of other polymorphisms in the probe hybridiza-
tion region on the assay performance.
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