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Abstract
This protocol permits the mutation scanning of PCR products by high-resolution DNA melting analysis
requiring the inclusion of a saturating intercalating dye in the PCR mix without labelled probe. During a
scanning process, �uorescent melting curves of PCR amplicons are analyzed. Mutations modifying
melting curve shapes, are allowed to be further characterized by sequencing because melting is not
destructive. The method detects on small amplicons \(120pb), 100% of heterozygous and 75% of
homozygous variants in a single step. Homozygous variants are detected in a second time at 100% by
adding wild-type reference DNA in the tube. For mitochondrial haplotypes, homozygous variants are
discriminated by increased the size of the amplicons \(700pb). HRMA can be conducted without
knowledge on number of mutations, small insertions or deletions of the studied sequence in non-model
species. The method accomplishes simultaneous gene scanning in a fraction of the time required when
using traditional methods, while maintaining a closed-tube environment. The PCR requires <1h20 \(96- or
384-well plates) and melting acquisition takes 10 min per plate.

Introduction
Melting curve analysis in combination with real-time PCR was introduced in 19971,2 and is a natural
extension of continuously monitored PCR within each cycle3. During High resolution DNA melting
analysis \(HRM or HRMA), melting curves are produced using dyes that �uoresce in the presence of
double-stranded DNA \(dsDNA). Using specialized instruments designed to monitor �uorescence during
heating; as the temperature increases, the �uorescence decreases, producing a characteristic melting
pro�le4. Each PCR product is identi�ed by its temperature melting \(Tm) corresponding to the temperature
at which half of the double strand DNA is denatured. When the PCR product sequence is altered, duplex
stability is changed, leading to different melting behavior. When the change is homozygous, a shift in
melting temperature is usually observed5. When the change is heterozygous, four duplexes are formed
following PCR: two heteroduplexes and two homoduplexes. Each duplex will have differing stabilities, the
sum of which can be observed by high-resolution melting analysis \(see Fig. 1), enabling sequence
variations to be detected. HRM analysis detects single nucleotide polymorphisms \(SNPs) and small
insertions or deletions in a fragment of ampli�ed DNA by comparing the �uorescence as a function of the
temperature. Several years after its �rst introduction, HRMA appears as a rapid method for genotyping
known variants or scanning unknown variants6,7, with its applications recently reviewed8-11. Variations of
HRMA have been developed to enhance resolution in small amplicons, the 3’ ends of a primer set placed
at a very short distance from the informative SNP12. Alternatively, unlabelled probe can be used when
multiple informative SNPs are present within a longer stretch of sequence, but also when the GC content
is low or when the presence of polymorphisms prevents the placement of HRMA primers for small
amplicons. In this latter case, the Tm of the unlabelled probe, and not of the entire amplicon, is used for
genotyping13-15. However, the software available on HRMA instruments is an important element
determining the ultimate sensitivity achieved16, and not all packages yet facilitate the use of temperature
calibration probes. HRMA presents a speci�city of 98.8% with an overall sensitivity of 99.3% of the
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samples with one or more heterozygous loci distinguished from wild type10. Although HRMA
heterozygote detection is excellent with a rate of 100%17, successful discrimination between
homozygous variants that melt in a single domain depends mostly on their Tm with an average detection
rate of 75% from 6 prior studies using constitutional human variants8,17,18. The ability to use absolute
temperatures differences for genotyping depends on the temperature precision of the instrument19 and
the consistency \(ionic strength) of compared samples20. Interestingly, best homozygous variants
detection rates of 93% and 96.5% were reported for human BRCA1 and mitochondrial DNA21,22. In both
cases, PCR products were longer than 500 pb. These results suggest that longer PCR products may be
preferred for homozygote detection, while for heterozygote detection shorter PCR products showed better
results10,11. Another technique consists in creating an arti�cial heteroduplex by mixing wild type DNA with
homozygous variants, converting homozygous variants into heterozygotes with an overall detection
sensitivity of 96.9%10,23. HRMA is simple, rapid, and inexpensive but depends strongly on the quality of
the PCR, instruments and dyes. Different DNA isolation methods did not in�uence scanning accuracy21.
Although different reconstitution buffers can affect absolute Tms20 also modi�ed by salt, MgCl2 and dye
concentrations used for the ampli�cation. DNA concentrations could vary at least 4-fold without affecting
melting results20, but identical concentrations must be favored. Saturating DNA dyes are not required for
some HRMA applications like methylation analysis24. However, scanning and genotyping are entirely
dependent on heteroduplex identi�cation and different dyes are variably effective. For example,
LCGreen® Plus detects heterozygotes better than SYTO® 9, which is better than EvaGreen®, which is in
turn better than SYBR Green I 8. Pricing of the dyes differs signi�cantly; all have slightly different
characteristics, and they often demand slightly different PCR buffers and conditions. Best PCR product
length was also studied on the HRTM-125 and LightScanner® Instruments11, revealing more errors as the
length increases above 400 bp. However the optimal number of melting domains remains controversial
between authors who argue between one domain melting18 and two or more domains22. As the precision
of qPCR and melting further improves with time, the number of replicates required decreases, making the
approach even more accessible. Simultaneous scanning and genotyping allows better differentiation of
multiple variants, the sequencing burden concerning only the different variants in large-scale screening
projects. Firstly con�ned to clinical and diagnostic studies10, this method appeared recently in wild
population studies of �sh populations26,27, symbionts from the genus _Symbiodinium_28 or Wolbachia
using reference genotypes29. As a closed-tube system, HRMA represents a sensitive inexpensive and fast
technique comparatively to new generation sequencing30 or other modern gene scanning methods such
as single-strand conformational polymorphism analysis in capillary sequencer31, denaturing high-
performance liquid chromatography32 or temperature gradient capillary electrophoresis33. Each of these
methods requires application of the PCR products onto a matrix to separate and detect the
heteroduplexes. In contrast, closed-tube systems eliminate the need for automation, greatly decrease the
risk of laboratory contamination from open PCR product and signi�cantly reduce analysis time. Based on
all these attributes, a wide use of HRMA would be expected; however, a literature review as of May 2012
revealed no hits of this technique in non-model species despite the increasing importance of SNPs in this
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�eld, except on four recent populations studies focused on a a salmon27, sword�sh26, a dipter34 and a
plant35. Here we used HRMA to genotype alleles in �sh and shell�sh populations. The entire procedure we
propose of HRMA in combination with qPCR is completed within 1h20 as a single closed-tube assay in
non-model species without SNPs knowledge required. In the same time this procedure allows the real-
time monitoring of PCR quality and the scanning of 384 or 96 samples on 384- or 96-well plates on a
LightCycler® 480 Instrument. Screened polymorphism of different genes is compared between the best
dyes LCGreen® Plus dye in LightScanner® Instrument previsouly described15 with the new Resolight® in
LightCycler® 480 Instrument on two different marine species: an invertebrate, the abalone _Haliotis
tuberculata_ and a vertebrate, the �sh _Platichthys �esus_. Experimental design There are several
experimental design considerations that should be considered before initiating mutation screening using
HRM, explained further below. DNA extraction. The DNA extraction method should be similar for all the
DNA templates, as salts in the DNA template can in�uence the melting curve in the HRM analysis. This
can be overcome to some extent by adding unlabelled probe as internal temperature standards12, but this
is both a laborious and to some degree expensive step. Regarding the quality and quantity of DNA, it is
also better to add the exact amount of template DNA to the PCR before ampli�cation, as the dynamic
range of HRMA is closed \(see FIRST RESULTS). The quantity of the DNA can be measured by OD
measurements or by using commercially available kits for measuring double-stranded DNA \(e.g.,
PICOgreen) or directly by Nanodrop technology. The quality of DNA must be assessed by Agilent or
migration on 1% agarose gel. The DNA samples were further diluted with PCR grade water to a
concentration of 15 ng/μL for use in qPCR. PCR design and optimization. For nuclear gene, PCR primers
should be designed to amplify fragments of 150–400 bp and each amplicon should ideally span an exon
with one or more melting domains identi�ed by software such as Poland server36. To PCR-amplify larger
exons, it may be necessary to design primers that amplify several overlapping amplicons. As a signi�cant
loss of sensitivity has been shown for heterozygous variants detection when using long PCR amplicons,
we therefore do not recommend the ampli�cation of PCR products longer than 400 bp. Long products
commonly have multiple melting domains and the ability to detect all the variants decrease with the
number of domains. Short PCR products have usually only one domain and homozygous variants result
in little if any shape change. However, we �nd it critical for high sensitivity that the melt pro�le contains
not more than one or two melt domains. When assays are designed to type speci�c variants \(SNP
typing) we recommend fragment sizes of 80–100 bp. On the contrary, for mitochondrial genome
screening, we recommend amplicons longer than 600 bp to identify homozygous variants22 containing
more than one domain and with mutations located at different parts of melt domains. The primers
should hybridize a region without any known SNP \(use appropriate SNP databases) and the subsequent
PCR amplicon could include more than one SNP. Primers were designed to �ank the coding regions,
without second structure \(hairpin or dimer formation) and to be annealed at 60°C using Primer Express
software \(Applied Biosystems, Foster City, CA). All primers should be HPLC-puri�ed before use to ensure
the correct size and quality of the primers. PCRs should be optimized using a temperature gradient to
determinate the optimal annealing temperature for primer sets at which a speci�c and robust amplicon is
obtained. As the primer Tms are around 60, �rst PCR should consist on a touchdown temperature from 65
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to 53°C. Controls. At least one normal control must be used for comparison of melting curve patterns
when unknown samples are analyzed \(e.g., if a specimen is screened for mutations in several exons of a
gene, one wild sample should be screened in the same exons for comparison). It should be noted that
when larger series of sample are screened for the presence of different mutations, we recommend using
representative known samples as references in each PCR to standardize the calibration between samples.
Each sample with a peak pattern that differs from the normal controls should be sequenced to verify the
presence of a mutation and to determine the exact nucleotide change. A negative ‘no-template’ control
may be included in the PCR to detect potential DNA contamination. However, false-positive or false-
negative results due to PCR carryover are usually not a problem in this assay, because each sample
contains same amount of genomic DNA as starting material. Instrumentation and dyes. Different sets of
�uorescent dyes are commercially available, al in the same spectral emission: SYTO® 9, LC Green® and
more recently the Resolight® included in HRM Master Mix \(Roche, Indianapolis, IN). This protocol
describes HRM analysis using two different types of dyes and their corresponding instrument base
procedures. The LC Green® on the LightScanner® Instrument \(Roche, Indianapolis, IN) and the
Resolight® on real time PCR, the LightCycler® 480 Instrument \(Roche, Indianapolis, IN). These
Instruments generate �uorescence data from 45–95°C at a temperature transition rate of 0.1 to
0.02°C/sec, and 22 to 25 acquisitions per °C for the LightScanner® and the LightCycler® 480
Instruments, respectively. The uses of these two dyes are slightly different. Resolight® presents the
advantage to be less concentrated than LCGreen® PLUS dye that prevents the inhibitory effect of the
intercalating �uorescent dye during PCR ampli�cation. Thus, LightCycler® 480 Instrument allowed the
visualization of the real-time ampli�cation additionally to the melting curve analysis. In principle, only
thermocycler intended for real-time PCR with more than 22 images per second can be used. Some
alterations may be necessary when adapting the protocol to a different instrument. Data analysis. This is
the most time-consuming part of the procedure and also the part that requires some practice. Data can be
analyzed using a program designed for melting curves analysis which depends on the instrument used:
data from LightCycler® 480 Instrument can be analyzed by LightCycler® 480 Gene Scanning Software
SW 1.5.0 and also LightScanner® Software version 2.0 Call-IT \(v2.0.0.1331;Idaho Technology) using the
melt calibration module, previously adapted only for LightScanner® Instrument data. The normalization
of the melting curve required to choose two ranges of temperatures corresponding to 100% and 0 %
values of �uorescence \(Fig. 2 A). In the area chosen, parallel curves must be observed. Another
horizontal calibration called temperature shift can be done between all the samples \(threshold of 5 per
default, Fig. 2 B1). This normalization is made to compensate the dispersion between samples from
same group and improve homogeneity of the group \(Fig. 2 C1). Differential e�ciency of the
ampli�cation between the samples in the 96-well plate could create a Tm shift of 1.5 °C between same
variants. In the case of all the samples are similar \(same DNA concentration and quality) and similar
PCR ampli�cation e�ciency, this normalization is not required because disturbed the analysis of
homozygous variants corresponding to peaks at different Tms. However, to use the temperature shift
without loss of information identi�ed homozygote samples can be mixed with wild type reference in a
second time. Data are then compared to reference samples identi�ed as standards and then converted to
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difference plots6 \(Fig. 2 C2). The temperature window for those speci�c genotyping tests is ranged from
50°C to 95°C.

Reagents
DNA extraction .Sodium chloride \(NaCl; Merck, cat. no. 567441) .Cethyl trimethyl amonium bromide \
(CTAB; Amersco, cat. no. 0833) .Chloroform:isoamyl alcohol \(24:1) \(Uptima, cat. no. UP899255) \!
CAUTION Irritant .Tris-HCl \(Uptima, cat. no. UP091549) \! CAUTION Irritant .Tris Biotech.Grade \(Uptima,
cat. no. 031657) .Boric acid \(Uptima, cat. co. UP070440) .EDTA \(Sigma, cat. no. ED4SS) \! CAUTION
Irritant. .Sodium acetate \(NaOAC; Merck, cat. no. 567418) .Ethanol \(Merck, cat. no. 1.00983.1000)
.proteinase K, 10 % \(wt/vol) \(Sigma, T2308 500mg) .β-Mercaptoethanol \(Merck, cat. no. 444203) \!
CAUTION Hazardous. DNA migration electrophoresis and puri�cation for HRM by LightScannerTM
products .Ethidium bromide \(Roth, cat. no. 2218.1) \! CAUTION Mutagenic properties. DNA ladder 100pb
with loading buffer \(Gena Biosciences, cat. no. M-214) .Agarose \(Interchim, cat. no. 31292L) .50X TAE
buffer \(Eppendorf, cat. no. 955155335) High Resolution Melting .HPLC-puri�ed PCR primers .\(1)
LightScanner® Master Mix \(Idaho Technology, cat. no. HRLS-ASY-003) and Mineral Oil Light \(Sigma,
cat. no. M5904) . or \(2) LightCycler®480 High Resolution Melting Master \(Roche, cat. no. 04 909 631
001) REAGENT SETUP Δ CRITICAL. Prepare solutions in DNase-free glassware using autoclaved DNA
extraction buffer Mix 100mM Tris-HCl ph8, 20 mM EDTA pH8, 1.4 M NaCl, 2% CTAB, stable up to 1 month
at RT. Agarose gel Mix 1%\(wt/vol) agarose dissolved in 0.6 X electrophoresis buffer. Electrophoresis
buffer \(TBE 10X) Mix 89 mM Tris base, 89 mM Boric acid and 2 mM EDTA \(pH 8.3); store at RT.

Equipment
• 2ml microcentrifuge tubes • Pipetman \(Gilson, P-20, P-200 and P1000) • Pipette tips \(Rainin) • Bath
incubator • Thermo-fast ® 96, semi-skirted \(Thermo scienti�c, cat. no. AB0990) • Thermocycler Gene
Amp PCR System 7500 \(ABI) • Gel tank for electrophoresis \(Maxicell® EC360M) • UV light, camera \
(Vilber Lourmat) • LightScanner® Instrument \(Roche) • LightCycler® 480 Instrument \(Roche) •
Nanodrop \(MD-1000, Spectrophotometer) • Centrifuge with rotor for microtiter plates \(e.g., Eppendorf
5804)

Procedure
DNA extraction ● TIMING 45 min to 4 h \(depending on the number of samples) 1| Extract DNA from the
tissue/organism of interest \(e.g., muscle, gills or �n) using an appropriate DNA extraction method. We
routinely use the CTAB37 method for marine mollusks muscle, and the CCDB38 method for the �sh. Δ
CRITICAL STEP Any other kits/standard methods of DNA extraction could alternatively be used \(see
Experimental design). Nevertheless, when samples have to be compared with each other or with a control,
all of them should be extracted using the same extraction method. 2| Resuspend the DNA in water.
Determine DNA quantity and quality by the A260/A280 ratio using a NanoDrop 2000 spectrophotometer \
(NanoDrop Technologies, Inc., Wilmington, DE). For reliable results, and following the HRM manufacturer
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´s recommendations, a ratio of 1.8-2 was required. Adjust concentrations of DNA to 15ng/µL. PCR
ampli�cation and HRM analysis ● TIMING ~ 2 h 3| Perform PCR ampli�cation using any conventional
PCR ampli�cation protocol appropriate for the chosen primer pair according to manufacture protocols.
Include a negative control where no template DNA is added \(optional) and positive control with known
genotype. In the case of homozygous variants, template DNA is constituted by half of wild type reference
and half of the unknown samples. For example, as in a standard PCR protocol for amplicons in the size
range between 150-400 bps \(10 µl reaction), combine the following reagents using option A or option B
depending on the instrument used: 3.A| Using LightScanner Instrument: 2µL template DNA, 4 µL of 2.5X
LightScanner® Master Mix, 10 pmol of each primer \(HPLC-puri�ed) and water up to 10 µL. Load PCR-
Plate with 15µL mineral oil, seal with �lm and centrifuge brie�y 1min at 2500 g. Use the following
ampli�cation protocol: 95°C 2 min, 40-45 cycles of 94°C 30 s, 60 °C 30 s, 72°C 40 s and a terminal cycle
for heteroduplex formation 94°C 30s, 25-28°C 30s. ■ PAUSE POINT Products may be stored at this point
at -20°C for at least 2 weeks. If plates are refrigerated, spin for 30 s at 1600g before analysis. Following
PCRs, insert the 96-well plate into a LightScanner® Instrument to melt the samples with a continuous
increase temperature starting at 50°C to 95°C with a continuous acquisition mode. Following the melt,
use the LightScanner 2.0 software to manage and analyze the data. 3.B| Using LightCycler®480
Instrument To obtain LightCycler® 480 data: 2µL template DNA, 2.5 µL of 2X LightCycler® 480 High
Resolution Melting Master, 1µL of primer mix at 4µM \(HPLC-puri�ed), 3mM MgCl2 and water up to 10 µL.
Seal with �lm and centrifuge brie�y at 2500 rpm. Use the following ampli�cation protocol: 95°C 10 min,
45 cycles of 95°C 15 s, 60°C \(or 65°C - 0.5°C per cycle until 53°C) 30 s, 72°C 30 s. High resolution melting
protocol consists of heteroduplex formation 95°C 1 min, 40°C 1min following by a continuous increase
temperature starting at 50°C to 95°C with a continuous acquisition mode. ■ PAUSE POINT Products may
be stored at this point at -20°C for at least 2 weeks before sequencing. Following the melt, use the
LightCycler® 480 Software release 1.5.0. with the Gene Scanning module to manage and analyze the
data. ? TROUBLESHOOTING Melting analysis ● TIMING ~ 2-10 min 4| Verify the ampli�cation e�ciency
and removed of the data any sample without ampli�cation before analysis. For LightCycler® 480 data,
samples presenting unusual or abnormal ampli�cation curve can also be removed \(Fig. 3). Standard
ampli�cation curves presents crossing point \(Cp) or cycle threshold, Cp < 30 cycles or Cpsample =+/- 1,5
Cpwild type. ? TROUBLESHOOTING 5| Calibration \(see Fig. 2) : Select two ranges of 1°C temperatures
corresponding to 100% and 0 % �uorescence values when curves of all samples are parallel, before and
after the fall curves \(Fig. 2 A). Temperature shift: let the threshold per default at 5 \(Fig. 2 B1). 6|
Compare samples data to reference samples identi�ed as standards \(Fig. 2 C1) then convert to
differences plots \(Fig. 2 C2). Different resolution levels can be used to group the different variants:
modify the level starting per default at 0.3. Melting peaks allowed visualizing different Tms of
homozygous variants with the temperature shift engaged \(Fig. 2 B2). For nuclear gene, homozygous
variants can be discriminated from each other by adding wild type reference DNA to sample DNA in a
second step and start over the HRMA \(step 3). For mitochondrial genes, large amplicons can be directly
discriminated by their melting peaks when ΔTm>0.2°C. ? THROUBLESHOOTING Agarose gel
electrophoresis \(optional for LightCycler® 480 treatment) ● TIMING ~ 1 h 7| Prepare agarose gel \(1% \
(w/v) agarose in 1X TAE buffer). Add one drop of ethidium bromide 0.625 mg. mL-1 for every 50 ml gel.
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8| Perform agarose gel electrophoresis to verify successful PCR ampli�cation as follows: mix 5 µl PCR
product with 1 µl 6X loading buffer and perform the electrophoresis for 20 min at 120 V. Visualize the
DNA bands using a UV-transilluminator. Distinct single bands should be visible for each PCR
ampli�cation. ■ PAUSE POINT Products may be stored at this point at -20°C for at least 2 weeks. ?
THROUBLESHOOTING Puri�cation \(and/or cloning) of PCR products for variants sequencing 9| To
determine the exact nature of the genetic variation, purify PCR products directly after PCR for
LightCycler® 480 procedure or from DNA bands after electrophoresis of the products for LightScanner
procedure and subsequently perform DNA double pass-sequencing analysis for mitochondrial gene. For
nuclear marker, purify qPCR products, tail with the _Escherichia coli_ poly A polymerase \(New England
Biolabs, Ipswich, MA, USA) for LightCycler® 480 procedure, clone and perform DNA sequencing analysis
of several clones to separate alleles. Alleles can also be separated by a Single Strand Conformation
Polymorphism \(SSCP) starting from PCR products.

Timing
● TIMING \(384 or 96- PCR amplicons and DNA extraction) Day 1: Steps 1 and 2, DNA extraction: ~45
min to 4 h \(depending on the number of samples) Step 3a, PCR setup and ampli�cation: ~2 h Step 3a
Scanning by High Resolution Melting: ~10 min Step 3b, PCR setup and ampli�cation in combination with
HRM analysis: ~1h20 h Steps 4-6, Data analysis: ~2 to 10 min Steps 7 and 8, agarose gel analysis \
(optional for HRM using LightCycler® 480 Instrument): ~1 h Steps 9, PCR products puri�cation for
sequencing analysis: ~45 min

Troubleshooting
Troubleshooting advice can be found in Table3.

Anticipated Results
Examples of results used for a genetic study of marine populations39 from a standard HRM assay using
the LightScannerTM Instrument and the LightCycler® 480 Instruments are shown in Figure 3 and 4.
Variants of nuclear genes like exon 1 of gene encoding ferritin from the abalone _Haliotis tuberculata_
correspond to small size amplicons \(A-B), whereas variants of exon 2 of gene encoding myoadenylate
deaminase from the teleost �sh _Platichthys �esus_ correspond to large sequences with multiple melting
domains \(C-D). Melting peaks allow visual differentiations of curves comforted with normalized and
temp-shifted difference plots representing the data normalized by reference samples. Homozygote
sample usually produces only one narrow melting peak corresponding to only one double-stranded DNA
fragment \(see Fig. 3 A1-B1), and single narrow peaks at different Tms could correspond to homozygous
variants \(green and blue melting peaks, Fig. 3 A1-B1). In contrast, heterozygous variants display broad
double melting peaks \(red line, Fig. 3 A1-B1), similar to heteroduplex forms in the case of mixed
homozygote with wild type DNA. During scanning process 100% of heterozygous and 75% of
homozygous variants are expected to be detected. Homozygous variants are detected in a second time at
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100% by adding wild type reference DNA in the tube. The peak patterns of mixed of DNA ampli�cation \
(homozygote with wild type) are reproducible. The location of more than one SNP within the same PCR
product usually displays a complex variation of peak patterns across a series of samples \(see Fig. 3 C1-
D1). However, some distinct peaks display very close Tms \(<0.2°C) that could correspond to only one
mutation \(A/T; Table 1). Peak heights depend on the concentration of the DNA used for the PCR.
Variable ampli�cation e�ciencies of a single sequence modify the Tm of the peaks in a range of 0.5°C, a
level which discriminated supplementary variants for a single SNP \(blue and yellow melting peaks Fig. 3
A1-B1). Homogeneity among variant groups on small size amplicons is similar between LightCycler®
480 and LightScanner data, whereas more advantages clearly appear when mutation scanning is realized
using LightCycler® 480 Instrument and chemistry \(see Fig. 3). Firstly, the Resolight© dye allows the
ampli�cation of amplicons with more than two melting-domains compared to the LC Green©.
Ampli�cation of particular long sequences with several SNPs permits to differentiate mitochondrial
sequences without heteroduplexes formation as observed for a 689 bp region of the Cytochrome C
Oxidase sub-unit 1 \(CO1) gene with 3 SNPs in P. �esus \(see Fig. 4)39. This chemistry increased also the
Δ�uorescence between the normalized and Temp-shifted difference plots \(Fig. 3 A2-B2). On
LightCycler® 480 data, plots representing relative signal differences lower than 4 could be grouped \(Fig.
3 B2). Secondly, primer-dimers or unspeci�c priming in the PCR may occasionally result in additional
background peaks which are reduced when using Resolight©. Thirdly, ampli�cation and HRMA steps are
performed on a single step, without opening the tube. Finally on the LightCycler® 480 Instrument,
variable ampli�cation e�ciencies between variants are directly assessed during the real-time PCR and
negative samples are identi�ed \(Fig. 5). We recommend considering two samples represented by their
melting peaks with Tm shift of 0.2°C as two distinct variants, whatever the instrument and chemistry. All
variants identi�ed in 96-well plates have to be sequenced to determine the exact nature of the genetic
variation. We also recommend sequencing samples with aberrant peaks. In marine populations, number
of sequences is reduced from 250 and 290 samples to only 10 and 18 variants per marker for a
vertebrate and invertebrate species, respectively. In conclusion, HRMA allows the e�cient scanning of 96
\(up to 384 for the LightCycler® 480 Instrument) samples and reduces drastically the number of samples
to sequence in a cheap, fast and reproducible manner compared to other modern gene scanning methods
\(Table 2).
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Figure 1

Schematic principle of HRMA. A. DNA fragments are ampli�ed using �uorescently intercalating DNA dye,
heat-denatured and cooled. Heterozygote (W/U) variant formed after denaturation and rehybridization,
two homoduplexes (W/W and U/U) and two heteroduplexes (W/U). B. The results are illustrated as
denaturation melting curves (�uorescence normalized or derivative �uorescence in function of
temperature). HRMA detects mutations in DNA fragments due to temperature shift of the melting curve
caused by variation of the amplicon Tms or variation of the curve shapes in heteroduplexes presence.



Page 13/16

Figure 2

Step by step of the HRMA data analysis. A. HRMA Melting curves of heterozygous (red) and homozygous
variants (blue, yellow and green) are obtained after a continuous denaturation of amplicons with a
progressive liberation of the intercalated �uorescent dyes. B1. Normalized melting curves are obtained
after determination of 100% and 0% �uorescence values. B2. Normalized melting peaks are the derivative
of the normalized melting curves. C1. Normalized and shifted melting curves were obtained according to
a horizontal normalization by the temperature shift at a threshold of 3 (red line in B1). C2. Normalized
and Temp-shifted difference plots are obtained by comparison of the curves to a reference sample (blue
line). He. Heterozygote. Ho. Homozygote
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Figure 3

Examples of HRMA results on nuclear marker. HRMA results obtained by LightScanner® (A-C) and
LightCycler® 480 (B-D) Instruments on exon 1 of ferritin gene from the abalone _Haliotis tuberculata_ (A-
B) and exon 2 of myoadenylate deaminase gene from the teleost �sh _Platichthys �esus_ (C-D).
Normalized and Temp-shifted difference plots are obtained by comparison of the melting curves to
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reference one. Homozygous genotypes are distinguished by Tm, whereas heterozygous by melting curve
shape. Details and localizations of SNPs are presented for each variant regrouped by color.

Figure 4

Examples of HRMA on mitochondrial marker. HRMA results obtained by LightCycler® 480 Instruments on
partial mitochondrial gene (689 pb) coding for Cytochrome C Oxidase sub-unit 1 (CO1) from the teleost
�sh _Platichthys �esus_. Temp-shifted difference plots are obtained by comparison of the melting curves
to reference one. Homozygous genotypes are distinguished by Tm and melting curve shape. Details and
localizations of SNPs are presented for each variant regrouped by color.

Figure 5
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Ampli�cation curves obtained only on LightCycler® 480 Instrument. Ampli�cation of positive samples is
observed before 30 cycles. Samples with negative or abnormal ampli�cation can be directly identi�ed
and removed of the analysis.
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