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A B S T R A C T

Genetic variants have been reported to cause several genetic diseases. Various genotyping assays have
been developed for diagnostic and screening purposes but with certain limitations in sensitivity,
specificity, cost effectiveness and/or time savings. Since the discovery of ligase chain reaction (LCR) in the
late nineties, it became one of the most favored platforms for detecting these variants and also for
genotyping low abundant contaminants. Recent and powerful modifications with the integration of
various detection strategies such as electrochemical and magnetic biosensors, nanoparticles (NPs),
quantum dots, quartz crystal and leaky surface acoustic surface biosensors, DNAzyme, rolling circle
amplification (RCA), strand displacement amplification (SDA), surface enhanced raman scattering (SERS),
chemiluminescence and fluorescence resonance energy transfer have been introduced to both LCR and
ligation based amplifications to enable high-throughput and inexpensive multiplex genotyping with
improved robustness, simplicity, sensitivity and specificity. In this article, classical and up to date
modifications in LCR and ligation based amplifications are critically evaluated and compared with
emphasis on points of strength and weakness, sensitivity, cost, running time, equipment needed,
applications and multiplexing potential. Versatile genotyping applications such as genetic diseases
detection, bacterial and viral pathogens detection are also detailed. Ligation based gold NPs biosensor,
ligation based RCA and ligation mediated SDA assays enhanced detection limit tremendously with a
discrimination power approaching 1.5 aM, 2 aM and 0.1 fM respectively. MLPA (multiplexed ligation
dependent probe amplification) and SNPlex assays have been commercialized for multiplex detection of
at least 48 SNPs at a time. MOL-PCR (multiplex oligonucleotide ligation) has high-throughput capability
with multiplex detection of 50 SNPs/well in a 96 well plate. Ligase detection reaction (LDR) is one of the
most widely used LCR versions that have been successfully integrated with several detection strategies
with improved sensitivity down to 0.4 fM.
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1. Introduction

The human genome contains around 3 billion nucleotides that
are tightly packed into 23 chromosomes in each haploid cell.
These nucleotides regulate various cellular processes according to
cell needs. Single nucleotide polymorphisms (SNPs) are genetic
variations that are present in more than 1% of the population
while genetic mutations are present in less than 1% of the
population [1–3]. These genetic variations could occur in coding
or non-coding regions of the DNA. The latter are important for
disease association studies and genetic mapping. They also could
still have an effect on transcription, splicing, regulatory non
coding RNA or even mRNA degradation. Although some of these
variants in coding regions are silent with no effect on proteins
formed, the majority of other variants in the same coding regions
could silence gene expression or produce a malfunctioning
protein leading to genetic disorders. Several genetic variants,
whether classified as mutations or polymorphisms, have been
reported to be causative factors for various diseases such as
cancer [4,5], retinitis pigmentosa [6–8], sickle cell anemia [9,10],
and hearing impairment [11–13]. Early detection of these variants
is inevitable to enable physicians to take all possible parameters
that could ameliorate severity of various diseases, prevention of
progression of associated complications and, if possible, starting
early medication to save lives. This necessitates the development
of innovative biosensing platforms that are inexpensive, specific,
robust, time saving and affordable with multiplexing and high-
throughput capabilities. These platforms should also be sensitive
enough to detect minimal copy number that carries these genetic
variations especially in very limited or precious samples. They
also should precisely screen and genotype biological samples for
low abundant contaminants such as microbes and viruses.
Although next generation and the gold standard Sanger sequenc-
ing approaches have been used successfully for this purpose,
various limitations have been reported in terms of being
unaffordable, very expensive, challenging and time consuming
[14,15]. Several other affordable screening assays have been
developed and used routinely for genotyping these variants.
These assays include restriction fragment length polymorphism
[9,16,17], real-time PCR [18,19], TaqMan allelic discrimination
assay [20,21], single stranded conformational polymorphism
(SSCP) [22–25], heteroduplex analysis [6,26,27], dynamic allele-
specific hybridization [28–30], single base extension [31–33],
denaturing high performance liquid chromatography [34,35],
temperature gradient gel electrophoresis [36,37] and Microarray
platform [38–41]. Most of those screening assays have drawbacks
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in specificity, sensitivity, cost effectiveness, multiplexing capa-
bility and/or time savings.

Ligase chain reaction (LCR) and ligation based amplifications
have drawn attention as promising and powerful genotyping
assays. They were proven to be cost effective, simple, and robust
with high degree of sensitivity and specificity in addition to
multiplexing ability [42–44]. Here in this article, traditional and
recent modifications in LCR and ligation based amplifications are
highlighted. Particular emphases on the recently integrated
detection strategies such as nanoparticles (NP), quantum dots
(QD), electrochemical and magnetic biosensors, DNAzyme, rolling
circle amplification, strand displacement amplification, quartz
crystal and leaky surface acoustic surface biosensors, surface
enhanced raman scattering (SERS) and fluorescence resonance
energy transfer (FRET) are also detailed. Some of those integrated
technologies have already been commercialized for real applica-
tions in various fields. Various genotyping assays for diverse
genetic diseases, bacterial and viral pathogen detections are also
discussed in this article.

2. Principle of LCR

LCR is a DNA dependent amplification that requires four
oligonucleotides as primers [45]. Two oligonucleotides pair in
close proximity with their complementary sequences on one
Fig. 1. Schematic representation for Ligase Chain Reaction (LCR) technique.
A) Perfect Match; Four oligonucleotide primers (each is colored/shaded differently) anne
(colored in black). DNA ligase enzyme then seal the nick (indicated by small black box) b
ligated fragment for each template strand. Following repeated cycles, exponential ligatio
colored/shaded differently) do not anneal perfectly with the mis-matched sample that c
achieved by DNA ligase and hence ligated products are not produced following repeat
template strand, whereas the other two oligonucleotides anneal
with the second template strand in a similar way (Fig. 1). The
resulting nick between adjacent oligonucleotides is covalently
sealed by DNA ligase through a phosphodiester bond provided that
the primer bases at the junction are perfectly matched with the
target and hence one fragment will be generated for each template
strand [45]. The formed ligated products serve as templates in
subsequent cycles as in PCR. This leads to exponential amplifica-
tion for the desired fragments [46]. In the presence of a single base
change at the junction site, primers will not hybridize perfectly and
hence no further amplification will occur. It is crucial to use DNA
ligase that lacks blunt-end ligation activity, to prevent target
independent ligation [47]. Ligation occurs through three main
steps: (i) enzyme activation with either NADH or ATP [47], (ii)
substrate adenylation, and (iii) nick-closure following nucleophilic
attack. LCR is more sensitive and specific than gold standard PCR
technique. It has been reported that the specificity and sensitivity
for LCR, in presence of template DNA, were 100% and 97.6%
respectively while for PCR they were 90% and 99.5% respectively
[48]. Despite maximal specificity reported for LCR in comparison
with PCR in the presence of template DNA, target independent
ligation especially in the absence of template DNA remains one of
the most limiting drawbacks that could occur at low frequency
resulting in an increase in background signal with false positive
results in some instances.
al perfectly with their complementary sequences of perfect match wild type sample
etween two adjacent primers hybridizing to the same template strand yielding one
n of products is achieved. B) Mis-Match; The four oligonucleotide primers (each is
ontains only one bp change from wild type sample (colored in black). No ligation is
ed cycles. Black spot (�) refers to either perfect match (A) or mismatch base (B).
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3. Modified LCR techniques

3.1. Ligase Detection Reaction (LDR)

LDR is a modified LCR technique where only two oligonucleo-
tides, instead of 4, bind adjacently on one target strand. LDR
achieves linear amplification rather than exponential amplification
as in LCR [49]. The effect of several additives on specificity and
efficiency of LDR was studied. Unlike formamide, glycerol and
DMSO, 5% PEG-6000 was reported to improve specificity without
compromising efficiency [50]. LDR was used to screen for a low
abundant single base mutation at codon 12 in the Kras oncogene
using high resolving capillary gel electrophoresis (CGE)-Laser
induced fluorescence (LIF) [51,52]. Thomas et al. used three
primers that have the same fluorophore at the 50 end but with
varying length each corresponding to a particular genotype along
with a common primer phosphorylated at the 50 end [51]. Hamada
et al. used similar integrated technique but with a slight
modification through the use of three fluorescently labeled
discriminating primers with different nucleotides at 30end along
with a conservative primer phosphorylated at 5’end [52].
McNamara et al. developed PCR-LDR based assay for multiplex
detection of human malaria infection caused by four parasite
species [53]. In this study, five specific primers that vary in length
by 3 nucleotides along with two fluorescently labeled conserved-
sequence primers were used. Qi et al. used PCR-LDR assay for
genotyping the MIR196A2 polymorphism in HBV and HCC Chinese
patients [54]. Gerry et al. developed a universal DNA array platform
combining PCR and LDR techniques with zip code hybridization for
multiplex detection of low abundant mutations in Kras gene [55].
In this study, each allele specific primer was modified to contain a
zip code sequence on its 50 end whereas the common primer was
phosphorylated at 50 end with a fluorophore on its 30 end. This
universal chip platform has also been microfabricated with
polycarbonate and poly(methyl methacrylate) for the detection
of K-ras oncogene SNPs [56]. Choi et al. reported a multiplex SNP
genotyping assay consisting of multiplex PCR pre-amplification,
ligation with DNA ligase and CE-fSSCP to increase resolving power
for similar sized probes [57]. This assay was able to accurately
discriminate SNPs in the tp53 gene.

3.2. Nested LCR

Nested LCR is a modified dual LCR technique where two
separate tubes are used for the primary amplification. Each tube
contains four primers (�15-mer each) that are flanking either the
left or the right side for the allele-specific base pair. In each tube,
two primers bind adjacently on the sense strand while the other
two anneal with the antisense strand in a similar manner.
Following multiple cycles of LCR, each adjacent pair in each tube
will be sealed to form �30-mer product. The two tubes are then
mixed using fresh ligase and a new round of amplification is
performed. After LCR amplification, full length product (� 60-mer)
will be formed only in presence of correct DNA target allele [58].
Nested LCR technique was reported to be more superior to LCR in
terms of improved signal to noise ratio and also nonspecific
binding reduction as the generated products, through primary LCR
amplification, serve as primers in the secondary allele amplifica-
tion.

3.3. Gap-Ligase Chain Reaction (G-LCR)

G-LCR, formerly known as PLCR, has been developed to
overcome drawbacks reported for standard LCR technique in
terms of sensitivity and target independent ligation that increases
background signal and reduces specificity. In G-LCR, four primers
are designed to create a short gap of one to several bases between
two adjacent probes (Fig. 2a) hybridizing to each target strand
[58,59]. Thermostable DNA polymerase, lacking 30-50 proofreading
and 50-30 nick translation exonuclease activities, and DNA ligase are
then used to fill and seal this gap respectively. To improve
specificity by minimizing target independent ligation process, an
extension to the 30 end of the primer is added. It was reported that
Gap-LCR can detect down to 10 target molecules in a reaction [59].
G-LCR was reported to be very specific and sensitive in detecting
the G145R mutation in HBsAg [60]. Wei et al. demonstrated that
GLCR was highly sensitive in detecting Chlamydia trachomatis in
neonates with pneumonia [61]. Zhou et al. developed a DNAzyme
based Gap-LCR assay that can detect SNPs through either
colorimetric or fluorometric methods [62]. This assay was
designed to amplify mutant allele of sickle cell anemia but not
the wild type allele. A short functional G-quadruplex DNAzyme
sequence was introduced into one of the LCR primers to be
captured by anti-G sequence. Following normal steps in GLCR,
lambda exonuclease and exonuclease III enzymes were used for
digestion of unreacted probes and for the release of the embedded
DNAzyme which forms G-quadruplex structure that ultimately
binds hemin to confer a peroxidase like activity. Jenner et al.
reported that G-LCR technique was efficiently able to detect the
presence of as low as 1 mutant allele in one million wild type
alleles for Kras gene codons 12 and 13 [63].

3.4. Real �time (Quantitative) G-LCR (QGLCR)

Real-time G-LCR, also named as quantitative G-LCR, is a
modified G-LCR with real-time quantification that is enabled
through the use of fluorescently-labeled oligonucleotides. This
technique was developed by Harden et al. In this technique, the
first primer is labeled with a fluorescent dye at the 50 end while the
second primer that binds adjacently on the same target strand is
labeled at the 30 end with a quencher dye (Fig. 2b). After excitation
of the reporter dye, the emitted fluorescence is transferred to the
quencher dye resulting in subsequent fluorescence for the
quencher dye. The rise in quencher fluorescence by increased
cycle numbers is proportional to the starting DNA amount. This
assay was initially developed for K-ras and p-53 mutations utilizing
radio labeled primes. This assay significantly reduces time as
compared to plaque hybridization assay [64]. Psifidi et al. used real
time LCR technique for the accurate and sensitive detection of
PRNP gene mutation (p.A136 V) [65]. Yi et al. combined GLCR and
qPCR methods to detect the low abundant CD17 (A > T) mutation
on b-globin gene [66]. One pair of the GLCR primers was modified
through the addition of unique sequences to the 50 end and the 30

end of both the upstream and the downstream primers respec-
tively for tagging in the following qPCR steps.

3.5. Asymmetric gap-ligase chain reaction (AGLCR)

The efficiency of DNA ligase to join closely adjacent primers on
RNA template is very limited and hence LCR technique is not
suitable for RNA genotyping. Asymmetric G-LCR (AGLCR) is a
modification of gap-LCR to amplify and detect nucleotide changes
in RNA molecule. This technique was developed by Marshal et al.
(1994). Asymmetric GLCR involves the use of 3 or less nucleotides,
instead of 4, in both cDNA and the gap-LCR steps (Fig. 3). Firstly,
cDNA is synthesized from RNA by reverse transcriptase using only
one primer and three dNTPs. Reverse transcription is terminated
upon reaching the base that is not supplied in the reaction.
Secondly, cDNA is denatured and then mixed with three probes,
DNA polymerase and DNA ligase. The 30 end of the first probe is
complementary to the 30 end of the synthesized cDNA strand and
therefore hybridizes spontaneously. The second probe anneals to



Fig. 2. Schematic representation for Gap-LCR (GLCR) and Quantitative GLCR (QGLCR) techniques.
A) Gap-LCR (GLCR); Four oligonucleotide primers (each is colored/shaded differently) anneal perfectly with their complementary sequences of perfect match sample (colored
in black) leaving a gap that is then filled by DNA polymerase and ultimately ligated (indicated by small black box) with DNA ligase enzyme to produce one ligated fragment for
each template strand. Following repeated cycles, exponential ligation of products is achieved. B) Quantitative GLCR (QGLCR); Same as for GLCR except that the 50 end of one
primer is labeled with a reporter dye (R) while the 30 end of the other primer that anneals adjacently on the same template strand is labeled with a quencher dye (Q). Following
the two steps of polymerization and ligation, the ligated product (with small black box) brings reported dye (R) in close proximity with quencher dye (Q) resulting in
fluorescence resonance energy transfer (FRET) from reporter dye into quencher dye upon excitation. Repeated cycles result in subsequent fluorescence of quencher dye.
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the 50 stretch of the first probe leaving no gap but a nick with the 30

end of the synthesized cDNA strand. The third probe is
complementary to the 50 stretch of the synthesized DNA strand
and therefore hybridizes spontaneously leaving a gap with the first
probe. DNA polymerase starts filling the gap between probe one
and three and the process terminates when the enzyme reaches
the addition of the unsupplied nucleotide. The two nicks formed
are then sealed by DNA ligase to form DNA hybridized complex that
serve as a template for further GLCR amplification. Less than 50
copies of RNA transcripts could be detected using micro-particle
enzyme immunoassay (MEIA) [45] and this method was reported
to correlate with RNA-PCR and HCV antibody tests.

3.6. LCR with cleavase-mediated correction

This system was proposed as no DNA ligase possesses absolute
accuracy and therefore could potentially introduce target indepen-
dent ligation. This technique was developed by Demchinskaya et al.
This approach involves careful design of two primers that harbor
extra penta-nucleotide sequence on their 5’end not to be
complementary with the temple. Cleavase, an endonuclease
enzyme, is then used to precisely cut the non-complementary 50

extension on the two primers. The other two primers bear additional
nucleotides at their 3’end to replace the cleavage removed
nucleotides allowing perfect sealing with DNA ligase. The two
primers harboring non complementary extra stretch on their 50 end
also contain biotin and UP region at their 3 ‘ends to bind streptavidin
coated on a microwell plate and to enable colorimetric detection
respectively. Although this approach prevents target independent
ligation observed in conventional LCR, the produced signal is slightly
decreased and the minimal limit for target DNA is 30 amol [67].

3.7. Multiplex ligation dependent probe amplification (MLPA)

This technique was developed by Schoutedn et al. and is
currently a registered trademark of MRC-Holland [68]. This
technique is extensively used as it is very simple, robust and
can amplify multiple targets in one reaction using one primer pair
following ligation step. Briefly, two oligonucleotide probes that
bind adjacently on a target sequence are ligated only in presence of
their complementary target DNA. One oligonucleotide probe is
designed to contain a recognition sequence for forward universal
primer on its 50 end while the other probe contains the reverse
universal primer recognition sequence on its 30end (Fig. 4). In
addition one of those probes contains a stuffer sequence that can
be tailored with variable lengths to be assigned for each target for
multiplexing purposes using one reaction. A fluorescently labeled
universal forward primer is then used to generate up to 50
amplicons that can be visualized by capillary electrophoresis. This
assay has been used routinely for the detection and quantitation of
DNA copy number variation, relative ploidy, mRNA profiling, SNP
detection, chromosomal aberration, methylation changes and
transgene genotyping [68–71]. Wang et al. developed a similar
approach with replacement of stuffer sequences with unique zip



Fig. 3. Schematic representation for Asymmetric GLCR (AGLCR) technique.
RNA template (colored in grey) is reverse transcribed using one oligonucleotide
DNA primer (colored in black) and only 3 deoxynucleotides (dGTP, dCTP and dATP).
This process is terminated upon reaching the unsupplied nucleotide in this reaction.
Following denaturation, the produced cDNA (colored in black) is then mixed with
three probes (each is numbered and colored/shaded differently) generating double
stranded DNA with a gap between probe 1 and probe 3 and a nick between probe 2
and synthesized cDNA. The gap is then filled with DNA polymerase while the nick is
sealed (indicated by small black box) with DNA ligase enzyme generating a double
stranded cDNA that acts as a template for subsequent cycles using GLCR.
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codes. PCR amplification is performed with unlabelled universal
primers and Cy5-labeled dCTP nucleotides. Cy5-labelled ampli-
cons are then captured on microarray chip through hybridization
with their complementary sequences of chip immobilized probes
[72]. Sanchez et al. utilized the same method for profiling tumour
markers using unique barcode sequences that are then captured by
their complementary sequences that are immobilized on inexpen-
sive electrode microarray. Detection is enabled through the use of
horse-radish peroxidase (HRP) labelled secondary probes that are
complementary to universal primer sequence. Besides cost
reduction and high specificity reported for this assay, sensitivity
limit was as low as 25pM [73]. The high success rate for MLPA in
multiplex SNP genotyping led to the development of several other
MLPA versions for other applications. Methylation specific-MLPA
(MS-MLPA) and reverse transcriptase-MLPA (RT-MLPA) were
developed for DNA Methylation profiling, gene copy number
determination and genetic expression analysis.

3.8. Multiplexed oligonucleotide ligation PCR (MOL-PCR)

This assay is similar to MLPA technique except that stuffer
sequence is replaced by unique tag sequence to enable fluores-
cently labelled amplicons to be captured by its complementary
sequence that is covalently linked to microsphere bead array. A
flow cytometric device is used to identify each bead to measure
fluorescence intensity for each bead-probe complex. Also the
reverse primer, instead of the forward primer, is fluorescently
labelled. If the target is not present, no fluorescence will be
generated from the microsphere as no ligation would occur [74,75].
The MOL-PCR assay was designed for multiplex detection of
various targets and for SNP genotyping [74]. This technology has
been applied for the multiplex detection of 15 genetically distinct
plant pathogens including Citrus tristeza virus (CTV), Xanthomonas
genus and Xylella fastidiosa. Mol-PCR has also been used in the
detection of pathogens along with antibiotic (doxycycline and
ciprofloxacin) resistance in Yersinia pestis,F. tularensis and Bacillus
anthracis [74,75]. The detection limit for this flow cytometry
approach is estimated to be less than 103 molecules [74]. Mol-
PCRhas also been useful in identification and differentiation of the six
main human-associated lineages of Mycobacterium tuberculosis
complex (MTBC) with sensitivity approaching 99.2% [76]. In 2008,
Bruse et al. made few improvements to MOL-PCR assays by using
fewer beads and universal biotinylated oligonucleotides to reduce
costs significantly but also maintaining accuracy [77]. The assay
enablesthe detection of50SNPsperwell ina96well plate. Inaddition
to acommonprobe, two allelespecific probesthatare labelledattheir
50 ends with specific tag each are used for each SNP. Following
successful ligation, the 50-tag hybridizes with its complementary
sequencethat is linkedtoauniqueFlexMAPmicrospherewhereas the
common probe 30 end anneals with its complementary universal
biotinylated oligonucleotides. Following hybridization with strepta-
vidin-R-phycoerythrin (SAPE), generated fluorescence is developed
and detected using flow cytometric analysis.

3.9. Dye labeled oligonucleotide ligation (DOL)

Chen et al. developed a diagnostic assay named as dye-labeled
oligonucleotide ligation (DOL) combining oligonucleotide ligation
reaction and PCR in one reaction tube along with fluorescence
resonance energy transfer (FRET) detection for real time monitor-
ing [78]. This test has been implemented successfully for the
detection of 10 SNPs in CFTR, BRCA1, HFE, b-globin and NAT2
genes. Three dye labeled probes that have low Tm are used for each
biallelic marker. The common probe is labeled with a donor dye at
the 50 end whereas the remaining two discriminating probes are
labeled differently with acceptor dyes at their 30 end. PCR is firstly
performed at high annealing temperature (65 �C) that only allows
PCR primers but not the dye labeled probes to bind and to be
extended with a thermostable DNA polymerase lacking 50

exonuclease activity. After generation of sufficient PCR amplicons,
ligation step is performed at low annealing temperature (45 �C).
The genotype of a DNA target can be determined by monitoring the
ligation of dye labeled probes through FRET.

3.10. The SNPlex genotyping system

SNPlex genotyping system was primarily designed by Applied
Biosystems in 2005 for genotyping 48 SNPs simultaneously using
oligonucleotide ligation [79]. It is reported that less than 1 ng
target DNA can be used for each genotype. Four probes are used in
this genotyping system named as; allele specific oligonucleotide
(ASO), locus specific oligonucleotide (LSO), universal ASO linker
and universal LSO linker. ASO and LSO hybridize adjacently with
complementary sequences of the target DNA at the SNP site. The 50

end of the ASO contains a specific zip code sequence while the 30

end of the LSO contains the reverse primer site for multiplexing
PCR. The universal ASO and LSO linkers contain complementary
sequences to ASO and LSO probes respectively. Universal ASO
linker also contains a forward priming site for multiplex PCR
purposes. Following ligation step, exonucleases are used to remove
target DNA and unligated oligonucleotides and linkers. Following
purification, multiplex PCR is performed using universal forward



Fig. 4. Schematic representation for Multiplex Ligation Dependent Probe Amplification (MLPA) technique.
The diagram shows simultaneous detection of 2 different genes (A & B) using four probes (two probes for each gene) that are colored/shaded differently. The first probe
contains a recognition sequence for forward universal primer on its 50 end and a specific sequence on its 30 end that is complementary to template strand (colored in black).
The second probe contains an allele specific sequence on its 50 end to bind adjacently to the first probe on the same template strand and a reverse universal primer recognition
sequence on its 3’end. A tailored stuffer sequence that is assigned for each target gene (for multiplexing purposes) is located between the reverse universal primer recognition
sequence and the allele specific sequence of the second probe. DNA ligase seals the nick (indicated as small black box) between the two probes hybridizing to the same target
gene. Fluorescently labeled universal forward primers are then used to generate 50-fluorescently (indicated by letter F) labeled amplicons from ligated products. These
products, with variable lengths attributed to the variable stuffer sequences used for each target gene, are separated using capillary electrophoresis.
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and biotinylated reverse primer. Biotinylated amplicons are then
captured by streptavidin-coated microtiter plates. After washing
step, fluorescently labelled universal Zip-Chute oligonucleotides
hybridize to the biotinylated single-stranded products. Each Zip-
Chute oligonucleotide contains complementary sequence to
zipcode sequence on each ASO probe and also contains a mobility
modifier for analytical tracking during CE. ZipChute oligonucleo-
tides are then eluted and analysed using Applied Biosystems
analyzer. This assay has been used extensively for SNP genotyping
in various fields. It has been applied successfully for the detection
of SNPs in grapevine (Vitis vinifera L.) [80]. Also 109 unrelated
Chinese Han samples were successfully genotyped for 29 Inser-
tion/deletion markers with the SNPlex genotyping system [81].

3.11. Ligation based quartz crystal biosensor (QCM) & leaky surface
acoustic wave (LSAW) biosensor

A novel gold electrode biosensor for b-thalassemia SNP
genotyping was introduced in 2006 [82]. In this assay DNA target
anneal with complementary sequences of gold electrode immo-
bilized probes. A biotinylated discriminating probe was then
ligated to immobilized probe using DNA ligase. Following
denaturation, HRP conjugated streptavidin (HRP-SA) bind bio-
tinylated ligated product leading to precipitation of 3,3 diamino-
benzidine in the presence of H2O2. The latter can then be detected
through quartz crystal biosensor (QCM) as a cost effective mean
with a detection limit of 0.1 nM. Zhang et al. used a similar
approach, for the detection of K-ras SNP in codon 12, except for the
replacement of HRP-SA with alkaline phosphatase streptavidin
(ALP-SA). ALP converted ascorbic acid 2-phosphate to ascorbic acid
which in turn reduced silver ions causing precipitation for silver
metal on electrode surface and this was quantified using linear
sweep voltammetry. The reported sensitivity for this assay was
80fM [83]. In 2011, Xu et al. reported a similar biosensor for the one
developed by Feng et al. but with leaky surface acoustic wave
(LSAW) biosensor instead of quartz crystal. This biosensor was
used for SNP genotyping in Japanese encephalitis virus with a
reported sensitivity of 1 �10(�12)mol/L [84].

3.12. Integrating ligation based rolling circle amplification (RCA) with
biosensors

Zhang et al. implemented a label free ligation based rolling
circle amplification (RCA) for the detection of as low as 40 amol of
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mutant strands (Fig. 5). In this method, a padlock probe was first
circularized upon hybridization with its complementary sequences
on mutant strand through DNA ligase. DNA polymerase was then
used to amplify the circularized padlock probe using primer-
scomplementary to the middle region of the padlock probe.
Elongated products annealed with their complementary sequen-
ces on capture probes tethered to gold electrode. Detection of
hybridized products was performed using methylene blue which
produced current measured through altering current voltamme-
try (ACV) [85]. Su et al. utilized a similar technique except for the
use of biotinylated primer to allow elongated products to be
captured with streptavidin-coated paramagnetic beads [86]. This
method was reported to detect down to 2 amol mutated strands.
Long et al. integrated hyperbranching RCA (HRCA) technology
with electrochemiluminescence using paramagnetic beads for
specific and sensitive identification of hly genes of Listeria
monocytogenes. In this assay biotin as well as ruthenium labeled
primers were used for generation of elongated products with a
reported sensitivity as low as 10 aM [87]. Dong et al. developed a
novel ligation based RCA technique with chemiluminescence
imaging for SNP detection. In this assay, biotin labeled probes were
immobilized on streptavidin coated 96 well plate and then
Fig. 5. Schematic representation for Ligation Based Rolling Circle Amplification (RCA) 

A) Mutated DNA; A padlock probe (PLP) that is complementary to mutant DNA is circular
polymerase and primers that are complementary to the middle region of the PLP. Amplifi
attached to gold electrode. Using methylene blue (indicated by a diamond shape), hybridi
The PLP is not complementary with wild type and therefore no ligation occurs and hence
Addition of methylene blue (indicated by a diamond shape) would not result in curren
allowed to anneal with target DNA. A second discriminating probe
was ligated to immobilized probe through DNA ligase. The 30 end
of the discriminating probe acted as a primer for circularized
probe DNA to initiate RCA using Klenow exo- DNA polymerase.
HRP-mimicking DNAzyme generated through the binding of
hemin to elongated RCA products catalyzed the chemilumines-
cence reaction between H2O2 and luminal. This assay was reported
to detect as low as 0.26 fM target DNA [88]. Cheng et al. integrated
LCR with RCA for SNP detection. In this assay, one pair of primers
along with a padlock probe (PLP) is used. Following ligation and
repetitive cycles, exponential amplification of circular PLP (cPLP)
and ligated products is achieved. RCA is then initiated with cPLP as
a template and ligated product as a primer to produce several
copies of long dsDNA products that are detected through binding
with Syber Green I dye [89]. This assay is reported to be specific
with a detection limit of 1fM of target DNA. He et al. integrated
magnetic beads based RCA and gold nanoparticles tags for specific
and sensitive SNP detection using inductively coupled plasma
mass spectrometry (ICP-MS) detection strategy [90]. This method
was reported to detect as low as 0.1fM. Colorimetric detection of
the HRCA using metal indicator was employed to detect H5N1
virus [91].
technique.
ized with DNA ligase (indicated by small black box) and is then amplified using DNA
ed products are then tethered to their complementary sequences of capture probes
zed products can be measured by altering current voltammetry (ACV). B) Wild type;

 neither complete amplification nor hybridization with capture probes would occur.
t change on ACV.
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3.13. Multiplexed ligation based electrochemical biosensor with
nonfoulingsurface

Liu et al. reported a novel ligation dependent SNP genotyping
assay using oligonucleotide incorporated nonfouling surface (ONS)
as electrochemical DNA biosensor [92]. This multiplex assay has
been successfully implemented in the detection of the pre-core
G1896A mutation in HBV and also two SNPs of the human CYP2C19
genome C680T and G681A. Thiolated capture probes and thiolated
ethylene glycol were co-assembled on gold electrode to obtain
mixed self assembled monolayer of ONS. The 30-end of the capture
probe contains nucleotides that are complementary to the
corresponding SNP target sequences (Fig. 6). The assay also used
a signal probe containing sequences adjacent to the SNP nucleotide
on its 5 end and a biotin at its 3‘end to enable detection. Following
hybridization between target DNA and capture DNA based on full
complementarity, the signal probe was then ligated, through DNA
ligase, to the capture probe. Stringent denaturation and washing
steps were carried out to remove target DNA and unligated signal
probe. Covalently ligated signal probes that were not washed, were
bound to avidin–horseradish peroxidase conjugate to sequentially
develop an amperometric signal.
Fig. 6. Schematic representation for Multiplexed Ligation Based Electrochemical Biose
The 30 end of the gold electrode tethered thiolated capture probes hybridize with their co
probe that is also complementary to other part of the target DNA binds adjacently to thio
box) with DNA ligase. Following denaturation and washing, only ligated products would
end and therefore can bind to avidin-horseradish peroxidase conjugate (indicated by c
3.14. Gold nanoparticle enabled ligase chain reaction

Gold nanoparticles enabled ligase chain reaction was intro-
duced in 2012 as a simple SNP genotyping assay with high
sensitivity limits [42]. Briefly, two capture probes (CPs) coated
AuNPs were prepared to hybridize adjacently on both target DNA
and also on complementary partial probes at 50 �C (Fig. 7). Using
ampligase, the nick site at the junction between target DNA and the
CP coated AuNPs was ligated whereas the duplex formed between
CP coated AuNPs and partial probes was not sealed. Temperature
was then increased to 90 �C to denature all formed duplex
structures. During subsequent hybridizations and ligations,
exponential amplification of ligated CP coated AuNPs occured
leading to formation of AuNP aggregates that changes colour from
red to purple/gray. As low as 20 aM can be detected with 103 times
enhanced specificity was reported in this assay. This assay has been
implemented successfully for the detection of the oncogene Kras
associated mutation. Two years later, Knez et al. replaced the
colorimetric detection method with fiber optic surface plasmon
resonance (FO-SPR) platform to improve sensitivity with real-time
monitoring of the assay in a simplified way without the need for
any further analysis following the reaction [93]. Yin et al.
developed an ultrasensitive LCR based AuNPs biosensor for DNA
nsor with Nonfouling Surface.
mplementary sequences of target DNA. A biotinylated (indicated by letter B) signal
lated capture probe leaving a nick. This nick is then sealed (indicated by small black

 be tethered to the gold electrode. These ligated products are biotinylated at their 30

rescent and star shapes respectively) for generation of amperometric signal



Fig. 7. Schematic representation for Gold Nanoparticles Enabled Ligase Chain Reaction.
A) Perfect match; At 50 �C, the two capture probes (CPs) (numbered as 3 & 4 and are colored/shaded differently) that are coated on non-aggregated gold nanoparticles (AuNPs)
(indicated by unfilled circle) hybridize adjacently on target DNA (colored in black) leaving a nick that is sealed (indicated by small black box) with ampligase enzyme
producing aggregated and coloured NPs (Black filled circle). Following denaturation at 90 �C and second hybridization, more aggregated NPs are produced from sealing the
nick at the junction between target DNA and the CP coated AuNPs and also the nick at the junction between ligated CPs (with a small black box) coated AuNPs and partial
probes (numbered as 1 & 2 and colored/shaded differently). Denaturation is then repeated with subsequent hybridization and ligation leading to exponential amplification of
ligated CP coated AuNPs with a colour change from red to purple/grey. B) Mismatch; The two CPs (numbered as 3 & 4 and colored/shaded differently) coated AuNPs do not
hybridize with target DNA (colored in black) and hence neither ligation nor aggregation of CPs coated AuNPs occur with no colour change.
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detection [94]. This assay was similar to the one developed by Shen
et al. except for the probe overloading process on AuNPs through
employment of salt aging steps. Following subsequent cycles,
exponential amplification of target DNA and increasing assembly
of aggregated AuNPs were achieved. This method had much more
improved sensitivity of 1.5 aM and could be measured either
colorimetrically or by dynamic light scattering.

3.15. Integrating LCR based DNAzyme–fluorescein chemiluminescence
resonance energy transfer imaging with magnetic biosensors

Chemiluminiscence resonance energy transfer from peroxi-
dase-mimicking DNAzyme catalyzed luminal-H2O2 to fluorescein
with real-time imaging on magnetic particles was reported as a
novel LCR methodology in 2015 [95]. Two pairs of complemen-
tary probes are used in this assay (Fig. 8). The first pair had
similar sequences to the upstream sequence of the SNP site while
the second pair had similar sequences to the downstream
sequence of the SNP. For the first pair, only one probe had biotin
on its 3’end. For the second pair, the 30 end of one probe had G-
quadruplex sequence while the 50-end of the other probe had
fluorescein. At 50 �C, the biotin and the fluorescein labeled
probes hybridize adjacently on target DNA and are then sealed by
a thermostable ligase whereas the duplex formed for each pair of
complementary probes cannot be ligated together. All formed
duplexes are then denatured at 90 �C to release ligated product,
target DNA and the 4 complementary probes. The ligated product
is then used as a new template for the ligation of both the
unlabelled probe and the G-quadruple containing probe.
Exponential amplification of ligated products is achieved
through subsequent cycles. The resultant products are then
allowed to form duplexes through incubation at 37 �C. All
biotinylated products are then immobilized on streptavidin-
coated magnetic particles (SA-MPs) while all non-biotinylated
products are removed during magnetic separation process. G-
quadruplex containing biotinylated duplex intercalates hemin
forming peroxidase-mimicking DNAzyme that catalyzes energy
transfer from luminal-H2O2 to fluorescein. This assay has been
implemented in the SNP genotyping of the K-ras (G12C) mutation.
Exponential amplification along with the use of SA-MPs has
significantly improved detection limit down to 0.86fM DNA
without compromising specificity.



Fig. 8. Schematic representation for LCR Based DNAzyme–Fluorescein Chemiluminescence Resonance Energy Transfer technique.
A) Perfect match; Four probes are used in this assay (colored/shaded differently). Two probes are identical to the upstream and the downstream sequences for the SNP site
while the other two probes are complementary to the upstream and the downstream sequences for the SNP site. The 30 end for one of the complementary probes is
biotinylated (indicated by letter B) while the 50 end for the other complementary probe is labeled with fluorescein (indicated by letter F). The 30 end for one of the identical
probes has G-quadruplex sequence (colored in grey) while the 50 end for the other identical probe is unlabeled. At 50 �C, the biotin and the fluorescein labeled complementary
probes hybridize adjacently on target DNA and are then sealed (indicated by small black box) by ligase enzyme whereas the duplex formed between complementary and
identical probes (four probes) is not sealed. The mixture is then allowed to hybridize following denaturation at 90 �C. The ligated product (with a small black box) is then used
as a new template for the ligation of both the unlabelled probe and the G-quadruple containing probe. Exponential amplification of ligated products is achieved through
subsequent cycles. All biotinylated products (with letter B) are then immobilized on streptavidin-coated magnetic particles (SA-MPs) (indicated by large grey circle) while all
non-biotinylated products are removed during magnetic separation process. G-quadruplex containing biotinylated duplex intercalates hemin (indicated by small black circle)
forming peroxidase-mimicking DNAzyme that catalyzes chemiluminiscence energy transfer from luminal-H2O2 to fluorescein (indicated by letter F). B) Mismatch; Since
there is no hybridization with target DNA, no ligation occurs and only the biotinylated (indicated by letter B) complementary probe binds SA-MPs (indicated by large grey
circle). The latter does not contain the G-quadruplex which is essential to generate the CRET signal.
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3.16. Ligation-mediated strand displacement amplification based
chemiluminescence biosensor

Shi et al. developed a ligation mediated strand displacement
amplification (SDA) based chemiluminescence biosensor for SNP
detection with minimal noisy background [96]. In this assay, the
hairpin probes immobilized on magnetic beads were opened and
hybridized with target DNA through their 5’end. A reporter probe,
with a biotin label on its 5’end, was used in this assay to be
complementary to 5’end of target DNA. The 30 end of the
biotinylated probe is sealed with the 5’end of immobilized probe
through DNA ligase (Fig. 9). In the next step, Klenow fragment
(exo�) polymerase and short primer were added to synthesize a
new strand that displaced target DNA. The latter initiated another
cycle of hybridization with hairpin and biotinylated probes for
signal amplification. Magnetic separation was then carried out
followed by addition of HRP conjugated streptavidin to bind
biotinylated products and to develop chemiluminescence signal
through catalytic reaction of luminol- paraiodopenol-H2O2. If there
is a mismatch, no ligation would take place and hence neither
displacement nor a signal would be generated. Wang et al.
developed a simple but sensitive and specific label free SNP
genotyping assay based on ligase reaction. In this approach, allele
discrimination is achieved through DNA ligase and then nickase
based strand displacement amplification is utilized to generate
huge amount of peroxidase-mimicking DNAzyme sequences
against hemin to enable label-free chemiluminescence detection.
This model has been tested successfully for SNP detection in
cytochrome P450 monooxygenase CYP2C19*2 [97]. Xu et al.
developed a novel ligation dependent SDA using tailored hairpin
probes and an initiation primer. The first hairpin probe was
labelled with fluorophore and quencher at both ends while the
second hairpin probe had an extension that was complementary to
initiation primer sequence. The two hairpin molecular beacons



Fig. 9. Schematic representation for Ligation-Mediated Strand Displacement Amplification Based Chemiluminescence Biosensor.
A) Mutated DNA; The hairpin probes that are immobilized on magnetic beads (indicated by letters M.B) hybridize with their complementary sequences on target DNA. A 50

biotinylated (indicated by letter B) reporter probe anneals adjacently to the opened hairpin probe on the target DNA leaving a nick that is sealed with DNA ligase. Klenow
fragment (exo�) polymerase and short primer are then used to synthesize a new strand that displaces target DNA. The latter initiates another cycle of hybridization with
hairpin and biotinylated probes (indicated by letter B) for signal amplification. Following magnetic separation, horseradish peroxidase (HRP) conjugated streptavidin
(indicated by star and small unfilled circle shapes) is added to bind biotinylated products for development of chemiluminescence signal through catalytic reaction of luminol-
paraiodopenol-H2O2. B) Wild type DNA; Since there is no hybridization between target DNA and the hairpin probe, neither ligation with biotinylated reporter probe (indicated
by letter B) nor displacement of the target DNA would occur and hence no development of chemiluminiscence signal.
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contained recognition sites for nickase cleavage. Following
hybridization of target DNA and initiation primer with the two
hairpin probes, DNA ligase seal the nick between the two opened
hairpin probes. The 30 end of the initiation primer was then
extended through polymerization to fill the gap with nick site
formation and target recycling through displacement step.
Detection was based on measuring fluorescence intensity gener-
ated through the opening of the labelled hairpin probe with
resultant nicked trigger portion [98].

4. Detection of LCR products

4.1. Autoradiography

Autoradiography was the first LCR detection method that has
been implemented using 30-radiolabelled 32P oligonucleotides.
Radiolabelled LCR products were electrophoresed on denaturing
polyacrylamide gels and then visualized by autoradiography [99].
This was a very tedious process that requires at least 12 h and all
chemicals to be freshly prepared. This method could detect down
to 200 target molecules.
4.2. Nonradioactive detection assay

Several nonradioactive detection methods were developed for
detection of ligated LCR products as follows;

4.2.1. Fluorescent method
Winn-Deen and Iovannisc utilized fluorescently labelled

oligonucleotides to generate fluorescently labelled LCR products
that were then detected on a fluorescent sequencer [100]. As little
as 0.5 fmol of fluorescently labelled products could be detected.
The main drawback for fluorescent detection is photo-bleaching.
Fluorescent detection has been successfully applied in multiplex
detection of various SNPs and mutations using various fluorescent
probes or the same fluorescent label but with different sized LCR
amplicons [53,57].

Meng et al. developed a fluorescent detection of ligated
products on microbeads [101]. In this method, three primers
were used. The common downstream primer was phosphorylated
and biotinylated at the 50-end and the 30-end respectively.
Two allele-specific primers were labeled with two different
fluorescent dyes at their 5’end. The ligation products were then
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captured by streptavidin-coated microbeads. A fluorescent
microscope was then used for genotyping based on detected
fluorescence signals.

4.2.2. Microparticle capture enzyme immunoassay (MEIA)
Microparticle Capture Enzyme Immunoassay (MEIA) which is a

sandwich immunoassay approach was introduced in 1994 for
detecting LCR products. The termini, distal from the ligation site, of
the primers that hybridize with sense strand were labeled with
fluorescein at the 50 end and biotin at the 30end. The other two ends
of the primers annealing to antisense strand were labeled with
biotin and fluorescein at the 50end and the 3’end respectively. After
ligation, the LCR products would carry a different binding ligand
with either biotin or fluorescein at each end. LCR products were
then captured by anti-fluorescein antibody coated microparticles.
A washing step was performed to remove unbound biotinylated
primers. Anti-biotin antibody conjugated to ALP was then added to
bind only the ligated LCR products containing biotin at the other
end. After another washing step, the retained ALP removed
phosphate group from the substrate methyl umbelliferyl phos-
phate to form a fluorescent signal that was read by an enzyme
immunoassay analyzer. This method was reported to detect less
than 100 molecules [102].

Abravaya et al. developed another sandwich assay approach for
the detection of GLCR products but with different ligands namely
carbazole and adamantine [59]. Anti-carbazole coated micro-
particles were used to capture ligated GLCR products. Anti-
adamantane antibody conjugated ALP generates the fluorescent
signal from the same substrate [59].

4.2.3. Luminogenic
A luminogenic assay that is dependent on MEIA strategy was

reported by Deen et al. [103]. Primers were labelled with biotin and
digoxigenin at their 5 ends and 30-ends respectively. Ligated
products were then captured on streptavidin coated microplate.
ALP conjugated Anti-digoxigenin antibody was then bound to the
digoxigenin end of captured LCR product. Lumi-phos 530 was then
added as a luminogenic substrate for luminogenic detection. This
method was reported to be very sensitive with a detection limit 10-
fold less than using either radioisotopes or fluorescent sequencer.

4.2.4. Colorimetric assay
Zebala and Barany reported a colorimetric assay that utilized

one primer labeled with poly (dA) tail at the 50 end and another
primer labeled with biotin at the 30 end. Ligated products were
then captured on poly (dT)-coated paramagnetic iron beads. After
bead separation using magnetic field, the biotin moiety on the 50

end was bound to streptavidin-ALP conjugate for colorimetric
detection [104]. Toubanaki et al. developed colorimetric biosensor
assay for SNP genotyping based on ligation reaction [105]. In this
assay one common upstream primer was labeled with biotin at the
50 end and another two allele specific primers were having poly
(dA) tail at their 30 ends. The DNA biosensor was assembled on a
plastic adhesive backing with dried oligo(dT)-conjugated gold
nanoparticles. The poly dA tail of ligated product was bound to dT-
conjugated gold nanoparticles while the other biotin end was
captured by streptavidin. Accumulation of nanoparticles resulted
in development of a red line after 30 min. Several other
colorimetric assays have been developed using other strategies
such as DNAzyme [62,106], Cleavase enzyme [67], gold nano-
particles [42] and magnetic beads [107].

4.2.5. Chemiluminescence and chemiluminescence resonance energy
transfer (CRET)

Chemiluminescence and CRET have been widely used in the
detection of LCR products as reported previously [95,97]. In
chemiluminescence, light is emitted in response to a chemical
reaction while in CRET, the produced chemiluminescence excites
the acceptor dye once gets in close proximity.

4.2.6. Fluorescence resonance energy transfer (FRET)
FRET has been implemented for the detection of LCR products.

The acceptor dye fluoresces only once gets in close proximity with
the donor dye [78,108]. Peng et al. combined LDR with FRET for the
detection of bacterial pathogens. In this assay, the two LDR primers
were designed to form a reverse molecular beacon following
ligation process due to their high Tm values. Primers termini also
contained donor and acceptor dyes to enable FRET once brought
into close proximity through the formation of a molecular beacon
[108]. Yuan et al. developed an integrated LCR-lambda exonucle-
ase-assisted cationic conjugated polymer (CCP) biosensor for
miRNA genotyping [109]. The ability of CCPs to harvest and amplify
signal was used as a donor in the FRET transfer to fluorophore. In
this assay, one primer was designed to have a phosphorothioate
modification at its 30 end while the other primer was labeled with
fluorescein at its 50 end. Following LCR, one ligated product was
formed with fluorescein label on its 50 end and phosphorothioate
on its 30 end. The latter was resistant to exonuclease I and
exonuclease III degradation. Sun et al. developed a robust real-time
based LCR for p53 SNP (Arg282Trp) genotyping [110]. In this assay,
two probes were used. The first probe was labeled with a
fluorophore while the second one was labeled with a quencher.
In the presence of the target DNA, the two probes were ligated and
the close proximity of the fluorophore and the quencher caused
FRET with a decrease in the fluoresecent signal generated. This
decrease in fluorescence is directly proportional to DNA target
amount. The reported sensitivity for this assay was estimated to be
as low as 10 aM.

4.2.7. Electrochemiluminescense (ECL) detection
Electrochemilumeniscence method for GLCR detection of

HBsAg was reported in 2002 (60). In this assay, primers
complementary to sense strand of HBV DNA were labeled as
follows: downstream primer was labeled at the 30 end with biotin,
while upstream primer had a 50 ruthenium label. Primers
hybridizing with antisense strand were not labeled. Streptavidin
coated paramagnetic beads were then used to capture ligated
products with biotin label. Electrical excitation of ruthenium label
on captured products produced a light signal [60].

4.2.8. LCR In passivated silicon-glass microchips
Silicon-glass microchips enabled LCR was developed as a highly

sensitive and specific detection strategy for various SNPs [111].
Amplification efficiency was increased significantly through
dynamic polymer-based surface passivation method [112–114].

4.2.9. Electrochemical LCR (eLCR)
Wee et al. developed a simple and inexpensive eLCR for SNP

detection based on LCR. This methods depends on the electrical
conductivity of dsDNA which results from the pi-stacking of
aromatic base pairs. In this method, active redox compounds
which are attached to double stranded DNA through covalent
attachment or intercalation were used to transfer charge from the
base-pair stacking of double stranded DNA to electrodes [115]. Wee
et al. developed a microdevice based electrochemical LCR (m-eLCR)
assay for detection of minor nucleotide base changes in breast
cancer with up to 10 fold improvement in sensitivity [116]. Koo
et al. used eLCR for the detection of methylated CpG islands. After
bisulfite treatment of DNA sample, A duplexed LCR was then
performed and the generated LCR products were captured by
immobilized probes on gold electrodes. Methylation pattern was
then detected through electrocatalytic reduction of H2O2mediated



A.A. Gibriel, O. Adel / Mutation Research 773 (2017) 66–90 79
by peroxidase mimicking-DNAzyme approach on electrodes
surfaces [117].

4.2.10. Single quantum dots (QD)
Single quantum dot (QD) strategy was integrated with GLCR

technique for multiplex SNP detection in 2013 [118]. In this assay,
one primer was biotinylated while the other primer was labeled
with a fluorophore. Following GLCR, ligated product was bound to
streptavidin coated QDs to form DNA-QD complexes that were
subsequently analyzed with the use of coincidence laser spectros-
copy [118].

4.2.11. Surface enhanced Raman scattering (SERS)
Huh et al. combined LDR and SERS for the detection of k-ras

oncogene SNP [119]. In this assay, the upstream LDR primer
contained the discriminating base and SERS active dye whereas the
downstream primer harbored a modified amine to bind the SERS
enhancer of silver nanoparticle. Following ligation, the SERS dye
and the enhancer were brought into close vicinity and hence
Raman signature was detected. The assay has been implemented in
a microfluidic device that was electrokinetically active. Detection
limit was reported to be 20 pM of target DNA.

5. Applications

5.1. Detection of pathogens

The following are examples of pathogens that have been
detected using Ligation based techniques;

� Detection of Neisseria gonorrhoeae [120–125]. Traditional
detection methods were time consuming with a minimum of
24 h. LCR provided a rapid and effective diagnostic approach
which is essential for disease control [120].

� LCR has been used for diagnosis of Chlamydia trachomatis
infection [123–127].

� Pingle et al. developed a multiplex system for detection of 20
bacterial pathogens in blood (Bacillus anthracis, Streptococcus
pyogenes, Bacillus cereus, Enterococcus faecalis, Streptococcus
agalactiae, Neisseria meningitides, Enterococcus faecium, Staphy-
lococcus epidermidis, Listeria monocytogenes, Staphylococcus
aureus, Klebsiella pneumonia, Streptococcus pneumonia, Yersinia
pestis, Francisella tularensis, Pseudomonas aeruginosa, Brucella
abortus, Haemophilus influenza, Acinetobacter baumannii and
Escherichia coli) [128]. Liu et al. analyzed the mutant site (T93G)
in the E. coli uidA gene [129].

� MLPA Multiplex identification of food pathogens such as;
Bacillus cereus, Campylobacter coli, Shigella spp., Cronobacter
sakazakii, Enterococcus spp., Staphylococcus aureus, Salmonella
spp., Yersinia enterocolitica and Vibrio vulnificus[130].

� Mycobacterium tuberculosis complex was detected by LCR
directly in clinical specimens [131]. MOL-PCR technique
has been used for the identification and differentiation of the
6 main Mycobacterium tuberculosis complex (MTBC) lineages
associated with human with sensitivity approaching 99.2% (76).
MLPA was used to evaluate drug resistance in TB infections
[132].

� Detection of HCV RNA using blood samples [45,133] or from
formalin-fixed paraffin-embedded tissues [134].

� LCR technique has been used to detect mutations in the precore
(preC), the presurface (PreS) regions in HBV genome with high
detection rate [135,136]. The rtA181 V/T and rtN236T mutations
that cause Adefovir dipivoxil (ADV) drug resistance and hence
treatment failure were also assessed [137,138]. The rtM204 V
and rtM204I mutations that cause resistance to lamivudine drug
were detected by QDs-DNA nanosesnors [139].
� It is also used in Respiratory Cyntical Virus (RSV) DNA detection
even in complicated biological samples [140].

� LCR is utilized in the assessment of the virulence of Newcastle
disease virus isolates [141].

� West Nile virus (WNV) detection in both clinical and mosquito
pool samples [142,143].

� LCR was used for detecting cowpox virus in the presence of other
orthopoxviruses species [144] as well as typing of dengue virus
with 98.7% sensitivity, and 98.4% specificity [145]. Another study
was performed by Das et al. for simultaneous identification of 32
different isolates from viral strains of Ebola, Crimean Congo fever,
Marburg, Yellow fever virus, Rift Valley fever, Dengue and Lassa
[146]. Bourgeois et al. used LCR to detect the 594 mutation in
UL97 gene of resistant strains of human cytomegalovirus [147].

� Mendoza et al. used a commercially available assay to detect
human immunodeficiency virus [148].

� Severe acute respiratory syndrome (SARS) epidemic was
attributed to high mutation rate. The 6 found mutations
(nt27827, nt22222, nt9404, nt19838, nt21721 and nt9479) were
assessed by universal microarray using RT-PCR/LDR technique
[149].

� Detection of human papillomavirus [150].
� Detection of distinct plant pathogens including Xanthomonas
species, Citrus tristeza virus and Xylella fastidiosa [74].

� Detection of antibiotic (ciprofloxacin and doxycycline) resis-
tance in Bacillus anthracis, F. tularensis and Yersinia pestis
[74,75].

� Detection of NIAID category B bacterial water and food-borne
pathogens. A multiplex detection for 26 bacterial species have
been designed across 7 different genera, including Salmonella
spp., Listeria monocytogenes., Vibrio spp., Shigella spp. Yersinia
enterocolitica., Campylobacter spp. and diarrheagenic Escherichia
coli [151].

� Ligation based leaky surface acoustic wave (LSAW) biosensor
was used in the A2293G SNP genotyping of the Japanese
encephalitis virus [84].

5.2. Detection of genetic diseases

� LCR has been used for screening human sickle cell mutations
[62,99,152].

� LCR was used in multiplex SNP genotyping of nine SNP in p53
gene. It has advantages over conventional PCR in lack of
constraints over primer size as well as the use of primers of
similar sizes to facilitate optimization of ligation conditions [57].

� It is used to screen for the K-ras oncogene mutation at codon 12
[51,52,55,63].

� Genotyping the MIR196A2 polymorphism In HBV and HCC
patients [54].

� Multiplex detection of mutations across CFTR gene using PCR-
Oligonucleotide ligation assay. Nine mutations clustered in 2
exons [153] 15 mutations [154] and 31 mutations in Italian
patients [155]. The DF508 deletion in the CFTR gene was
detected using DOL technique [78] as well as the W1282X and
G551D mutations using LCR technique [156].

� Detection of the p.A136 V mutation in PRNP gene [65].
� Detection of low abundant CD17 (A > T) mutation on b-globin
gene [66].

� Detection of cytochrome P450 monooxygenase CYP2C19*2
mutation [97].

� Detection of familial breast cancer mutations namely 5382insC
and 185delAG in the BRCA1 gene [78].

� Detection of the H63D mutation in the HFE gene [78].
� Detection of the 39C/T mutation in the b �globin gene
responsible for b �thalassemia in Sardinia [78,157].
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� Detection of the T341C and C282T variants in the N-acetyl-
transferase (NAT2) gene [78].

� LDR was implemented to detect and quantify the A3243G
mutation that is associated with mitochondrial encephalopathy,
myopathy, stroke and lactic acidosis [158].

� LCR was used to detect three Leber’s hereditary optic neuropa-
thy (LHON) associated mitochondrial DNA mutations, G3460A,
G11778A, and G14459A [159].

� MLPA was implemented for the determination of variation in
copy number that is associated with limb girdle muscular
dystrophy [160].

6. Comparative evaluation for various versions of LCR and
ligation based amplifications

Conventional LCR technique has been used routinely as an
inexpensive and specific technique for detection of wide range of
samples (Table 1) with 97.6% sensitivity [48,49]. Samples are
amplified exponentially and therefore this technique was suitable
for detection of limited samples. Limitations in multiplexing
potential and high-throughput along with high background signal
due to target independent ligation, especially in absence of target
DNA, were the main drawbacks for conventional LCR [48,49,154].
The conventional method requires a conventional thermal cycler
with either an autoradiography, spectrophotometric or fluoromet-
ric detection method [99–104,110,111]. Electrochemical detection
was recently enabled with conventional LCR through the use of
microdevices and a potentiostat with 3 electrode system [115,116].
Nested LCR was developed to overcome the high background signal
obtained in conventional LCR due to target independent ligation
especially in the absence of target DNA [58]. This was achieved
through amplification of each template strand separately prior to
ligation reaction. Nested LCR is not common at all and is
considered to be more expensive than conventional LCR as it
requires more reagents and reactions. LDR is one of the most
widely used versions of LCR that has overcome several drawbacks
reported earlier on for conventional LCR [51–57,149–155]. In this
technique, only two oligonucleotides are used for linear amplifi-
cation of samples and this in turn preserves the ratio for the two
alleles and also reduces background signal for target independent
ligation. Various detection methods such as microarray, SERS,
FRET, capillary electrophoresis and magnetic beads have been
integrated with LDR for improved sensitivity, multiplexing
potential and high-throughput applications [51–57,101,105–
108,119]. LDR can detect as low as 1 mutant allele in 1000 copies
of wild type sample with a detection limit of 0.4-1fM [101,106–
107].

GLCR utilizes four oligonucleotides that hybridize with
template strands leaving a gap to be filled first with DNA
polymerase prior to ligation and exponential amplification
[59,60]. This version has diminished background signal attributed
to target independent ligation with increased sensitivity (detection
of one mutant allele in million copy of a wild type allele) and
specificity compared to conventional LCR [46,59,60]. It is robust
with high capability for high-throughput applications and has
been commercialized by Abbott Diagnostics company as Abbott
LCx1 which was FDA approved since 1994 [62,63]. It has been
widely applied for detection of various microorganisms such as
Mycobacterium tuberculosis, Chlamydia trachomatis and Neisseria
gonorrhea [49,120–127,131]. The main disadvantage for this version
is that it is not suitable for multiplexing applications due to false
positive results obtained and therefore it was taken off the market
in 2002 [63]. QGLCR is a real time quantitative version of GLCR. It is
very robust and data is obtained after each amplification cycle with
enhanced sensitivity, specificity and high-throughput applications
[64–66]. It is relatively expensive as it requires a real time PCR
machine to detect FRET from a fluorescent dye into a quencher and
has limited applications. The reported multiplex potential for this
technique is very limited.

AGLCR was the first developed LCR version for detection of RNA
molecules through reverse transcription into cDNA that were
detected 10 times better than RNA copies [45]. It is robust and
relatively inexpensive with a detection limit down to 20 copies of
RNA molecules [45]. This technique is not common as it has several
drawbacks such as lack of multiplexing potential, requirement for
special design of probes and limited high-throughput applications.
LCR with cleavase mediated correction eliminates signal back-
ground associated with target independent ligation. It does not
require sophisticated equipment and detection is enabled through
colorimetric analysis with relative robustness [67]. Detection limit
was reported to be as low as 30 aM. It does not have multiplex
potential nor high-troughput applications with very limited
applications and therefore it is not considered to be a common
technique.

MLPA is the most widely used LCR based technique for SNP
genotyping [68–73,130,132,157,160]. It is very simple, robust,
highly sensitive, specific, fully automated with multiplexing
potential and high-throughput applications. It can detect up to
50 different SNPs at a time with a detection limit of as low as 25pM
[68,73]. It has been widely used for various genotyping platforms.
It has been developed by MRC Holland since 2002. Unlike the GLCR
based LCx Abbott Diagnostic technique, the MLPA technique is
considered to be the most effective and the most favored LCR
technique for SNP genotyping. The only drawback for this powerful
technique is high incurred cost with the use of either a genetic
analyzer or a microarray scanner. This could be overcome through
the use of fabricated electrode array [73]. MOL-PCR is another
widely used LCR technique that is similar to MLPA but with flow
cytometric detection that enabled better sensitivity and faster
analysis [74–76]. It is widely used with multiplexing potential and
high-throughput application as it can detect 50 SNPs/well in a 96
well plate. It requires very expensive flow cytometry based
analyzer (Luminex) and xMAP microsphere beads. DOL utilizes
dye labeled ligation probes and FRET detection with real-time
monitoring for presence of alleles. This assay is very simple,
sensitive, specific and amenable for multiplexing and high-
throughput analysis. The entire assay takes less than 3 h [78].

The SNPlex genotyping system is the second most widely used
LCR technique, following the MLPA technique that was developed
by Applied Biosystems [80]. It is very sensitive as it can detect less
than 1 ng of template. It has high multiplexing potential with high-
throughput capability as it can detect several hundred SNPs in a
hundred or more samples at the same time [79–81]. It has been
used successfully for the detection of 521 SNPs in Human [79],
SNPs in grapevine (Vitis vinifera L.) [80] and 29 insertion/deletion
SNPs in Chinese Han samples [81]. The main drawback for this
assay is that is takes 2 days for the whole assay and is very
expensive as it requires the 3730xl DNA Analyzer.

QCM and LSAW are used as inexpensive, portable, robust and
sensitive LCR techniques. They can detect as low as 80 fM with
silver deposition within 90 min only [82,83]. These assays do not
support multiplexing applications. ONS electrochemical biosensor
is another version for modified LCR that is used for detection of
SNPs via cyclic voltammetric and amperometric measurement but
with limited multiplexing potential [92,129]. 10% of mutant gene
could be detected with 16 fold signal distinction. It is also
inexpensive and stable with high signal/noise ratio. The whole
assay takes around 4 h. AuNP enabled LCR is a portable,
inexpensive technique that is extremely sensitive with real-time
monitoring capability [42,93,94], It can detect as low as 1.5aM [94].
Preparation of probe coated gold nanoparticles takes 1 day and



Table 1
Comparative Evaluation For Various Versions Of Ligase Chain Reaction (LCR) And Ligation-Based Amplifications .

Assay Points of Strength Points of Weakness Discrimination
power/
Sensitivity

Cost Time to run Multiplexing
potential/
some measure of
throughput

Special Equipment
needed

Commonly
used?

Detection Method Class of Allele Discrimination
that method has been used
for

Are
quantitative
data
produced?

Are
commercial
versions
available?

LCR - Exponential
amplification and is
therefore useful for
limited samples
(48–49)
- More Specific
than conventional
PCR (48–49)
- Relatively
inexpensive (49)
- Various detection
methods (49, 99,
100, 102, 103 110,
111, 115, 116)
- Commonly used
with wide
applications (49,
58, 116, 136, 141,
144, 147, 152)

- High background
signal due to target
independent
ligation (49)
- Moderate
sensitivity for older
versions, advanced
detection assays
have been
integrated with
recent versions for
greater sensitivity
and automation
- Limited
multiplexing
potential (49)
- Limited high-
throughput

- 97.6% in
comparison to
PCR (48)

Variable cost based on
readout equipment (vary
from inexpensive to
expensive)

Variable based on
detection method
used

Has limited potential
for multiplexing
assays (154)

- Thermal cycler and
either
- Spectrophotometer
(104)
- Or fluorometer
(100, 102, 103, 110)
- Or silicon glass
microchip and a
microchip capillary
electrophoresis (111)
- Or microdevice and
a potentiostat with 3
electrode system
(116)

Common
(49, 58, 99,
100, 102,
103, 104,
110, 111,
115, 116,
136, 141,
144, 147,
152)

Variable
- Autoradiography (49, 99)
- Colorimetric (104)
- Fluorescence (100)
- MEIA and fluorescence
(102)
- MEIA and luminescence
(103)
- FRET (110)
- Microchip capillary
electrophoresis (111)
- Electrochemical
detection (115,116)

- b-sickle cell
hemoglobinemia (58, 49,
100,152)
- Leber's hereditary optic
neuropathy (104)
- Cystic fibrosis (49, 156)
- Hyperkalemic periodic
paralysis (49)
- Bovine leukocyte adhesion
deficiency (49)
- Mycobacterium
tuberculosis (49, 103)
- Listeria monocytogenes
(49)
- Ha-ras protooncogene (49)
- Human papillomavirus (49)
- Herpes simplex virus (49)
- HIV (49)
- Breast cancer in cell lines
(116)
- Precore mutation of HBV
(136)
- Virulence of Newcastle
disease virus (141)
- Cowpox virus in the
presence of other
orthopoxviruses species
(144)
- 594 mutation in UL97 gene
of resistant strains of human
cytomegalovirus (147)
- G3460A, G11778A, and
G14459A in Leber’s
hereditary optic neuropathy
(LHON) associated
mitochondrial DNA
mutations (159)

- Yes - No

1- LDR - Low background
since only one pair
of oligonucleotides
is used and
therefore no
chances for target
independent blunt
ligation (49)
- Accurately
preserving the ratio
of the two alleles
(49)
- Higher
multiplexing
ability (146)
- Can be scaled for
high-throughput
(51–52, 55–56)
- High sensitivity
(101, 106, 107, 145)

- Commonly used
with wider
applications (49,
51–57, 101, 105, 107,
119, 108, 128, 137,

- Linear and limited
amplification
especially for very
limited mutant
allele/samples (49)
- Amplified products
reflect target DNA in
the original
specimen (49)

- Ability to
detect 1
mutant in 1000
copies of wild
type with a
detection limit
as low as 0.4-
1fM (101, 106,
107)
- The detection
threshold
ranged from
0.004 to 0.7
plaque forming
unit (PFU)/
reaction. (145)

- Variable cost based on
readout equipment
(Vary from inexpensive
to very expensive)

- Variable based on
detection method
used

- Yes
- Used for detecting 4
malaria species using
different sizes of
primers (53)
- Also used in Kras
genotyping (55)
- The PCR/LDR has a
significant advantage
in testing 9 agents
simultaneously and is
amenable to
automation. (146)

- Thermal cycler and
either
- Spectrophotometer
(105–107)
- Or fluorometer (49,
51–53, 57, 101)
- Or Genetic analyzer
(49, 53, 57)
- Or microarray chip
and a scanner (55–
56)

Very
Common
(49, 51–57,
101, 105–
108, 119,
108, 128,
137, 138,
140, 142,
145,
146,149,
150–155,
158)

- Detection of fluorescently
labeled primers (49, 53, 57)
- Capillary electrophoresis
(51,52)
- MEIA and fluorescence
(101)
- Colorimetric using gold
nanoparticles (105)
- Colorimetric using
magnetic beads (106, 107)
- FRET (108)
- SERS (119)
- DNA microarray platform
with zip codes and
fluorescent labels (55, 56)

- Cystic Fibrosis (49,153–155)
- CYP2D6 and CYP2C19 SNPs
(105)
- b-globin thalassemia (101)
- Malaria causing parasite
(53)
- tp53 SNP (57)
- K-ras (51–56, 107, 119)
-MIR196A2 polymorphism in
HBV and HCC (54)
- Staphylococcus. aureus
(108)
- Staphylococcus.
epidermidis (108)
- E. coli K-12 (108)
- 20 bacterial pathogens in
blood (Bacillus anthracis,
Streptococcus pyogenes,
Bacillus cereus, Enterococcus
faecalis, Streptococcus
agalactiae, Neisseria
meningitides, Enterococcus
faecium, Staphylococcus
epidermidis, Listeria
monocytogenes,
Staphylococcus aureus,

- Yes - No
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ligation assay takes less than an hour. Colorimetric methods,
surface plasmon resonance or dynamic light scattering could be
used for detection [42,93–94]. The main drawbacks for this assay
are lack of multiplexing potential and high-throughput applica-
tions.

RCA based ligation is a commonly used LCR technique with
detection limit approaching 2 amol for mutant alleles. It has
multiplexing and high-throughput capabilities [85–88,90,91]. It
takes 70 min for the whole assay. Detection methods using either
ICP-MS or chemiluminescence make this assay very expensive.
Costs could be reduced significantly with the use of electrochemi-
cal workstation or colorimetric detection. LCR based DNAzyme-
CRET magnetic biosensor is another modified LCR version that
enables detection down to 0.86fM [85]. It is robust as it takes 3 h for
the whole assay. It has no multiplexing potential with limited high-
throughput applications. Ligation mediated SDA is a cost effective
and sensitive version of LCR with detection limit down to 0.1 fM
[97] with high signal/noise ratio due to the use of magnetic
separation. It is a robust assay that takes 3 h for the whole assay
with the possibility for high-throughput applications but with
limited multiplexing potential. It is commonly used with wide
application in various fields [96–98].

7. Concluding remarks

Several genetic variants have been reported to be causing
factors for susceptibility to many genetic diseases such as cancer,
sickle cell anemia and retinitis pigmentosa. Early screening for
these genetic variants is of extreme importance as it could be
considered as a warning alarm to take all possible parameters that
could help in alleviating disease severity, progression and, if
possible, launching of early medication to save lives. This
necessitates the use of advanced bio-sensing platforms that are
sensitive, specific, robust and affordable with multiplexing and
high-throughput capabilities without being expensive and time
consuming. Next generation and Sanger sequencing have been
used successfully for this purpose for a while but there are still
many limitations with this approach as sequencing is very
expensive, unaffordable by many researchers, time consuming
and also challenging. Several other affordable screening assays
have been developed over the past few decades with certain
limitations in specificity, sensitivity, cost effectiveness and/or time
savings.

LCR was reported in 1991 and was proven to be more specific
and sensitive than gold standard PCR method due to the use of DNA
ligase enzyme that seals only adjacent target complementary
probes prior to amplification. Since that time, LCR was considered
the most favored platform for SNP genotyping as it was
inexpensive, affordable and time saving. The main limitations
for LCR were lack of multiplexing capabilities and high-throughput
applications. Over the past few decades, several modifications and
detection strategies have been introduced to both LCR and ligation
based amplifications to overcome those limitations. This review
outlines and evaluates recent advances and modifications intro-
duced to LCR and ligation based amplifications such as electro-
chemical and magnetic biosensors, nanoparticles, quantum dots,
DNAzyme, quartz crystal and leaky surface acoustic wave
biosensors, rolling circle amplification, strand displacement
amplification, surface enhanced raman scattering, chemilumines-
cence and fluorescence resonance energy transfer. Particular
emphasis on sensitivity and limitation parameters for each
platform is also detailed. Some of those integrated technologies
have been commercialized for real applications in various fields.
SNP genotyping assays for diverse genetic diseases, bacterial and
viral pathogen detections are also discussed in this article. The
versatility of these integrated technologies could pave the way
towards achieving ideal multiplex SNP genotyping assays that are
affordable with enhanced sensitivity, specificity, simplicity,
robustness and high-throughput analyses in genome wide
screening. Currently, the only limitation left for these advanced
technologies is our imagination for such powerful innovations.

Key points

(1) MLPA multiplex technique can detect up to 50 SNPs in one
reaction with enhanced sensitivity down to 25 pM when
integrated with microarray biosensor.

(2) LCR based DNAzyme-fluorescein CRET enabled the detection of
as low as 0.86 fM.

(3) The reported sensitivity for FRET assisted LCR is estimated to be
as low as 10 aM.

(4) Introducing SA coated magnetic beads to ligation based RCA
significantly improved sensitivity down to 2 amol.

(5) LCR based AuNP biosensor dramatically enhanced sensitivity to
as low as 1.5 aM with the ability for either colorimetric or
dynamic light scattering detection.
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